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ABSTRACT

The role of the neuromodulator adenosine and its receptors on cerebral ischemia, synaptic activity,
oligodendrogenesis and dorsal root ganglia excitability was investigated by using different in vitro
models with the specific purpose to individuate new class of neuroprotective agents for different
pathological conditions.

Cerebral ischemia is a multifactorial pathology characterized by different events evolving in time.
Adenosine levels in the brain increases dramatically during ischemia up to concentrations able to
stimulate all its receptors, Az, Aza, Azs, and Asz. The neuroprotective role of A;receptors (A1ARs) in
this pathology is well established, but the use of selective A1AR agonists is hampered by their
undesirable peripheral side effects. Data in literature demonstrate that adenosine Azaand As receptors
(A2nARs, AsARs) play a controversial effects during ischemia, whereas the involvement of adenosine
Aug receptors (A2sARS) is not yet investigated.

On this basis, in a first part of this study we explored the role of A;sAR on synaptic activity and
cellular excitotoxcicity under physiological conditions and during in vitro ischemic-like insult
(obtained by oxygen and glucose deprivation: OGD) in the CA1 region of rat hippocampus, a cerebral
area particularly susceptible to ischemic insult. We conducted extracellular recordings of CAL field
excitatory post-synaptic potentials (FEPSPs) in acute hippocampal slices to monitor the impact of
OGD insults on synaptic activity. Furthermore, the extent of histological damage was assessed on
neurons and glia by immunohistochemistry. A severe, 7 min OGD induced the appearance of anoxic
depolarization (AD), a clear sign of tissue damage, in all hippocampal slices tested and completely
abolished fEPSPs that did not recover after return to normoxic condition. Seven minutes OGD was
than applied in the presence of the selective A2zAR antagonists MRS1754 (500 nM) or PSB603 (50
nM), separately administered 15 min before, during and 5 min after OGD. Both antagonists did not
modify fEPSP amplitude under normoxia but prevented or delayed the appearance of AD and
allowed significant recovery of neurotransmission within 10-15 min of normoxic reperfusion. The
A2sAR antagonism also counteracted the reduction of neuronal density in CA1 stratum pyramidale,
decreased apoptosis at least up to 3 h after the end of OGD and maintained activated mTOR levels
similar to those of controls, thus sparing neurons from the degenerative effects caused by the simil-
ischemic conditions. Astrocytes significantly proliferated in CAl stratum radiatum already 3 h after
the end of OGD, possibly due to increased glutamate release. A;sAR antagonism significantly
prevented astrocyte modifications. The selective antagonists of the Az;zAR subtype may thus
represent a new class of neuroprotective drugs in ischemia.

The A2gARs are also known to inhibit paired pulse facilitation (PPF), a form of short-term plasticity
whose reduction reflects an increase in presynaptic glutamate release. The effect of A,sARs on PPF
is known to be sensitive not only to A2sAR blockade but also to the A1AR antagonist DPCPX,
indicating that it is mediated by A1AR activation. In the second part of this study we confirmed the
involvement of A2sAR in PPF by using the prototypical selective agonist BAY606583. We also
provide the first functional characterization of two newly synthesized non-nucleoside like AzsAR
agonists: P453 and P517, belonging to the amino-3,5-dicyanopyridine series. By means of
extracellular recordings, we investigated their effect on PPF protocol at Schaffer collateral-CAl
synapses in rat acute hippocampal slices. We found that P453 and P517 mimicked the effect of
BAY606583 in decreasing the PPF in all slices tested. This effect was prevented by two different
AzeAR antagonists PSB603 and MRS1754 and also by the A1AR antagonist DPCPX. We conclude
that P453 and P517 are functional A2sAR agonists whose activation increases glutamate release at
presynaptic terminals by counteracting the tonic A1AR -mediated inhibition of synaptic transmission.

Multiple Sclerosis (MS) is the most frequent demyelinating disease in the Central Nervous System
(CNS). Remyelination does occur, but is limited especially in chronic disease stages. Therefore,
promotion of neuroprotective and repair mechanisms, such as remyelination, represents an attractive
additional treatment strategy. A number of pathways have been identified that may contribute to
ameliorate the impaired remyelination in MS lesions; among them are adenosinergic signaling and
sphingosine kinase/sphingosine 1-phosphate signaling axis (SphK/S1P). Oligodendrocyte
development involves progression from oligodendrocyte progenitor cells (OPCs) to mature
oligodendrocytes. Both cellular types express each of the different adenosine receptor subtypes (A,
Aoa, Azs and As). Interestingly, treatment of OPCs in culture with adenosine promotes maturation
and migration through A:AR, without adverse effects on cell viability. Moreover, treatment of OPCs
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in culture with selective A2aAR agonists reduces outward K* currents and, by this mechanism,
inhibits cell maturation into myelinating oligodendrocytes. A very recent study demonstrated that
Fingolimod (FTY720), that has been approved as orally active drug for relapsing MS, modulates S1P
receptors. A relationship between SphK1 activity and A2sAR activation has been demonstrated in
mouse normal and sickle erythrocytes in vitro.(Sun et al., Blood, 2015, 125(10):1643-52). In a third
part of this study the role of A;sAR and SphK/S1P signaling on oligodendrogenesis in rat cultured
OPCs was investigated by patch clamp experiments coupled to Western Blot and Real Time PCR.
In particular, we investigated the effects of A2sAR ligands on: i) outward K* currents and ii) myelin
basic protein (Mbp) and myelin-associated glycoprotein (MAG) expression at different times in
culture. BAY 606583 (0.1-30 M) reduced the amplitude of outward potassium currents. This effect
was blocked by MRS1706 (10 uM), a selective A;sAR antagonist. Similar results were obtained in
the presence of newly selective synthetized AzsAR agonists P453and P517 and unselective A;sAR
agonist NECA, applied in conditions of A;, A2a and AsAR block. The active form of Fingolimod
named FTY720-phosphate (FTY720-P) at micromolar concentration mimicked and partially
occluded the effect of BAY606583. When applied at nanomolar concentrations, FTY720-P produced
an increase in outward potassium currents. SphK1 phosphorylation was enhanced after acute
treatment with BAY 606583, demonstrating an interaction between SphK/S1P pathway and A:sAR
activation. Chronic application (7 days) of BAY606583 (1-10 uM) or of P453 (50-100 nM) in
cultured medium reduced OPC differentiation, as indicated by the decrease of the two genes target
MAG and Mbp3, typically expressed by mature oligodendrocytes. FTY720-P (1 M), mimicked the
effect of 10 uM BAY 606583 on OPC maturation. On the contrary, VPC96047 (0.5 uM), a pan-SphK
inhibitor, and VPC96091 (0.5 uM) a selective SphK1 inhibitor, increased MAG and Mbp3 levels.
These effects were abolished in the presence of 10 uM BAY606583. Our data shows that novel
pathways activated by A,sAR and SphK/S1P are involved in the maturation of OPCs.

In recent years, there have been further significant developments in understanding of the role of
adenosine in nociception. It’s known that A;AR activation inhibits pain behaviours in different
models of acute or chronic pain. Unfortunately, the therapeutic utility of A1AR agonists is limited by
their adverse cardiovascular effects. Of note, exciting preclinical observations designate the AsAR
as a powerful analgesic mediator in different in vivo rodent models of experimental neuropathic pain
(Janesetal., 2016, Br. J. Pharmacol., 173: 1253-67; Little et al., 2015, Brain 138: 28-35), suggesting
AsAR agonists can be used for analgesia treatment without cardiovascular implications. The cellular
mechanisms mediating pain relief on AzAR activation remain largely unexplored. In the last part of
this study, we investigated the expression and functional effects of AsAR on the excitability of small-
medium sized, capsaicin-sensitive, dorsal root ganglion (DRG) neurons isolated from 3-4 week-old
rats. RT-PCR experiments and immunofluorescence analysis revealed AsAR expression in DRG.
Patch-clamp experiments demonstrated that two distinct AsAR agonists, CI-IB-MECA and the
highly selective MRS5980, inhibited Ca®*-activated K* (Kca) currents evoked by a voltage ramp
protocol. This effect was dependent on a reduction of Ca?* influx via N-type voltage-dependent Ca2*
channels (VDCCs) as CI-IB-MECA significantly reduced Ca?* currents activated by a 0 mV
depolarization and this effect was sensitive to the N-type blocker PD173212 but not to the L-type
blocker, lacidipine. The endogenous agonist adenosine also reduced N-type Ca?* currents, and its
effect was inhibited by 56% in the presence of AsAR antagonist MRS1523, demonstrating that the
majority of adenosine’s effect is mediated by this receptor subtype. Current clamp recordings
demonstrated that neuronal firing of rat DRG neurons was also significantly reduced by AsAR
activation in a MRS1523-sensitive but PD173212-insensitive manner demonstrating that firing
inhibition was not dependent upon N-type Ca?* channel inhibition. Intracellular Ca?* measurements
confirmed the inhibitory role of AsAR on DRG neuronal firing. We conclude that pain-relieving
effects observed upon AsAR activation could be mediated through N-type Ca?* channel block and
action potential inhibition, as independent mechanisms in isolated rat DRG neurons. These findings
support AsAR-based therapy as a viable approach to alleviate pain in different pathologies.


https://www.ncbi.nlm.nih.gov/pubmed/?term=erytrocytes+and+adenosine+A2B+receptors+and+sphingosine+kinase
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INTRODUCTION

1. Adenosine
Adenosine is a purine nucleoside indispensable for DNA synthesis: it is formed by an adenine and
ribose molecule joined through an N9-glicosidic bond, which, in nervous system, is continually

formed both at intracellular and extracellular level (Figure 1).

NH,
N XN
7
HO ) <N N/)
OH OH

Figure 1: Adenosine structure formula. Its brute formula is CLOH13N504 (Taken from: Ceruti et al., 2004).

Adenosine play an essential role as neuromodulator also in biochemical processes and signal
transduction, being correlates with molecules such as ATP, ADP and AMP. At central level, it carries
out numerous actions: acts as an endogenous anticonvulsant, influences control of motility, pain,
learning and memory (Pedata et al., 2007). Moreover, adenosine has a further crucial role in the
modulation of emotional states, conditioning social interactions and aggressive behaviours. In
physiologic conditions, extracellular adenosine exercises an inhibition on synaptic transmission and
this makes adenosine a highly protective neuromodulator. At the extracellular side, adenosine is
produced from AMP (Adenosine monophosphate) which is dephosphorylated by the enzyme 5'-
nucleotidase (5°-NT). Adenosine can also be formed through the breakdown of nucleotides which
are released into extracellular space. The 5°-NT is inhibited by ATP and it has an elevated affinity
towards AMP: for this reason, when the cell is exposed to an intense metabolic activity with increased
ATP consumption and consequent elevated production of AMP, the enzyme has very high enzymatic
activity (Pedata et al., 2007). Therefore, during low energetic support conditions as in epileptic
attacks, hypoxia or ischemia, production of adenosine is much raised (Latini and Pedata, 2001).
Adenosine is a paramount chemical mediator which can activate determined biologic responses and
its action mainly occurs through purinergic receptors activation. These every receptor is structurally
composed by 7 amphipathic a-helices (TM 1-7), which consist of a sequence of 20-25 hydrophobic

amino acids (Figure 2).
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Membrane

GTP

Figure 2: Seven transmembrane domain receptor (TM) coupled with a G-protein. The Go, binding GTP,
release itself and activates a biologic response (Taken from: Cristalli et al., 2008).

The N-terminal portion is located at extracellular level whereas the C-terminal exposes toward the
intracellular side; all the 7 domains are strictly interconnected via 3 intracellular (IL 1-3) and 3
extracellular loops (EL 1-3) (Cristalli et al., 2008). The seven transmembrane domain receptors are
always associated, at the intracellular side, with specific transduction heterotrimeric protein, defined
G protein, which are activated after the interaction between the receptor and substrate.

The purine receptors have been classified in two categories by Burnstock in 1978, P1 and P2 (X, Y)
receptors, the latter ones activated by ATP (Burnstock et al., 1978). This distinction helped clarifying
the incredible variety and complexity of purine-mediated effects observed till then and the ubiquitous
presence of ecto-ATPases, enzymes catalysing extracellular nucleotides degradation. The presence
of these enzyme on cell membranes incredibly complicated the scenario by forming ADP, AMP and
adenosine from extracellular ATP (Zimmermann et al., 1998), so that some of the actions of ATP
were directly due to P2 receptor activation, whereas others were due to the indirect action of
adenosine on P1 receptors. Both P1 and P2 subfamilies where later recognised to be further divided
into different subtypes. P1 receptors were initially distinguished into two classes (A1 and A;
receptors) on the basis of their excitatory or inhibitory actions on adenylyl cyclase (van Calker et al.,
1979). Later work defined four different subtypes of P1 receptors: A1, Aza, Azs and Az (Fredholm et
al., 2001). P2 receptors appeared to be more heterogeneous, with P2T, P2Z and P2U subtypes being
proposed from different authors (Gordon, 1986; O’Connor et al., 1991). Definitive classification
came from Abbracchio and Burnstock (Abbracchio and Burnstock, 1994) who proposed that P2
purinoceptors should belong to two major families: P2X ligand-gated ion channel receptors and P2Y
G-protein-coupled receptors. Cloning experiments supported this classification and helped
subdividing P2 receptors into seven P2X and eight P2Y subtypes (King, 2002; North, 2002).

To date, it is well recognised that purinergic signalling plays a fundamental role in several biological
systems, from invertebrates to mammals, and purinergic-mediated effects including both short-term
(neurotransmission, endothelial-mediated vasodilatation, platelet aggregation) and long-term (cell

proliferation, differentiation, migration and death) phenomenon have been demonstrated.
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1.1 Adenosine and Synaptic Transmission

Recent experiments have focused much attention on adenine nucleotides as possible transmitters or
neuro modulators in the mammalian brain. Although much of the work implicating adenosine or
related compounds in ‘purinergic transmission has been done with the peripheral nervous system
(Burnstock, 1975).

The possible relevance to the function of the CNS has not been lost on workers in this area. Indeed,
adenosine (or related adenine nucleotides) meet many of the criteria for consideration as putative
transmitters; these compound sand the enzymes for their synthesis and degradation are ubiquitous in
the nervous system, and are released in a calcium-dependent manner by either field stimulation or by
activation of discrete synaptic systems (Pull and Mcllwain, 1972; Mecllwain and Pull, 1972;
Deadwyler et al., 1976) Adenosine and various derivatives have potent depressant actions at many
levels of the neuroaxis when administered by microiontophoresis, with the hippocampus, cortex, and
caudate being particularly sensitive (Kostopoulos et al., 1975; Kostopoulos and Phillis, 1977; Taylor
and Stone, 1978). In experiments using in vitro preparations and perfusion with these compounds, a
marked reduction in the amplitude of monosynaptic evoked responses has been demonstrated
(Kuroda et al., 1976; Scholfield, 1978). Nevertheless, a convincing case has yet to be made for
adenosine being the sole transmitter at any central synapse. Partly in response to this, and partly
because many of the actions of adenosine are seen at synapses where adenosine is clearly not the
primary transmitter (Ginsborg and Hirst, 1972; Miyamota and Breckenridge, 1974; Schubert et al.,
1976; Hayashi et al., 1978). It has come to be regarded more as a putative neuromodulator than as a
transmitter per se in the CNS. In addition to the powerful electrophysiological actions of adenosine,
it is also one of the most potent elevators of cyclic adenosine 3',5'-monophosphate(cyclicAMP) levels
in brain tissue (Sattin and Rall, 1970; Shimizu and Daly, 1970; Schultz, 1975). Because these
increases in cyclicAMP can be blocked by a variety of antagonists, primarily methylxanthines (Sattin
and Rall, 1970; Huang and Daly, 1972; Kuroda et al., 1976; Mah and Daly, 1976) and because the
increases in cyclicAMP can be potentiated by treatments which would be expected to raise
extracellular adenosine concentrations, such as adenosine uptake blockers (Huang and Daly, 1974),
it has been suggested that adenosine may exert its effects via an interaction with an adenylatecyclase-
linked receptor located in the cell membrane (Huang et al., 2006; Huang and Daly, 1974; Mah and
Daly, 1976). In addition to directly increasing cyclicAMP levels, adenosine also potentiates the
ability of other amines, most not ably noradrenaline (NA), to stimulate cyclicAMP formation. Thus,
adenosine has clearly defined physiological effects, and biochemical evidence suggests an
empirically defined adenosine receptor which is coupled to an adenylate cyclase, and which possibly

interacts with other amine-sensitive adenylate cyclases.
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2. Effects of extracellular purines

In virtually all peripheral tissues, extracellularly released nucleotides or nucleosides play important
roles in a large number of physiological processes. In addition, the rapid breakdown of extracellular
ATP to adenosine is responsible for a close interplay between ATP-ergic and adenosinergic systems
whose clear dissection presents numerous experimental problems (Hussl and Boehm, 2006) (Figure
3).
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Figure 3: Purine-induced signaling pathway involves the activation of P1 adenosine and P2 purinergic
receptors and purine hydrolysis by ectonucleotidases. The scheme demonstrates purinergic receptor activity
present in glia-glia, neuron-glia, and neuron-neuron interaction during neurogenesis as well as in the
metabolism of the adult brain (Taken from: Majumder et al., 2007).

2.1 Purinergic receptors

Receptors for both ATP and adenosine are widely distributed in the nervous system as well as in
other tissues. The notion that there are purinergic receptors, that is, proteins on the surface of cells
that bind and respond to purines, was slow to evolve. The first evidence was the observation of
cardiovascular physiological effects of purines. Drury and Szent-Gyorgyi (Drury and Szent-Gyorgyi,
1929), first noted effects of adenine nucleotides on cardiac and vascular tissues in 1929. Thirty-four
years later, Berne (Berne, 1963) identified a physiological role for adenosine as a mediator of
coronary vasodilation in response to myocardial hypoxia. In the 1970s, adenosine was found to
stimulate cAMP formation in brain slices. Subsequently, physiological effects of adenosine on
almost all tissues have been described. Based on the responses of various tissues to purines,
Burnstock (Burnstock et al., 1978) proposed that there are distinct receptors that bind adenosine or
ATP, designated P1 and P2 receptors, respectively (see Figure 4). The existence of adenosine
receptors was not widely accepted until the 1980s, when saturable binding sites for radioactive
adenosine analogs were demonstrated in brain. The existence of adenosine receptors was proved
unequivocally when the first adenosine receptors were cloned in 1990 (Maenhaut et al., 1990).
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Originally, the “P” in P1 and P2 was meant to designate purinergic receptors. However, it has been
discovered that some of the P2 receptors bind pyrimidines, UTP or UDP, preferentially over the
purine, ATP. Hence, the “P” in P2 is now used to designate purine or pyrimidine. Despite these
exceptions, P1 and P2 receptors collectively are still generally referred to as purinergic receptors. In
addition to adenosine, various synthetic adenosine analogs activate P1, but not P2, receptors and
synthetic ATP or UTP analogs activate P2, but not adenosine, receptors. However, not all purines
activate P1 or P2 receptors. For example, adenine, guanosine and uric acid do not activate P1
receptors. Inosine, the purine nucleoside product of adenosine deamination, generally has weak
activity at P1 receptors but does activate Az adenosine receptors in ischemic tissues, particularly in
rodent species (Jin et al., 1997). This action of inosine may be physiologically significant because
inosine accumulates to very high concentrations (>1 mM) in ischemic tissues. The development of
synthetic compounds that activate P1 or P2 receptors has been important for elucidating how these
receptors function because some of these compounds are more potent and selective than the parent

purines and most are more stable than the short-lived endogenous compounds adenosine and ATP.

/ Stimuli (osmotic pressure, pH, ultraviolet, ROS, nanoparticles, etc.

0.

\ U +—» UDP = UMP «—— Uridine

TP
ATP A&& AMP <«—— Adenosine

P2X, A1,2A,2B,3

G-protein-coupled
lonotropic type metabotropic type

EA,
G-protein-coupled
metabotropic type

P2 receptors P1 receptors

Activation depends upon the expression pattern of purinerigic receptors and the types
and concentrations of extracelluar nucleotides

P2Y ATP, UTP (activation at 1 uM)
P2X ATP (activation at 10-100 uM)
P2X, ATP (activation at 0.5-1 mM)

Figure 4: The purinergic receptor family. The purinergic receptors are divided into two major families: the
P1, or adenosing, receptors and P2 receptors, which bind ATP and/or UTP. P1 and P2Y receptors are coupled
to GTP-binding proteins. The P2X family of receptors are ligand-gated channels. Additional P2Y receptor
subtypes have been claimed, but their identity as purinergic receptors is controversial. (Taken from: Siegel,
1999).

2.1.1 P1 receptors

Molecular cloning and pharmacological studies have identified four subtypes of adenosine P1
receptors: A1, Aza, Az and As receptors (Fredholm et al., 2001). All of them have already been
cloned at least from rat, mouse and human. Structural data report a close similarity between

adenosine receptors of the same subtype among mammalian species, excepte for As receptors. This
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subtype is the most recently discovered one, being cloned only in the last 15 years (Zhou et al., 1992),
and presents the largest variability. For instance, almost 30% difference in the amino acid sequence
is found between humans and rats (Fredholm et al., 2001).

All P1 receptors are metabotropic GPCR. Hence, A; and As subtypes are associated with Gi
activation, adenylyl cyclase inhibition and decrease of intracellular cCAMP levels, while Aza and Azs
receptors are linked to Gs proteins that activate the same enzyme increasing cCAMP concentration in
the cytosol. However, adenosine receptors have also been reported to couple to other G-proteins than
Gs, modulating different second messenger systems (see Table 1). For instance, in addition to their
effects on adenylate cyclase (and contrary to adenosine Aja receptors) adenosine Ai, Azs and As
receptors are also characterized by their stimulatory effect on phospholipase C (PLC) (Abbracchio
et al., 1995; Feoktistov and Biaggioni, 1997). Furthermore, A1 and As receptors can also activate
phospholipase D (PLD) (Fredholm et al., 2001). Several types of Ca?* and K* channels are also
activated (either by a direct G protein-channel interaction or by second messenger systems) after
adenosine receptor stimulation, such as the inward rectifier GIRK channel Kir3.0 that is positively
modulated by adenosine A; receptor activation (Takigawa and Alzheimer, 2002). A1, Aza and As
receptors present a particularly high affinity for the endogenous ligand, being activated by nanomolar
concentrations of adenosine (Fredholm et al., 2001) On the other hand, the affinity values of Azs
receptors for adenosine in binding and functional experiments are higher than 1 uM (Fredholm et al.,
2011). Under physiological conditions, extracellular adenosine concentrations are estimated to be in
the range of 30 to 200 nM (see: Latini and Pedata, 2001;Frenguelli et al., 2007). These levels are
sufficient to activate Ai, Aza and As receptors subtypes, but not A.g, which require higher
concentrations (micromolar range) of adenosine to be activated. Such higher adenosine
concentrations are only reached under pathological conditions, such as during hypoxia or ischemia
in vivo (Pedata et al., 2001) and in vitro (Latini et al., 1999D).
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Table 1. Characteristics and distribution of adenosine receptor subtypes in the Central

Nervous System

‘N PLD

Receptor | G-protein | G-protein coupling Ade'.‘ofme Distribution
subtypes effect affinity
\ cAMP High levels in cortex, hippocampus,
1 PLC, IP3/DAG cerebellum. Intermediate levels in
Giva3 striatum and thalamus
Az M Arachidonato,PLA;| ~100 nM
N PLD
Go
™ cAMP
Gs
High levels in striatum, nucleus
Az 20-300 nM| accumbens and olfactory tubercle. Low
Goir T cAMP levels in cortex and hippocampus
Gis/16 ™ IP3
AZB Gs /]\ cAMP 5-20 U.M
Gq/11 /[\ PLC, |P3/DAG, Low level
N PLD
A3 Gi2/3 \l/ cAMP
Ggu1 | T PLC, IP3/DAG Widespread distribution. Higher levels in

25-290 nM

rat hippocampus and cerebellum.

(Taken from: Fredholm et al., 2011)

2.1.2 Az adenosine receptors (AzsAR)
AzeAR show a low affinity for adenosine (ECso = 5-20 uM; Beukers et al., 2000; Fredholm et al.,

2001; Sachdeva and Gupta, 2013) and are associated, as the A2aAR, to Gs protein; for these reason

they were initially considered a receptor subtype with a little physiological importance (Sun and

Huang, 2016). Recently we are beginning to understand the importance of this receptor and how

much they are involved in many diseases. Moreover in physiological conditions, for their low affinity

to adenosine, they are not activated; of contrary they are activated in pathological conditions, when

adenosine reaches concentrations of micromolar order, therefore it represents an interesting

therapeutic target. In addition to being coupled to Gs protein, the A;sAR can be coupled to Gq protein
(Gao et al., 1999; Linden et al., 1999; Panjehpour et al., 2005), to the MAPK and arachidonic acid

10



Introduction

pathway and to regulate the channels membrane ion probably through the By subunit of G protein
(Donoso et al., 2005; Schulte and Fredholm, 2003).

In general, A2sAR are widely expressed in numerous tissues and organs, including the vascular
system, smooth muscle, gastrointestinal tract, brain tissue and bladder (Wang and Huxley, 2006;
Yaar et al., 2005). However, the presence of these receptors is influenced by environmental stimuli,
such as inflammation, cellular stress, trauma and hypoxia, which may increase their expression
(Fredholm et al., 2001; Hart et al., 2009; Haské et al., 2009; Kolachala et al., 2005; Kong et al.,
2006; Xaus et al., 1999).

2.1.3 Az adenosine receptors (AsAR)

The AsAR have a high affinity for adenosine (ECso = 300 nM) and are coupled to Gi proteins, whose
activation inhibits the Adenylate Cyclase, stimulates the phospholipase C and B and induces the
uptake of Ca?* and its release from intracellular reserves (Sachdeva and Gupta, 2013).

Their activation can lead to both protective and harmful effects (Cheong et al., 2013): in non-
neuronal cells it was observed that a non-excessive activation prevents apoptosis mechanisms, while
a persistent and intense activation induces toxic effects (Yao et al., 1997). In general AsAR are
mainly expressed in the kidneys, lungs, heart, cerebral cortex and immune cells such as mast cells,
eosinophils and neutrophils (Livingston et al., 2004). These receptors show a significant difference
between the various species under the pharmacological profile, the distribution and their function. In
oligodendrocytes AzAR represents the main cause of toxicity due to the action of adenosine; in fact,
the selective 2-Cl-IB-MECA agonist induces apoptosis in oligodendrocytes, while the selective
antagonist MRS 1220 is protective when the extracellular concentration of adenosine rises to 10 uM,
as it occurs following ischemia (Gonzalez-Fernandez et al., 2014). The toxic effect is due to the
generation of reactive oxygen radicals (ROS) and the depolarization of the mitochondrial membrane
(Brady et al., 2004; Cao et al., 2011), which leads to the release of pro-apoptotic proteins, activating

the intrinsic pathway of apoptosis (Gonzalez-Fernandez et al., 2014; Masino and Boison, 2013).

2.1.4 Pharmacology of P1 receptors

Since adenosine receptors have been studied for a long time, there are several useful pharmacological
tools available at present. Numerous adenosine analogues have been developed that selectively bind
one of the four different subtypes of P1 receptors. In human, rat and mouse tissues, the A; full agonist
CCPA (and to a lesser extent CPA) and the antagonist DPCPX are highly selective compounds active
at nanomolar concentrations. Allosteric enhancers for this receptor subtype (such as PD81723 and
analogues) are also available and increase the agonist binding and its effects (Bruns and Fergus,
1990; van der Klein et al., 1999).

NECA was long considered to be a selective A; agonist but it has been largely demonstrated that it
is an unselective agonist at all P1 receptors, only slightly preferring Aza subtypes (Fredholm et al.,

2001). However, based on evidence that 2-substitution of NECA molecule increased selectivity,
11
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CGS21680 was developed as an Aza selective agonist (Hutchison and Fox, 1989). This compound is
less potent and selective in humans than in rats (Kull et al., 1999), but it has been replaced by another
recently developed Aza agonist, ATL-146, which is 50 fold more potent than CGS21680 at the human
receptor (Rieger et al., 2001). Among the numerous Aza antagonists, the most selective so far are
SCH58261 and SCH442416 and the structurally related ZM241385 (Poucher et al., 1995).

Potent Ag agonists with affinity values in the low nanomolar range have been lacking till recently,
when a new class of non-adenosine compounds (pyridine derivatives) has been synthesised by
Beukers and colleagues (Beukers et al., 2004). Among them, LUF5835 is a full agonist with an EC50
of 10 nM at human A2sAR expressed in CHO cells. Unfortunately, its selectivity towards A;AR and
A22AR is not adequate to discriminate between them in native tissues. The situation is somewhat
more favourable for antagonists, as some potent and relatively selective compounds have been found
among anilide derivatives of xanthines with Ki values in the low nanomolar range, such as MRS1754
(Ji et al., 2001), that is over 200-fold selective for Azs vs all other P1 receptors (Kim et al., 2000).
An emblematic feature of the adenosine AsAR, the most recently discovered one, is its insensitivity
to the antagonistic actions of methylxanthines, such as caffeine and theophylline, the traditional
blockers of adenosine receptors (Fredholm, 1995). Hence, most Az antagonists are dihydropyridines,
pyridines and flavonoids (Baraldi and Borea, 2000). Another class of highly selective compounds
are isoquinoline and quinazoline derivatives, such as VUF5574 that presents a Ki value of 4 nM vs
human AsAR but not vs the rat isoform (van Muijlwijk-Koezen et al., 2000). In this regard, it is worth
noticing that significant species differences in the affinity of adenosine As receptor antagonists have
been noted, as expected from the high structural inter-species variability already mentioned. The
affinity values of several As blockers are typically more than 100-fold greater on human than rat
receptors, as described for MRS1220. The unique rat-selective compound is the As; agonist
MRS1523. In contrast, the affinity of the most widely used As agonist, CI-IB-MECA, does not vary
beyond an order of magnitude between the species examined, at least among mammals. The high
affinity (low nanomolar range) and selectivity (more than 100-fold vs A;AR and A2aAR) of this
compound towards AszAR turns it into the most used pharmacological tool for investigating As-
mediated effects (Jeong et al., 2003).

2.1.5 Distribution of P1 receptors

Receptor distribution provides helpful information on whether the endogenous agonist will exert
significant effects in the intact organism. Thus, in this case, the rather low levels of adenosine present
under basal physiological conditions and the 3-fold difference in receptor affinity for the agonist
between the four P1 subtypes might suggest adenosine acts as a tonic modulator of normal cell
functions or whether its role only becomes relevant during pathological conditions. As reported in
Table 1, the highest levels of adenosine A:AR are present in the CNS (Dixon et al., 1996) with well
known regional distributions (Schindler et al., 2001) that will be examined in detail. High levels are

also found in adrenal glands, eye and atria. Intermediate levels are also found in skeletal muscles,
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liver, kidney, adipose tissue, gastrointestinal smooth muscles and bronchi. Lung and pancreas present
low level of A1AR expression (Fredholm et al., 2001).

Axn receptors are highly present in spleen, thymus, immune cells (leukocytes and granulocytes) and
platelets. Lower levels are also found in the heart, lung and blood vessels. Azg subtype is particularly
abundant in the gastrointestinal tract, mainly in caecum, colon and urinary bladder. Other regions are
lung, blood vessels and adipose tissue.

The As subtype is mainly found in rat testis (Meyerhof et al., 1991) and mast cells, in accordance
with the fact that for a long time the unique role assigned to this receptor have been mast cell
degranulation and histamine release. Intermediate levels are also found in the lung, spleen, thyroid
and liver (Linden et al., 1993; Salvatore et al., 1993). Low levels of AsAR are found in the brain
(Dixon et al., 1996) as described below.

2.1.6 CNS distribution of P1 receptors

There is much information on the distribution of the A1AR and A2aAR in the brain because excellent
pharmacological tools, including radioligands, are available to exactly localise protein expression on
cell membranes. In the case of Az and As data are less impressive, and mostly related on the
expression of the corresponding mMRNASs that do not provide any information about the sub cellular
districts of receptor distribution. It is true that MRNA expression and protein distribution often co
localize, but occasionally do not exactly match. For example, in several brain regions, mRNA
expression cannot be obviously detected even in areas where immunostaining for the receptor protein
is observed. This is frequently due to the specialised expression of receptor proteins at nerve
terminals, the protein synthesis taking place in the cell soma sometimes quite remote from the
presynaptic region.

As already mentioned, the highest levels of A1AR expression are found in the CNS, suggesting a
particularly important role of adenosine in brain functions. Recently, by using [*®F]8-cyclopentyl-3-
(3-fluoropropyl)-1-propylxanthine ([*F]CPFPX) and PET imaging, A1AR were quantified in the
human CNS (Meyer et al., 2005). The highest expression of A:AR has been found in the cortex,
hippocampus, cerebellum and dorsal horn of the spinal cord; intermediate levels in basal ganglia
structures including the striatum (MRNA encoding A:AR is present in large striatal cholinergic
interneurones: (Dixon et al., 1996) globus pallidus, subthalamic nucleus and thalamus (Fredholm et
al., 2001). An abundant expression of the adenosine A;AR protein also occurs in the trigeminal
ganglia, a finding supporting a role of this receptor in pain regulation (Schindler et al., 2001).
Neuronal A1AR are localized both pre- and postsynaptically (Deckert and Jorgensen, 1988). In the
hippocampus, a brain area in which A1AR are abundant, subcellular analysis of nerve terminals
revealed that A1AR immunoreactivity is strategically located in the active zone of presynaptic
terminals, as expected on the basis of the ability of A1AR agonists to depress neurotransmitter
release. It has also been demonstrated that A;AR immunoreactivity is evident at postsynaptic sites
together with NMDA receptor subunits NR1, NR2A and NR2B and with N-and P/Q-type calcium
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channel immunoreactivity, emphasizing the importance of A1:AR in the control of dendritic
integration (Lopes et al., 2003). A;AR can be found also extrasynaptically on dendrites (Rivkees et
al., 1995) and on the axonal fibres of the hippocampus (Swanson et al., 1995). Activation of A;AR
along the axon may be a powerful extrasynaptic mechanism by which adenosine alters axonal electric
transmission to inhibit neurotransmitter release (Swanson et al., 1995).

Axa receptors are principally located in the basal ganglia: in the caudate-putamen, nucleus accumbens
and olfactory tubercle (Jarvis et al., 1989; Rosin et al., 1998). In particular, this receptor subtype is
expressed on striatopallidal GABAergic-enkephalin neurones (where it co-localises with dopamine
D, receptors), but not on GABAergic-dynorphin striatal neurones (Schulte and Fredholm, 2003). In
the striatum the A2aAR gene is found to a lesser extent also in large striatal cholinergic interneurones
(Dixon et al., 1996). A minor density of A,aAR mRNA has been identified also in hippocampus and
cortex (Cunha et al., 1994; Dixon et al., 1996). Besides postsynaptically, A,aAR are also located
presynaptically on different GABAergic, cholinergic, glutamatergic neurone types, although to a
lesser extent (Hettinger et al., 2001; Rosin et al., 2003). In recent years, particular interest has been
dedicated to study receptor dimerization, either in homomeric and heteromeric structures, since this
phenomenon seems to frequently occur in numerous cell types and can modify the pharmacological
profile of receptors and their functional role. Various lines of evidence indicate that such an
interaction occurs in the striatum between A;aAR adenosine and D, dopamine receptors, which
usually co-localize in this brain region. This heterodimerization inhibits D receptor functions (Ferre
et al., 1991), leading to co-aggregation and co-internalization of both proteins as a result of long-
term exposure to Aza or D, agonists (Hillion et al., 2002).

Both A1AR and A2»AR are expressed in the brain not only in neurones but also on microglial cells
(Fiebich et al., 1996), astrocytes (Biber et al., 1999; Rosin et al., 2003), blood cells and vasculature
(Phillis, 2004).

The distribution of A2s AR and AsAR in the CNS has been difficult to determine since central levels
of mRNAs encoding these two adenosine receptors are extremely low, even below the detection
limits of in situ hybridisation techniques. The more sensitive RT-PCR method was then successfully
applied to this issue (Dixon et al., 1996).

Aug receptors are ubiquitously distributed in the brain and their mRNA has been detected in all rat
cerebral areas studied (Dixon et al., 1996; von Lubitz, 1999). Up to now, it has been difficult to relate
Aug receptors to specific physiological responses because of the paucity of A.g selective agonists or
antagonists.

The expression level of AsAR in the brain is generally lower than that of the other subtypes (Ji et al.,
1994) and is highly species-dependent (Fredholm et al., 2001, 2000). AsAR are found in both
neuronal and non-neuronal elements, i.e. astrocytes, microglia, and vasculature of the cerebral tissue
(Zhao et al., 1997) with widespread distribution. However, in the rat, a significant expression of
AsAR is found in cerebellum and hippocampus where they are mainly expressed at the presynaptic
level (Lopes et al., 2003).
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2.1.7 Role of P1 receptors

P1 receptors exert important pathophysiological roles in a variety of tissue, from the cardiovascular
system to the brain. At systemic level, adenosine acts as a negative chronotropic, inotropic and
dromotropic modulator on heart functions by activating A1AR. These effects are mainly due to the
attenuation of the stimulatory actions of catecholamines on the heart functions carried on by A:AR
activation (Fraser et al., 2003; Zablocki et al., 2004). In contrast, the hypotensive effects exerted by
adenosine in the periphery are attributed to A2aAR activation, causing vasodilatation of blood vessels
(Schindler et al., 2005) and led, in the ‘60s-70s, Asa agonists to be tested in clinical trials as
antihypertensive drugs. In addition, A2aAR receptor stimulation also inhibits platelet aggregation
(Varani et al., 2000) and exhibits marked anti-inflammatory activities by inhibiting T-cell activation
and proliferation, by reducing pro-inflammatory cytokine production and enhancing anti-
inflammatory cytokine levels (Erdmann et al., 2005; Lappas et al., 2005). Less is known about the
roles of Azs and AsAR in the periphery. One of the first described biological effects of adenosine
AsAR stimulation was degranulation of mast cells (Ramkumar et al., 1993), suggesting a pro-
inflammatory role of this receptor subtype. This hypothesis has been confirmed by subsequent
studies demonstrating that AsAR activation facilitates antigen-dependent histamine release from
mast cells (Salvatore et al., 2000). In addition, it has a demonstrated irritant effect in asthmatic lung
mediated by AsAR stimulation (Holgate, 2005), probably partnered, in eliciting this effect, by AzsAR
stimulation, that also mediates bronchoconstriction (Holgate, 2005). For this reason, mixed Azg and
A; antagonists have been proposed as candidates for the treatment of asthma (Press et al., 2005).

2.1.8 P1 receptors and neurotransmission

The role of adenosine as a neuromodulator has long been known. In fact, many P1l-mediated
modulatory actions on presynaptic neurotransmitter release or postsynaptic neuronal excitability
have been described. Under physiological conditions, adenosine exerts a tonic inhibition of synaptic
transmission both in vitro or in vivo by stimulating A1:AR, as demonstrated in several brain regions
such as the hippocampus, striatum and olfactory cortex (Latini and Pedata, 2001; von Lubitz, 1999).
These mechanisms were studied in brain regions with a high concentration of A1AR, such as the
hippocampus. The inhibitory effect of adenosine A1AR stimulation has a pre- and postsynaptic
component. Activation of the presynaptic AiAR reduces Ca?* influx through the preferential
inhibition of N-type and, probably, Q-type channels (Wu and Saggau, 1994; Yawo and Chuhma,
1993). Inhibition of presynaptic calcium currents decreases transmitter release (Prince and Stevens,
1992) and adenosine, by stimulation of A1AR, has been found to inhibit the release of virtually all
classical neurotransmitters: glutamate, acetylcholine, dopamine, noradrenaline and serotonin (see in
Fredholm and Dunwiddie, 1988). In particular, a powerful suppression of glutamate release from
presynaptic terminals has been described in the hippocampus (Burke and Nadler, 1988; Corradetti et
al., 1984), where adenosine A:AR activation reduces the number of quanta released in the Schaffer

collateral-commissural pathway (Lupica et al., 1992).
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The postsynaptic effect of A1AR consists of a direct hyperpolarization of neurones via activation of
GIRK channels (G protein-coupled inwardly-rectifying potassium channels) at the postsynaptic site
(Takigawa and Alzheimer, 2002, 1999). In some brain regions, such as the hippocampus, the
endogenous adenosine that is present in the extracellular space under physiological conditions exerts
a tonic inhibition of excitatory neurotransmission by the activation of both pre- and post-synaptic
A1AR. Exogenous application of the selective A; antagonist DPCPX causes a 15% increase of
synaptic potential amplitude in in vitro brain slices (Latini et al., 1999b). This is an expected result
in a brain region where extracellular adenosine concentration is found to be around 10-50 nM (Latini
et al., 1999b; Latini et al., 1998) and A:AR, whose affinity for adenosine is in the low nanomolar
range, are highly expressed. These data are confirmed by the fact that, in slices taken from
homozygous A1AR knockout mice, no evidence was found for an endogenous inhibitory action of
adenosine in the Schaffer collateral pathway in the CA1 region of the hippocampus or at the mossy
fibre synapses in the CA3 region (Moore et al., 2003). In addition, no inhibition of synaptic
transmission was elicited by the application of exogenous adenosine (Johansson et al., 2001).
Opposite effects from Ai-mediated synaptic inhibition are elicited by A2aAR activation, that has
been shown to mediate excitatory actions in the nervous system (Latini et al., 1996; Pedata et al.,
1984; Sebastido and Ribeiro, 1996; Spignoli et al., 1984). Electrophysiological investigations into
the role of A2aAR in synaptic function under physiological conditions have shown that they increase
synaptic neurotransmission. For example, in the hippocampus in vitro, A2aAR stimulation results in
a Ca?*-dependent release of acetylcholine (Cunha et al., 1995; Pedata et al., 1984).

Furthermore, the application of CGS 21680, a selective A2aAR agonist, decreases the ability of AjAR
agonists to inhibit excitatory neurotransmission (Cunha et al., 1994; O’Kane and Stone, 1998). This
effect supports the already proposed hypothesis that A:aAR stimulation increases synaptic
transmission through A:AR desensitization (Dixon et al., 1997).

Alternatively, another current theory is that A2aAR increase excitatory amino acid release. In fact,
the selective stimulation of adenosine A;aAR augment the amount of glutamate released in
hippocampus and striatum of young rats (Corsi et al., 1999; Popoli et al., 1995). In spite of the
excitatory role in neurotransmission brought about by AzaAR, the net effect of adenosine is an
inhibitory tonus on neurotransmission, in accordance with observations suggesting that activation of
Ax2AR requires a protracted stimulation to induce evident effects on synaptic transmission (Latini et
al., 1999a). It is worth noticing that the role of A2aAR in the striatum is recently gaining interest
inlight of their heterodimerization with D, dopamine receptors. The association between A»AR and
D, receptors results in an antagonistic interaction which provided a rationale for evaluating Aza-
selective antagonists in Parkinson’s disease, supported by epidemiological evidence indicating an
inverse relationship between caffeine consumption and risk of developing this pathology (Ascherio
et al., 2001; Ross et al., 2000). It was suggested that A, antagonists not only provide symptomatic
relief but also decelerate dopaminergic neurone degeneration in patients (Xu et al., 2005). Two

different A,a antagonists, istradefylleine (KW-6002) and a derivative of the anti-malarian
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mefloquine (V2006), are respectively in Phase III and Phase II clinical trials for Parkinson’s disease
at present, with promising results (Chen et al., 2013). Discrepancies about the role of adenosine
AzAR in the CNS are present in the literature. An excitatory role of AsAR has been supported by
evidence indicating that, in the rat hippocampus, their activation attenuates LTD and allows induction
of LTP elicited by a subliminal weak-burst protocol (Costenla et al., 2001). In addition, in the same
brain area, AsAR activation through a selective adenosine As agonist has been shown to antagonizes
the adenosine A1AR -mediated inhibition of excitatory neurotransmission (Dunwiddie et al., 1997).
However, further electrophysiological studies refused this hypothesis, since several authors
demonstrated that no significant interaction between A; and AsAR occur in the rat cortex and
hippocampus (Brand et al., 2001; Lopes et al., 2003). Additional evidence for an excitatory role of
adenosine AsAR came from studies carried out in “in vitro” hippocampal slices (Pugliese et al., 2007)
but, an inhibitory action has been attributed to AsAR by Brand and colleagues (Brand et al., 2001)
who demonstrated that, in rat cortical neurones, the selective activation of this adenosine receptor
subtype is involved in inhibition of excitatory neurotransmission, suggesting a synergistic action with
the inhibitory effect of adenosine brought about by A;AR activation. Despite results obtained by
AzAR stimulation, evidence that selective block of AsAR does not affect neurotransmission in the
CAL region of the hippocampus under normoxic conditions, indicates that endogenous adenosine at
physiological concentration does not exert tonic activation of AsAR (Dunwiddie et al., 1997,
Pugliese et al., 2003).

3. Brain ischemia

The word ischemia derived from Greek “ioyoipio” (“Reduction of blood”), meaning the total lack of
blood flow in an organ. Ischemia is not a disease ascribable to a unique cause. There are many factors
that cause reduction or total arrest of blood flow: tachycardia, hypotension, extravascular
compression, atherosclerosis, thromboembolism, gas embolism, vasoconstriction and adherent
bridles, following surgery or chronic inflammation. In addition, exist ischemic event defined
cryptogenic (without apparent cause) but normally at the bases of this condition there are many
diseases, such as obesity, solid and blood tumours but also myocardial infarction, anaemia and
granuloma. An unhealthy life style, such as smoking or consuming alcohol, considerably alter the
predisposition to this pathological condition. Cerebral ischemia could be derived from a
haemorrhagic or occlusive event, depending on the break of vessel and blood leak otherwise vessel

occlusion due to presence of cellular material (Figure 5).
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hemorrhagic occlusive

Figure 5: Etiopathological picture of both types of ischemia: on the left, in the figure ischemic stroke,
representing the obstruction of a blood vessel; On the right haemorrhagic stroke, commonly known as cerebral
haemorrhage, here with the breakdown of a blood vessel (Taken from Dirnagl et al., 1999).

In 1970, cerebral ischemia was defined by OMS as “Neurological focal or global cerebrovascular
injury syndrome persisting beyond 24 h or leading to death within 24 h” (24 h were chosen arbitrarily
for distinguish it from transient ischemic attack). Thanks to this definition we could presume that the
nervous tissue subjected to ischemic damage, if reached in appropriate time, can recover neuronal
activity. For this, however, rapidity of intervention is indispensable and, given the high risk of death
and disability which ischemia implicates, this disease is considered a medical emergency for which
an immediate diagnosis is essential to be able to formulate an appropriate therapeutic intervention.
Ischemia could involve both large or small vessels but the symptomatology is almost always the
same and consist of feeling oppression, asphyxiation, spasm, formication (paresthesia), aphasia,
dysarthria, hemiparesis, hemianopsia and migraine. Medical treatment known for cerebral ischemia
are unfortunately too few and unfortunately, many drugs that have good results in the preclinical
studies, are ineffective in clinical trials (De Keyser et al., 1999). At the moment, the only drug
approved to treat ischemia is tissue plasminogen activator (tPA), a specific enzyme that cleaves
proteins which are present in the blood, such as fibrin, an essential protein in blood clotting, and
thrombi. The main issue is that in order to perform such a vital function tPA must be necessarily

administered in the first 3 h after the manifestation of the symptomatology.

3.1 Epidemiology

According to data of the Italian Ministry of Health (www.ministerodellasalute.it) worldwide cerebral

ischemia is at the second place among lethal diseases in the industrialized countries and it is the third
cause of disability among the elderly. In Italy, cerebral ischemia is the third cause of death after
cardiac ischemia and neoplastic diseases: it causes 10-12% of annual deaths and it is the first ranked
among invalidating diseases. Every year 196.000 cases of stroke occur in Italy, 20% of which are
recurrent. The remaining 80% are all new recordable cases. Between the 10 and 20% of people hit

by cerebral ischemia die within a month and a 10% die within the first year of life. Haemorrhagic
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stroke mortality at the first month of the event equals to 50%. Only 25% of surviving patients to a
stroke event recover completely, 75% survive with a certain form of disabilities, half of whom with
a deficit as serious as they lost their selfsufficiency. The age in which cerebral stroke appears more
frequently is around 55-60 years and its incidence increases with aging: young cases of cerebral
stroke are much less frequent, about 7 cases/100.000/per year. The incidence rate among the elderly
is around 6,5% and it mainly occurs in men than in women, 7,4% vs 5,9 respectively. It has been
evaluated that demographic evolution, characterized by sensible aging of the population will lead to

a significant increase in stroke cases in the next future, if the incidence should remain constant.

3.2 Physiopathology
The ischemic process results from a sequence of physiopathologic effects (Figure 6) which progress
drastically through time and space, leading to cells death and consequently to the subsequent decline

of brain damage.
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Figure 6: Representation of the various phases of ischemic insult, reported according to the time
and intensity of the event (Taken from Dirnagl et al., 1999).

In sequence, these are: excitotoxicity, peripheral depolarization, inflammation and cells death due to

necrosis and apoptosis (Dirnagl et al., 1999).

3.3 Excitotoxicity

Cells consume a substantial amount of oxygen and glucose, throughout catabolic processes to obtain
the energy necessity for survival in the form of ATP. At the moment of the reduction of physiological
concentration of oxygen and glucose, that occur during an ischemic insult, the cell necessarily looks
for stock of energy due to the fact that it cannot produce energy by itself, and finds it in ATP. Given
the disequilibrium between energy consumption and production the cell is forced to initiate the
anaerobic metabolism that causes ATP depletion, transformation to AMP and the consecutive
extracellular accumulation of adenosine. At intracellular level ATP has essential functions, of which
is fundamental the operation of ATP-dependent pumps, such as the Na*/K* which allows the active

transport of Na* and K* through the plasma membrane. The increase of ATP causes a block of the
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pump and consecutively a block of ions transport: thus, Na* accumulates in the intracellular side.
This ionic distribution, strongly unbalanced, provokes an enormous depolarization at cellular level,
making the membrane electrochemical potential more positive and causing the opening of other ion
channels, such as the Ca?channel. Ca?*, once inside the cell, contributes to the release of the
neurotransmitters through the process of vesicle fusion, mediated by the protein of SNARE complex.
The most widely released neurotransmitter in the ischemic process is glutamate, an amino acid and
excitatory neurotransmitter which, if released in high concentration, lead to cellular toxicity.
Glutamate, at postsynaptic level, activates AMPA, NMDA and Kainate receptors which further
increase the intracellular concentrations of Na*, K* and Ca?* which further depolarize the cell
membrane. The resulting cerebral oedema is caused by the increase of intracellular ionic
concentration, which hence recall water from outside. Furthermore, the energy-dependent glutamate
transporters are blocked and this contribute to the permanence of glutamate within inter-synaptic
fissure and results in continuous receptors stimulation.

In addition, the intracellular messenger Ca?*, activates a cascade of events (such as the synthesis of
NO, characteristic of inflammation) which conduce to the onset of tissue damage (Beckman and
Koppenol, 1996; ladecola, 1997) and to the subsequent necrosis of the tissue (Dirnagl et al., 1999).
Among the most remarkable events of ischemia are the activation of enzymes which break down the
cytoskeleton protein (Furukawa et al., 1997), lipases activation, such as the phospholipase A2
(PLA2) and consequently activation of cyclooxygenase (COX2, involved in inflammation). It is
possible to identify two ischemic areas (Figure 7): the focal area which undergoes a severe reduction
of cerebral blood flow (CBF) and where neurons are continuously exposed to depolarization is
defined the “ischemic core” (Hossmann, 1994). This causes rapid necrosis due to cytoskeleton
destruction or to proteolysis. The perifocal area, named ischemic penumbra or “penumbra”, can
maintain, in the first periods after the ischemic attack, the physiologic metabolism of the tissue thanks
to the perfusion of collateral anastomotic vessels (Astrup et al., 1981; Hossmann, 1994; Obrenovitch,
1995). Lacking a properly pharmacologic treatment or reperfusion, the ischemic penumbra may

advance toward an infarcted condition caused by ischemia and apoptosis.
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No Recanalization

Figure 7: Representation of Ischemic Areas: The core, in red, is the first affected area during an ischemic
insult. Penumbra, in green, for the first time remains perfused by the vessel connections, but without perfusion
or drugs becomes infarct (Taken from Astrup et al., 1981; Hossmann, 1994; Obrenovitch, 1995).

3.4 Anoxic depolarization

A typical consequence of a cerebral hypoxic/ischemic insult is the appearance of anoxic
depolarization (AD), a rapid and regenerative wave of depolarization that propagates in the brain
tissue. A similar response occurs in cerebral grey matter under normoxic conditions, as a
consequence of neuronal hyper-excitability (for example during epileptic discharges) and is called
spreading depression (SD). These two events are strictly correlated and present the same diagnostic
criterion: an accelerating, regenerative, all-or-none type depolarization spreading out from a
restricted core of grey matter into the surrounding tissue (Somjen, 2001).

SD was described for the first time by Aristides Ledo, in 1944, who recorded a cortical electrogram
(ECoG) of epileptic discharges obtained by "tetanic" stimulation in anesthetized rabbits. Ledo
noticed that, immediately after the induced seizure, an unexpected silencing of the ongoing normal
electrical activity occurred, and hypothesised that SD and propagation of focal seizures were related
phenomena generated by the same cellular elements (Ledo, 1944). These first observations, later
confirmed by others (Harreveld and Stamm, 1953), have been later supported by detailed
investigations demonstrating that SD is caused by a “negative slow voltage variation” in the cortical
surface that was identical to the voltage shift recorded after a few min of blood flow deprivation in
the cerebral cortex (Ledo, 1947) By reaching a maximal amplitude of -15 mV, this surface potential
shift was astonishingly large compared with other brain waves recorded by ECoG and attracted the
interest of a number of neurologists. Similarly, severe hypoxia or, more generally, sudden energy
failure induce an SD-like response, and “spontaneous” waves of SD emanate from the border of an
ischemic core and propagate into the surrounding brain areas (the “penumbra”). To date, SD and AD
have been recorded in almost all brain regions, with high similarity and reproducibility among in

vivo and in vitro experiments, but they are more readily provoked in some brain areas than in others.
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The CAL region of the hippocampal formation is considered the most susceptible zone, closely
followed by the neocortex (Somjen, 2001).

Under normoxic conditions, SD can be triggered by a number of different stimuli and chemicals.
Among the chemical agents, noteworthy are K* ions, glutamate, and acetylcholine, because these
molecules are normally present in the brain, and ouabain because it reflects the reduced function of
the membrane Na*-K*-ATPase during high energy demand or low energy supply and ultimately
raises extracellular K* concentration, which is known to play a key role in this phenomenon. When
ion-selective microelectrodes became available in the ‘60s, allowing to measure “real time” ion
concentration changes in live tissues, it was soon reported an overflow of K* ions from the cortical
surface during both SD (Brinley et al., 1960) and AD (Vyskocil et al., 1972). This K* overload is
also accompanied by a precipitous drop in extracellular CI- and Na* levels and a passive release of
organic anions from the cell cytoplasm including glutamate (Davies, 1995). This sequence of events
suggests that during AD or SD, intra- and extracellular ion concentrations equilibrate and the
electrochemical gradient across the cell membrane, which is essential for living functions, is lost.
This hypothesis is also supported by the nearly complete depolarization that accompanies these
events (Collewijn and Harreveld, 1966), typical of cells exposed to high extracellular K*
concentrations as during SD or AD. In fact, as expressed by Grafstein in the “potassium hypothesis”
of SD (Grafstein, 1956), K* released during intense neuronal firing accumulates in the restricted
interstitial space of brain tissue and depolarizes the different cells that released it, resulting in a
vicious circle that leads to neuronal hyperexcitability.

Further progresses in describing SD- and AD-related phenomena were made by using intracellular
sharp microelectrodes to measure resting membrane potential before, during and after the passage of
SD or AD waves (Collewijn and Harreveld, 1966; Muller and Somjen, 2000). The “all-or-none”
nature of both events was confirmed by the observation that, once started, the amplitude of membrane
depolarization was independent of the severity of the triggering event (Mdller and Somjen, 2000).
When membrane potential recordings were made simultaneously from stratum radiatum and stratum
pyramidale of CA1 hippocampal slices, cell depolarization always began earlier and was of larger
amplitude and longer duration in the layer of dendritic trees than in cell somata, suggesting that the
triggering region was the dendritic layer and from there the depolarization spreads to the cell bodies
(Herreras and Somjen, 1993a). A detailed analysis of the time course of different AD-related events
in the hippocampus demonstrated that the onset of voltage changes was usually preceded by
increased neuronal excitability that produced a “shower of population spikes” reflecting
synchronized firing of pyramidal neurons (Grafstein, 1956; Herreras and Somjen, 1993b). This
neuronal hyperactivity, also recorded during in vivo experiments (Rosenblueth and Garcia Ramos,
1966), was shown to be strictly related to glutamate-induced excitotoxicity, since the voltage changes
produced during AD or SD were greatly reduced by NMDA receptor antagonists (Herreras and
Somijen, 1993a), that are well known neuroprotective agents against ischemia-induced damage of the

brain tissue in experimental models (Calabresi et al., 2000; Lee et al., 1999). In addition, the
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exogenous application of glutamate to the cortical surface is able to induce SD (van harreveld and
schade, 1959). Evidence indicates, however, that a much reduced but still substantial ion gradient
remains across the plasma membrane during AD (Mdiller and Somjen, 2000).

The massive redistribution of ions between the intra- and extracellular compartment during AD and
SD leads to significant changes in cell homeostasis, reflected by the prominent cell swelling that
accompany both phenomena. Ledo himself firstly described a transient increase in tissue electrical
impedance accompanying SD (Ledo, 1951) and this was soon confirmed by others (Hoffman et al.,
1973; Ochs and Hunt, 1960). The major effect was the increase in tissue resistance, and was
confirmed by morphological studies to be caused by swelling of cells leading to shrinkage of the
interstitial space (Kow and van Harreveld, 1972; van harreveld and schade, 1959). Another parameter
usually measured to monitor in vitro induced SD or AD is the intrinsic optical signal (10S). Cell
swelling produces a marked change in intracellular volume that is reliably associated with a decrease
in light scattering (Aitken et al., 1999), attributable to the dilution of scattering particles in the cytosol
(BARER, 1953). This sequence of events leads to a pronounced increase in the 10S of brain tissue,
as reported for the first time by Snow et al in hippocampal slices during SD (Snow et al., 1983). This
new approach permitted a detailed real-time two-dimensional mapping (not reachable with
microelectrodes) of SD and ADspread, simultaneously recorded with other parameters (for example
membrane potential or extracellular K* concentration), as exemplarily reported by Obeidat and
Andrew (Obeidat and Andrew, 1998). Again, in hippocampal slices, the 10S triggered by AD or SD
was stronger and occurred more rapidly in the dendritic layer of stratum radiatum than in the somatic
region of stratum pyramidale (Aitken et al., 1998; Mdller and Somjen, 1999).

In spite of the many similarities between SD and AD events, some differences have also been
described. For example, depolarization in SD is “self-limiting” and is followed by complete
restoration of neuronal functions as soon as neurons recover their resting membrane potential,
without any “irreversible side effects” at least after sparce SD events. On the contrary, after an AD,
membrane potential and neuronal functions only recover if oxygen is restored soon after the onset of
depolarization (Lipton, 1999) since oxidative energy (O2 and ATP consumption) is required to
restore ion gradients (Wang et al., 2003). If the ischemic insult persists during AD manifestation,
neuronal damage will become irreversible and only a partial recovery of brain tissue functionality
can be achieved. This seems to be mainly due to the deleterious role of a protracted intracellular Ca?*
rise, an event typically recorded during ischemia. In this regard it may be argued that, during
normoxic SD, neurons gain as much Ca?" as during AD but do not encounter such irreversible
damage because membrane depolarization is self-limiting and only lasts for a few seconds. In fact,
it has been demonstrated that if neurones are forced to remain depolarized for extended periods after
SD triggering, even in well-oxygenated tissues they do not regain function (Herreras and Somjen,
1993b; Kawasaki et al., 1988). Accordingly, if Ca?* is removed from the bathing solution before
oxygen is withdrawn, neurons recover their functions following a period of hypoxia that otherwise

would have caused irreversible damage (Siesjo and Bengtsson, 1989). It appears that intracellular
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Ca?" levels must remain elevated for a critical length of time to initiate the reactions that result in
irreversible cell injury (Deshpande et al., 1987; Morley et al., 1994). It follows that any treatment
that postpones the onset of AD should extend the time limit of cell recovery. This concept has been
largely confirmed by both in vivo and in vitro studies and represents the basis of the present work to
investigate the effect of different drugs acting on purinergic systems during ischemia. On this basis,
we monitored AD appearance in hippocampal slices as an index of irreversible tissue damage
induced by in vitro ischemia and we investigated the role of purinergic receptors during a severe
insult in the DG.

3.5 Adenosine and brain ischemia

Hypoxic-ischemic insult to the brain generally causes necrosis, although in most cases there exists
also a process of delayed and apoptotic type injury in the region (penumbra) surrounding the area of
most severe damage (Honig and Rosenberg, 2000; Lo, 2008; Schaller et al., 2003). Stroke is today
evaluated as the second most common cause of death and a major cause of long-term disability
worldwide. Ischemic stroke commonly accounts for approximately 80% of all stroke cases, and is
caused from occlusion of amajor cerebral artery by a thrombus or an embolism, which leads to loss
of cerebral blood flow, a condition of hypoxia and glucose deprivation (oxygen, glucose deprivation:
OGD) and subsequently tissue damage in the affected region (Gibson, 2013). Brain injury results
from a complex sequence of pathophysiological events consequent to hypoxia/ischemia that evolve
over time. The major pathogenic mechanisms of this cascade include: primary acute mechanisms of
excitotoxicity and periinfarct depolarizations followed by activation of resident immune cells, i.e
microglia, and production or activation of inflammation mediators (Dirnagl et al., 1999). A complex
interplay of biochemical and molecular mechanisms involving practically any cell type of the brain,
concept of “the neurovascular unit,” partakes in either salvage or demise of the tissue after a stroke
(Dirnagl, 2012). Although after ischemia a precocious activation of resident immune cells may be
neuroprotective and supportive for regeneration, protracted neuroinflammation is now recognized as
the predominant mechanism of secondary brain injury progression.

Activated microglial cells proliferate, migrate and by production of inflammatory substances (Buttini
et al., 1996; Gebicke-Haerter et al., 1996; Gomes et al., 2013; Orr et al., 2009; Rebola et al., 2011)
and chemokines trigger an inflammatory response (Dirnagl et al., 1999). Pro-inflammatory mediators
and oxidative stress give rise to the endothelial expression of cellular adhesion molecules (Huang et
al., 2006; Stoll et al., 1998) and to an altered permeability of the blood brain barrier (BBB) that
allows infiltration of leukocytes (neutrophils, lymphocytes and monocytes) (Huang et al., 2006;
ladecola and Anrather, 2011; Stoll et al., 1998) that on their turn exacerbate neuroinflammation and
ischemic damage (Hasko6 and Pacher, 2008). Correlations among neutrophil accumulation, severity
of brain tissue damage and neurological outcome have been reported by Akopov (Akopov et al.,
1996). Studies in the human brain after ischemic stroke confirm that neutrophils intensively

accumulate in the regions of cerebral infarction (Akopov et al., 1996; Dirnagl et al., 1999). In the
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last years basic research yielded numerous pharmacologic agents leading to the identification of more
than 1000 molecules with brain-protective effects in animal models of brain ischemia and to the
implementation of more than 250 clinical trials. However, drugs have failed to be efficacious during
clinical trials and the only successful pharmacological treatment approved to date is tissue
plasminogen activator that aims to decrease ischemia associated thrombosis risk. Yet, because of the
narrow therapeutic time-window involved, thrombolytic application is very restricted in clinical
settings (Chen et al., 2014). Aspirin, other antiplatelets, and anticoagulants are used as preventive
therapy of stroke (Albers et al., 2011; Ginsberg, 2009; Macrez et al., 2011; Moskowitz et al., 2010;
Young et al., 2007). In this review, we summarize the studies that have contributed to current
understanding of the mechanisms by which ATP and adenosine modulate tissue damage in brain

ischemia models.

3.5.1 P1 receptors and cerebral ischemia

Ischemic stroke is the third leading cause of death in industrialised countries (The Group of Eight
(G8)), with a mortality rate of around 30%, and it is the major cause of long-lasting disabilities. It is
caused by a transient or permanent reduction in cerebral blood flow due to the occlusion of a major
brain artery, either by an embolus or by local thrombosis. An effective therapy for this pathology
does not exists yet. Several neuroprotective drugs have been developed and successfully tested in
animal stroke models, but most of them failed to be efficacious in clinical trials (De Keyser et al.,
1999). A typical example concerning clinical failure of experimental models is provided by the class
of NMDA receptor antagonists, that, in spite of promising results in animal models (Calabresi et al.,
2000; Lee et al., 1999), failed to provide neuroprotection in clinical studies on patients (Caplan,
1998.; Plum, 2001). As reported above, the extracellular adenosine concentration under physiological
conditions, calculated by different experimental approaches, is usually relatively constant in a range
between 30-200 nM in brain tissue (see: Latini and Pedata, 2001) After ischemia, adenine nucleotides
are released into the extracellular compartment and rapidly metabolized to adenosine by NTPDases
and e5’-NTs ubiquitously expressed on the cell surface (Melani et al., 2012, 2005). Both in vivo and
in vitro studies largely demonstrate that adenosine concentration dramatically increases during
cerebral ischemia (Hagberg et al., 1987; Latini et al., 1999b; Melani et al., 2003, 1999; Pearson et
al., 2006) reaching values around 3 uM, able to activate all 4 subtypes of adenosine receptors.
Adenosine initially derives from extracellular ATP degradation (Melani et al., 2012), thereafter
adenosine is released per se from cells. This is principally due to the rapid and massive depletion of
intracellular ATP occurring under metabolic stress conditions, such as hypoxia or ischemia, that lead
to an accumulation of AMP, which in turn is degraded to adenosine. The rate of adenosine production
thus exceeds its deamination to inosine or its rephosphorylation to AMP (Deussen, 2000) leading to
a concentration gradient from the intra- to the extracellular space that causes adenosine to be released

by the membrane transporter proteins (ENTS). Therefore, extracellular adenosine concentrations
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greatly increase reaching micromolar values during hypoxic/ischemic conditions. In vitro studies
demonstrated that during ischemia adenosine reaches values as high as 30 uM (Latini et al., 1999b).
A neuroprotective role of extracellular adenosine during cerebral ischemia has long been recognised
by different authors. In fact it is largely known that adenosine-potentiating agents, which elevate
endogenous adenosine by either inhibiting its metabolism (Lin and Phillis, 1992) or preventing its
reuptake (Dux et al., 1990), offer protection against ischemic neuronal damage in different in vivo
ischemia models. Furthermore, adenosine infusion into the ischemic striatum during medial cerebral
artery (MCA) occlusion significantly ameliorates the neurological outcome and reduces the infarct
volume after transient focal ischemia (Kitagawa et al., 2002). For all these reasons, many authors
have indicated adenosine and its receptors as possible targets for therapeutic implementation in the
treatment of stroke. All these protective effects of adenosine during cerebral ischemia are mainly due
to adenosine A; receptor stimulation, that causes a reduction of Ca2* influx, thus inhibiting the
presynaptic release of excitatory neurotransmitters (Corradetti et al., 1984; Pedata et al., 1993;
Zetterstrém and Fillenz, 1990) and in particular of glutamate, whose over-stimulation of NMDA
receptors during ischemia is one of the principal mechanisms of neuronal excitotoxicity (Choi, 1990).
In addition, by directly increasing the K* and Cl ion conductances at postsynaptic level, adenosine
stabilises the neuronal membrane potential and reduces the neuronal hyper-excitability caused by
increased glutamate release during ischemia (Tominaga et al., 1992). The consequent reduction in
cellular metabolism and energy consumption (Tominaga et al., 1992) and a moderate lowering of the
body/brain temperature (Gourine et al., 2004) are protective events under ischemic conditions.
Accordingly, in vitro models demonstrated that selective A1 AR stimulation reduces neuronal damage
following hypoxia and/or glucose deprivation in primary cortical or hippocampal cell cultures (Daval
and Nicolas, 1994) and brain slices (Dux et al., 1990; Marcoli et al., 2003; Mori et al., 1992; Newman
et al., 1998; Tanaka et al., 1997). Although data converge in demonstrating a neuroprotective effect
of adenosine through A1AR during ischemia, the clinical utility of selective A; agonists is hampered
by unwanted central and peripheral effects i.e. sedation, bradycardia, hypotension (White et al.,
1996).

The role of A2aAR in cerebral ischemia has been recently studied. Several data support an opposite,
deleterious, role of A2aAR during ischemic brain injury in comparison to adenosine A:AR. In 1994,
Gao and Phillis (Gao and Phillis, 1994) demonstrated for the first time that the non-selective A2aAR
antagonist CGS15943 reduces cerebral ischemic injury in the gerbil following global forebrain
ischemia. Thereafter, many reports have confirmed the neuroprotective role of A2aAR antagonists in
different models of ischemia. The selective A2aAR antagonist CSC, as well as the less selective
antagonists CGS15943 and CP66713, were able to ameliorate hippocampal cell injury during global
forebrain ischemia in gerbils (Phillis, 1995; Von Lubitz et al., 1995). In agreement with these
observations, hippocampal activation of A;»AR during in vitro oxygen and glucose deprivation
(OGD) may reduce the beneficial effects mediated by A1AR and, in addition, increase glutamate

outflow, thus contributing to the excitotoxic damage. These mechanisms explain the protective
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effects of Aza selective antagonists during OGD insults (Latini et al., 1999a). Similarly, the selective
Aua receptor antagonist SCH58261 reduced ischemic brain damage in a rat neonatal model of
hypoxia/ischemia (Bona et al., 1997) and in an adult rat model of focal cerebral ischemia (Melani et
al., 2003; Monopoli et al., 1998). Studies in genetically manipulated mice definitely confirmed the
neuroprotective role of A,aAR antagonists on ischemic brain damage. In fact, in A2aAR knockout
mice subjected to focal cerebral ischemia, the cerebral damage and neurological deficits were
attenuated (Chen and He, 1999). The beneficial effects brought about by Az antagonists are mainly
attributed to the blockade of A2aAR located presynaptically on glutamatergic terminals (Hettinger et
al., 2001; Rosin et al., 2003) thus reducing the excitotoxic damage (Marcoli et al., 2003). In fact,
selective activation of adenosine A2aARs has been demonstrated to promote glutamate release under
normoxic and ischemic conditions (Corsi et al., 1999; O’Regan et al., 1992; Popoli et al., 1995;
Simpson et al., 1992). In addition, recent data suggest that bone marrow derived cells, injected into
rat brains (Yu et al., 2004), and native microglial cells (Melani et al., 2006) are important targets for
Aza antagonist-mediated neuroprotection against ischemic damage. Furthermore, we have recently
demonstrated in the model of oxygen-glucose deprived hippocampal slices that two selective
adenosine A2»AR antagonists, ZM 241385 and SCH 58261 (with less efficacy), are protective during
OGD in the CALl region by delaying the appearance of anoxic depolarization (AD), astrocyte
activation, and by improving neuronal survival and recovering synaptic activity under slice
reperfusion with oxygenated-glucose-containing artificial cerebrospinal fluid (aCSF) (Pugliese et al.,
2009). The major protective effect of A2aAR antagonists has been attributed to a reduction of
glutamate outflow from neurons (Marcoli et al., 2003; Pedata et al., 2005, 2003) and therefore, to
reduced excitotoxic damage.

Few studies, due to the paucity of Azg selective agonists and antagonists, indicate a possible role for
Aug receptors during brain ischemic damage. In the stratum radiatum of CA1 hippocampal slices, the
number and immunostaining density of immunoreactive cells for A,sAR were increased after
ischemic preconditioning (Zhou et al., 2004). In human astroglial cells, the selective AgAR
antagonist MRS 1706 completely prevents the elongation of astrocytic processes, a typical
morphological hallmark of in vivo reactive astrogliosis which represents a deleterious process
induced by selective stimulation of A2sAR (Trincavelli et al., 2004).

The few studies present in the literature concerning the role of AzAR in cerebral ischemia are rather
contradictory. The effects of AsAR stimulation appear to depend on drug administration (acute vs
chronic), dosage and timing of treatment with respect to the onset of the ischemic insult. Since
information present in the literature about the role of A2aARs during cerebral ischemia in DG is
scarce at present, we recently focused our attention on this matter in the present work.

In particular, we investigated the role of this adenosine receptor subtype by evaluating the effect on
the synaptic and proliferative response of the DG to a severe OGD in acutely isolated rat hippocampal
slices. It is well known that the DG is more resistant (Wang et al., 2005) than the CA1 region to an

ischemic episode, probably because of its major resistence to excitotocity and to its regenerative
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capacity, even in adulthood (Altman, 1962; Altman and Das, 1965; Bartley et al., 2005) due to the
presence of multipotent neural stem cells localized in the SGZ (Yamashima et al., 2007). These cells
are able to proliferate and differentiate into neurons, astrocytes and oligodendrocytes (Sharp et al.,
2002) as a response to multiple factors, including hypoxic-ischemic injury (Liu et al., 1998; Takagi
etal., 1999).

A typical electrophysiological parameter usually monitored during OGD is a rapid anoxic
depolarization (AD) of a sizeable population of brain cells. This event appears as a consequence of
prolonged ischemic episodes and is strictly correlated with irreversible neuronal and glial damage
(Somijen, 2001), also contributing to the increase in cell damage in the so called “ischemic penumbral
area” (Touzani et al., 2001).

Distinct sections will be devoted to describing this crucial event, commonly considered an index of
irreversible neuronal ischemic damage, and on adult neurogenesis and oligodendrogenesis after

cerebral ischemia.

3.5.2 A ARs in brain ischemia

AzsAR is expressed at low levels in the rat brain (Dixon et al., 1996; Fredholm et al., 2000;
Puffinbarger et al., 1995; Li et al., 2017)and has a low-affinity for adenosine. However it might be
activated during conditions of hypoxia or ischemia when the extracellular adenosine levels rise
(Koeppen et al., 2011; Popoli and Pepponi, 2012). Because of paucity of A.g selective agonists and
antagonists (see Muller and Jacobson, 2011) few studies are present on the role of A2sARs in brain
ischemia. In the stratum radiatum of CA1 hippocampal slices, the number and density of A2sARs on
cells showing distinct morphological characteristics of astrocytes, are increased after ischemic
preconditioning (Zhou et al., 2004). In primary murine astrocytes, the expression of AzsAR is
strongly stimulated by LPS in concert with hypoxia and inhibited by adenosine, through A; and
AsAR subtypes (Gessi et al., 2013). In human astroglial cells, a selective Azg antagonist, N- (4-
acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl- 1H-purin-8-yl) henoxy]acetamide
(MRS1706), completely prevents elongation of astrocytic processes (a morphological hallmark of in
vivo reactive astrogliosis) induced by selective stimulation of AzsARs (Trincavelli et al., 2004). A
short-term TNF-alpha treatment induces A2sAR desensitization in human astroglial cells (Trincavelli
et al., 2008). These results suggested that in the acute phase of brain ischemia that is characterized
by both cytokine and adenosine high release, A,sAR desensitization on astroglia might represents a
cell defence mechanism (Trincavelli et al., 2008).

Few studies have investigated the role of A;sAR in brain ischemia in vivo. In a recent paper, it was
reported that a selective AzsAR antagonist, N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-
1,3-dipropyl-1H-purin-8-ylphenoxy]-acetamide (MRS1754), reduced the ceramide production in
astrocytes and attenuated inflammatory responses and neuronal damage after global cerebral
ischemia (Gu et al., 2013). This effect was related to an early reduction of p38 MAPK activation. In
fact, A,sAR plays a key role in the rapid activation of p38 and in the subsequent inflammatory

process (Koscso et al., 2012; Wei et al., 2013). Altogether experiments indicated that antagonism of
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Aug receptor located on brain cells might be protective from ischemic brain damage. Recent
introduction of new pharmacological and genetic tools led to understand a role of A;eAR in the
regulation of inflammation, immunity and tissue repair (Crespo et al., 2013; Feoktistov and
Biaggioni, 2011; Hinz et al., 2014; Ortore and Martinelli, 2010). Besides brain cells, A2sARs are
present on endothelial and blood immune cells and in most cases are coexpressed with AzaARs.
AeAR transcripts are found in neutrophils (Fredholm et al., 1996) lymphocytes (Gessi et al., 2005)
and platelets (Amisten et al., 2008). Moreover, A2aARs are expressed on the surface of endothelial
cells (Feoktistov et al., 2002) and regulate every aspect of endothelial inflammatory processes.
Hypoxia is an important stimulus for the upregulation of A2sAR expression via the oxygen-regulated
transcription factor, HIF-1a (hypoxia inducible factor), in endothelial cells (Eltzschig et al., 2003).
Vascular permeability was significantly increased in vascular organs of AsAR KO mice subjected
to ambient hypoxia. By contrast, hypoxia-induced vascular leak was not accentuated in Ai, Aza Or
AsAR KO mice, suggesting a specific role of A2gAR in endothelial cells (Eckle et al., 2008).

In agreement, A;sAR KO mice showed increased basal levels of TNF-a and expression of adhesion
molecules such as ICAM-1, P-selectin and E-selectin in lymphoid cells, resulting in increased
leukocyte rolling and adhesion (Yang et al., 2006). A.sAR KO mice exposed to hypoxia exhibit
increased neutrophil infiltration into hypoxic tissues revealing an inhibitory role for A;sARs in
neutrophil transmigration in vivo (Eckle et al., 2008). Attenuation of hypoxia-associated increases in
tissue neutrophil numbers appeared to depend largely on hematopoietic cell A;sAR signalling (Eckle
et al., 2008; Yang et al., 2006). Pharmacological studies in fact indicate that A2sARs on neutrophils
contribute to their decreased adhesion to endothelial cells and transmigration in tissue parenchyma
(Eckle et al., 2008; Eltzschig et al., 2004). All together these studies indicate that, similarly to the
A2rAR, after ischemia a damaging role is exerted by AsAR located on brain cells while A;sAR
located on endothelial and blood immune cells is implicated in dampening vascular adhesion signals
and hypoxia-induced inflammation (Koeppen et al., 2011). A further possible role of AzAR in
hypoxia/ischemia might be secondary to promotion of an angiogenic response because activation of
AzsAR by adenosine increases endothelial cell proliferation, chemotaxis and capillary tube formation
(Adair, 2005; Grant et al., 2001). Exposure of human umbilical vein endothelial cells to hypoxia
increases expression of A2sAR which upon stimulation promotes the release of vascular endothelial
growth factor (VEGF) (Feoktistov et al., 2004).

4. Neurodegenerative deseases

Neurodegeneration is a feature of many debilitating, incurable diseases that are rapidly rising in
prevalence, such as Parkinson's disease. There is an urgent need to develop new and more effective
therapeutic strategies to combat these devastating diseases. Models — from cell-based systems, to
unicellular organisms, to complex animals — have proven to be a useful tool to help the research
community shed light on the mechanisms underlying neurodegenerative diseases, and these advances

have now begun to provide promising therapeutic avenues.
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Neurodegenerative diseases represent a major threat to human health. These age-dependent disorders
are becoming increasingly prevalent, in part because the elderly population has increased in recent
years (Heemels, 2016). Examples of neurodegenerative diseases are Alzheimer's disease, Parkinson's
disease, Huntington's disease, Multiple sclerosis, frontotemporal dementia and the spinocerebellar
ataxias. These diseases are diverse in their pathophysiology, with some causing memory and
cognitive impairments and others affecting a person's ability to move, speak and breathe (Abeliovich
and Gitler, 2016; Canter et al., 2016; Taylor et al., 2016; Wyss-Coray, 2016).

Effective treatments are desperately needed but will only come with a deep understanding of the
causes and mechanisms of each disease.

One way to learn about how a disease works is to develop a model system that recapitulates the
hallmark characteristics of the disease. Powerful experimental model organisms such as the mouse,
fruit fly, nematode worm, and even baker's yeast have been used for many years to study
neurodegenerative diseases and have provided key insights into disease mechanisms (Auluck and
Bonini, 2002; Boillée et al., 2006; Bruijn et al., 1998; Cooper et al., 2006; Krobitsch and Lindquist,
2000; Outeiro and Lindquist, 2003; Yamamoto et al., 2000).

CNS disorders are a group of diseases with significant socioeconomic impact and growing relevance
due to the increase in life expectancy of the world population. Since only symptomatic or palliative
therapies are currently available for most of these diseases, the development of innovative therapeutic
strategies is an unmet need. CNS disorders, traditionally dichotomized between early-onset
neurodevelopmental and late-onset neurodegenerative diseases, are associated with dysfunction of
neuronal activity due to perturbations at the synapse level (Torres et al., 2017).

They may therefore be collectively regarded as diseases of the synapse or synaptopathies. Synaptic
defects are causally associated with early appearing neurological diseases, including autism spectrum
disorders (ASD), schizophrenia (SCZ) and bipolar disorder (BP). On the other hand, in late-onset
degenerative pathologies, such as Alzheimer's (AD), Parkinson's (PD) and Huntington's (HD)
diseases, synaptopathy is thought to be the inevitable end-result of an ongoing pathophysiological
cascade. However, understanding the initiation and contribution of synaptic dysfunction in
neurological disorders has been challenging because of (i) limited and usually late-stage access to
human tissue, and (ii) inadequate recapitulation of key features of the human diseases in existing
experimental animal models. Recent advances in cell reprogramming technologies that allow
generation of human induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2017), from somatic
cells of patients with a variety of diseases have opened new perspectives for studying the
pathogenesis of CNS disorders. The establishment of robust protocols for directing the differentiation
of hiPSCs into various neuronal cell types has permitted disease-in-a-dish modelling and analysis of
the phenotypic characteristics of numerous CNS pathologies. More recently, the development of
three-dimensional (3D) organoid cultures has created new possibilities for studying disease

emergence and progression in the closest situation to the human brain (Pasca, 2018).
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Due to these revolutionizing technologies it is now possible to shed light into cellular and molecular
mechanisms underlying neuronal dysfunction in patient cells and follow over time the emergence of

disease phenotypes, particularly those appearing early.

4.1 Multiple sclerosis

Multiple sclerosis (MS) is a chronic disease of the CNS that mainly presents in young adults, creating
a substantial health-care burden at individual, family and community levels (Ontaneda et al., 2017).
MS is primarily considered to be an immune-mediated disease and is characterized by focal areas of
inflammatory demyelination that spread in the brain and in the spinal cord with time, driven by an
infiltration of lymphocytes. According to this view, the first years of relapsing—remitting MS
(RRMS), the form of MS that many individuals with the disease initially develop, are characterized
by recurrent episodes of neurological dysfunction from which the individual usually recovers
(Compston and Coles, 2002), and the frequency of such episodes can be even markedly reduced by
treatments that modulate or suppress the immune system (Comi et al., 2017).

The classic pathological hallmark of MS was long considered to be the presence of focal white matter
demyelinating lesions. However, with time, it became clear that pathological changes are also
detectable in normal-appearing white matter, as well as in the CNS grey matter, with the presence of
focal grey matter lesions and grey matter atrophy (Filippi et al., 2012). Neuronal axons are affected
in the early stages of MS (Calabrese et al., 2015). Over time, axonal damage and diffuse microglial
activation dominate MS-related pathological changes and are accompanied by progressive, mostly
untreatable, accumulation of neurological disability affecting many functional domains from
mobility to cognition. Neuropsychological dysfunction, despite its precocious identification by
Charcot, was overlooked for a long time in individuals with MS (Charcot J.M., 1877). However, in
the past three decades, cognitive impairment has been increasingly investigated and it is now
recognized to be a core feature of the MS clinical picture, with a negative influence on physical
independence and competence in daily activities (Chiaravalloti and DelLuca, 2008; Langdon, 2011).
Current available MS therapies target immune modulation with some efficacy, however,
concomitantly with adverse side effects (English and Aloi, 2015).

Oligodendrocytes, are the myelin-producing cells in the CNS. Damaged oligodendrocytes no longer
generate myelin and remyelination requires generation of new mature oligodendrocytes from the
differentiation of oligodendrocyte precursor cells (OPCs) (Dawson et al., 2003). These cellular
resources are especially active after demyelinating episodes in early phases of MS. Indeed, OPCs
actively proliferate, migrate to and repopulate the lesioned areas. Ultimately, efficient remyelination
is accomplished when new oligodendrocytes reinvest nude neuronal axons, restoring the normal
properties of impulse conduction. As the disease progresses, this fundamental process fails. Multiple
causes seem to contribute to such transient decline, including the failure of OPCs to differentiate and
enwrap the vulnerable neuronal axons. For example, the observation that OPCs are present in MS
lesions but fail to differentiate into mature oligodendrocytes (Chang et al., 2000; Levine and
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Reynolds, 1999) suggests that the remyelination process is blocked at a premyelinating stage in
demyelinating lesions.

Unfortunately, despite its high prevalence and considerable impact, the precise mechanisms
underlying cognitive impairment in MS are still largely unknown, and efficacious treatments for this
aspect of the disease are lacking. Pathological changes in CNS white matter and specific neuronal
grey matter structures could play a crucial role in the pathogenesis of MS-related cognitive
impairment (DelLuca et al., 2015). Alterations in the physiological crosstalk between the immune
and nervous systems might also have a role, as such crosstalk modulates synaptic transmission and
the induction of synaptic plasticity in the CNS (Di Filippo et al., 2008).

5. Oligodendrogenesis

Stroke-induced oligodendrogenesis in ischemic brain has not been broadly studied (Dewar et al.,
2003). Oligodendrocytes, myelin forming cells in the CNS, are vulnerable to cerebral ischemia
(Dewar et al., 2003; Pantoni et al., 1996). Stroke acutely induces mature oligodendrocyte damage,
leading to loss of myelin, which is associated with loss of axons (Dewar et al., 2003; Pantoni et al.,
1996).

However, during stroke recovery there is a significant increase in generation of OPCs and some of
them become mature myelinating oligodendrocytes in peri-infarct gray and white matter where
sprouting axons are present (Zhang et al., 2011).

An increase in mature myelinating oligodendrocytes observed after stroke in the adult brain likely
result from new oligodendrocytes differentiated from OPCs. During development, mature
oligodendrocytes (OLGs) are generated by cells of the embryonic ventricular zone in the brain and
spinal cord, giving rise to OPCs that proliferate and migrate throughout the CNS (Richardson et al.,
2006). These OPCs can then terminally differentiate into mature OLGs during a step-by-step process
characterized by the downregulation of precocious markers (such as the membrane chondroitin
sulfate proteoglycan, NG2, and the PDGF receptor-alpha (PDGFRa)) and the acquisition of
immature OLG antigens such as O4, followed by myelin specific structural proteins (i.e., myelin
basic protein (Mbp)). Furthermore, early undifferentiated bipolar OPCs acquire a more complex
morphology with many branched processes, culminating in the formation of membrane sheaths that
wrap around axons (de Castro and Bribidn, 2005). It has been demonstrated that NG2* OPCs (also
called polydendrocytes) are still present in the adult CNS generating a lot of interest on these cells
as a reservoir of OLGs to repair demyelinated lesions (Nishiyama et al., 1999; Windrem et al., 2004).
It has been indeed reported that, under specific conditions, NG2 cells can give rise to neurons and
astrocytes (Nishiyama et al., 2009). This indicates that polydendrocytes exhibit additional properties
apart from their assumed functions as OPCs, although this concept is currently a highly debated topic.
NG2 cells have been also demonstrated to make multiple contacts with the axonal membrane at nodes
of Ranvier (Butt et al., 1999) and with synaptic terminals (Ong and Levine, 1999), suggesting a role

in surveillance of neuronal activity and raising the question of whether adult NG2 cells may be

32



Introduction

capable of responding to or influencing neuronal activity (Butt et al.,2002.; Butt and Dinsdale, 2005;
Nishiyama et al., 2002.). In this respect, several data indicate that, similarly to mature OLGs, these

cells respond to neuronal activity and to neurotransmitters (Butt and Dinsdale, 2005).

5.1 Purinergic signalling in Oligodendrogenesis

Purinergic signaling (exerted by adenosine and ATP) has recently emerged as one of the main
pathways that regulate myelination in both the PNS and CNS. In the CNS, neurons and multiple
types of glia are in close proximity, so that a signal such as ATP released by a neuron could exert
effects on many nearby cells (Figure 8).

OLGs have an essential role in efficient neurotransmission in the CNS. Myelin sheaths produced by
differentiated OLGs wrap and insulate axon segments, and small, electrically conductive nodes of
Ranvier are spaced between myelin internodes. This arrangement allows rapid saltatory conduction
of action potentials along myelinated axons and is crucial for proper nervous system development
and function. Impaired myelination has been implicated in neuropsychiatric disorders and cognitive
disabilities (Haroutunian et al., 2014). Furthermore, the extensive physical interaction between OLs
and axons allows for OLGs to be involved in maintaining neuronal homeostasis. OLGs assist with
axonal energy metabolism by exporting lactate, an energy substrate; through myelin membranes
(Saab et al., 2013).

In addition to OLGs, OPCs also contact axonal segments in the CNS. Ultrastructural studies have
revealed synapse- like structures between axons and OPCs, with synaptic vesicles in the axon and
structures resembling postsynaptic densities in the OPC process (Bergles et al., 2000).

More recently, live, in vivo imaging has demonstrated synaptic vesicle accumulation along axonal
segments during contact with OPC processes (Hines et al., 2015). In this study, synaptic vesicle
release along unmyelinated axon segments promoted myelin sheath formation. Growing evidence
points to neuronal activity and neurotransmitter release affecting OPC proliferation, migration, and
differentiation, as well as myelin formation (Almeida and Lyons, 2017; Fields, 2015; Gallo et al.,
2008). Furthermore, continuous myelin remodeling throughout adulthood points to a need for
continuous communication between neurons, OPCs, and OLGs (Sampaio-Baptista and Johansen-
Berg, 2017). Since ATP is released from neurons in an activity- dependent manner, ATP (or its
derivatives ADP and adenosine) may be involved in the ongoing communication between neurons
and myelinating glia.

In CNS, myelination is regulated by extracellular signals and intracellular factors acting on both the
various steps of OLG maturation and axonal activity (Emery, 2010). In detail, adenosine has been
reported to inhibit OPC proliferation in the presence of the mitogenic agent PDGF and to promote
cell differentiation towards premyelinating oligodendrocytes, thus globally increasing myelination,
as shown by the rise of Mbp* oligodendrocytes in DRG/OPC treated co-cultures. Of note, the

percentage of myelinating Mbp* oligodendrocytes was lower in co-cultures treated with the
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adenosine receptor antagonists alone, suggesting that endogenous sources of adenosine are sufficient

to promote differentiation effects (Stevens et al., 2002).

Astrocyte “\"\
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Myelinating oligodendrocyte

Figure 8: Overview of purinergic signaling in CNS cells. Schematic of CNS neuron/glial interactions and
purinergic receptor expression. It should be noted for neurons and glial cells: expression of receptor subtypes
varies across brain regions and with development. (Taken from: Welsh and Kucenas, 2018).

5.1.1 Role of P1 receptors in Oligodendrogenesis

Evidence for the role of purinergic signaling in regulating OPCs, OLGs, and myelination comes
largely from in vitro studies.

Concerning oligodendrocytes, it has been demonstrated that purines exert multiple effects including
increased motility, proliferation and differentiation of cultured OPCs (for a review see in: (Coppi et
al., 2015). Among purines, adenosine is a neuromodulator of the CNS, where it acts on four subtypes
of P1 purinergic receptors (A1, Aza, Azg, Az) (Fredholm et al., 2011). It is known that OPCs express
all these receptors (see Table 2), as detected by RT-PCR in cultured OPCs, including A2sAR (Stevens
et al., 2002, see Figure 9). To date, a functional role has been attributed only to A; and A2aARs
(Coppi et al., 2015). We elucidated the role of A2aARs on oligodendrogenesis, demonstrating that
their selective activation decreases outward rectifying, sustained, Ik currents and inhibits in vitro
OPC differentiation towards mature, myelinating oligodendrocytes, without affecting cell division
(Coppi et al., 2013a). Conversely, adenosine, through the activation of A1AR seems to be a primary
activity-dependent signal inhibiting the proliferation and promoting differentiation of premyelinating
progenitors into myelinating oligodendrocytes (Stevens et al., 2002) and stimulating OPC migration
(Othman et al., 2003). The functional role of the A;sAR in oligodendrocytes has not yet been

clarified. Among adenosine receptors, the A2sAR is the least studied and still remains the most
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enigmatic adenosine receptor subtype because of the relatively low potency of adenosine at this
receptor (ECso value of 24 uM) (Fredholm et al., 2011) and the very few specific agonists that have
been described so far. However, there is a growing interest in A;sARs in recent years, as it has been
shown to play a role in inflammation and cancer and is even considered a promising new
pharmacotherapeutic target. Of particular note is that in the brain during different pathological
conditions, such as cerebral ischemia, extracellular adenosine is elevated to levels sufficient for
A2sAR activation (Pedata et al., 2016).
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Figure 9: Developmentally regulated expression of A; and Ag receptors in the OLG lineage. (Taken from:
Welsh and Kucenas, 2018).

Testing the hypothesis that axonally released adenosine mediated OPC proliferation and calcium
signaling, Stevens (Stevens et al., 2002) demonstrated calcium responses in OPCs either via
electrical stimulation of co- cultured neurons, or by directly applying the P1 agonist 5’- (N-

ethylcarboxamido)adenosine (NECA) to OPC monocultures. Additionally, P1 antagonists blocked
the activity- dependent calcium response; supporting the conclusion, that adenosine released from
firing neurons stimulates calcium signaling in OPCs. Adenosine and the P1 agonist NECA also
inhibited proliferation and promoted differentiation and myelin production. The conclusions from
cell culture are supported by evidence in cerebellar slices that adenosine inhibits proliferation and
increases differentiation of OPCs (Stevens et al., 2002). More recently, in vitro pharmacology
experiments tested the roles of specific P1 agonists, but with some conflicting results. For example,
multiple studies have reported that adenosine inhibits OPC proliferation (Stevens et al., 2002; Agresti
et al., 2005). However, selective agonists for A: and A2aARs did not have any effect on OPC
proliferation (Othman et al., 2003; Coppi et al., 2013). In another example of conflicting results, one
study found that the A; agonist N6- cyclopentyladenosine (CPA) promoted OPC migration in a
dose- dependent manner, whereas another study reported that neither adenosine nor CPA had any
effect on OPC migration (Agresti et al., 2005; Othman et al., 2003).

Stevens (Stevens et al., 2002) observed that adenosine promotes differentiation of OPCs and
myelination. However, the A, agonist CGS21680 was reported to inhibit differentiation, and the A
agonist CPA had no effect on OPC differentiation (Coppi et al., 2013a; Othman et al., 2003).

35



Introduction

Table 2. P1 receptor expression and function in OLG lineage cells

Expression- Expression- Migration Proliferation | Differentiation
OPCs mature OLs
A Y (RTPCR)1 Y (RTPCR)11 | (+)2 No effect2 No effect2
Y (IHC)2 Y (IHC)2 no effect4
Y (RNAseq)15 | Y
(RNAseq)15
Aon Y (RTPCR)1 | Y (RTPCR)11 No effect5 )5
N (RNAseq)15 | N
(RNAseq)15
Ass Y (RTPCR)1 | Y (RTPCR)11
Y (RNAseq)15 | N
(RNAseq)15
As Y (RTPCR)L | Y (RTPCR)11
N (RNAseq)15 | N
(RNAseq)15
P1 (unspecified) | n/a n/a No effectd | (- )14 )1

Table 2. OPCs, oligodendrocyte progenitor cells. Y, expression detected; N, expression examined and not
detected; (+) increased, (- ) decreased. (Taken from: Welsh and Kucenas, 2018).

6. Fingolimod

6.1 Historic development of fingolimod
Fingolimod, GilenyaR, 2-amino-2[2-(4-octylphenyl)ethyl]-1,3-propanediol) was originally
synthesized by the Japanese chemist Tetsuro Fujita from Yoshitomi Pharmaceutical Industries Ltd.
(present: Mitsubishi Tanabe Pharma Corporation, Japan) (Adachi et al., 1995) using the natural
compound myriocin (ISP-1) as a lead. Myriocin was previously isolated by the same group from the
culture broth of Isaria sinclairii, the imperfect or asexual stage of the genus Cordyceps sinclarii
(cordycipitaceae), a subfamily of parasitic fungi. It was described as an immunosuppressant 10-100
times more potent than cyclosporine A (CSA) (Chiba et al., 1998; Fujita et al., 1996). Remarkably,
extract and powder from the near relative Cordyceps sinensis has been widely used in Traditional
Chinese Medicine for its energy boosting effect and to grant eternal youth. Based on the chemical
structure of myriocin, a series of derivatives were synthesized from which Fingolimod turned out to
be an even more potent immunosuppressant when tested in vitro in a mouse allogenic mixed
lymphocyte reaction assay, and in vivo in rat and dog transplantation models where allograft survival

was prolonged for several weeks (Chiba et al., 1998; Fujita et al., 1996; Suzuki et al., 1996).
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6.2 Mechanism of action of fingolimod

The main immunomodulatory mechanism of action of fingolimod is based on its effect on
lymphocyte homing. It reversibly redistributes T and B cells from the circulation to secondary
lymphoid organs like peripheral and mesenteric lymph nodes and Peyer's patches, thereby causing a
state of peripheral lymphopenia (Chiba et al., 1998). Since fingolimod resembles in chemical
structure the sphingolipid molecule sphingosine, it can serve as a substrate for sphingosine kinase
(SphK) to become phosphorylated to the active metabolite fingolimod-P (Brinkmann et al., 2002).
Thus, fingolimod is a pro-drug which requires SphK to become active. Two subtypes of SphK,
SphK1 and SphK2, exist and in principle both enzymes can phosphorylate fingolimod in vitro
(Billich et al., 2003). However, SphK2 is 30-fold more efficient due to a lower Km value of
fingolimod for SphK2 compared to SphK1 (Billich et al., 2003). Furthermore, SphK2 is the only
enzyme which activates fingolimod in vivo, since only Sphk2 knockout mice are resistant to
fingolimod-induced lymphopenia (Zemann et al., 2006) and lack fingolimod-mediated protection
from disease symptoms in experimental autoimmune encephalomyelitis (EAE), a widely used animal
model for multiple sclerosis (Imeri et al., 2016).

Fingolimod-P mimics sphingosine 1-phosphate (S1P) in structure and thus, not surprisingly, also
binds to S1P receptors (Brinkmann et al., 2002; Mandala et al., 2002). S1P receptors were originally
described as endothelial differentiation genes (edg) and build a subclass of G protein-coupled lipid
receptors, which are most homologous to the lysophosphatidic acid (LPA) receptors. So far, 5
subtypes of S1P receptors have been identified, denoted S1P;_s. They have all been determined to
bind S1P with high affinity (Kihara et al., 2014) with binding constants ranging from 1 to 10 nM,
except for S1P,, which has a ten-fold lower affinity (Mandala et al., 2002). Fingolimod-P binds with
similar affinity as S1P to S1P;, S1Ps, and S1Ps, but shows much better binding to S1P, than S1P (6
nM vs 90 nM) (Mandala et al., 2002). Fingolimod is not a ligand for S1P,. Due to the diversity of
S1P receptor subtypes with their distinct function and ubiquitous expression in the body (Kihara et
al., 2014; O’Sullivan, 2017), in theory multiple effects can be expected from using fingolimod, which

may either have therapeutic benefit or cause adverse events.

6.3 Specific fingolimod targets

6.3.1 The S1P receptor family: The S1P: receptor

As outlined above and because of its binding to and activation of the various S1P receptor subtypes,
except for S1P,, “active” fingolimod is pharmacologically considered an unselective S1P receptor
agonist (Brinkmann, 2007; Brinkmann et al., 2002, Mandala et al., 2002). Moreover, it causes
sustained desensitization of the S1P;-mediated signalling pathway by inducing receptor
internalization and degradation, which on the cellular level results in functional antagonism. This
effect of fingolimod on S1P; is unique and not seen with the endogenous ligand S1P, which also
internalizes S1P; upon binding but then dissociates in endosomes and the receptor recycles back to

the plasma membrane. Similarly, S1Ps.4, and S1Ps are also internalized upon fingolimod-P binding
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and then redistribute back to the cell surface. Particularly, downregulation of S1P; on T cells is
supposed to account for the immunosuppressive effect of fingolimod, whereas downregulation of
S1P: in other cell types, notably in endothelial cells, is likely responsible for the adverse events
observed under long-term fingolimod treatment (Brinkmann, 2007). The agonistic effect of
fingolimod on S1Ps4, and S1Ps may account for additional biological effects with unknown
consequences as outlined below (Figure 10).
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Figure 10: Schematic view of cellular on-targets and off-targets of fingolimod and possible functions. (Taken
from: (Huwiler and Zangemeister-Wittke, 2018).

These early pioneering studies have fuelled research on S1P; receptor biology to better understand
its role in human diseases. Since S1P; is ubiquitously expressed in almost every cell type, its
downregulation by prolonged fingolimod treatment is expected to have multiple consequences on
cellular responses and tissue homeostasis. The generation of systemic Slprl knockout mice
corroborated the vital biological function of S1P,, since embryos die in the developmental stage of
day E12.5-E14.5, due to impaired vessel maturation and hemorrhagic bleedings.

Besides its role in immune cell trafficking and vascular development, S1P, is implicated in the
regulation of vascular integrity. Increased vascular permeability is a typical feature of inflammation
and allergy, and therefore a possible barrier protective effect of S1P signaling is of therapeutic
interest. Various in vitro and in vivo studies have investigated the effect of S1P and fingolimod on
the endothelial barrier function. It was shown that endotoxin-induced microvascular permeability
and inflammation leading to acute lung and kidney injury in mice can be reduced by direct application
of either S1P or fingolimod (Peng et al., 2004). On the contrary, application of a S1P1 receptor
antagonist (W146) induced loss of capillary integrity in mouse skin and lung (Sanna et al., 2006),
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and the most recently developed potent S1P; selective antagonist NIBR-0213 induced transient lung
and heart permeability defects in rats, which promoted chronic inflammatory remodeling (Bigaud et
al., 2016). Furthermore, a conditional gene deletion approach was used to demonstrate that plasma
S1P is crucial for vascular integrity. Since Sphk1/Sphk2 double knockout mice are embryonically
lethal, a conditional double knockout (KO) mouse was generated, which contains one conditional
Sphk1 allele and one null Sphk1 allele in a Sphk2 null background (Sphkf/—Sphk2—/—) and carries a
Cre transgene. By inducing Cre, plasma S1P levels became undetectable. These “pS1Pless” mice
showed a several-fold increased vascular leakage and reduced survival compared to wildtype mice
upon administration of platelet activating factor (PAF), and the symptoms could be relieved by
injection of a selective S1P; agonist (AUY954) (Camerer et al., 2009).

Improved endothelial barrier function resulting from S1P; activation by S1P and fingolimod was also
demonstrated in cultures of human endothelial cells in vitro (Dudek et al., 2007).

The molecular mechanisms underlying the barrier enhancing effect are not yet fully understood, but
the role of adherents junction molecules, such as VE-cadherin and platelet-endothelial cell adhesion
molecule (PECAM-1), appears to be crucial. In this regard, it was shown that S1P and fingolimod-P
can stimulate the translocation of VE-cadherin to cell-cell contact sites of endothelial cells in cultures
(Sanchez et al., 2003), and in vivo in S1prl knockout mice the retinal vasculature lost VE-cadherin
staining (Gaengel et al., 2012). For PECAM-1, upregulation was detected in endothelial cells
overexpressing SphK-1, which is supposed to increase S1P levels (Limaye et al., 2005).
Furthermore, S1P; silencing was shown to reduce expression of PECAM-1 and VE-cadherin
(Krump-Konvalinkova et al., 2005), and deregulation of these adherents junction molecules by
fingolimod was also seen in a mouse model of multiple sclerosis, i.e. EAE (Imeri et al., 2016).

On the other hand, the barrier enhancing effect of fingolimod seems to be dose-dependent, since
higher concentrations in the range of 10 to 100 uM in cultures of human umbilical vein endothelial
cells rather compromised the barrier function, and in vivo in mechanically ventilated mice even
aggravated lung injury (Miller and Jacobson, 2011). Similarly, in a bleomycin-induced lung injury
model in mice, prolonged exposure to fingolimod resulted in vascular leak, fibrosis and increased
mortality (Shea et al., 2010). Altogether, these studies suggest that S1P; activation improves the
endothelial barrier function, whereas S1P; antagonism, notably also by prolonged fingolimod

treatment, disrupts it, thereby increasing permeability and vascular leakage.

6.3.2 The S1P3 receptor

A more detailed characterization of S1P3 activation by fingolimod-P showed that it has an ECs value
of 7 to 10 nM for S1Ps, which is comparable to the endogenous ligand S1P. However, its efficacy
reached only 50% of S1P, suggesting a partial agonistic effect (Riddy et al., 2012). By definition, a
partial agonist in the presence of a full agonist produces an antagonistic output. This could mean that
in vivo, fingolimod can also antagonize S1Ps signaling rather than stimulate it, depending on the local

S1P concentration.
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In this context it is noteworthy that S1P3; was recently shown to have prometastatic properties in
breast and lung carcinoma cells (Filipenko et al., 2016; Zhang et al., 2013b), and high expression is
frequently found in tumors from breast cancer patients where it correlates with poor prognosis
(Watson et al., 2010). Since plasma S1P levels are often elevated in cancer patients (Alberg et al.,
2013; Sutphen et al., 2004; Zhang et al., 2015), the requirements for fingolimod to act as a partial
S1P3 agonist and thus impede metastatic growth might be fulfilled.

6.3.3 The S1P4receptor

The role of S1P4 in physiological processes is still poorly understood and therefore the effects of
fingolimod mediated by S1P. are unclear. S1P and fingolimod-P associate with S1P, with binding
constants of 95 nM and 6 nM, respectively, which means that fingolimod is a much better ligand for
this receptor than the endogenous ligand (Mandala et al., 2002). S1P4 expression is restricted in the
body and mainly found in lymphocytes and tissues of the immune and hematopoietic system (Gréler
etal., 1998).

Knockout of Slprd in mice and zebrafish consistently revealed a reduction of the number of
circulating neutrophils, suggesting a role for S1P4 in immunity and infection (Allende et al., 2011;
Pankratz et al., 2016). S1pr4 deficient mice also show differential reactions to inflammation with
exacerbated T helper (Th)2 cell responses and decreased responses of Thl cells (Allende et al., 2011).
Moreover, megakaryocytes generated from Slpr4 deficient mice showed atypical and reduced
formation of proplatelets in vitro, and the recovery of platelet numbers after experimental
thrombocytopenia was significantly delayed, suggesting a role for S1P4 in thrombopoiesis (Golfier
et al., 2010). Of note, in humans, a rare missense variant of S1P4 (Arg365Leu) was reported, which
generates a loss-of-function receptor and is associated with reduced white blood cells and neutrophil

counts (Pankratz, 2016), thus corroborating the preclinical data from mice (Allende et al., 2011).

6.3.4 The S1Ps receptor

The S1Ps receptor was originally cloned as rat nerve growth factor-regulated G protein-coupled
receptor Nrg-1 (Glickman et al., 1999) and later found to be identical to S1Ps/edg8. It is
predominantly expressed in the brain and spleen (Im et al., 2000; Malek et al., 2001) and in these
tissues, it is further concentrated in oligodendrocytes and natural killer (NK) cells (O’Sullivan, 2017).
Fingolimod-P and S1P bind to S1Ps with equally high affinity. In oligodendrocytes this triggers two
distinct functional responses depending on the developmental stage of the cells. It leads to retraction
in pre-oligodendrocytes, whereas it increases the survival of mature cells (Jaillard et al., 2005).

In addition, migration of OPCs, which normally migrate over considerable distances during brain
development, is inhibited by S1Ps activation (Novgorodov et al., 2007).

Fingolimod was also shown to protect human oligodendrocytes from apoptosis induced by serum
and glucose deprivation, suggesting a neuroprotective effect by activating S1Ps (Miron et al., 2008).

Moreover, S1Ps is also expressed on brain microcapillary endothelial cells where it contributes to the
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blood-brain barrier function and maintains the immunoquiescent state of brain endothelial cells (van
Doorn et al., 2012).

In S1pr5 knockout mice the number of circulating NK cells is decreased (Walzer et al., 2007),
proposing a function of S1Ps in promoting NK cell egress from bone marrow and lymph nodes into
the blood and recruiting them to sites of inflammation (Jenne et al., 2009; Walzer et al., 2007).
S1pr5 knockout mice also lack circulating Ly6C-negative peripheral monocytes, but maintain normal
levels in the bone marrow (Debien et al., 2013).

6.3.5 SphK1

As determined in vitro, fingolimod is a substrate of SphK2 and is also phosphorylated by SphK1, but
with much lower efficiency (Billich et al., 2003). In vivo, however, SphK2 is the only kinase which
activates fingolimod as demonstrated in Sphkl- and Sphk2-deficient mice. Fingolimod, but not
fingolimod-P, acts also as a direct inhibitor of SphK1, but very high concentrations of 50 uM are
needed to achieve 50% inhibition (Tonelli et al., 2010; Vessey et al., 2007). As a pharmacological
target with oncogenic potential, SphK1 is of interest for cancer therapy. Considering the toxicity
profile of fingolimod at 0.5 mg per day in patients, however, it is unrealistic to believe that such high
doses can be tolerated. Nevertheless, numerous preclinical studies have shown pro-apoptotic and
anti-tumor effects of fingolimod with tumor cell lines in vitro and in tumor models in mice, which
could be partly attributed to inhibition of SphK1 (Pchejetski et al., 2010).

6.4 S1P receptor signalling within the CNS

We have already mentioned that S1P levels are primarily regulated by SphKland SphK2 (EC:
2.7.1.91), and S1P-degrading enzymes, such as S1P phosphatases (SPPs) that convert S1P to
sphingosine and S1P lyase (SPL), which terminally cleaves this sphingolipid (Figure 11). SphK1 and
SphK2 sequence differences arise from alternate splicing, which affects their differential subcellular
localization and biochemical properties. As a consequence, the S1P pools synthesized by individual
kinases could play a different roles in cells. S1P synthesized by SphK1 localised in the cytoplasm
and endoplasmic reticulum can be transported out of the cell and exert mitogenic and anti-apoptotic
effects in an autocrine, i.e ‘Inside-Out signalling’, or paracrine manner, affecting other cell types.
Transport of these bioactive sphingolipids is carried out by spinster protein 2 (Spns2) and the ATP-
binding cassette (ABC) family of transport proteins (ABC1, ABCG2, ABCAL). S1P is a ligand of
five S1P-specific G protein-coupled cell plasma membrane receptors, called S1P1.sR (O’Sullivan S
et al., 2017).
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Figure 11: Metabolism and mechanism of S1P action. (Taken from: Motyl and Strosznajder, 2018).

Four of the five S1P receptors (S1PRs), (S1PR;, S1P;R, S1PsR, and S1PsR) are located in both
neurons and glial cells within the CNS. S1PR-mediated signalling is essential for development of the
neural tube and vascular system during embryogenesis (Mizugishi et al., 2005). In the mature CNS,
S1P regulates the activation of neuronal progenitor cells and their migration to affected regions. S1P-
dependent signalling influences the synthesis of neurotrophic factors and pro-inflammatory
cytokines, as well as cellular communication. S1P4R is the most abundant S1PR in the CNS. The
level of expression of S1P1R and S1PsR changes over a lifespan, under pathological conditions, and
depends on the environmental milieu. The key effector protein of S1P;R and S1PiR is
phosphatidylinositol-3 kinase (PI3K) conjugated to Akt kinase, which is responsible for
phosphorylation of proteins associated with regulation of cell proliferation, migration, and survival.
Mice with a S1P1R receptor deletion are characterized by abnormal formation of the neural tube and
blood vessel failure that leads to embryonic death. Mortality at the embryonic stage is not observed
upon deletion of the other four S1IPRs (Mizugishi et al., 2005). This supports S1PiR as a valuable

pharmacological target in neuroprotective strategies.

6.5 Significance of SphK1/S1P/S1PRs signalling in neurodegenerative diseases

A disrupted balance between S1P and ceramide has been documented in AD patients and reported in
other neurodegenerative diseases. Activity of SphK1s and level of S1P decline, according to the
Braak pathology scale, in brain regions that are affected relatively early in AD (Couttas et al., 2014;
He et al., 2010) increase in ceramide concentration in the cerebrospinal fluid and serum is suggested
to be an appropriate biomarker of AD (He et al., 2010; Satoi et al., 2005). It was also reported that

S1P concentration exhibits a strong inverse correlation with tissue AP levels and
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hyperphosphorylation of tau protein in postmortem brain from AD patients (He et al., 2010). The
close relationship between S1P levels and AP peptide was recently demonstrated. Endogenously
released AP peptides induced significant inhibition of both expression and activity of SphKs in PC12
cells transfected with the human gene for A precursor protein (Gassowska et al., 2014), moreover,
another study demonstrated decreased SphK1 expression under AP peptide toxicity in PC12 cells
(Cieslik et al., 2015). Importantly, small interfering RNA knockdown of SPHKI1 increases AP
accumulation and decreases learning and memory function in an AD mouse model, revealing SphK1
modulation as a potential target for AD treatment (Zhang et al., 2013c)

Patients with MS undergoing long-term treatment with Fingolimod (FTY720) showed reduced brain
volume loss, reduced number of relapses, and a significantly slower progression of disability. These
results suggest that, in addition to an immunosuppressive effect, FTY720 has neuroprotective
properties (Brunkhorst, 2014).

Patients treated with FTY720, might be more susceptible to serious infections, such as disseminated
or CNS herpetic infection, because of reduced number of circulating lymphocytes. The above side
effects determine some limitations with FTY720 therapy to patients with cardiovascular and immune
risk factor, especially in patients with diagnosed immunodeficiency syndrome. FTY720 treatment
can induce also hepatobiliary disorders and macular oedema, which the last one is connected with
internalization of S1P; (Yoshii et al., 2017). In the last few years, several second-generation
compounds with structural similarity to the FTY720 prodrug backbone, such as Siponimod, KRP-
203, CS-0777, and RPC-1063, were synthesized and used in clinical trials. These S1IPR modulators
show higher selectivity for S1P1R than S1P3;R (O’Sullivan et al., 2017).

The mechanisms underlying neuroprotective effects elicited by FTY720 are not fully understood.
However, a recent study indicated an important role for synthesis of neurotrophic factors like brain-
derived neurotrophic factor (BDNF), prevention of astrogliosis and over-activation of transcription
factor NF-xB in a Huntington’s disease model, and decreasing TNFa and induced nitric oxide
synthase (iNOS) levels. FTY720 has reached clinical trials for other nervous system diseases, like
amyotrophic lateral sclerosis (ALS), acute stroke, Rett syndrome, glioblastoma, and schizophrenia.
Its potential utility has also been demonstrated in numerous in vitro and in vivo models of
neurological disorders, like spinal cord injury, Huntington's disease, epilepsy, and toxicity of AP

(O’Sullivan et al., 2017).

6.5.1 Role of S1IPR modulation in MS

S1PR modulation has emerged as an effective disease modifying therapeutic strategy in MS. The
therapeutic effect of FTY720 in MS and its animal model experimental autoimmune
encephalomyelitis (EAE) is attributed to the downregulation of S1P; on lymphocytes resulting in
their retention within lymph nodes (Balatoni et al., 2007; Brinkmann, 2007; Brinkmann et al., 2002;
Mandala et al., 2002; Matloubian et al., 2004).
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In addition, there is also evidence supporting the concept of anti- inflammatory, glioprotective and
neuroprotective actions of SIPR modulators in the CNS (Choi et al., 2011; Kim et al., 2011; Soliven
et al., 2011). In vitro studies have demonstrated that Fingolimod-phosphate (FTY720- P) regulates
the survival, differentiation and process dynamics of cultured rodent and human OLG lineage cells
(Coelho et al., 2007; Jung et al., 2007; Miron et al., 2008). Furthermore, we found that treatment of
mice with fingolimod protects against acute cuprizone (cupr)- induced OLG injury, demyelination
and axonal loss but does not promote remyelination in this model. The protective effect of fingolimod
in the cuprizone model may be mediated not only by direct actions on S1IPR on OLGs, but also by
indirect or anti- inflammatory actions on astrocytes and microglia (Kim et al., 2011).

6.6 Role of S1PRs in Oligodendrogenesis

S1P.s are found in oligodendroglial cells, where they regulate a number of processes, ranging from
cell proliferation and maturation to dendrite elongation (Jaillard et al., 2005; Jung et al., 2007; Miron
et al., 2008).

In particular, mature OLG express S1Ps and at lesser extent S1P; S1P, and S1Ps, whereas OPC
express at a higher level S1P; than S1P,, S1P; and S1Ps. (Jung et al., 2007; Novgorodov et al., 2007;
Yu et al., 2004).

In vitro studies demonstrated that FTY720-P differently modulates differentiation, proliferation
migration and availability of OPCs and/or OLGs relying on the activation of different SIPR subtypes
whose expression depends upon the developmental stage of OPCs (Jung et al., 2007). Furthermore,
it protects from myelin damage in EAE model and chronic progressive CNS inflammation (Kataoka
et al., 2005; Rothhammer et al., 2017).

7. Neuropathic pain

Pain is the most common reason for people to seek medical attention (Salter, 2014). Despite this,
nociceptive pain is a vital physiologic process that signals actual or potential tissue damage (ladarola
and Caudle, 1997). By so doing, it protects the individual from injury and secures the survival of the
species. By contrast, direct injury to neural tissue can produce nerve or neuropathic pain that lasts
for months or years after any injury has healed (Costigan et al., 2009; Moulin et al., 2014).

Exact prevalence of neuropathic pain within the global population is unknown, but most studies put
estimates at between 1.5% and 8%, equating to between 100 million and 560 million people
worldwide (Bouhassira and Attal, 2016; Gilron et al., 2006; Salter, 2014; Torrance et al., 2013,
2006).

Neuropathic pain is defined formally as “pain caused by a lesion or disease of the somatosensory
system” (Jensen et al., 2011). It can be caused by traumatic nerve, spinal cord, or brain injury
(including stroke) or can be associated with diabetic, human immunodeficiency virus/AIDS, and
postherpetic neuropathies, or with multiple sclerosis (Treede et al., 2008) or cancer, and/or the toxic

effects of chemotherapeutic agents (Xiao et al., 2007; Schmidt et al., 2010).
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Tissue damage or perturbation capable of causing pain is detected by free nerve endings in peripheral
and visceral structures and relayed by first-order sensory neurons (primary afferents) to second-order
sensory neurons in the dorsal horn of the spinal cord. Glutamate and neuropeptides such as substance
P and calcitonin gene-related peptide mediate neurotransmission between primary afferent and
second-order sensory neurons. Glutamate interacts with Ca?*-permeable and Ca?*-impermeable a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and with N-methyl D-aspartate
(NMDA) receptors, but not with kainate receptors (Tong and MacDermott, 2006). The cell bodies of
first-order sensory neurons reside in the dorsal root ganglia (DRG).

Although all primary afferent neurons are widely believed to be glutamatergic (West et al., 2015), it
has been suggested that GABA-mediated inhibitory interactions may play a role in nociceptive
processing at the level of the DRG (Du et al., 2017). If these findings are verified, they will provoke
considerable debate and reassessment of current ideas of sensory and nociceptive processing. It is
possible that primary afferent neurons release GABA from their cell bodies in DRG, yet release
glutamate from their terminals in the spinal cord.

The gray matter of the spinal cord is divided into the 10 laminae of Rexed (Figure 12A) (Rexed,
1952). Nociceptive information is received in lamina I, lamina Il (substantia gelatinosa; Figure 12,
A and B), and, to a lesser extent, lamina V (Peirs and Seal, 2016; Todd, 2010; West et al., 2015;
Zeilhofer et al., 2012). Although lamina | contains interneurons for modulation and projection
neurons for transmission of nociceptive information, lamina Il contains mainly interneurons that
project to lamina I. In spite of its importance, there is still very much that is unknown about dorsal
horn circuitry and how it relates to the pathophysiology of chronic pain (Peirs and Seal, 2016;
Prescott et al., 2014; Sandkiihler, 2009; Todd, 2010).

Current treatments (opioids, non-steroidal anti-inflammatory drugs, antidepressants or
anticonvulsants) are frequently inadequate or associated with adverse side (Di Cesare Mannelli et
al., 2015; Goldberg and McGee, 2011; Pizzo and Clark, 2012). Therefore, new therapeutics for

managing patient pain are being developed.

B Ratspinal cord in vitro

Lamina Il or
Substan:i/ag latinosae

Figure 12: (A) Rexed laminae of the spinal cord. Laminae I and Il form the marginal zone and substantia
gelatinosa, respectively, and together these make up the superficial dorsal horn. Within the dorsal horn, A
tactile and hair afferents end mainly in laminae 111-VI with some extension into lamina Ili with distribution
dependent on function. Ad hair-follicle afferents extend across the lamina II/III border. Ad nociceptors end
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mainly in lamina I, occasionally branching to laminae V and X. Peptidergic, nociceptive C fiber afferents
synapse mainly in lamina I and llo. Nonpeptidergic C fibers occupy the inner part of lamina Il. (B) Acutely
isolated spinal cord slice from a 30-day-old rat. The substantia gelatinosa is clearly visible as a translucent
band under infrared differential interference contrast optics (Taken from: Peirs and Seal, 2016).

7.1 Role of Calcium and Potassium Channels

Voltage-operated Ca?* channels (VOCCs) are crucial mediators of neuropathic pain, as confirmed
by the fact that a2 ligands, i.e. gabapentinoids, are a first-line treatment in this pathology (Field et
al., 2007; Vink and Alewood, 2012). Activation of VOCCs at a pre-synaptic level induces
neurotransmitter release through the peripheral and CNS, including sensory neurons in dorsal root
ganglia (DRG), which are considered the primary station of nociceptive transmission. It is
noteworthy that dorsal root stimulus-evoked excitatory post-synaptic currents in lamina | dorsal horn
neurons are inhibited by 60% by the selective N-type VOCC blocker w-conotoxin GIVA (w-CTX)
(Heinke et al., 2004) suggesting that these channels express a primary role in mediating
neurotransmitter release during nociception. Furthermore, aberrant expression and/or activity of N-
type VOCCs is associated with neuropathic pain (Hannon and Atchison, 2013) and ziconotide, a
derivative of -CTX, was FDA approved in 2000 (Prialt™) for intrathecal treatment of severe and
refractory chronic pain (Brookes et al., 2017; Jain, 2000; McDowell and Pope, 2016). However,
severe adverse effects are associated with direct Ca2* channel block; so a milder modulation of Ca?*
influx is needed.

Attenuation of various types of K* channel conductance also contributes to the increased excitability
of DRG neurons that follows injury or exposure to inflammatory cytokines such as IL-1p (Abdulla
and Smith, 2001; Cao et al., 2012; Gonzalez and Rodriguez, 2017; Kim et al., 2002; Stemkowski et
al., 2015; Stemkowski and Smith, 2012; Tan et al., 2006; Tsantoulas et al., 2012; Waxman and
Zamponi, 2014).

Changes in K* channel currents may also contribute to pain associated with diabetic neuropathy (Cao
et al., 2010). This prompted the suggestion that the anticonvulsant retigabine (Passmore et al., 2003)
and related Kv7.2-Kv7.3 channel openers (Busserolles et al., 2016; Q. Zhang et al., 2013), as well
as facilitators of Na* activated K* channel currents (Huang et al., 2013) or two pore K* channels or
KV2 or Kv9.1 channels, may be useful in pain management (Tsantoulas et al., 2012; Yekkirala et
al., 2017). Unfortunately, a clinical trial with retigabine failed to meet its primary efficacy end point
(Yekkirala et al., 2017). The retigabine analog N-(6-chloro-pyridin-3-yl)-3,4-difluoro-benzamide
(ICA-27243) has been reported to attenuate inflammatory pain in animal models (Hayashi et al.,
2014), but we are unaware of any clinical trials with this substance. Beyond neuropathic pain arising
from peripheral nerve injury, it has been reported that injury to the spinal cord per se can impede K*
channel function in DRG (Ritter et al., 2015), and this may contribute to mechanical allodynia.
Altered K* channel function in DRG may reflect the diffusion of inflammatory mediators from the
site of injury within the spinal cord (Carlton et al., 2009).

Changes in K* channel function may not always involve changes in expression or properties of pore-

forming o subunits themselves but may rather result from changes in regulatory subunits. For
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example, it was recently shown that K* channel modulatory subunits KChIP1, KChIP2, and DPP10
are coexpressed with Kv4.3 in nonpeptidergic small neurons of the rat DRG. Spinal nerve ligation
downregulated all three modulatory subunits, and their knockdown by intrathecal injection of a gene-
specific antisense oligodeoxynucleotides evoked mechanical hypersensitivity. Rescue of the
downregulated subunits by injection of appropriate cDNA constructs attenuated injury-induced
hypersensitivity (Kuo et al., 2017). These findings imply that targeting of regulatory subunits rather
than pore-forming subunits of K* channels may lead the way to new therapeutic approaches. This is
in fact analogous to targeting the a258-1 subunit of Ca?* channels by gabapentin to control o subunit
function (Dolphin, 2016) and to the suggested targeting of nonconducting § subunits of Na* channels
(O’Malley and Isom, 2015).

7.2 Pain and Adenosine

Adenosine plays an integral role in CNS processing of pain through its regulation of excitatory
neurotransmission, persistent neuronal signalling and regulation of glial activation and proliferation.
Accordingly, the ability of adenosine and its analogues to inhibit pain behaviour has been
documented in models of various aetiologies, including neuropathic pain associated with spinal cord
injury, spinal nerve ligation and in the mustard oil, formalin and carrageenan pain models (Carpenter
et al., 2000). Indeed, in the clinical setting, i.t. adenosine administration has been shown to provide
sustained relief of chronic neuropathic pain lasting for several h up to months in some patients
(Hayashida et al., 2005). Adenosine therapy has also been employed for the prevention of post-
operative pain with mixed results: prophylactic i.v. administration of adenosine prior to surgical
procedures conferred persistent pain relief in several studies (Gan and Habib, 2007; Hayashida et al.,
2005). while another similar clinical trial did not observe a prophylactic effect (Habib et al., 2008).
Unfortunately, the i.v. administration of adenosine is associated with undesirable cardiac side effects
(Zylka, 2011) that limit its utility and route of administration (e.g. i.t.) in patients. Thus, isolating the
antinociceptive qualities of adenosine from its cardiovascular side effects by evaluating receptor
involvement has become an important focus for the development of adenosine- based therapeutics

in pain.

7.2.1 Role of AzAR

Adenosine is an endogenous neuromodulator acting on four metabotropic receptors: the Gi-coupled
Aiand AzARs and the Gs-coupled Aza and Azs subtypes (Fredholm et al., 2011).

A:1AR activation inhibits pain behaviours in different models of acute or chronic pain (Dib-Hajj et
al., 2009). Unfortunately, the therapeutic utility of AiAR agonists is limited by their adverse
cardiovascular effects. Of note, exciting preclinical observations designate the AsAR as a powerful
analgesic mediator in different in vivo rodent models of experimental neuropathic pain (Janes et al.,
2016; Little et al., 2015), suggesting AsAR agonists can be used for analgesia treatment without

cardiovascular implications.
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The idea that the most effective agents in neuropathic pain management likely exert actions through
multiple targets has already been alluded to. Adenosine AsAR agonists represent one such class of
agents as they interact with several of the pathophysiological mechanisms outlined above (Janes et
al., 2016). AsARs are found on immune cells, astrocytes (Bjorklund et al., 2008; Janes et al., 2015),
microglia (Hammarberg et al., 2003), and both peripheral and central neurons (Janes et al., 2016).
The cellular mechanisms mediating pain relief on AsAR activation remain largely unexplored.

The first definitive characterizations of the AsAR as antinociceptive resulted from the use of a more
specific AsAR agonist, IB- MECA (N 6- (3- iodobenzyl)- adenosine- 5’- N- methyluronamide):
IB- MECA is 50- fold selective for the AsAR over the A; or A2aAR, as compared with the 14- fold
selectivity of N 6- benzyl-NECA (Gallo-Rodriguez et al., 1994; Jacobson, 1998).

In 2005, a study demonstrated that systemically administered IB- MECA exerts a significant
antinociceptive effect during the second phase of the formalin test without altering protective
nociceptive responses (i.e. response to noxious thermal or mechanical stimuli) (Yoon et al., 2005).
i.t. administration of an AsAR antagonist (MRS1220) prevented the antinociceptive actions of
adenosine in the second phase of the formalin test, supporting a role for spinal AsARs in the effect
of adenosine (Yoon et al., 2006).

AsAR-selective ligands available nowadays allow for the dissection of AsAR-based molecular
effects on DRG neuronal excitability (Janes et al., 2016); The recently synthetized and highly
selective AsAR agonists MRS5698, and the more water-soluble congener MRS5980, proved reverse
allodynia and hyperalgesia associated with traumatic nerve injury, chemotherapy and bone cancer in
rodents (Ford et al., 2015; Janes et al., 2014, Little et al., 2015). These second generation, highly
selective AsAR agonists are at least several orders of magnitude more selective than the early
generation exemplified by IB-MECA and CI-IB-MECA (Janes et al., 2014; Little et al., 2015; Tosh
etal., 2014).

In addition, the AsAR agonist MRS5698 attenuates KCC2 downregulation and restores Cl~ gradients
in rodent CCI models (Ford et al., 2015), a process that may involve attenuation of BDNF signaling
(Janes et al., 2016). AsAR activation also attenuates neurocinflammatory responses, astrocyte
reactivity, and cytokine release (Janes et al., 2016, 2015). Because cardiovascular actions of
adenosine are mediated via A; and A; adrenoceptors (Sawynok, 2016), As agonists show
considerable promise as therapeutic agents (Janes et al., 2016).

Due to the recent emergence of the AsAR as a valid target for pain relief, much remains to be explored
regarding the specific mechanisms of action downstream of receptor activation. To date, it is known
that in the CCIl model of neuropathic pain, the effects of AsAR agonists are mediated independently
of the opioidergic and cannabinoid systems, but do act supraspinally to recruit the activation of 5-
hydroxytryptaminergic and noradrenergic bulbospinal circuits, and reduce the excitability of wide
dynamic range spinal neurons (Little et al., 2015). The AsAR activation in other disease states alters
processes involved in the development of central sensitization and pain, including protein kinase

activity, glutamatergic neurotransmission, ion conductance and neuroinflammation (Figure 13).
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Figure 13: Potential mechanisms of AsAR- mediated antinociception. Several pathways are known to be
important in the establishment of pain states including impairment of GABAergic neurotransmission, enhanced
neuroinflammation characterized by increased glial hyperactivation and TLR4 signalling, increased
glutamatergic signalling and heightened production of nitroxidative species. The AsAR has been shown to
modulate these pathways through the use of selective agonists, potentially explaining AsAR antinociceptive
actions. (Taken from: Janes et al., 2016).
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AIM OF THE STUDY
Chapter 1
1. Role of A2gAR under oxygen and glucose deprivation

We investigated the role of A2sAR during OGD in the CAL region of rat hippocampus, the most
susceptible hippocampal area to an ischemic insult. For this purpose two selective A;sAR antagonists
were used: PSB603 and MRS1754. In order to characterize the OGD-induced cell injury and putative
pharmacological protection, we conducted extracellular recordings of CA1 field excitatory post-
synaptic potentials (FEPSPs) before, during and after a severe (7 min or 30 min) simil ischemic insult
in the absence or presence of these compounds.

A severe OGD episode bring about irreversible depression of neurotransmission and the appearance
of anoxic depolarization (AD) (Frenguelli et al., 2007; Pugliese et al., 2007). AD is a severe neuronal
depolarization, which triggers a variety of molecular events and represents an unequivocal sign of
neuronal injury (Somjen, 2001). In the present research, we investigated the role of A,gARS in AD
appearance and irreversible synaptic failure during severe OGD in the CA1 hippocampus in vitro.

Chapter 2
2. Role of A2gAR on CA1 hippocampal transmission and paired pulse facilitation

Little is known about A;sAR effects in the CNS, where they are uniformly, although scarcely,
expressed (Dixon et al., 1996; Perez-Buira et al., 2007). Gongalves and co-workers (2015) provided
direct evidence for the presence of A;sAR in presynaptic glutamatergic terminals of the
hippocampus. In this brain area, the A2sAR subtype decreases the phenomenon of PPF by reducing
A:1AR activation as proved by the blockade of this effect in the presence of the A;AR antagonist
DPCPX (Gongalves et al., 2015). The AsAR decrease of PPF is shared by A.aAR, which,
facilitating glutamate release, decreases CA1 PPF (Lopes et al., 2002). PPF is a model of short-term
synaptic plasticity which allows investigation into the site of action for a given compound (Regehr,
2012). Most of PPF works have been performed in the hippocampus, in particular at Schaffer
collateral-CA1 synapses, where it is known that a reduction in PPF reflects an increase of pre-
synaptic glutamate release and vice versa. In accordance, adenosine potently increases PPF through
the activation of A;AR, known to inhibit glutamate release (Fernandez-Fernandez et al., 2015). In
the present research we confirmed the effect of the prototypical A2sAR agonist BAY606583 and we
provide the first characterization of the effects of two newly synthesized A-sAR agonists, P453 and
P517, on PPF in the CAL area of the rat hippocampus. Our results confirm that A,sAR activation
reduces PPF in an A;AR-dependent manner, thus corroborating the facilitatory role of AAR

stimulation in glutamate release at presynaptic level in this brain area.
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Chapter 3
3. Role of A2z AR on cell differentiation in cultured OPCs by modulating SphK1 signaling pathway.

In vitro studies on OPC cultures demonstrate that adenosine, by stimulating A;AR, promotes OPC
maturation (Stevens et al., 2002) and migration (Othman et al., 2003). Our group contributed to
depict the role of purinergic signaling in oligodendrogliogenesis by demonstrating that selective
A22AR activation in cultured OPCs prevents oligodendrocyte maturation by inhibiting Ik currents
(Coppi et al., 2013a), whereas the activation of the Gi coupled purinergic P2Y-like receptor GPR17
by its agonist UDP-glucose increases Ik currents and, hence, promotes OPC differentiation (Coppi
et al., 2013b). To date, no evidence exists concerning the functional role of A;sAR in OPC cells. The
bioactive lipid mediator S1P has recently gained attention in myelination within the CNS since its
receptors (S1Pi.s) are found in oligodendroglial cells, where they regulate a number of processes,
ranging from cell proliferation and maturation to dendrite elongation (Yu et al. 2004; Jaillard et al.,
2005; Jung et al., 2007; Miron et al., 2008). In particular, mature OLG express S1Ps and at lesser
extent S1P;, S1P, and S1P3;, whereas OPC express at a higher level S1P; than S1P,, S1P; and S1Ps.
From these evidences, it appears that both adenosine receptors and SphK/S1P signaling are key
regulators of oligodendrocyte development. Since these two signaling pathways have been shown to
interact in a different cell system (i.e. human erythrocytes) (Sun et al., 2015) we hypothesized that
this could be the case also in oligodendroglial cells. Thus, the aim of the present study was to unveil
the still unknown functional role of A;sAR activation in cultured OPCs and a possible cross-talk of
this purinergic receptor subtype with the SphK/S1P signaling pathway. We thus investigated the
effects of A2sAR ligands and SphK/S1P modulators on: i) outward K* currents and ii) myelin basic
protein (Mbp) and myelin-associated glycoprotein (MAG) expression at different times in culture.

Chapter 4
4. Role of AsAR on dorsal root ganglia excitability

Pain control is a vast, unmet medical need with a high societal cost impact (Goldberg et al., 2011).
Current treatments (opioids, non-steroidal anti-inflammatory drugs, antidepressants or
anticonvulsants) are frequently inadequate or associated with adverse side effects (Mannelli et al.,
2015; Pizzo et al., 2012). Therefore, new therapeutics for managing patient pain are being developed.
In recent years, there have been further significant developments that enhance an understanding of
the role of adenosine in nociception (Sawynok, 2016).

It’s known that A;AR activation inhibits pain behaviours in different models of acute or chronic pain
(Dickenson et al., 2000). Unfortunately, the therapeutic utility of A1AR agonists is limited by their

adverse cardiovascular effects. Of note, exciting preclinical observations designate the AsAR as a
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powerful analgesic mediator in different in vivo rodent models of experimental neuropathic pain
(Janes et al., 2016; Little et al., 2015), suggesting AsAR agonists can be used for analgesia treatment
without cardiovascular implications. The cellular mechanisms mediating pain relief on AsAR
activation remain largely unexplored.

In order to elucidate the cellular mechanisms of AsAR-mediated analgesic effect, in this study, we
investigated the expression and functional effects of AsAR on the excitability of small-sized,
capsaicin-sensitive, dorsal root ganglion (DRG) neurons isolated from 3-4 week-old rats and whether
the AsAR modulates membrane currents and excitability in these cells.
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MATERIALS AND METHODS
Chapters 1 and 2
1. Animals

All animal procedures were conducted according to the Italian Guidelines for Animal Care, DL
11692, application of the European Communities Council Directive (86/609 /EEC) and approved
by the Committee for Animal Care and Experimental Use of the University of Florence. Male Wistar

rats (150-200 g body weight) were obtained from Harlan Italy.
2. Extracellular recordings

2.1 Acute rat hippocampal slices preparation

Experiments were carried out on acute hippocampal slices (Pugliese et al., 2006), prepared from
Male Wistar rats (Harlan Italy; Udine Italy). Animals were killed with a guillotine under anesthesia
with ether and their hippocampi were rapidly removed and placed in ice-cold oxygenated (95% 02
- 5% CO2) aCSF of the following composition (mM): NaCl 125, KCI 3, NaH.PO4 1.25, MgSQ, 1,
CaCl, 2, NaHCOs; 25 and D-glucose 10. Slices of hippocampi (400 um thick) were cut using a
Mcllwain tissue chopper (The Mickle Lab. Engineering, Co. Ltd., Gomshall, U.K.) and kept in
oxygenated aCSF for at least 1 hour at room temperature. A single slice was then placed on a nylon
mesh, completely submerged in a small chamber (0.8 ml) and superfused with oxygenated aCSF (31-
32°C) at a constant flow rate of 1.5-1.8 ml min. Changes in superfusing solutions (OGD or drugs)

reached the preparation in 60 s and this delay was taken into account in our calculations.

2.2 Experimental procedure

Extracellular Recordings: Test pulses (80 ms, 0.066 Hz) were delivered through a bipolar nichrome
electrode positioned in the stratum radiatum of the CAL region of the hippocampus to stimulate the
Schaffer collateral-commissural pathway (Figure 14A). Evoked potentials were extracellularly
recorded with glass microelectrodes (2-10 MQ, Harvard Apparatus LTD, United Kingdom) filled
with 150 mM NaCl. The recording electrode was placed at the dendritic level of the CA1 region to
record field excitatory postsynaptic potentials (fFEPSPs) (Figure 14A). Responses were amplified
(200, BM 622, Mangoni, Pisa, Italy), digitized (sample rate, 33.33 kHz), and stored for later analysis
with LTP (version 2.30D) program (Anderson and Collingridge, 2001).
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Figure 14: (A) Microphotography of an hippocampal slice showing the three subregions, the localization of
the stimulating and recording electrodes and the region of interest (ROI, framed area) for the
immunohistochemical analyses. SP, stratum pyramidale; SR, stratum radiatum. Scale bar: 200 um. (B)
Schematic representation of the experimental method.

The amplitude of fEPSP was measured as the difference between the negative peak following the
afferent fiber volley and the baseline value preceding the stimulus artifact. In some experiments both
the amplitude and the initial slope of fEPSP were quantified, but since no appreciable difference
between these two parameters was observed under control conditions, in the presence of drugs or
during in vitro ischemia, only the measure of the amplitude was expressed in the figures. When a
stable baseline of evoked responses was reached, fEPSP amplitudes were routinely measured and
expressed as the percentage of the mean value recorded 5 min before the application of any treatment
(in particular pre-OGD). Stimulus-response curves were obtained by gradual increase in stimulus
strength at the beginning of each experiment. The test stimulus strength was then adjusted to produce
a response whose amplitude was 40% of the maximum and was kept constant throughout the
experiment. Simultaneously, with fEPSP amplitude, AD was recorded as negative extracellular direct
current (d.c.) shifts induced by OGD. The d.c. potential is an extracellular recording considered to
provide an index of the polarization of cells surrounding the tip of the glass electrode (Farkas et al.,
2008). AD latency, expressed in min, was calculated from the beginning of OGD; AD amplitude,
expressed in mV, was calculated at the maximal negativity peak. In the text and bar graphs, AD
amplitude values were expressed as positive values. The terms “irreversible synaptic failure” or
“irreversible loss of synaptic transmission” used in the present work refer to the maximal time
window of cell viability in our experimental model (acutely isolated hippocampal slice preparation)

which, according to our previous results is 24 h (Pugliese et al., 2009).
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2.2.1 Application of OGD and AzsAR Antagonists

The experimental method is shown in Figure 14B. Conditions of OGD were obtained by superfusing
the slice with aCSF without glucose and gassed with nitrogen (95% N>-5% CO) (Pedata et al.,
1993). This causes a drop in pO2 in the recording chamber from 500 mmHg (normoxia) to a range
of 35-75 mmHg (after 7 min OGD) (Pugliese et al., 2003). At the end of the ischemic period, the
slice was again superfused with normal, glucose-containing, oxygenated aCSF. The terms ‘OGD
slices’ or ‘treated OGD slices’ refer to hippocampal slices in which OGD was applied in the absence
or in the presence of A2sAR antagonists, respectively. Control slices were not subjected to OGD or
treatment with A;sAR antagonists but were incubated in oxygenated aCSF for identical time
intervals. All the selective A2sAR antagonists were applied 15 min before, during and 5 min after
OGD. In a typical experimental day, first a control slice was subjected to 7 min of OGD. If the
recovery of fEPSP amplitude after 60 min of reperfusion with glucose containing and normally
oxygenated aCSF was 15% of the pre-OGD value, and AD developed into 7 min OGD, a second
slice from the same rat was subjected to an OGD insult in the presence of the A;sAR antagonist
under investigation. To confirm the result obtained in the treated group, a third slice was taken from
the same rat and another 7 min OGD was performed under control conditions to verify that no
difference between slices was caused by the time gap between the experiments. In some slices the
OGD period was prolonged to 30 min and the A;sAR antagonists were applied 15 min before and
during OGD application. After the extracellular recordings, slices were maintained in separate
chambers for 1 or 3 h from the end of OGD in oxygenated aCSF at room temperature (RT). At the
end, slices were harvested and fixed overnight at 4 C in 4% paraformaldehyde in PBS, cryopreserved

in 18% sucrose for 48 h, and resliced as written below.

2.2.2 OGD conditions

Conditions of OGD were obtained by superfusing the slice with aCSF without glucose and gassed
with nitrogen (95% N»-5% CO,) (Pedata et al., 1993). This caused a drop in pO- in the recording
chamber from ~500 mmHg (normoxia) to a range of 35—75 mmHg (after 7 min OGD) (Pugliese et
al., 2003). At the end of the ischemic period, the slice was again superfused with normal, glucose-
containing, oxygenated aCSF. Throughout this thesis, the terms ‘untreated OGD slices’ or ‘treated
OGD slices’ refer to hippocampal slices in which OGD episodes of different duration were applied
in the absence or in the presence of drugs, respectively. Control slices were not subjected to OGD or

drug treatment, but were superfused in oxygenated aCSF for identical time intervals.

2.2.3 Paired pulse facilitation protocols
To elicit PPF of fEPSP, we stimulated the Schaffer collateral-commissural fibers twice with a 40-ms
interpulse interval. Double stimulation was evoked once every 15 s. The synaptic facilitation was
quantified as the ratio (P2/P1) between the slope of the fEPSP elicited by the second (P2) and the
first (P1) stimuli.
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Test pulses (80 us, 0.066 Hz) were delivered through a bipolar nichrome electrode positioned in the
stratum radiatum of the CA1 region of the hippocampus to stimulate the Schaffer collateral-
commissural pathway (Figure 15A). Evoked potentials were extracellularly recorded with glass
microelectrodes (2—10 MQ, Harvard Apparatus LTD, United Kingdom) filled with 150 mM NaCl.
The recording electrode was placed at the dendritic level of the CA1 region to record field excitatory
postsynaptic potentials (FEPSPs) (Figure 15A). Responses were amplified (200x, BM 622, Mangoni,
Pisa, Italy), digitized (sample rate, 33.33 kHz), and stored for later analysis with LTP (version 2.30D)
program (Anderson and Collingridge, 2001). Responses were quantified as the initial slope (between
20 and 80% of maximal amplitude) of the fEPSP trace. Input-output curves were obtained by gradual
increase in stimulus strength at the beginning of each experiment. The test stimulus strength was then
adjusted to produce a response of about 40% of the maximum and was kept constant throughout the

experiment.
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Figure 15: Experimental procedure. (A) Schematic representation of an acute hippocampal slice showing the
tri-synaptic circuit and the localization of the stimulating and recording electrodes. (B) Representative trace of
fEPSP responses evoked by a paired pulse facilitation (PPF) protocol (40-ms interval) in a typical hippocampal
slice. (C) Schematic synthesis of the experimental protocol used to apply the A;sAR agonists alone (upper
panel) or in the presence of A;sAR antagonists (lower panel). BSN: basal synaptic neurotransmission.

2.2.4 Treatment of hippocampal slices with glutamate in vitro

Experiments were carried out on acute hippocampal slices, prepared from male Wistar rats as
described above. The A2gAR antagonists were dissolved in DMSO to obtain a stock solution suitable
for a 1:2000 dilution. Slices, maintained oxygenated throughout the procedure, were incubated
according to the following scheme:

- Control slices were incubated for 1 h in aCSF and then for 25 min in aCSF with DMSO (1:2000;
0.05%);

-Glutamate (GLU) treated slices were incubated 1 h in aCSF and then for 10 min with 100 mM

glutamate in aCSF;
58



Materials and methods

- MRS+GLU treated slices were incubated for 1 hour in aCSF, then for 15 min with 500 nM
MRS1754 and for further 10 min with 500 nM MRS1754 plus 100 mM glutamate, in aCSF;

- PSB+GLU treated slices were incubated for 1 hour in aCSF, then for 15 min with 50 nM PSB603,
and for further 15 min with 50 nM PSB603 plus 100 mM glutamate in aCSF; After the incubation
with glutamate and A>sAR antagonists, slices were further incubated for 3 h in aCSF, and then
harvested and fixed overnight at 4 C in 4% paraformaldehyde in PBS, cryopreserved in 18% sucrose
for 48 h, and resliced as written below.

2.2.5 Immunohistochemistry

One hour or 3 hour after OGD, or after the incubation with glutamate and AzsAR antagonists, the
400 um thick slices fixed in paraformaldehyde were placed on an agar support (6% agar in normal
saline), included in an embedding matrix and re-sliced with a cryostat to obtain 40 um thick slices.
The more superficial sections were eliminated, while those obtained from the inner part of the slice
were collected and stored in vials with 1 ml of antifreeze solution at -20 C until immunohistochemical
analyses. From the 400 pum thick slices on average only a maximum of 2-3 complete 40 um thick
slices were obtained, which were then randomly allocated to the fluorescent immunohistochemical

staining groups.

2.2.6 Antibodies Used — Primary Antibodies

Neurons were immunostained with a mouse monoclonal anti-NeuN antibody (1:200,
MilliporeSigma, Carlsbad, CA, United States), astrocytes were detected by means of a polyclonal
rabbit antibody anti-Glial Fibrillary Acidic Protein (GFAP, 1:500, DakoCytomation, Glostrup,
Denmark), Cytochrome C with a mouse monoclonal antibody (1:200, Abcam, Cambridge, United
Kingdom). Activated mTOR was detected using a polyclonal rabbit primary antibody raised against
phospho- (Ser2448)-mTOR (1:100, Abcam, Cambridge, United Kingdom). Fluorescent secondary
antibodies: Alexa Fluor 488 donkey anti rabbit (fluorescence in green, 1:400), Alexa Fluor 555
donkey anti mouse (fluorescence in red, 1:400), Alexa Fluor 635 goat anti-rabbit (fluorescence in far
red, 1:400) (all from Life Technologies, Carlsbad, CA, United States). All primary and secondary
antibodies were dissolved in Blocking Buffer (BB, 10% Normal Goat Serum, 0.05% NaN3 in PBS-
TX). All procedures were carried out with the free-floating method in wells of a 24-well plate (Cerbai
etal., 2012; Lana et al., 2013).

Day 1: The sections were washed (3 times, 5 min each) in PBS-0.3% Triton X-100 (PBS-TX),
blocked with 500 ml BB for 1 h, at RT under slight agitation and then incubated overnight at 4C with
the primary antibody under slight agitation.

Day 2: After washing in PBS-TX (3 times, 5 min each), sections were incubated for 2 h at room
temperature in the dark with a solution containing one or two (for double immunostaining)
fluorescent secondary antibodies, as appropriate. Sections were washed (3 times, 5 min each) with

BB and then with 1 ml of distilled H20 at RT in the dark, mounted on gelatinized microscopy slides,
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dried and coverslipped with a mounting medium containing DAPI to counterstain nuclei
(Vectashield, Hard set mounting medium with DAPI, Vector Laboratories, Burlingame, CA, United
States). Sections were kept refrigerated in the dark until microscopy analyses.

Day 3: Qualitative and quantitative analyses of NeuN positive neurons, CytC and phospho-mTOR
positive cell bodies were performed in CA1l stratum pyramidale (SP), while astrocytes,
phosphomTOR positive dendrites and microglia were performed in CAL stratum radiatum (SR) as
shown in Figure 14A. Epifluorescence microscopy: sections were observed under an Olympus BX63
microscope equipped with an Olympus DP 50 digital camera (Olympus, Milan, Italy). For
quantitative analysis images were acquired at 20magnification with the digital camera.

2.2.7 Confocal Microscopy

Scans were taken at 0.3 mm z-step, keeping constant all the parameters (pinhole, contrast, and
brightness), using a LEICA TCS SP5 confocal laser scanning microscope (Leica Microsystems CMS
GmbH, Mannheim, Germany). Images were converted to green, or red using Imagel (freeware
provided by National Institute of Healthl). The region of interest (ROI) in CAL, containing stratum
pyramidalis and stratum radiatum was consistently analyzed in all slices, as shown in Figure 14A
(Lana et al., 2014). Quantitative analyses of NeuNC neurons, HDN neurons, LDN neurons, GFAPC
astrocytes, CytCC apoptotic neurons and phospho-mTOR positive cell bodies and dendrites were
performed blind by two experimenters and results were averaged. Areas were expresses as mma2.
Digitized images were transformed into TIFF files and thresholded using ImageJ. Care was taken to
maintain the same threshold in all sections within the same experiment. In CA1 pyramidal layer, the
area labeled above the set threshold with NeuN or phospho-mTOR was calculated in pixels and
expressed as NeuNC pixels/mm? or phospho-mTORC pixels/mm?. HDN neurons, LDN neurons,
Cytochrome C-positive (CytCC) apoptotic neurons in CAL stratum pyramidale and GFAPC
astrocytes in CAL stratum radiatum were counted and were expressed as number of cells/mm?. In
order to evaluate mTOR activation in basal dendrites the length of phospho-mTORC dendrites was
measured at three fixed locations, equal in all slices and evenly distributed throughout the CAl

stratum radiatum ROI, and results were averaged.

2.3. Drugs

Two selective AsAR antagonists, N-(4- Cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dip-
ropyl- 1H-purin-8-yl)phenoxy]-acetamide) (MRS1754, Figure 21) and 8-[4-[4-(4-Chlorophenzyl)
piperazide-1-sulfonyl) phenyl]]-1-propyl xanthine (PSB603, Figure 20) were used. D-2-amino-5-
phosphonovalerate, a selective NMDA receptor antagonist was used. All these compounds were
purchased from Tocris (Bristol, United Kingdom). The A:AR antagonist DPCPX (8- cyclopentyl-
1,3-dipropylxanthine, Figure 25) was purchased from Sigma-Aldrich
(https://www.sigmaaldrich.com). The new AzAR agonist, P453 was synthetized by the

pharmaceutical chemists of our team at the University of Florence (compounds 15 and 9 respectively,
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in (Betti et al., 2018) and the chemical structure are shown in Figure 17. We used the prototypical
AgAR  agonist  2-[[6-amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)phenyl]-2-pyridinyl]thio]-
acetamide (BAY606583, Figure 18), which was purchased by Tocris (Bristol, United Kingdom), as
a reference compound for the functional effects of A;sAR activation in our experimental protocol.
All drugs were dissolved in dimethyl sulphoxide (DMSO). Stock solutions, of 1000-10.000 times
the desired final concentration, were stored at -20 C. The final concentration of DMSO (0.05% and
0.1% in aCSF) used in our experiments did not affect either fEPSP amplitude or the depression of
synaptic potentials induced by OGD (data not shown).

2.4 Statistical analysis

Statistical significance was evaluated by Student’s paired or unpaired t-tests. Analysis of variance
(one-way ANOVA), followed by Newman—Keuls multiple comparison post hoc test was used, as
appropriate. P-values from both Student’s paired and unpaired t-tests are two-tailed.Data were
analyzed using software package GraphPad Prism (version 7.0; GraphPad Software, San Diego, CA,
United States). All numerical data are expressed as the mean+standard error of the mean (SEM). A
value of P < 0.05 was considered significant.

MATERIALS AND METHODS
Chapter 3

3. Experimental procedure

3.1 Patch clamp recordings

3.1.1 Cell cultures preparation

Animal experiments were performed according to Directive 2010/63/EU of the European Parliament
and of the European Union Council (22 September 2010) and to the Italian Law on Animal Welfare
(DL 26/2014). The protocol was approved by the Institutional Animal Care and Use Committee of
the University of Florence and by the Italian Ministry of Health. All efforts were made to minimize
animal suffering and to use a minimal number of animals needed to produce reliable scientific data.
Purified cortical OPC cultures were prepared as described elsewhere (Coppi et al., 2013b). Wistar
rat pups (postnatal day 1-2) were killed and cortices removed, mechanically and enzymatically
dissociated, suspended in DMEM medium containing 20% fetal bovine serum (FBS), 4 mM L-
glutamine, 1 mM Na-pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin (all products are from
EuroClone, Milan, Italy), and plated in poly-D-lysin coated T75 flasks (1 flask per animal). After 2-

3 days in culture, OPCs growing on top of a confluent monolayer of astrocytes were detached by 5
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h of horizontal shaking. Contaminating microglial cells were eliminated by a 1 h pre-shake and by
further plating of detached cells on plastic culture dishes for 1 h. OPCs, which do not attach to plastic,
were collected by gently washing the dishes and replated onto poly-DL-ornithine-coated (final
concentration: 50 pg/ml, Sigma-Aldrich) 13 mm-diameter glass coverslips laid in 24 multi well
chambers (104 cells/well: electrophysiological and immunocytochemical experiments), poly-DL-
ornithine-coated 25 mm-diameter glass coverslips laid in 6 multi well chambers (2 x 104 cells/well:
Ca?* imaging experiments) or poly-DL-ornithine-coated 6 c¢m tissue culture dishes (3.5 x 105
cells/dish: western-blot experiments). OPC cultures were maintained in Neurobasal medium
(Thermo Fisher Scientific) containing 2% B27, 4 mM L-glutamine, 1 mM Na-pyruvate, 100 U/ml
penicillin, 100 U/ml streptomycin, 10 ng/ml platelet derived growth factor (PDGF-BB) and 10 ng/ml
basic fibroblast growth factor (bFGF; both grow factors were from PeproTech EC Ltd, London, UK)

to promote cell proliferation (proliferating medium: PM).

3.1.2 OPC differentiation

OPCs show a bipolar or tripolar morfology, when grown in a proliferating medium (PM); they were
allowed to differentiate to mature oligodendrocytes, by switching to a Neurobasal medium lacking
growth factors (differentiating medium: DM) (Figure 16). The day at which cells were switched from
PM to DM is indicated as to. According to our previous results (Coppi et al., 2013a; Coppi et al.,
2013b), cells cultured in DM undergo gradual maturation as demonstrated by the decrease on NG2
expression and the parallel increase in myelin-related proteins such as MAG, Mbpl and Mbp3
antigens. After 7 days in DM (t7) the expression of myelin-related proteins reaches steady state levels
(no further increase at t1o was observed) so the culture is considered to be composed of mature OLSs.
In order to study the effect of A2sAR and/or SphK/S1P signalling pathway on oligodendroglial
maturation, OPCs were grown in DM in the absence or presence of different pharmacological
treatments for 7 days (from to to t7).

oligodendrocyte immature mature
progenitor cells oligodendrocytes oligodendrocytes
(OPCs) (pre-OLG) (OLG)

Figure 16: Oligodendrocyte maturation involves a sequences of distinct phases with distinct morphological
charateristics. (Taken from: Coppi et al., 2013)
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3.1.3 Electrophysiology

Whole-cell patch-clamp recordings were performed on purified primary OPC cultures as described
(Coppi et al., 2013a). Cells grown on a poly-DL-ornithine-coated 13 mm-diameter glass coverslip
were transferred to a small chamber (1 ml volume) mounted on the platform of an inverted
microscope (Olympus CKX41, Milan, Italy) and superfused at a flow rate of 2 ml/min with a standard
extracellular solution containing (mM): HEPES 5, D-glucose 10, NaCl 140, KCI 5.4, MgCl» 1.2, and
CaCl; 1.8 (pH adjusted to 7.3 with NaOH, see Table 3). In all electrophysiological experiments, the
following adenosine receptor antagonists were added to the extracellular solution in order to prevent
non-specific adenosine receptor activation upon the superfusion with various A;sAR agonists:
DPCPX, SCH58261 and MRS1523, all at 100 nM concentration, in order to block Ay, Axa and AsAR
respectively. Borosilicate glass electrodes (Harvard Apparatus, Holliston, Massachusetts USA) were
pulled with a Sutter Instruments puller (model P-87) to a final tip resistance of 4-7 MQ. Standard
pipette solution contained (in mM): K-gluconate 130, NaCl 6, MgCl; 2, Na;-ATP 2, Na,-GTP 0.3,
EGTA 0.6, HEPES 10 (pH adjusted to 7.4 with KOH). For K*-replacement experiments a Cs*-based
pipette solution was used (in mM): CsCl 130, NaCl 6, MgCl. 2, Na;-ATP 2, Na,-GTP 0.3, EGTA
0.6, HEPES 10 (pH adjusted to 7.4 with CsOH, see Table 4).

Data were acquired with an Axopatch 200B amplifier (Axon Instruments, CA, USA), low-pass
filtered at 10 kHz, stored and analyzed with pClamp 9.2 software (Axon Instruments, CA, USA). All
the experiments were carried out at room temperature (RT: 20 —22°C).

Table 3: Extracellular solution

salts Concentration (mM)
HEPES 5

D-glucose 10

NaCl 140

KCI 54

MgCl, 1.2

CaCl; 1.8

Table 4: Pipette solutions

Standard pipette solution Salts Concentration (mM)
K-gluconate 130
NaCl 6
MgCl: 2
Na,-ATP 2
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Na,-GTP 0.3
EGTA 0.6
HEPES 10
Cs"-based pipette solution

CsClI 130
NaCl 6
MgCl, 2
Na,-ATP 2
Na,-GTP 0.3
EGTA 0.6
HEPES 10

3.1.4 Protocols

Unless otherwise stated, cells were voltage-clamped at —70 mV. Series resistance (Rs), membrane
resistance (Rm) and membrane capacitance (Cm) were routinely measured by fast hyperpolarizing
voltage pulses (from -70 to -75 mV, 40 ms duration). Only cells showing a stable Cm and Rs before,
during, and after drug application were included in the analysis. Immediately after breakthrough into
whole-cell configuration, cell resting membrane potential (Vrest) was determined by switching to
the current-clamp mode. A voltage ramp protocol (800 ms depolarization from -120 to +80 mV) was
recorded every 15 s to evoke a wide range of overall voltage-dependent membrane currents before,
during and after drug treatments. Variations in membrane potential (Vm) induced by drug treatments
were measured by calculating the reversal potential (the “zero current” potential) of ramp-evoked
currents before, during and after drug application. Outward K* currents were evoked by two different
depolarizing voltage-step protocols in order to separate delayed rectifier outward K* currents (l)
from transient outward (la) conductances. A first protocol was applied in which 10 depolarizing
voltage steps (10 mV steps from —40 to +80 mV, 200 ms each) were preceded by a 60 ms pre-step
potential (\Vpre) at —80 mV. This protocol activates a mixture of outward Ik and I currents in cultured
OPCs. Since transient I currents present a voltage-dependent inactivation at potential positive to -
80 mV, a second protocol was applied in the same cell with a Vpre at -40 mV which selectively
inactivates Ia leaving the Ik component unchanged. Net Ia current expressed in each cell was then
obtained by digital subtraction of the two traces. Current-to-voltage relationships (I-V plots) of Ik or
I currents were obtained by measuring current amplitude at the steady state (200-250 ms after step
onset) or as a peak (1-20 ms after step onset), respectively.

Current amplitude (measured as pA) was normalized to respective cell capacitance (Cm, measured
in pF) and expressed as current density (pA/pF) in averaged results. All drugs were applied by

superfusion with a three-way perfusion valve controller (Harvard Apparatus, Holliston, MA USA)
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after a stable baseline of ramp-evoked currents was obtained. A complete exchange of bath solution
in the recording chamber was achieved within 28 s.
PCR, Western Blot and electrophysiological experiments were run in parallel in order to correlate

the current profile with maturation stages of cultured cells.

3.2 Real-Time PCR

Gene expression analysis was performed by Real-Time PCR, using 2 (-AACT) comparative method
of quantification (Livak et al. 2001). Briefly, total RNA (500 ng), extracted with GenElute™
Mammalian Total RNA Miniprep (Sigma-Aldrich s.r.l. Milan, Italy at http://www.sigma-
aldrich.com) was reverse transcribed using iScript™ Advanced cDNA Synthesis Kit for RT-gPCR
(Bio-Rad Laboratories S.r.l., Segrate (M), Iltaly, at http://www.bio-rad.com/) according to the
manufacturer's instructions. The design of MAG, Mbp and Az probes was performed employing
Primer Express® Software v3.0.1 (Thermo Fisher Scientific INC. Monza (MB), Italy, at
https://www.thermofisher.com/) that provides customized application-specific documents for
absolute and relative quantitation. Rat oligonucleotide primers employed in gene expression studies
are listed in Table 5. The quantification of target gene mRNA levels was performed employing
PowerUp™ SYBR™ Green Master Mix (Bio-Rad Laboratories S.r.I). Each measurement was
carried out in triplicate, using the automated ABI Prism 7500 Sequence Detector System (Thermo
Fisher Scientific, INC) as previously described (Donati et al., 2007), by simultaneous amplification
of the target gene together with the housekeeping gene (beta-actin and GAPDH) in order to normalize
expression data. Results were analysed by ABI Prism Sequence Detection Systems software, version
1.7 (Applied Biosystems, Foster City, CA). The 2 (—AACT) method was applied as a comparative

method of quantification (2) and data were normalized to beta-actin expression.

Table 5. Sequences of rat oligonucleotide primers employed in gene expression studies.

Oligo Name Sequence 5' to 3' (include modification codes if applicable)
Mag-FW TTCCGAATCTCTGGAGCACCTGATAAG

Mag-RV TCCTCACTTGACTCGGATTTCTGCGT

Actb-FW GAACACGGCATTGTCACCAACTGGGA

Actb-RV GCCTGGATGGCTACGTACATGGCT

Mbpl-FW GCCCTCTGCCTTCTCATGCCC

Mbpl-RV CCTCGGCCCCCCAGCTAAATCT

ADORA2B-FW GTGGGAGCCTCGAGTGCTTTACAG

ADORAZ2B-RV GCCAAGAGGCTAAAGATGGAGCTCTG

3.3 Western blot analysis
Primary rat cortical OPC culture were collected after 10 uM BAY606583 challenge for 10 min and

lysed in a buffer containing 50 mM Tris, pH 7.5, 120 mM NaCl, 1ImM EDTA, 6 mM EGTA, 15 mM
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NasP207, 20 mM NaF, 1% Nonidet and protease inhibitor cocktail for 30 min at 4°C. Then lysates
were centrifuged at 10.000xg, 15 min 4°C, supernatant collected for protein quantification and 15 pg
of protein from total cell lysates were used to perform a SDS-polyacrylamide gel electrophoresis and
Western blot (WB) analysis. The rate of phosphorylation of SphK1 and SphK2 was measured using
the Sphingosine kinase activation antibody sampler kit (ECM Biosiences ECM Biosciences,
Versailles, KY USA at https://www.ecmbiosciences.com/index.php?content=Contact. PDVF
membranes were incubated overnight with the primary antibodies at 4°C and then with specific
secondary antibodies for 1 h at room temperature. Binding of the antibodies with the specific proteins
has been detected by chemiluminescence, employing Amersham imager 600.

3.4 Drugs
2-[[6-Amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)phenyl]-2-pyridinyl]thio]-acetamide
(BAY606583, Figure 18); 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, Figure 25); 3-propyl-6-
ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine carboxylate (MRS1523, Figure 23); 2-
(2-furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine
(SCH58261, Figure 24); 8-(4-(4-(4-chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine,
8-[4-[[4-(4-Chlorophenyl)-1-piperazinyl]sulfonyl]phenyl]-3,9-dihydro-1-propyl-1H-purine-2,6-
dione (PSB603, Figure 20); N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-
1H-purin-8-yl)phenoxy]-acetamide (MRS1754, Figure 21); amidine analogues that inhibits
sphingosine kinase, VPC96047 and VPC96091 (Figures 27, 28), were kindly provided by Prof. K.
Lynch (University of Virginia); FTY720 (S)-Phosphate (Figure 26) was provided by Cayman
Chemical, (Michigan USAhttps://www.caymanchem.com/); tetraethyl ammonium (TEA, Figure 35)
and 4-amino-pyridine (4-AP) were purchased from Sigma-Aldrich (www.sigmaaldrich.com). N-(4-
cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide
(MRS1754, Figure 21) and N-(4-acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-
purin-8-yl)phenoxy]acetamide (MRS1706, Figure 22) were purchased from Tocris
(www.tocris.com). Tetrodotoxin (TTX, Figure 33) was purchased from Alomone labs. The new,
highly selective, AzAR agonists P453 (2-{[(1H-imidazol-2-yl)methyl]thio}-6-amino-4-[4-
(cyclopropylmethoxy)phenyl]pyridine-3,5-dicarbonitrile) and P517 (2-{[6-amino-3,5-dicyano-4-(4-
(cyclopropylmethoxy)phenyl)pyridin-2-yl]thio}-N-methylacetamide). were  synthesized are
previously reported and showed in Figure 17 (Betti et al., 2018). All drugs were stored at -20°C as
10%to 10* times more concentrated stock solutions and dissolved daily in the extracellular solution
to the final concentration and applied by bath superfusion. TTX, apamin and TEA stock solutions
were prepared in distilled water. All other compounds were dissolved in dimethylsulphoxide
(DMSO). Control experiments performed in the present research demonstrated that the maximal
DMSO concentration used in the present work (0.1%) was inactive in modulating membrane currents

(see Figure 61C) in our experimental conditions in DRG neurons.
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3.4.1 Chemical structure of drugs
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Figure 17: the non-adenosine like AzsAR agonists, P453: (2-{[(1H-imidazol-2-yl)methyl]thio}-6-amino-4-
[4-(cyclopropylmethoxy)phenyl]pyridine-3,5-dicarbonitrile) and P517: (2-{[6-amino-3,5-dicyano-4-(4-
(cyclopropylmethoxy)phenyl)pyridin-2-yl]thio}-N-methylacetamide).
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Figure 18: BAY606583: 2- [[6- Amino- 3,5- dicyano- 4- [4- (cyclopropylmethoxy) phenyl] - 2- pyridinyl]
thio] — acetamide. Potent A2sAR agonist (Tocris Biosciences, Bristol, UK).
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Figure 19: NECA: 5'-(N-Ethylcarboxamido)adenosine. An unselective ARs agonist (Sigma-Aldrich).
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Cl

Figure 20: PSB603: 8-[4-[4-(4-Chlorophenzyl) piperazide-1-sulfonyl) phenyl]] -1-propylxanthine. Selective
A2sAR antagonist (Tocris Biosciences, Bristol, UK).
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Figure 21: MRS1754: N-(4-Cyanophenyl) -2-[4-(2,3,6,7-tetrahydro-2,6-dioxo- 1,3-dipropyl-1H-purin-8-yl)
phenoxy] -acetamide. Selective AsAR antagonist (Tocris Biosciences, Bristol, UK).
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Figure 22: MRS1706: N-(4-Acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-
yl)phenoxy]acetamide. Potent and selective A,sAR agonist (Tocris Biosciences, Bristol, UK).
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Figure 23: MRS1523: 3-Propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine carboxylate.
Selective AsAR antagonist (Sigma-Aldrich).

Figure 24: SCH58261: 2-(2-Furanyl) -7-(2-phenylethyl) -7H-pyrazolo [4,3e] [1,2,4] triazolo[1,5-c]
pyrimidin-5-amine. Selective A2aAR antagonist (Tocris Biosciences, Bristol, UK).
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Figure 25: DPCPX: 8-Cyclopentyl-1,3-dipropylxanthine. Selective A;AR antagonist (Tocris Biosciences,
Bristol, UK).
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Figure 26: FTY720-P: (2S)-amino-2-[2-(4-octylphenyl)ethyl]-1-(dihydrogen phosphate)-1,3-propanediol.
(Cayman Chemical, Michigan, USA).
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Figure 27: VPC96047: an aspecific inhibitor of the two isoforms SphK1 e SphK2.
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Figure 28: VPC96091: a selective inhibitor of SphK1.
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3.5 Statistical analysis

Data are expressed as mean + SEM (standard error of the mean). Student’s paired or unpaired t-tests
or One-way ANOVA followed by Bonferroni’s post-hoc test analysis were performed, as
appropriate, in order to determine statistical significance (set at P<0.05). Data were analysed using
software package GRAPHPAD PRISM (GraphPad Software, San Diego, CA, USA).

MATERIALS AND METHODS
Chapter 4

4. Experimental procedure
4.1 Patch Clamp recordings

4.1.1 Cell cultures

Animal experiments were performed according to Directive 2010/63/EU of the European Parliament
and of the European Union Council (22 September 2010) and to the Italian Law on Animal Welfare
(DL 26/2014). The protocol was approved by the Institutional Animal Care and Use Committee of
the University of Florence and by the Italian Ministry of Health. All efforts were made to minimize
animal suffering and to use a minimal number of animals needed to produce reliable scientific data.
Sprague Dawley rats (3-4 weeks old, Envigo, Italy) of both sexes were housed in a temperature- and
humidity-controlled plastic cages (12 h dark/light cycle, free access to food and water) and sacrified
by cervical dislocation. Primary DRG neurons were isolated and cultured as described (Fusi et al.,
2014; Nassini et al., 2015). Briefly, ganglia were bilaterally excised and enzymatically digested using
2 mg/ml of collagenase type 1A and 1 mg/ml of trypsin (both compounds from Sigma-Aldrich) in
Hank’s Balanced Salt Solution (HBSS) (25-35 min at 37 °C). Cells were then pelleted and
resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented by 10% heat
inactivated horse serum containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, 0.1 mg/ml streptomycin and 2 mM L-glutamine for mechanical digestion. After
centrifugation (1200 x g, 5 min), neurons were suspended in the above medium, enriched with 100
ng/ml mouse-NGF and 2.5 mM cytosine-p-D-arabino-furanoside free base, and then plated on 13
mm glass coverslips coated by poly-L-lysine (8.3 mM) and laminin (5 mM). DRG neurons were

cultured for 1-2 days before being used for experiments.

4.1.2 Electrophysiology

Whole-cell patch-clamp recordings were performed in -60 mV clamped-cells as previously described
(Coppi et al., 2013; Coppi et al., 2012). The following solutions were used: standard K*-based
extracellular solution (mM): NaCl 147; KCI 4; MgCl; 1; CaCl; 2; HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) 10; D-glucose 10 (pH 7.4 with NaOH). Standard K*-based pipette
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solution (mM): K-gluconate 130; NaCl 4.8; KCI 10; MgCl; 2; CaCl; 1; Na,-ATP 2; Na,-GTP 0.3;
EGTA 3; HEPES 10 (pH 7.4 with KOH). For K*-replacement experiments, extracellular K* was
substituted by equimolar Cs* and the pipette solution used was (mM): CsCI 120; Mg,-ATP 3; EGTA
10; HEPES 10 (pH adjusted to 7.4 with CsOH). Ca?" currents were isolated by using Cs*-based
pipette solution and by adding 1 uM tetrodotoxin (TTX), 200 nM A887826 to a 5 mM Ca?-
containing extracellular solution in order to block TTX-sensitive and TTX-insensitive Na* channels,

respectively. As reported in Results and in Figure 4E-F, ramp experiments in Cs*replacement
conditions revealed that Cl-IB-MECA-inhibited Ca®* currents in DRG neurons are completely
prevented in the presence of extracellular Cd?*. So, when studying the effect of this compound on
Ca?" currents evoked in isolation, 100 uM Ni?* was added to the extracellular solution in order to
exclude T-type Ca?* channels, which do not seem to be involved in A;AR-mediated effect. For this
reason, the hypothetical, additional, involvement of T-type Ca?* channels in AsAR-mediated Ca?*
channel modulation is not investigated in the present research and will be addressed in a separate
work.

Cells were transferred to a 1 ml recording chamber mounted on the platform of an inverted
microscope (Olympus CKX41, Milan, Italy) and superfused at a flow rate of 2 ml/min by a three-
way perfusion valve controller (Harvard Apparatus). Borosilicate glass electrodes (Harvard
Apparatus, Holliston, MA) were pulled with a Sutter Instruments puller (model P-87) to a final tip
resistance of 1-3 MQ. Data were acquired with an Axopatch 200B amplifier (Axon Instruments,
CA), low-pass filtered at 10 kHz, stored and analysed with pClamp 9.2 software (Axon Instruments,
CA). All the experiments were carried out at room temperature (RT: 20-22°C). Series resistance
(Rs), membrane resistance (Rm), and membrane capacitance (Cm) were routinely measured by fast
hyperpolarizing voltage pulses (from -60 to -70 mV, 40 ms duration). Only cells showing a stable
Cm and Rs before, during, and after drug application were included in the analysis. Immediately after
seal breaking-through, cell resting membrane potential was determined by switching the amplifier to
the current-clamp mode. A voltage ramp protocol (800 ms depolarization from -120 to +80 mV) was
used to evoke a wide range of overall voltage-dependent currents before, during, and after drug
treatments. VOCCs currents were evoked in Cs*-replacement conditions by a 0 mV step
depolarization (200 ms) once every 30 s to minimize Ca* current run down. The current-to-voltage
relationship of the Ca?" currents was obtained by eliciting 10 depolarizing voltage steps (200 ms
duration, 10 mV increments, 5 s interval) from -50 to +50 mV starting from a holding potential (\Vh)
of -65 mV. Averaged currents were normalized to cell capacitance and expressed as pA/pF. Cell
capacitance was used to estimate neuronal diameter by assuming an approximated spherical cell
shape accordingly to Hille (Hille, 2001).

Current-clamp recordings were performed as described (Coppi et al., 2012). A ramp current protocol
consisting in 1 s injection of 30 pA positive current from the resting membrane potential (only cells

showing a Vm of at least -50 mV were chosen) was used to evoke action potential (AP) firing in a
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typical DRG neuron once every 15 sec. After at least 3 min recording of a stable baseline, CI-IB-
MECA (100 nM) was applied for at least 5 min.

AP firing was quantified by counting the number of APs evoked by a ramp current (1s) and expressed
as AP frequency (Hz). When the CI-IB-MECA was applied in the presence of MRS1523 (100 nM)
or PD173232 (1 uM), the AsAR antagonist or the N-type VOCC blocker were added at least 10 min
before the agonist. Current-clamp recordings were filtered at 10 kHz and digitized at 1 kHz. The rate
of AP depolarization and hyperpolarization was measured as the first derivative of membrane
potential over time (mV/ms). AP threshold was defined as the point at which the derivative first
exceeded 30 mV/ms. AP amplitude was calculated as the difference between the peak reached by the
overshoot and the threshold. AP time to peak was measured as the time between the threshold and
the voltage peak reached by the AP. AP half-width was measured at half the AP amplitude, (see
Table 6).

Table 6
Resting Vm Time to peak Half width (ms) | Peak amplitude
(mV) (ms) (mV)
ctrl -48.3+5.3 737.1£91.6 1.5+1.0 119.1+23.5
Cl-IB-MECA -479+5.1 934.0+131.4 2.6£3.7 132.1+28.2
1523 -49.6+£2.9 839.4+103.2 3.3t£1.7 117.7+£41.0
1523+CI-IB- -48.6+3.3 885.3+201.5 41+19 119.5+48.0
MECA
PD -511+54 348.3+45.1 3.6+1.8 99.0+128
PD+CI-IB-MECA -51.3+5.5 448.6 £52.9 42+20 101.5+ 284

Table 6. Action potential parameters measured in DRG neurons under current clamp mode before (control:
Ctrl) or after CI-IB-MECA (CI-IBM, 100 nM) application in the absence (n=6) or presence (n=5) of the AsAR
selective antagonist MRS1523 (1523, 100 nM) or in the presence (n=4) of the N-type Ca®* channel blocker
PD173212 (PD, 1 uM). No significant difference was found between any of the measured parameters through
the different experimental groups, Paired Student’s t-test.

4.2 Quantitative RT-PCR Analysis

Total RNA was isolated using Nucleospin®RNA (Macherey—Nagel Duren, Germany) with DNAse
treatment according to the manufacturer’s instructions. The expression of AsAR was evaluated by
Real-Time quantitative polymerase chain reaction (RT-PCR) using gene-specific flourescently
labeled TagMan MGB probe (minor groove binder). For the RT-PCR of AsAR a pre-developed assay
was used: Adora3 Rn_00563680 ml. The amount of target mMRNA was normalized to the

endogenous reference, Gadph Rn 01749022_g1 and to a homogenate of rat brain taken as a positive,
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according to the 2—AACt method. The results were expressed as fold changes compared to control.

Data are the result of three independent experiments performed in triplicate.

4.3 Immunocytochemical analysis

Primary DRG cultures grown on 13 mm diameter coverslips were fixed with 4% paraformaldehyde
in 0.1 M phosphate buffered saline (PBS) for 20 min at RT. Rabbit polyclonal AsAR-selective
primary antibody (Alomone labs, Jerusalem, Israel; https://www.alomone.com) was diluted 1:200 in
bovine serum dilution buffer (BSDB: 450 mM NaCl, 20 mM sodium phosphate buffer, pH 7.4, 15%
FBS, 0.3% Triton X-100) and incubated for 2.5 h at RT. Cells were then washed three times with
PBS and incubated for 1 h at RT with a donkey anti-rabbit secondary antibody (diluted 1:500 in
BSDB) conjugated to AlexaFluor 488 (Life Techologies, Invitrogen, Milan, Italy). Coverslips were
mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) containing
40,6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei, digitized and acquired by using an

Olympus BX40 microscope equipped with CellSens Dimention software (Olympus, Germany).

4.4 Intracellular Ca** measurement

Intracellular cytosolic Ca?* dynamic ([Ca?*]i) was evaluated in fura-2 loaded DRG neurons as
described (Di Cesare Mannelli et al., 2016). Briefly, 104 cells were plated on round glass coverslips
(25 mm diameter) and seeded for 1-2 days in complete medium. Cells were loaded with 4 uM fura-
2AM (Molecular Probes-Invitrogen Life technologies, San Giuliano Milanese, Italy) for 45 min at
37°C and then washed with the K*-based standard extracellular solution described above. Coverslips
were mounted in a perfusion chamber and placed on the stage of an inverted reflected light
fluorescence microscope (Zeiss Axio Vert. A; FL-LED) equipped with fluorescence excitation (385
nm) based on LED. Before electrical field stimulation, cells were incubated for at least 5 min with
different solutions containing the following molecules: control (standard extracellular solution), 1
MM TTX + 200 nM A887826, 30 nM CI-IB-MECA, 1 uM Verapamil + 500 nM PD173212. Fura-2
fluorescence was recorded with a Tucsen Dhyana 400D CMOS camera (Tucsen Photonics Co., Ltd.,
Fuzhou, China) with a frame rate of 40 Hz and a resolution of 1024X1020 pixels2. Ca?* dynamic
was measured by single cell imaging analysis at 35°C (Di Cesare Mannelli et al., 2016). Images were
recorded using Dhyana software SamplePro and dynamically analyzed with the open source
community software for bio-imaging Icy (Institut Pasteur, Paris, France). Ca?* transients were
induced by electrical field stimulation at 0.1 Hz frequency, 100 mV voltage and 50 ms width
duration. A signal-to-noise ratio of at least 5 A.U. (fluorescence arbitrary units) was considered as
Ca?* transient. “Responder” DRG neurons were identified as cells showing at least 5 Ca?* transients
in 1 min. In responder cells, the following parameters were evaluated as the mean of at least three
different Ca2* transients: the ratio between the fluorescence maximal variation induced by electrical-
field stimulation and basal fluorescence (AF/F, measured as arbitrary units) and the area under the

curve calibrated on basal fluorescence (AUC/F, evaluated as arbitrary units). The cell diameter of
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analyzed DRG neurons was measured in pixels using ImageJ software and transformed in uM by a
specific calibration scale. Experiments were repeated in 4 different neuronal preparations. All DRG
neurons (identified by transmitted light microscopy) found in an optical field (using 40X
magnification objective) were analyzed. From 16 to 22 cells were evaluated blindly every

experimental day for each experimental treatment.

4.5 Drugs

2-Chloro-N6-(3-iodobenzyl)-adenosine-5'-N-methyluronamide (CI-IB-MECA, Figure 29), 5-(4-
butoxy-3-chlorophenyl)-N-[[2-(4-morpholinyl)-3-pyridinyl]methyl]-3-pyridinecarboxamide
(A887826, Figure 30), 3-propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine
carboxylate (MRS1523, Figure 23), N-(2-methoxyphenyl)-N'-[2-(3-pyridinyl)-4-quinazolinyl]-urea
(VUF5574, Figure 31), 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, Figure 25), N¢-
cyclopentyladenosine (CPA, Figure 34), apamin and tetraethylammonium (TEA,Figure 35) were
purchased from Sigma-Aldrich (www.sigmaaldrich.com). Tetrodotoxin (TTX, Figure 33) and 4-t-
butyl-N-methyl-N-aralkyl-peptidylamine (PD173212, Figure 32) were purchased from Alomone
Lab. Verapamil was purchased from Calbiochem (Merck; Darmstadt, Germany). The new, highly
selective, AsAR agonist (1S,2R,3S,4R,5S)-4-(2-((5-chlorothiophen-2-yl)ethynyl)-6-(methylamino)-
9H-purin-9-yl)-2,3  dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide (MRS5980) was
synthesized as reported previously (Fang et al., 2015; Tosh et al., 2014). All drugs were stored at -
20°C as 10° to 10* times more concentrated stock solutions and dissolved daily in the extracellular
solution to the final concentration and applied by bath superfusion. TTX, apamin and TEA stock
solutions were prepared in distilled water. All other compounds were dissolved in dimethyl
sulphoxide (DMSO). Control experiments performed in the present research demonstrated that the
maximal DMSO concentration used in the present work (0.1%) was inactive in modulating

membrane currents (see Figure 61C) in our experimental conditions in DRG neurons.

4.5.1 Chemical structure of drugs

MH
P [
oIy
Sl
Cl M M
MeHM 0
0
OH CH

Figure 29: CI-IB-MECA: 2-Chloro-N6-(3-iodobenzyl)-adenosine-5'-N-methyluronamide. Highly selective

AsAR agonist. (Tocris Biosciences, Bristol, UK).
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D i

Figure 30: A887826:  5-(4-butoxy-3-chlorophenyl)-N-[[2-(4-morpholinyl)-3-pyridinyl]methyl]-3-

pyridinecarboxamide. Potent voltage-dependent NaV1.8 channel blocker. (Tocris Biosciences, Bristol, UK).

Figure 31: VUF5574: N-(2-methoxyphenyl)-N'-[2-(3-pyridinyl)-4-quinazolinyl]-urea. Selective,

competitive and potent antagonist for the human AsAR (Sigma-Aldrich).
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Figure 32: PD173212: 4-t-butyl-N-methyl-N-aralkyl-peptidylamine. A novel blocker of N-type CaV

channels (Alomone Lab.).
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Figure 33: Tetrodotoxin (TTX): A classic blocker of a subset of NaV Channels (Alomone Lab.).
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Figure 34: CPA: N°-cyclopentyladenosine. Selective A;AR agonist (Sigma-Aldrich).
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Figure 35: TEA: tetraethylammonium. Voltage-dependent K* channels blocker (Sigma-Aldrich).

4.6 Statistical analysis

Data are expressed as mean £ SEM (standard error of the mean). Student’s paired or unpaired t-tests
or One-way ANOVA followed by Bonferroni post-test analysis were performed, as appropriated, in
order to determine statistical significance (set at P<0.05). In experiments of intracellular Ca%
measurement, three different parameters were measured: 1) the ratio between DRG neurons defined
as “responders” (Ca?* transient) and “not responders” in each experimental condition; 2) AF/F and
3) AUC/F of Ca?" transient evoked in “responder” cells. The effect of each treatment in changing the
ratio between “responders” and “not responders” was evaluated by using y? test (PRIMER™). Data
were analysed using “Origin® 10” or “GRAPHPAD PRISM” (GraphPad Software, San Diego, CA,
USA) software.
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Chapter 1: Role of A;sAR under oxygen and glucose deprivation

The selective antagonism of A;sARs reduces the synaptic failure and neuronal death induced

by oxygen and glucose deprivation in rat CA1 hippocampus in vitro
1. Results
1.1 Electrophysiological experiments

It has been established that 7 min OGD episodes bring about irreversible depression of
neurotransmission and the appearance of a severe neuronal anoxic depolarization or AD (Pugliese et
al., 2006, 2007, 2009), a critical event that has been demonstrated both in vivo (Somjen, 2001) and
in vitro (Fowler, 1992; Frenguelli et al., 2007; Pearson et al., 2006; Pugliese et al., 2009, 2007, 2006).
Therefore, we studied the effects of two selective A;sAR antagonists, MRS1754 and PSB603, on
AD development and synaptic responses in the CAL region of acute rat hippocampal slices under
severe OGD episodes by extracellular recording of fEPSPs performed on 133 hippocampal slices

taken from 42 rats.

1.2 The selective adenosine AzsAR antagonism prevents or delays AD development and protects from

synaptic failure induced by severe OGD in CAL hippocampus

In agreement with our previous results (Pugliese et al., 2006, 2007, 2009), in untreated OGD slices
the d.c. shift presented a mean latency of 6.04 £ 0.2 min (calculated from the beginning of OGD)
and a mean peak amplitude of -6.7 £ 0.4 mV (n = 24) (Figure 36A). Seven min OGD exposure
induced a rapid and irreversible depression of fEPSPs amplitude evoked by Schaffer-collateral
stimulation, since synaptic potentials did not recover their amplitude after return to oxygenated aCSF
(Figure 36D, n =24, 2.5 + 2.7% of pre-OGD level, calculated 50 min from the end of OGD). Control
slices, followed for up to 3 h in oxygenated aCSF, maintained stable fEPSPs for the entire
experimental time recording and never developed the d.c. shift (data not shown).

Oxygen and glucose deprivation was then applied in the presence of the selective Az;sAR antagonists
MRS1754 or PSB603, administered 15 min before, during and 5 min after OGD. The two AsAR
antagonists did not modify basal synaptic transmission measured before OGD. Indeed, MRS1754
(500 nM, n = 17) did not change fEPSPs amplitude under normoxic conditions (from 1.05 + 0.06
mV immediately before to 1.01 + 0.08 mV after 15 min drug application, n = 17). Also, PSB603 did
not change the amplitude of synaptic potentials under normoxic conditions (from 1.32 + 0.12 mV
before to 1.35 + 0.14 mV after 15 min drug application, n = 15). These data indicate that the blockade
of AzsAR does not modify low-frequency-induced CA1 synaptic transmission under normoxic
conditions, in agreement with results reported in mouse hippocampal slices (Gongalves et al., 2015).
Nevertheless, the two A;sAR antagonists were able to prevent or delay the appearance of AD and to

modify synaptic responses after OGD.
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During 7 min OGD, MRS1754 prevented the appearance of AD in 13 out of 17 slices tested (Figure
36B). In these 13 slices a complete recovery of fEPSPs was recorded (111.9 + 7.4%, calculated 50
min from the end of OGD, Figure 36D). In the remaining 4 slices, AD developed, although at later
times (Figure 36F, mean AD latency: 7.37 = 0.41 min; mean peak amplitude: -5.8 + 1.1 mV, n = 4),
and, unexpectedly, was followed by a consistent fEPSP recovery (85.2 + 15.3%, n = 4, Figure 36D).
During 7 min OGD, PSB603 prevented the appearance of AD in 11 out of 15 slices tested (Figure
36C). In these 11 slices a complete recovery of fEPSPs was found (110.4 £ 10.2%, n = 11, Figure
36E). In the remaining four slices in which AD appeared, a delay in AD latency was recorded (Figure
36F, mean AD latency: 7.33 £ 0.08 min; mean peak amplitude: -6.8 + 1.9 mV, n = 4). Moreover, in
these four PSB603-treated slices, a significant recovery of fEPSP (36.2 £ 19.7%, n = 4, Figure 36E)
was found. In the slices in which AD appeared in the presence of MRS1754 or PSB603, we compared
the time of AD appearance in the absence and in the presence of drugs. As illustrated in Figure 36F,
during 7 min OGD, AD appeared in OGD slices with a mean latency of 6.04 £ 0.2 min (Left panel)
and a mean peak amplitude of 6.7 £ 0.4 mV (n = 24, Right panel). When 7 min OGD was applied in
the presence of 500 nM MRS1754 or 50 nM PSB603 the d.c. shifts were always delayed (Figure
36F, Left panel), while AD amplitude values were not significantly modified in comparison to OGD
slices (Figure 36F, Right panel).

In an experimental group of slices which never developed AD in the presence of PSB603 (50 nM, n
= 6) and MRS1754 (500 nM, n = 6), we followed the evolution of the synaptic response for 3 h after
the end of the 7 min ischemic like insult in comparison to untreated OGD slices (n = 6). As reported
in the representative electrophysiological traces shown in Figure 36G, PSB603 (50 nM) and
MRS1754 (500 nM) allowed the recovery of synaptic potentials for at least 3 h after 7 min OGD.
Furthermore, in order to confirm that both the recovery of fEPSP and the irreversible loss of
neurotransmission after 7 min OGD observed in the different experimental groups were not transient,
we tested slice viability 24 h after the OGD insult in control, untreated, slices and slices treated with
AzsAR antagonists. In agreement with our previously published results (Pugliese et al., 2009), we
showed that untreated OGD slices, which did not recover any synaptic activity within 1 h after the
insult, maintained synaptic impairment when tested 24 h later (Figure 37A shows a representative
experiment out of a total of six slices). On the contrary, MRS1754- or PSB603-treated OGD slices,
which recovered initial fEPSP amplitude 1 h after OGD, preserved neurotransmission for at least 24
h after the insult (Figure 37B shows a representative experiment out of a total of four slices; Figure
37C shows a representative experiment out of a total of five slices for MRS1754 and PSB603,

respectively).
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Figure 36: The selective A2sAR antagonists MRS1754 or PSB603 significantly reduced the synaptic failure
induced by 7 min oxygen and glucose deprivation (OGD) in the CA1 region of rat hippocampal slices. (A-C)
anoxic depolarization (AD) was recorded as a negative direct current (d.c.) shift in response to 7 min OGD in
untreated OGD slices (A), in 500 nM MRS1754-treated slices (B) or 50 nM PSB603-treated slices (C). Note
that MRS1754 prevented the appearance of AD in 13 out of 17 slices, while PSB603 in 11 out of 15 slices. (D)
The graph shows the time-course of the effect of 7 min OGD on field excitatory post-synaptic potential (fFEPSP)
amplitude, expressed as percentage of pre-OGD baseline in the CA1 hippocampal region in the absence (n =
24) or in the presence of 500 nM MRS1754 (n = 17). Note that, in untreated slices, the ischemic-like insult
caused gradual reduction, up to disappearance, of fEPSPs amplitude that did not recover after washing in
oxygenated artificial cerebrospinal fluid (aCSF). On the contrary, after reperfusion in oxygenated standard
solution, a recovery of fEPSP in all MRS1754 treated OGD slices was found, even in those in which AD
developed. (E) The graph shows the time course of the effect of 7 min OGD on fEPSP amplitude in 50 nM
PSB603 treated OGD slices. Note that, after reperfusion in normal oxygenated standard solution, a recovery
of fEPSP was found in all OGD-treated PSB603 slices, even those in which AD occurred. (F, Left) each column
represents the mean £ SEM of AD latency recorded in the CAL region during 7 min OGD in the absence or in
the presence of MRS1754 (500 nM) or PSB603 (50 nM). AD latency was measured from the beginning of
OGD insult. Note that when OGD was applied in the presence of MRS1754 or PSB603 the appearance of AD
was significantly delayed in comparison to OGD untreated slices. *P < 0.05 vs. OGD, One-way ANOVA
followed by Newman—Keuls Multiple comparison test. (Right) each column represents the mean £ SEM of
AD amplitude recorded in the CA1 during 7 min OGD. The number of slices is reported in the columns. (G)
The graph shows the time course of the effect of 7 min OGD on fEPSP amplitude in OGD-untreated slices and
in 500 nM MRS1754- or 50 nM PSB603-treated slices. The selective antagonism of adenosine A;sAR
counteracted the CA1 synaptic damage induced by severe OGD up to 3 h from the end of the insult. Inset: 7
min OGD induced AD was recorded in untreated OGD slices, but not in the presence of 500 nM MRS1754 or
50 nM PSB603. Gray bar: OGD time duration. Open bar: time of drug application. Amplitude of fEPSPs (mean
+ SEM) is expressed as percentage of pre-OGD baseline.
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Figure 37: The selective block of A;sAR allowed a recovery of synaptic potentials up to 24 h after the end
of 7 min OGD. A-C: fEPSPs were recorded before (pre-OGD) and at different times after the end of OGD in
untreated OGD slice (A), in 500 nM MRS1754-treated OGD slice (B) and in 50 nM PSB603-treated OGD
slice (C). Each trace, taken from a typical experiment, represents the average of two consecutive fEPSP
recorded. Note that after OGD in untreated slice only the afferent volley was recorded. In control conditions
(inset: no OGD) a stable fEPSP can be recorded for up to 24 h after slice preparation. Calibration: 1 mV, 5 ms.

In order to characterize the role of adenosine AzsARs on AD development, in a next series of
experiments we prolonged the OGD duration up to 30 min, in order to allow AD to unavoidably
appear in all experimental groups. This longer duration of OGD is invariably associated with tissue
damage (Pearson et al., 2006). We compared the latency and the magnitude of depolarizing d.c. shifts
recorded in the absence or presence of PSB603 or MRS1754. As illustrated in Figure 38A, 30 min
OGD elicited the appearance of AD in all slices, with a mean peak amplitude of -7.5+ 0.7 mV (n =
8) and a mean latency of 5.8 £ 0.3 min, as shown in Figures 38D,E. When OGD was applied in the
presence of 500 nM MRS1754, the d.c. shift was significantly delayed to 9.2 £ 0.7 min (Figures 38B,
D; n = 5), although the AD amplitude (-5.7 £ 0.7 mV) was not significantly changed (Figure 38E).
Similarly, when OGD was applied in the presence of 50 nM PSB603, the d.c. shift was significantly
delayed to 7.7 £ 0.3 min (Figures 38C,D; n = 7) whereas AD amplitude (-7.7 £ 0.7 mV) was
unchanged (Figure 38E).
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Figure 38: MRS1754 and PSB603 delayed the appearance of AD induced by 30 min OGD in rat hippocampal
slices. (A—C) The graphs show the d.c. shift traces during 30 min OGD in untreated OGD slices (A, n = 8), in
the presence of 500 nM MRS1754 (B, n = 5), or 50 nM PSB603 (C, n = 7). (D) Each column represents the
mean £+ SEM of AD latency recorded in hippocampal slices during 30 min OGD in different experimental
groups. AD was measured from the beginning of OGD insult. Note that both A;sAR antagonists significantly
delayed AD development. =P < 0.01 vs. OGD, One-way ANOVA followed by Newman—Keuls Multiple
comparison test. (E) Each column represents the mean = SEM of AD amplitude recorded in the CA1 during
30 min OGD. The number of slices is reported in the columns.

Data in the literature demonstrate that A;sAR exert their effects through a control of A1AR function
in the hippocampus under simil-physiological, normoxic, conditions (Gongalves et al., 2015). In
order to test this possibility, we studied whether A2sAR antagonists were still effective in inhibiting
OGD-induced alterations of synaptic transmission in the presence of the A;AR antagonist DPCPX.
As shown in Figures 39A-C, we applied DPCPX before, during and after a 7 min OGD and,
unexpectedly, we found that 2 out of 6 slices tested did not undergo AD and completely recovered
their synaptic activity. This unexpected result was possibly due to the unselective block of A2aAR
by DPCPX, as already described in hippocampal slices during OGD (Sperlagh et al., 2007).
Therefore, we reduced DPCPX concentration to 100 nM and we prolonged the OGD period up to 30
min (Figure 39D). Under these experimental conditions, DPCPX-exposed slices presented a delayed
AD appearance (mean AD peak time = 8.4 + 0.5 min) in comparison to control, untreated, OGD

slices (mean AD peak time = 6.8 £ 0.2 min), thus confirming that DPCPX protects hippocampal
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slices from OGD insults (Figure 39E). The time window of Azs or Ai1AR-mediated effects found in
the present studies overlaps with the delay found treating the slices with glutamate receptor
antagonists (Tanaka et al., 1997; Yamamoto et al., 1997), or blocking NMDA receptors that are
involved both in initiation and propagation of AD (Herreras and Somjen, 1993; Somjen, 2001). In a
further series of experiments, we demonstrated that D-AP5 (50 uM) significantly delayed AD
appearance (from 6.8 £ 0.2 min in untreated OGD slices to 9.8 £ 1.0 min in D-AP5-treated OGD
slices, Figure 39E). For this reason, in order to assess the involvement of A1AR in A.gAR-mediated
effects, we choose a different protocol. It has been shown that short-term plasticity, measured by
PPF, is modified by A>sAR activation in mouse hippocampal slices in a DPCPX-sensitive manner
(Gongalves et al., 2015).
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Figure 39: Effects of DPCPX, a selective AjAR antagonist, on OGD-induced damage in rat hippocampal
slices. A-B: AD was recorded as a negative d.c. shift in response to 7 min OGD in the absence (A, n=4) or in
the presence (B, n=6) of 500 nM DPCPX. Note that the A1AR antagonist prevented the appearance of AD in
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2 out of 6 slices. C: Graph shows the time course of 7 min OGD effects on fEPSP amplitude (mean+SEM) in
untreated (n=4) OGD slices and in 500 nM DPCPX- (n=6) treated OGD slices. Note that, after reperfusion in
normal oxygenated standard solution, a recovery of fEPSP was found only in DPCPX -treated OGD slices in
which AD did not occur. Note that in the presence of the A1AR antagonist, the time course of fEPSP depression
during OGD was delayed in comparison to corresponding times in the absence of the drug. D: Graph shows
the time course of 30 min OGD effects on fEPSP amplitude in OGD-untreated slice (n=12) and 100 nM
DPCPX-treated slices (n=13). E: Each column represents the mean+SEM of AD latency recorded in
hippocampal slices during 30 min OGD in the absence, in the presence of 100 nM DPCPX or 50 nM D-AP5,
a potent, selective NMDA antagonist. AD was measured from the beginning of OGD insult. Note that AD was
significantly delayed in the presence of DPCPX or D-AP5. *P < 0.05, **P < 0.01, One-way ANOVA followed
by Newman-Keuls Multiple comparison test, compared to OGD.

We confirmed that the A2sAR agonist BAY 606583, at 200 nM concentration, significantly decreased
PPF in rat CA1 hippocampus (Figure 40), thus indicating an increase of presynaptic glutamate release
upon AzsAR activation. This effect was blocked not only by the A;sAR antagonists PSB603 and
MRS1754, but also by the A;AR antagonist DPCPX (Figure 40B), thus confirming that AsAR
effects are mediated by the inhibition of the A; subtype, as already stated by Goncalves (Gongalves
et al., 2015).
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Figure 40: The selective stimulation of A2sARs reduced paired-pulse facilitation (PPF) in rat hippocampal
slices. (A) Trace of fEPSP responses to PPF protocol (40-ms interval), taken from a typical experiment.
Calibration: 0.5 mV, 20 ms. (B) Each graph shows PPF quantified as the ratio (P2/P1) between the slope of the
second fEPSP (P2) and the slope first fEPSP (P1). The effect of BAY606583 (BAY, 200 nM) on PPF was
investigated in the absence (n = 7) or in the presence of MRS1754 (500 nM, n = 3), PSB603 (50 nM, n = 3),
or DPCPX (100 nM, n = 7). *P < 0.05 vs. ctr, paired Student’s t-test.
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1.3 Analysis of neuronal damage in CA1 stratum pyramidale 1 and 3 h after the end of 7 min OGD

The extent of neuronal damage caused by 7 min OGD in stratum pyramidale of hippocampal CAl
was assessed by immunohistochemistry using the anti-NeuN antibody in control slices, in slices after
7 min OGD alone, and after 7 min OGD in the presence of 500 nM MRS1754 or 50 nM PSB603,
both at 1 and 3 h after the end of OGD. Representative images of NeuN immunostaining in CA1 of
slices collected 1 h after the end of OGD are shown in Figures 41A-D.
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Figure 41: Analysis of NeuN* immunofluorescence in CAL stratum pyramidale after the simil-ischemic
insult. (A—D) Representative images of NeuN* immunofluorescence in the ROl of CAL of a control slice (CTR,
A), aslice collected 1 h after 7 min OGD (OGD, B), a slice treated with 500 nM MRS1754 (OGD+MRS, C),
and a slice treated with 50 nM PSB603 (OGD+PSB, D), all harvested 1 h after the end of 7 min OGD. Scale
bar: 75 um. (E,F) Quantitative analyses of NeuN" immunofluorescence in the four experimental groups 1 h (E)
and 3 h (F) after the end of 7 min OGD. Each column represents the area, expressed in pixels (x106) above a
threshold, maintained constant for all slices investigated. (E) Statistical analysis: One-way ANOVA: F(3;13)
=6.296, P < 0.01, Newman—Keuls multiple comparison test: *P < 0.05, OGD vs. CTR; *P < 0.05, OGD+PSB
vs. OGD. CTR, n = 6; OGD, n = 5; OGD+PSB, n = 3; OGD+MRS, n = 3. (F) Statistical analysis: One-way
ANOVA: F(3,16) = 4.924, P < 0.02; Newman—Keuls multiple comparison test: *P < 0.05 OGD vs. CTR, P <
0.05 OGD+MRS vs. OGD,*P < 0.05 OGD+PSB vs. OGD. CTR, n = 6; OGD, n = 3; OGD+PSB, n = 4;
OGD+MRS n = 4. All data in the graphs are expressed as mean + SEM.

Figures 41E,F show the quantitative analyses of the area of NeuN* immunofluorescence in CA1,

which represents an index of the number of pyramidal neurons, 1 and 3 h after the end of OGD,

85



Results and Discussions

respectively. The data demonstrate that NeuN* CA1 pyramidal neurons significantly decreased both
1 h (Figure 41E) and 3 h (Figure 41F) after the end of 7 min OGD. Statistical analysis showed that 7
min OGD caused a statistically significant reduction of NeuN* area at 1 h (-29.6%, *P < 0.05 vs.
control slices) and at 3 h (-41%, P < 0.05 vs. control slices). The time-course of the effect, indicating
that the decrease of NeuN* area was more pronounced at 3 h than at 1 h after the end of OGD,
demonstrates that neuronal degeneration is an ongoing process at least at these time points.

The decrease of NeuN* area in CA1 stratum pyramidale was completely antagonized by treatment
with 50 nM PSB603 (-1% at 1 h and -14% at 3 h, ns vs. control slices). This effect was statistically
significant vs. 7 min OGD slices both at 1 and 3 h after the end of OGD (*P < 0.05 vs. respective
OGD). Treatment with 500 nM MRS1754 completely blocked the decrease of NeuN* area in CAl
stratum pyramidale 3 h after the end of OGD (-7% vs. control slices, ns; P < 0.05 vs. OGD).
MRS1754 had no effect 1 h after the end of OGD (-31.5% vs. control slices; ns vs. OGD). Therefore,
antagonism of A2sAR blocked the neuronal damage induced by 7 min OGD up to 3 h after the end
of the simil-ischemic insult. In the OGD slices treated either with MRS1754 or PSB603 that
developed AD we found a partial reduction of neuronal damage at 1 h after the end of OGD (data
not shown).

Closer examination of CA1 stratum pyramidale with confocal microscopy indicated the presence of
many damaged neurons both 1 and 3 h after the end of 7 min OGD. The representative confocal z
stacks in Figures 41B, 42B, each obtained stacking 37 consecutive confocal z-scans (0.3 um each,
total thickness 11.1 um) through the thickness of CA1, show that 3 h after the end of OGD the layout
and morphology of CA1 pyramidal neurons was significantly different from that of the control slice
(Figure 42A). Figures 42A1,B1 are magnification of the framed areas in Figures 42A,B, and show
stacks of two consecutive z-scans, 0.3 um each, total thickness 0.6 um, taken at 2.1 um depth inside
the neurons. It appears evident from panel Figure 42B1 the altered morphology of pyramidal neurons
after OGD, in comparison to those of the control slice shown in Figure 42A1. Indeed, in CA1 stratum
pyramidale of OGD slices, both at 1 and 3 h after the end of OGD, we observed the presence of many
neurons with nuclei that exhibit a highly condensed NeuN-positive nucleus and very faint NeuN
cytoplasmic labeling (Figures 42B, B1, open arrows). We defined these neurons as High Density
Nucleus neurons, “HDN neurons.” Furthermore, we observed many NeuN* neurons that have lost
the NeuN*" nuclear immunofluorescence, an index of damaged nuclei, while NeuN*
immunofluorescence persists in the cytoplasm (Figures 42B, B1, white arrows). We defined these

neurons as Low Density Nucleus neurons, “LDN neurons.”
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Figure 42: Analysis of damaged neurons in CA1 stratum pyramidale after the simil-ischemic insult. (A-B1)
Representative images of NeuN* immunofluorescence in the CAL area of a control slice (CTR, A,A1), and of
a slice harvested 3 h after the end of 7 min OGD (OGD, B,B1). (A1—B1) magnification of digital subslices of
the framed areas in A,B (stacks of two consecutive z-scans taken at 2.1 pm depth inside the neurons, total
thickness 0.6 pm). Note the presence of many HDN neurons (open arrows) and LDN neurons (white arrows)
in CA1l stratum pyramidale after OGD (B,B1). Scale bars: A,B: 25 pm; A1,B1: 10 pm. (C,D) Quantitative
analyses of NeuN* HDN neurons in CAL stratum pyramidale 1 h (C) and 3 h (D) after the end of OGD. (C)
One-way ANOVA: F(3;12) = 11.32, P < 0.001. Newman—Keuls multiple comparison test: *P < 0.01, OGD
vs. CTR; #P < 0.01, OGD+MRS vs. CTR; *P < 0.001 OGD+PSB vs. OGD. CTR, n = 5; OGD, n = 5;
OGD+PSB, n = 3; OGD+MRS, n = 3. (D) One-way ANOVA: F(3;12) = 64.33, P < 0.001. Newman—Keuls
multiple comparison test: **P < 0.001, OGD vs. CTR; *##P < 0.001, OGD+MRS vs. OGD; %P < 0.001
OGD+PSB vs. OGD. CTR, n = 5; OGD, n = 3; OGD+PSB, n = 4; OGD+MRS, n = 4. (E-F): Quantitative
analysis of NeuN+ LDN neurons in CAL stratum pyramidale 1 h (E) and 3 h (F) after the end of OGD. (E)
One-way ANOVA: F(3;14) = 13.80, P < 0.001. Newman-Keuls multiple comparison test: =P < 0.01, OGD
vs. CTR; P < 0.01, OGD+MRS vs. CTR; *¥P < 0.001 OGD+PSB vs. OGD. CTR, n = 6; OGD, n = 6;
OGD+PSB, n = 3; OGD+MRS, n = 3. (F) One-way ANOVA: F(3;12) = 69.77, P < 0.001. Newman—Keuls
multiple comparison test: **P < 0.001, OGD vs. CTR; *#P < 0.001, OGD+MRS vs. OGD; P < 0.001
OGD+PSB vs. OGD. CTR, n =5; OGD, n = 3; OGD+PSB, n = 4; OGD+MRS, n = 4. All data in the graphs
are expressed as mean + SEM.

In order to better characterize this phenomenon, we performed the quantitative analysis of HDN and
LDN neurons in control, 7 min OGD, 7 min OGD plus MRS1754 and 7 min OGD plus PSB603
slices at 1 and 3 h after the end of OGD. The results, presented in Figures 42C,D, show that HDN
neurons increased significantly in 7 min OGD slices both at 1 h (+603% vs. control slices, *P <
0.01) and 3 h (+794% vs. control slices, *+P < 0.001) after the end of OGD. The increase of damaged,
HDN neurons in the CAL area caused by the simil-ischemic insult was significantly blocked by
treatment with 50 nM PSB603 at 1 and 3 h after the end of OGD (-97% at 1 h, and -77% at 3 hvs. 7
min OGD slices, both %P < 0.001; ns vs. controls). Conversely, treatment with 500 nM MRS1754
significantly blocked the increase of HDN neurons only 3 h after the end of OGD (-70% vs. 7 min
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OGD slices, #P < 0.001; ns vs. control slices), but not 1 h after the end of OGD (+12% vs. OGD
slices, ns; # P < 0.01 vs. control slices).

Also, as shown by the representative images in Figures 42B,B1, we found many LDN neurons in
stratum pyramidale 1 and 3 h after the end of 7 min OGD. As demonstrated by quantitative analysis
(Figures 42E,F) LDN neurons in stratum pyramidale were significantly increased both 1 and 3 h after
OGD, in comparison to control slices. The increase of LDN neurons, in comparison to control slices,
was 1489% at 1 h (=*P < 0.01 vs. control slices) and 1033% at 3 h after the end of 7 min OGD (=P
< 0.01 vs. control slices). The increase of damaged, LDN neurons brought about by the simil-
ischemic insult was significantly blocked by treatment with 50 nM PSB603 both at 1 and 3 h after
the end of OGD (-98% at 1 h, and -62% at 3 h vs. OGD, both P < 0.001). Treatment with 500 nM
MRS1754 significantly blocked the increase of LDN neurons only 3 h after the end of OGD (-52%
vs. 7 min OGD,**P < 0.001), but not 1 h after the end of OGD (-17% vs. 7 min OGD, ns; #P < 0.01
vs. controls). These data further confirm the efficacy of the two A>sAR antagonists, and particularly
of PSB603, in reducing not only the electrophysiological effects but also the morphological
modifications that OGD caused on CAL pyramidal neurons, up to 3 h after the end of the ischemic-
like insult.

1.4 Analysis of apoptotic neurons in stratum pyramidale of CA1 1 and 3 h after 7 min OGD

These data demonstrate that 7 min OGD can induce neuronal damage in CA1 stratum pyramidale,
as evidenced by immunohistochemical analyses that highlight conformational modifications of
pyramidal neurons that may subtend cell death. Therefore, we studied whether all the above-
described effects and the decrease of neurons in CA1l stratum pyramidale might be caused by
apoptosis. To this end, as an apoptosis marker we used CytC, a protein which, in physiological
conditions, is found in mitochondria but in the most advanced stages of apoptosis is intensely and
diffusely released in the cytoplasm, where it activates caspases (Jiang and Wang, 2004; Kluck et al.,
1997; Suen et al., 2008; Yang et al., 1997) and can be used as a marker of apoptosis using
immunohistochemical analysis (Martinez-Fabregas et al., 2014). Using a selective antibody, CytC
can be visualized in apoptotic cells as an intense and diffuse cytoplasmic immunostaining, as shown
by the white arrows in the representative confocal images of an OGD slice 1 h after the end of OGD
(Figures 43A—A2). As shown in the confocal subslice of the framed area of Figure 43A2, obtained
stacking 17 consecutive confocal z-scans through the CytC* neuron (0.3 um each, total thickness 5.1
um), it is evident that the CytC* positive neuron is a LDN neuron (Figures 43B-B2, open arrow),

thus demonstrating that LDN neurons are apoptotic.
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Figure 43: Analysis of CytocromeC* (CytC*) neurons in CA1 stratum pyramidale after the simil-ischemic
insult. (A—A2) Representative microphotographs, taken at the laser scanning confocal microscope, of apoptotic
neurons labeled with anti-CytC antibody (A, red), of pyramidal neurons labeled with anti-NeuN antibody (A1,
green) and the merge of the two previous images (A2). NeuN* and CytC* apoptotic neurons in CA1 stratum
pyramidale are indicated by the arrows (yellow-orange color in A2). Scale bar: 25 um. (B—B2) Subslice of the
framed area in A2, obtained stacking 17 consecutive confocal z-scans (5.1 um total thickness), shown at higher
magnification (2x). The open arrow shows an LDN apoptotic pyramidal neuron. Scale bar: 10 pm. (C,D)
Quantitative analysis of NeuN*and CytC* neurons in CA1 stratum pyramidale at 1 h (C) and 3 h (D) after the
end of 7 min OGD. Note the significant increase of CytC* neurons both 1 and 3 h after the end of OGD. (C)
Statistical analysis: One-way ANOVA: F(3;11) = 18.40, P < 0.001, Newman-Keuls multiple comparison test:
=P < 0.001, OGD vs. CTR; #P < 0.001, OGD+MRS vs. OGD; *%P < 0.001, OGD+PSB vs. OGD. CTR, n
=4; OGD, n = 3; OGD+PSB, n = 4; OGD+MRS, n = 4. (D) Statistical analysis: One-way ANOVA: F(3;11) =
11.41, P < 0.02, Newman-Keuls multiple comparison test: **P < 0.01, OGD vs. CTR; *P < 0.05, OGD+MRS
vs. OGD; ¥P < 0.01, OGD+PSB vs. OGD. CTR, n = 4; OGD, n = 3; OGD+PSB, n = 4; OGD+MRS, n = 4.
All data in the graphs are expressed as mean + SEM.

From the quantitative analysis of CytC* neurons in CAl stratum pyramidale, we demonstrated that
both 1 and 3 h after the end of 7 min OGD many CA1 pyramidal neurons were apoptotic (Figures
43C,D). The increase was statistically significant in comparison to control slices both at 1 h (+277%
vs. control slices, =P < 0.001) and at 3 h (+107% vs. control slices, **P < 0.01) after OGD. These
data indicate that in CA1 area, already after 1 h from the end of OGD, neurons had clear signs of
apoptotic processes. In the presence of MRS1754 or PSB603, there was a significant reduction of

CytC immunostaining, both at 1 and 3 h after the end of OGD, showing that antagonism of A2sAR
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significantly reduced neuronal death by apoptosis at both times investigated. Indeed, treatment with
MRS1754 decreased apoptotic neurons by 61% at 1 h (*#P < 0.001 vs. 7 min OGD; ns vs. control
slices) and by 33% at 3 h (P < 0.05 vs. 7 min OGD; ns vs. control slices), in comparison to OGD
slices. Treatment with PSB603 decreased apoptotic neurons by 63% (***P < 0.001 vs. 7 min OGD;
ns vs. control slices) and by 46% (**P < 0.001 vs. 7 min OGD; ns vs. control slices) in comparison
to OGD slices. In the OGD slices treated either with MRS1754 or PSB603 that developed AD the
number of HDN and LDN neurons were partially decreased in comparison to OGD slices (data not
shown).

These data indicate that in the CA1 area already 1 h after the end of OGD, when there was still no
recovery of neurotransmission, neurons showed obvious signs of apoptosis. These data demonstrate

that antagonism of A;sAR brought about significant protection against neuron degeneration.

1.5 Analysis of Phospho-mTOR in area CAL of the hippocampus 1 and 3 h after 7 min OGD

We used a selective antibody for phospho-(Ser244)-mTOR, the activated form of mTOR, to
investigate whether mTOR activation might be modified in our experimental conditions (Figures
44A-D1). Representative qualitative images of mMTOR activation in cell bodies and dendrites of CA1
pyramidal neurons in a control slice are shown in Figure 44A1 (green). Neurons were also
immunolabelled with anti-NeuN antibody (red). The merge of the immunofluorescence (yellow-
orange) in a control slice is shown in Figure 44A. It is evident from the images that activated mTOR
is present in CA1 pyramidal neurons in basal, control conditions where it is localized both in the cell
body and in neuronal apical dendritic tree spanning throughout the stratum radiatum. The simil-
ischemic condition caused a significant decrease of mTOR activation 3 h after the end of OGD, as
shown in the representative image of Figures 44B,B1. This effect is more evident in Figures 44E,F,
that represent digital subslices obtained stacking nine consecutive confocal z-scans throughout the
neuronal cell bodies (0.3 um each, total thickness 2.7 um) of control and OGD slices. The images
clearly show that in control conditions phospho-mTOR was present both in the cell body (Figure
44E, open arrow) and in the dendrites (Figure 44E, white arrows), while 3 h after 7 min OGD
activation of mTOR decreased both in cell body and dendrites (Figure 44F). Quantitative analysis
showed that in slices harvested 1 h after the end of 7 min OGD, no significant modification of
activated mTOR immunostaining was present in the neuronal cell body (Figure 44G) or in the apical
dendrites of CA1 pyramidal neurons in any of the groups investigated (Figure 441). On the contrary,
in slices harvested 3 h after the end of 7 min OGD, we found highly significant decrease of activated
MTOR immunostaining in the cytoplasm and dendrites of CA1 pyramidal neurons (Figures 44H,J).
Indeed, statistical analysis, shown in Figure 44H, demonstrates that 3 h after the end of 7 min OGD
there was a statistically significant reduction of activated mTOR immunostaining in the cytoplasm
of CA1 pyramidal neurons (-74.8%, =P < 0.001 vs. control slices, Figure 44H) in comparison to
control slices. As shown in Figure 44H, treatment with 50 nM PSB603 blocked this effect (-4% vs.
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control slices, ns, %P < 0.001 vs. 7 min OGD), while treatment with 500 nM MRS1754 partially,
but still significantly attenuated this effect (-31% vs. controls, ns, *P < 0.01 vs. 7 min OGD).
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Figure 44: mTOR activation in CA1 stratum pyramidale and stratum radiatum after the simil-ischemic insult.
Representative microphotographs, taken at the laser scanning confocal microscope, showing immunolabelling
with anti-NeuN antibody (red) and anti-phospho-mTOR antibody (green) of a control slice (A,A1), a slice
harvested 3 h after 7 min OGD (B,B1), a slice treated with MRS1754 and harvested 3 h after 7 min OGD
(C,C1), and a slice treated with PSB603 and harvested 3 h after 7 min OGD (D,D1). Scale bar: 75 um. (E,F)
Digital subslices of a control slice (E) and a slice collected 3 h after 7 min OGD (F) immunostained for
phospho-mTOR (green) and NeuN (red). The open arrow shows the presence of activated mTOR in the cell
body and arrows in the dendrites of pyramidal neurons in the control slice (E). (G,H) Quantitative analysis of
activated mTOR in CAL stratum pyramidale in the different experimental conditions. Each column represents
the mTOR* immunofluorescent area calculated using the ImageJ program (number of pixels above a reference,
fixed threshold). (G) No difference among the four experimental groups, was found 1 h after the end of 7 min
OGD. Statistical analysis: One-way ANOVA: F(3;11) = 0.4563, P > 0.05, ns. (H) Slices harvested 3 h after
the end of 7 min OGD. Note the significant decrease of activated mTOR in CA1 pyramidal neurons 3 h after
the end of OGD. Both MRS1754 and PSB603 significantly blocked this effect. Statistical analysis: One-way
ANOVA: F(3;10) = 26.99, P < 0.001, Newman-Keuls multiple comparison test: **P < 0.001, OGD vs. CTR;
#P < 0.01, OGD+MRS vs. OGD; %P < 0.001, OGD +PSB vs. OGD. CTR, n = 4; OGD, n = 3; OGD+PSB, n
= 3; OGD+MRS, n = 4. All data are expressed as mean + SEM. (1,J) Quantitative analysis of phospho-mTOR*
dendrites in CA1 stratum radiatum in the different experimental conditions. (I) Length of phospho-mTOR*
dendrites in CA1 stratum radiatum 1 h after the end of 7 min OGD. No difference among the four experimental
groups was observed. Statistical analysis: One-way ANOVA: F(3;11) = 0.7143, P > 0.05, ns. (J) Length of
mTOR* dendrites in CA1 stratum radiatum 3 h after the end of 7 min OGD. Note the significant decrease of
activated mTOR in dendrites 3 h after the end of OGD. PSB603 significantly blocked this effect. Statistical
analysis: One-way ANOVA: F (3;9) = 12.38, P < 0.02, Newman—Keuls multiple comparison test: *P < 0.01,
OGD vs. CTR; ®P < 0.05, OGD+PSB vs. OGD. CTR, n = 3; OGD, n = 3; OGD+PSB, n = 3; OGD+MRS, n =
4. All data in the graphs are expressed as mean + SEM.
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We used, as a determinant of mTOR activation in the dendrites, the analysis of the length of phospho-
mTOR positive dendrites, as reported in the methods. The results shown in Figure 441 reveal that
mTOR activation was not statistically significant among the four experimental groups 1 h after the
end of 7 min OGD. However, in the slices collected 3 h after the end of 7 min OGD we found a
significant decrease of mTOR positive dendrites in the stratum radiatum of the CA1l area (Figure
44J). From the statistical analysis we demonstrated a significant decrease of mTOR immunopositive
dendrites in CAL stratum radiatum of 7 min OGD slices 3 h after the end of OGD (-80% vs. controls,
=P < 0.01, Figure 44J). The selective antagonist MRS1754, did not significantly modify this effect,
while treatment with PSB603 partially, but significantly, reversed this effect (+226% vs. 7 min OGD,
P < 0.05). These data demonstrate that OGD significantly decreased mTOR activation and that the
selective antagonism selective antagonism of A2sAR significantly reduced this impairment, a further

indication of prevention of neuronal degeneration by blockade of this receptor.

1.6 Analysis of astrocytes in CA1 stratum radiatum after 7 min OGD

Astrocytes were labeled with the anti-GFAP antibody and quantified in the stratum radiatum of CA1
hippocampus in the four experimental conditions: in control slices, in slices after 7 min OGD alone,
and after 7 min OGD in the presence of 500 nM MRS1754 or 50 nM PSB603, both at 1 and 3 h after
the end of OGD, as shown in the representative microphotographs in Figures 45A-D, taken at 3 h
after the end of OGD.
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Figure 45: Quantitative analysis of astrocytes in the CAL1 area in the different experimental conditions after
the simil-ischemic insult. (A—-D) Representative microphotographs, taken at the epifluorescence microscope,
of astrocytes immunolabelled with anti-GFAP antibodies in the stratum radiatum (green) of a control (A), OGD
(B), OGD plus MRS1754 (C), and OGD plus PSB603 (D) slice. Scale bar: 50 um. (E,F) Quantitative analysis
of astrocytes in the stratum radiatum of CAL in control, OGD, OGD plus MRS1754, and OGD plus PSB603
slices at 1 h (E) and 3 h (F) after 7 min OGD. (E) No significant differences among the four experimental
groups analyzed was found. Statistical analysis: One-way ANOVA: F(3;18) = 0.877, P > 0.05, ns. CTR, n =
8; OGD, n =7; OGD+PSB, n = 3; OGD+MRS, n = 4. (F) Statistical analysis: One-way ANOVA: F (3;15) =
6.734, P < 0.01, Newman—Keuls multiple comparison test: **P < 0.01, OGD vs. CTR; *P < 0.05, OGD+PSB
vs. OGD. CTR, n=7; OGD, n =4; OGD+PSB, n = 4; OGD+MRS, n = 4. All data in the graphs are expressed
as mean = SEM.

In the stratum radiatum of slices harvested 1 h after the end of 7 min OGD we found a slight, not
significant increase of astrocytes (Figure 45E, +19%, ns vs. controls), which became significant at 3
h after the end of 7 min OGD (Figure 45F, +43% vs. control slices, P < 0.01). Both A;AR
antagonists, partially but significantly, reduced the increase of astrocytes caused by the simil-
ischemic conditions. MRS1754 decreased the number of astrocytes by 10% (ns vs. OGD), while
PSB603 by 13% (*P < 0.05 vs. OGD). Quantitative analysis of total microglia did not reveal
statistically significant modifications in the different experimental conditions both at 1 and 3 h after
the end of 7 min OGD (data not shown).
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1.7 Neurodegeneration of CA1l pyramidal neurons induced by glutamate was not prevented by

AzsAR antagonists

In order to have an insight into the mechanism of A,sAR antagonism-induced neuroprotection, we
verified whether MRS1754 and PSB603 might protect CA1 pyramidal neurons from the well-known
neurodegenerative effects caused by glutamate exposure. We incubated the hippocampal slices in
vitro with 100 uM glutamate for 10 min and verified the effect of MRS1754 and PSB603 on
glutamate-induced cell death (Figures 46A-D).
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Figure 46: Evaluation of glutamate induced neurotoxicity in CAL stratum pyramidale in the different
experimental conditions. (A—C) Representative microphotographs, taken at the epifluorescence microscope, of
CAL1 pyramidal neurons immunolabelled with anti-NeuN antibodies in a control slice (A), a slice treated with
glutamate (GLU, B), a slice treated with glutamate plus PSB603 (GLU+ PSB, C) slice. Scale bar: 50 um. (D)
Quantitative analyses of NeuN* HDN neurons in the four experimental groups 3 h after the end of drug
incubation. Statistical analysis: One-way ANOVA: F(3;15) = 3.313, P < 0.05, Newman-Keuls multiple
comparison test: *P < 0.05, vs. all other groups. CTR, n = 6; GLU, n = 6; GLU+PSB, n = 3; GLU+MRS, n =
4.

Administration of 100 pM glutamate for 10 min caused significant damage to pyramidal neurons at
3 h after the end of incubation, evidenced by the significant increase of HDN neurons in hippocampal
CAl, as shown in the representative image presented in Figure 46B. Quantitative analysis (Figure
46D) demonstrated that the increase of HDN neurons was statistically significant in comparison to
control slices, and that neither MRS1754 nor PSB603 protected CA1 pyramidal neurons from the

excitotoxic effect of glutamate (*P < 0.05 vs. all other groups).
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1.8 Discussion

The putative protective role of adenosine A2gAR in cerebral ischemia was studied in the CA1 region
of hippocampal slices under oxygen-glucose deprivation, an experimental condition that mimics,
albeit with the limits of in vitro methodology, the most common causes of cerebral ischemia, such
as vessel occlusion. In vitro slices give a partial view of the physiology of the brain because of the
absence of an intact vascular system and the altered tridimensional microenvironment. These
alterations involve not only neurons but also glia, and more generally the physiology of the
neurovascular unit formed by astrocytes, pericytes, microglia, neurons, and the extracellular matrix
(Holloway and Gavins, 2016). Nevertheless, the in vitro systems have many benefits such as the
opportunity to obtain highly valuable information in terms of the time-course of the
electrophysiological events, changes in membrane potential (AD), changes in synaptic transmission
and morphological and biochemical changes in neurons and glia. Our results confirm that in the CA1
region of rat hippocampus, the application of a 7 min OGD episode induced the appearance of AD
which was followed by irreversible synaptic damage and neurodegeneration of CA1 pyramidal
neurons (Coppi et al., 2007; Pugliese et al., 2009, 2006, 2003; Traini et al., 2011).

We now demonstrate that these events are accompanied by neurodegeneration of CA1 pyramidal
neurons, with reduction of neuronal density and significant increase of apoptotic neurons. For the
first time we demonstrated here that antagonism of A2sARs using the selective ligands MRS1754 or
PSB603, applied before, during and after OGD, prevented or delayed the appearance of AD, and
prevented the irreversible loss of neurotransmission induced by 7 min OGD. Furthermore, we
demonstrated that the selective blockade of A2sARs during a prolonged (30 min) OGD insult delays
the appearance of AD indicating an extension of the time window between the start of the insult and
the appearance of excitotoxic damage. Adenosine A2gAR antagonism also counteracted the reduction
of neuronal density in CAL stratum pyramidale and decreased apoptosis mechanisms at least up to 3
h after the end of the insult. Both A;zAR antagonists did not protect CA1l neurons from
neurodegeneration induced by glutamate application, indicating that the antagonistic effect is
upstream of glutamate release. The hippocampus, and particularly CAL stratum pyramidale, is one
of the most vulnerable brain regions to ischemic damage. We used the acute rat hippocampal slice
preparation which allows measurements of synaptic transmission with good spatial and temporal
resolution. In the early phases, hypoxia/ischemia is known to induce a massive increase of
extracellular glutamate levels which trigger hyperactivation of glutamate receptors, production of
reactive oxygen species, pathological increase of intracellular Ca?*, rapid decrease in ATP reserves
and activation of various proteolytic enzymes (Al-Majed et al., 2006; Karadéttir et al., 2005; Kovacs
et al., 2006). In hippocampal slices, a severe OGD insult as that applied in the present experiments
(7 min) elicits the appearance of AD within the OGD period and is invariably followed by irreversible
loss of neurotransmission (Frenguelli et al., 2007; Pugliese et al., 2007, 2009), an index of cell
suffering, damage to neurons and to the surrounding tissue (Somjen, 2001). AD is caused by the

sudden increase of extracellular K* and by the contemporary explosive rise in glutamate extracellular
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concentration (Somjen, 2001). Contemporarily to the extracellular increase of glutamate, the
extracellular concentration of adenosine significantly increases, as demonstrated both in in vivo and
in vitro experiments (Latini and Pedata, 2001). After 5 min OGD, adenosine reaches an extracellular
concentration of 30 uM in hippocampal slices (Latini et al., 1999; Pearson et al., 2006). At such high
concentration adenosine can stimulate all receptor subtypes, including the A2sAR, which exhibits
affinity for adenosine with an ECs in the range of 5-20 uM, lower than all other subtypes (Fredholm
et al., 2011). For this reason, it is possible that activation of A;sARs occurs mainly during
pathological conditions, such as inflammation, hypoxia, trauma, and ischemia (Fredholm et al.,
2001).

Our data show that A;sAR antagonists, by preventing or delaying the onset of AD, prevent the
irreversible loss of neurotransmission induced by 7 min OGD allowing complete recovery of synaptic
potentials. We showed for the first time a partial recovery of neurotransmission was also observed
in a group of hippocampal slices, treated with AzsAR antagonists, that developed AD immediately
after reoxygenation. This delay of AD appearance might account for the partial recovery of
neurotransmission observed in these slices. The occurrence of AD after the end of OGD period is a
peculiar characteristic that we observed in our hippocampal preparation. We envisage that when the
AD appears during the reoxygenation period, similarly to the phenomenon of spreading depression
(Somijen, 2001), neurons are less damaged, and they can partially recover their electrical activity.
Thus, even in those slices treated with the A;sAR antagonists in which AD takes place, this event is
less harmful to neuronal viability. This is a substantial difference from A2aAR antagonist-mediated
neuroprotection during a 7 min OGD insult. Indeed, fEPSP recovery was never observed in those
few slices undergoing AD in the presence of the A2aAR blocker ZM241385, as previously published
(Pugliese et al., 2009).

As to the mechanism by which A;sAR antagonists protect from hypoxia/ischemia, recent studies
(Goncalves et al., 2015) have demonstrated that in mouse hippocampus Azs ARs are expressed on
glutamatergic terminals anatomically comparable to those from which our recordings were
performed. Their selective stimulation counteracts the predominant A;AR-mediated inhibition of
synaptic transmission. We confirmed this assumption by performing PPF experiments in rat
hippocampal slices in which the A2sAR agonist BAY 606583 was able to reduce PPF ratio, which is
known to be caused by increased glutamate release at presynaptic level. This effect is counteracted
not only by the A,gAR antagonists MRS1754 and PSB603 but also by the A1AR antagonist DPCPX.
As already hypothesized (Moriyama and Sitkovsky, 2010; Gongalves et al., 2015), this result may
be related to the existence of an A1/A2sAR heterodimer in the CA1 hippocampal region. On these
bases, our purpose was to study the possible involvement of A;ARs in the neuroprotective effects
elicited by the two A2sAR antagonists during OGD. In accordance to data reported by Canals (Canals
et al., 2008) in a model of chemical penumbra produced by a mitochondrial gliotoxin in the
hippocampus in vitro, we would have expected conservation of synaptic transmission during the first

min of OGD and acceleration of AD appearance. In our conditions, a similar response was observed
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only in a limited number of slices during 7 min OGD. Instead, in most of the slices we demonstrated
that DPCPX induced neuroprotection during OGD, delaying AD appearance. This unexpected result
may be due to a different response of A1ARs during OGD in our experimental conditions. Our data
could also be explained considering the results obtained by Sperlagh (Sperlagh et al., 2007) who
demonstrated that DPCPX decreases glutamate release from hippocampal slices subjected to OGD
and that this effect is mimicked and occluded by the A;aAR antagonist ZM241385. The same
Authors hypothesize that DPCPX, even at low nanomolar concentrations, would directly bind to
AxnARs during severe ischemia (in accordance with our previously published results, Pugliese et al.,
2009). The rational for this assumption is that the A2aAR agonist CGS21680 displays two distinct
binding sites in the hippocampus: a “typical” (striatal-like) binding site which is displayed by
DPCPX only at high (submicromolar) concentrations, and an “atypical” binding site, which shows
high affinity for DPCPX (Cunha et al., 1996; Johansson and Fredholm, 1995).

On these bases, we can hypothesize that, in our OGD experiments, DPCPX binds to this “atypical”
binding site (i.e., an Ai—A:2AR heterodimer) thus decreasing glutamate outflow and protecting
hippocampal slices from OGD insults. Furthermore, when overstimulated such as during ischemia,
A1ARs undergo desensitization (Siniscalchi et al., 1999). This phenomenon can be further increased
by AzsARs activation, triggering a vicious circle in which the beneficial effect of A1AR stimulation
is overcome by the noxious effect of A2sAR activation (Gongalves et al., 2015) as already suggested
for A2aARs (Pugliese et al., 2009). Further mechanistic studies suggest that the AaAR, when
stimulated, facilitates Azs receptor externalization from the endoplasmic reticulum to the plasma
membrane, possibly increasing the formation of the Axa—Azs dimer (Moriyama and Sitkovsky,
2010). All these results taken together may explain the deleterious activity of adenosine AzsAR
stimulation during an ischemic insult, and the protective effect of A;gAR antagonists in this
condition. Finally, observation that the A,sAR antagonists did not protect CAl neurons from
neurodegeneration induced by direct glutamate application, confirms that the mechanism underlying
their protection against ischemia-induced neurodegeneration is exerted at adenosine receptors that,
by the abovementioned mechanisms, regulate extracellular glutamate release. Alternatively, since
OGD is above all a problem of efficient energy recovery, the demonstration that A.sARs control
astrocytic and neuronal glycogen metabolism (Allaman et al., 2003; Magistretti et al., 1986) and
glucose utilization by hippocampal slices (Lemos et al., 2015) may suggest an additional effect of
these receptors on metabolic activity during OGD.

Severe OGD increased apoptosis and damaged CA1 pyramidal neurons at 1 and 3 h after the end of
the ischemic insult. Immunohistochemistry showed that CA1 pyramidal neurons had significant
morphological changes, with increased density of nuclei (HDN neurons), karyorrhexis (LDN
neurons) and possibly nuclear fragmentation, as evidenced by the significantly higher number of
LDN neurons and cell death after OGD. These results are in agreement with those found by Unal-
Cevik (Unal-Cevik et al., 2004) in the cerebral cortex of the rat after mild ischemia. Pyknosis is

typical of apoptotic cells (ElImore, 2007) and may precede karyorrhexis. We demonstrated that LDN
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neurons, being highly positive for CytC, were undergoing apoptosis. It has been demonstrated that
CytC released into the cytosol binds to apoptotic protease activating factor-1, which leads to
activation of caspase-9 which is important in neuronal cell death following ischemia (Jiang and
Wang, 2004; Kluck et al., 1997; Lana et al., 2017a, 2017b, 2016, 2014, Love, 2003; Suen et al.,
2008; Yang et al., 1997).

In turn, caspase-9 is activated by high glutamate levels, as occurs during ischemia (Li et al., 2009).
As reported in the literature, activation of mTOR, which has multiple roles in cells among which
local protein synthesis at the dendritic and spine level (Frey and Morris, 1997; Thoreen et al., 2012;
Tsokas et al., 2007) can be modified in ischemic conditions (Dennis et al., 2001; Laplante and
Sabatini, 2012). As already reported (Gegelashvili et al., 2001; Maragakis and Rothstein, 2004), the
decrease of mTOR activation may be secondary to the excitotoxic mechanisms evoked by massive
increase of glutamate during OGD, which is known to be an important component of neuronal injury
in vitro (Newell et al., 1995). The participation of decreased mTOR activation in OGD-induced
neuronal damage is supported by our results showing decreased activation of mMTOR both in the cell
body and dendrites of CAL neurons 3 h after the end of OGD. Within the limits of the in vitro model
and the alteration of the neurovascular unit and of neuro glia interplay, we found interesting effects
on astrocytic responses. Indeed, astrocytes proliferation, possibly caused, among other stimuli, by
increased release of glutamate, is one of the early events that takes place after acute focal CNS
damage (Burda and Sofroniew, 2014). In accordance to our previous results (Pugliese et al., 2009),
we found evidence of significant, although limited, astrocytic proliferation in CAL stratum radiatum
already 3 h after the end of OGD, possibly caused by increased glutamate release. AsAR antagonism
significantly prevented all the above neuronal and astrocytic modifications, sparing neurons from the
degenerative effects caused by the simil-ischemic conditions, and reducing astrocytes proliferation.
CAL pyramidal neurons treated with the A;sAR antagonists had a similar morphology to those of
control slices, had neither increased nor decreased nuclear density, did not undergo apoptosis, and
had activated mTOR levels similar to those of controls.

The similar effects obtained using two different AsAR antagonists strengthen the hypothesis that
the Azs receptor is involved in the mechanisms of cerebral ischemia. Nevertheless, MRS1754 seems
to have lower efficiency than PSB603 on some of the parameters investigated. It is possible that the
two drugs act with a different time-course or that PSB603 is more efficacious than MRS1754 in this
model. In summary, our data demonstrate that antagonists of adenosine AsAR protect the CAl area
of the hippocampus from an acute damage induced by severe hypoxic/ischemic conditions. The
mechanism likely resides in protection from the acute increase of glutamate extracellular
concentrations and consequent excitotoxicity. It is worth noticing that since A2sARs have low affinity
for the endogenous ligand adenosine, they are activated only at high extracellular adenosine
concentrations that can be reached under pathological conditions such as ischemia, thus representing

a selective target (Popoli and Pepponi, 2012).
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Chapter 2: Role of A;gAR on CA1 hippocampal transmission and paired pulse facilitation

Functional characterization of a novel adenosine A;sR agonist, P453, by paired pulse

facilitation at Schaffer collateral-CA1l synapses.
2. Results

2.1 Adenosine AzsAR stimulation reduced paired-pulse facilitation (PPF) in acute rat hippocampal

slices.

Previous work on A;sARs demonstrated that their activation inhibits PPF evoked at Schaffer
collateral synapses in the mouse CAL hippocampus (Gongalves et al., 2015). We recently confirmed
these data by applying the prototypical A;sAR agonist BAY606583 (200 nM) on rat hippocampal
slices. In the present work we functionally characterized the newly synthesized AzgAR agonist P453
(50 nM) (see Betti et al., 2018) by comparing their effects with that of BAY606583 (200 nM) in the
same experimental protocol, i.e. PPF in acute rat hippocampal slices. All compounds were applied
either under basal Schaffer collateral fibre stimulation (once every 15 s) or during PPF protocol
(experimental procedure shown in Figure 15A, see pag. 58 in Materials and methods). As shown in
Figure 47, none of the A2sAR agonists affected basal synaptic transmission. At variance, when tested

on PPF protocol, all compounds reduced PPF.
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Figure 47: Selective AsAR activation does not affect basal synaptic neurotransmission in the CAL
hippocampus. (A) Averaged time course of fEPSP slope measured during Schaffer collaterals stimulation in
conditions of basal synaptic neurotransmission (BSN), evoked once every 15 s, before and during P453 (50
nM, n=10) application. (B) Pooled data of fEPSP slope, measured 5 min before and during the last 5 min of a
20 min application of the A2sAR agonists P453 (50 nM: left panel) or BAY606583 (200 nM: right panel). No
significant difference was found in fEPSP slope measured in the absence or presence of either of the AsAR
agonists when basal synaptic activity was evoked once every 15 s. Paired Student’s t-test.
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Indeed, 50 nM P453 significantly decreased P2/P1 ratio of fEPSP slope measured at the end of a 20
min application vs respective pre-drug, baseline, values in 9 slices tested (Figure 48A1 and 48B2).
This effect was prevented when P453 was applied in the presence of either of the two selective AR
antagonists PSB603 (50 nM: Figure 48A2 and 48B3) or MRS1754 (500 nM: Figure 48B4), thus
confirming a receptor mediated effect. Since previous data showed that A2sAR -dependent reduction
of PPF at CA1 synapses depends upon inhibition of adenosine Ai1AR inhibitory control of glutamate
release (Fusco et al., 2018; Goncalves et al., 2015), we tested whether P453-mediated effect was
sensitive to the selective A1AR antagonist DPCPX. As shown in Figure 48B5, DPCPX (100 nM)

blocked the decrease in PPF upon P453 application.
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Figure 48: The newly synthesized A;AR agonist P453 reduces paired-pulse facilitation in acute rat
hippocampal slices. (A) Representative traces of fEPSP responses evoked by a paired-pulse facilitation (PPF)
protocol (40-ms interval) in two typical hippocampal slice where the A;s AR agonist P453 (50 nM) was applied
in the absence (A1) or in the presence (A2) of the A2sAR antagonist PSB603 (PSB: 50 nM). (B) Each graph
shows PPF quantified as the ratio (P2/P1) between the slope of the second fEPSP (P2) and the first fEPSP (P1)
in different experimental conditions. B1: before (control: ctrl) or after the application of BAY 606583 (200 nM:
n = 8), *P = 0.0138, paired Student’s t-test. B2: before (control: ctrl) or after P453 (50 nM) application in the
absence (n = 9) or in the presence of 50 nM PSB (B3: n = 8), 500 nM MRS1754 (MRS, n=7) or 100 nM
DPCPX (B5, n=5). Note that the decrease of P1/P2 ratio induced by P453 (*P = 0.0121, paired Student’s t-
test) is prevented in the presence of either of the AsAR antagonists PSB or MRS and also by the AjAR

antagonist DPCPX.
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2.2 Discussion

Present results confirm previous observations (Gongalves et al., 2015; Fusco et al., 2018) that
selective A2sAR stimulation tested in the short term synaptic plasticity paradigm, of PPF, causes a
reduction in the P2/P1 ratio of fEPSP slope at mouse Schaffer collateral-CA1 synapses when
stimulated by a paired pulse protocol. Furthermore, we provide first evidence about the functional
effect of the newly synthesized AzsAR agonist, P453, on PPF, at Schaffer collaterals-CAL synapses.
The compound mimicked BAY606583 in inhibiting PPF at Schaffer collateral-CA1 synapses and
the effect was sensitive to the AzsR antagonists PSB603 and MRS1754 and also to the AjAR
antagonist DPCPX, as already described for BAY606583 (Fusco et al., 2018; Gongalves et al., 2015).
It is well known that a reduction in PPF reflects an increase in quantal release of glutamate at
presynaptic level (Debanne et al., 1996). Our results are in agreement with evidence demonstrating
that Gs-coupled receptors, as the A2sAR subtype, promote glutamatergic neurotransmission at CA1
synapses. As an example, the adenosine A»AR, also coupled to Gs proteins, shares with AsARS
the inhibitory effect on PPF at Schaffer collaterals (Lopes et al., 2002). This effect can be explained
by Ca?* channel inhibition upon Gs coupled receptor activation (Rosenthal et al., 1988), and in
particular upon AzsAR activation. Not surprisingly, none of the A2sAR agonists tested influenced
basal synaptic transmission evoked in the CA1 area by Schaffer collateral fibres stimulation, in line
with previous works (Gongalves et al., 2015).

PPF is a model of short-term synaptic plasticity related to pre-synaptic function known to participate
to a number of cognitive processes, from information transfer to neural processing. The interaction
between facilitation and feed-forward inhibition may play a fundamental role in encoding spatial
information in the hippocampus. Facilitation is also proposed to play a critical role in working
memory, involving the short-term storage of information for subsequent manipulation and decision-
making (Bueno-Junior and Leite, 2018). Our results suggest a fine-tuning role of synaptic AzsAR
activation on the short term synaptic plasticity phenomena in the CA1 hippocampus.

Due to their low affinity for the endogenous ligand, A2sARs are expected to be of relevance during
pathological conditions affecting the CNS, such as acute brain trauma, ischemic insults or
neurodegeneration when a massive release of adenosine occurs and modulation of glutamate release

is relevant in mechanisms of neurodegeneration and cognition.
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Chapter 3: Role of Az AR on cell differentiation in cultured OPCs by modulating SphK1 signaling
pathway.

AzeAR activation reduces outward K* currents and cell differentiation in cultured OPCs by

modulating SphK1 signaling pathway.

3. Results

3.1 Selective A2sAR stimulation inhibits outward K* currents in cultured OPCs.

The electrophysiological study was performed on 165 cells showing, on average, aVmof52.8 £ 1.1
mV, a Cm of 6.3 + 0.2 pF of and a Rm of 845.7 + 97.2 MQ. All experiments were performed in the
continuous presence of the A1, Aza and AsAR antagonists DPCPX, SCH58261 and MRS1523,
respectively (all 100 nM).

In a first set of experiments we applied a voltage ramp protocol (from -120 to +80 mV, 800 ms
duration: inset of Figure 49A) in cultured OPCs, in the absence or presence of the selective AsAR
agonist BAY606583 (10 uM), in order to investigate whether this receptor modulates voltage-
dependent currents in cultured OPC cells. As shown in Figure 49A, the compound reversibly
inhibited ramp-evoked outward currents in a typical OPC cell. BAY606583-sensitive current,
obtained in the same cell by subtraction of the ramp recorded in the presence of the AsAR agonist
from the control ramp, is a voltage-dependent outward conductance with an activation voltage around
-20 mV (Figure 49B). The maximal effect of BAY 606583 was reached within 5 min of application
(inset of Figure 49A) and was statistically significant in 51 cells investigated (Figure 49C inset: from
227.8 +28.1 pA/pF in control to 135.2 + 22.2 pA/pF in 10 uM BAY606583 at +80 mV, ***P<0.001,
paired Student’s t-test, 41.9 + 2.8% current inhibition in BAY606583).

Outward currents evoked by the voltage ramp protocol were absent when extra- and intra-cellular K*
ions were replaced by equimolar Cs* (Figure 49D). Furthermore, under these experimental condition,
the effect of BAY606583 was blocked (Figure 49D: current amplitude at +80 mV was 27.3 + 2.4
pA/pF in control and 24.5 + 3.1 pA/pF in 10 uM BAY 606583, P>0.05, paired Student’s t-test, n=3)
demonstrating that ramp-evoked outward currents inhibited by BAY606583 are carried by K* ions.
In accordance with K* current inhibition, OPCs depolarized by 9.8 + 1.8 mV in the presence of 10
MM BAY606583, as reported in Table 7. This membrane potential depolarization (from -53.8 + 1.8
to -44.0 + 2.3 mV) was statistically significant in the 51 cells investigated (from -53.8 £ 1.8 to -44.0
+ 2.3 mV, P<0.0001, paired Student’s t-test).

The effect of BAY606583 on outward K* currents was concentration-dependent, with an ECso = 0.6
UM (Figure 49E: confidence limits: 0.04 — 9.4 uM), and prevented by the selective AsAR antagonist
MRS1706 (Figure 49F). In accordance, BAY606583-mediated VVm depolarization was prevented in
the presence of MRS1706 (Table 7).
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Table 7.

Vm (mV) n
Ctrl -53.8+1.8 51
10 uM BAY -44.0 + 2.3 *Fx* 51
Ctrl -549+29 23
50 nM P453 -43.0+£4.1** 23
1706 -51.7+8.3 7
1706 + 10 uM BAY -50.3+ 6.7 ** 7

Table 7. Effect of selective A,sAR stimulation on membrane potential (Vm) in cultured OPCs. ctrl: control;
BAY: BAY606583 (10 uM); P453 (50 nM); 1706: MRS1706 (10 uM). Vm was calculated as the “zero current
potential” during each ramp episode before and after drug application. Ctrl Vm value was measured as the
“zero current potential” or ramps recorded during the last min preceding drug application. Vm values in the
presence of AsAR agonists were the measured between 4 and 5 min of drug application. **P=0.0011,
****P<(.0001 vs ctrl, paired Student’s t-test.

Surprisingly, other two highly selective and widely used A;sAR antagonists, PSB603 and MRS1754,
were ineffective in preventing BAY606583-induced inhibition of outward K* currents in OPCs up

to supramaximal concentration (10 puM: see Table 8).

Table 8.
n current at +80 current at +80 BAY-inhibited % inhibited

mV (pA/pF) in mV (pA/pF) in | currentat +80 mV | current at

control BAY (pA/pF) +80 mV

1 uM BAY 16 227.0+34.7 161.1 + 24.8** 65.9 £ 20.5 25841
+1uM PSB 3 367.7+19.6 257.3+6.7* 110.5+£26.3 35.5+£5.7
+ 500 nM 1754 3 352.5+ 98.5 166.5 £ 57.9* 186.0 £52.0 355+8.1
10 uM BAY 51 227.8+28.1 135.2 £ 22.2%** 92.6 £10.3 41.9+28
+ 10 uM PSB 6 217.8+26.2 154.6 £ 34.2* 63.2 £ 26.5 30.4+£10.8
+ 10 uM 1754 7 2285+39.1 152.3 £ 33.3* 76.2 £ 25.6 32.0+10.8
+ 1 uM 1706 5 206.6 = 39.6 166.2 £ 52.6 404 +£195 24.7+12.9
+10 uM 1706 5 200.8 + 11.7 2042 +19.1 B34+17.7# 0.1+73#

Table 8. Effect of different A2sAR antagonists on BAY606583-mediated inhibition of ramp K* currents in
cultured OPCs. BAY: BAY606583; PSB: PSB603; 1754: MRS1754; 1706: MRS1706. BAY -inhibited current
at +80 mV was measured as the subtraction of current density value recorded at +80 mV in each cell in the
presence of BAY from the control value at +80 mV. *P<0.05; **P<0.01 ***P<(0.001 vs current at +80 mV
(pA/pF) in control, Paired Student’s t-test; “P<0.05 vs BAY 10 uM alone, One-way ANOVA, Bonferroni post-
test.
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We further investigated which subtype of K* currents were targeted by A,sAR modulation. OPCs
are known to express different kinds of K* currents, depending upon the step of differentiation. When
studied in to-ts OPCs, two distinct types of K* currents were observed: sustained, delayed rectifying,
Ik currents and transient, rapidly inactivating, Ia conductances (Knutson et al., 1997; Sontheimer and
Kettenmann, 1988). We applied a voltage-step protocol (from -40 to +80 mV, 200 ms step duration,
Vh=-80 mV: inset of Figure 49G) in order to activate either peak | or steady-state Ik currents, in the
absence or presence of 10 uM BAY606583. As shown in Figure 49G, both subtypes of K* currents
were inhibited in the presence of the A;sAR agonist, with a significant decrease of current density
observed starting from the 0 mV step (P<0.05 , paired Student’s t-test) in 16 cells investigated.
Above data were obtained in OPC cultures from tO to t6, which correspond to the period in which
most cells are immature NG2* OPCs mainly expressing outward rectifying K* channels (Coppi et al.,
2013a, 2013b). We also tested BAY 606583 effects in mature OLGs, grown in differentiating medium
up to 15 days (from ti, to tis). At this stage, as we previously shown (Coppi et al., 2013a, 2013b),
oligodendroglial cultures are mostly composed by highly ramified, Mbp* and MAG*
oligodendrocytes characterized by the appearance, at electrophysiological level, of inwardly
rectifying Kir channels, in accordance with previous data (Attali et al., 1997; Gallo et al., 1996;
Knutson et al., 1997; Sontheimer and Kettenmann, 1988).
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Figure 49: The A2sAR agonist BAY606583 inhibits Ik and 1a outward K* currents in cultured OPCs. A.
Original whole-cell patch clamp current traces activated by a voltage ramp protocol (from -120 to +80 mV,
800 ms) in a typical OPC before (ctrl) and after BAY606583 (BAY: 10 uM) application (3 min). Inset: time
course of ramp-evoked currents at +80 mV in same cell. B. Net BAY606583 inhibited current, obtained by
subtraction of the trace recorded in BAY from the control ramp, in the same cell. C. Averaged ramp-evoked
currents, and pooled data at +80 mV, recorded in the absence (filled circles and columns) or presence (open
circles and columns) of 10 pM BAY in 51 cells investigated. ***P<0.001, paired Student’s t-test. D. Averaged
ramp-evoked currents and pooled data at +80 mV, recorded in the absence (filled circles and columns) or
presence (open circles and columns) of 10 uM BAY in Cs*-replacement experiments (n=3). E. Concentration-
response curve of BAY-mediated inhibition of ramp-evoked outward K* currents measured at +80 mV in
cultured OPCs. ECsp = 0.6 UM, confidence limits = 0.04 — 9.4 uM. At least n=5 for each experimental group.
F. Pooled data of BAY606583-sensitive currents measured at +80 mV in the presence of different agonist
concentrations or during co-application with the A;sAR antagonist MRS1706 (MRS: 10 uM). *P<0.05 vs 0.1
UM BAY606583; 5P<0.01 vs 10 UM BAY 606583, One-way ANOV A, Bonferroni post-hoc test . G. Left panel:
original current traces evoked by a voltage-step protocol (from -40 to +80 mV, pre-step -80 mV; 200 ms: upper
panel) in a representative cell before (black trace) or after (grey trace) the application of 10 uM BAY 606583.
Right panel: net BAY -sensitive current, obtained by subtraction of the trace recorded in BAY from the control
ramp in the same cell. H-1: Averaged current-to-voltage relationship (I-V plot) of peak, transient, 1a currents
(H) or steady-state, sustained, I currents (I) recorded in the absence (filled circles) or in the presence (open
circles) of 10 uM BAY606583 in 16 cells investigated. *P<0.05; **P<0.01 paired Student’s t-test.

As shown in Figure 49A,B, BAY606583 still inhibited outward K* currents in mature OLGs at t12
- 115. The effect was significant in 5 cells tested (Figure 50C: from 208.3 + 15.9 t0 98.4 + 14.2 pA/pF,
P=0.0278 paired Student’s t-test) and presented a concentration-dependence similar to what observed
in immature OPCs (Figure 50D-F: ECso= 2.1 uM, confidence limits: 0.2 — 2.4 uM).
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Figure 50: The Ags agonist BAY606583 inhibits Ik and 1a outward K* currents in mature OLGs. All
experiments were performed in the presence of the A;, A>a and AsAR antagonists DPCPX, SCH58261 and
MRS1523, respectively (all 100 nM). A. Original whole-cell patch clamp current traces activated by a voltage
ramp protocol (from -120 to +80 mV, 800 ms) in a typical OLG before (ctrl) and after BAY606583 (BAY: 1-
10-30 uM) application (3 min). Inset: time course of ramp-evoked currents at +80 mV in same cell. B. Net

105



Results and Discussions

BAY606583-sensitive current, obtained by subtraction of the trace recorded in 10 uM BAY from the control
ramp, in the same cell. C. Averaged ramp-evoked currents, and pooled data at +80 mV, recorded in the absence
(filled circles and columns) or presence (open circles and columns) of 10 uM BAY in 5 cells investigated.
*P<0.05, paired Student’s t-test. D. Averaged BAY606583-inhibited currents, recorded in the presence of
distinct agonist concentrations, in mature OLGs. At least n=4 in each experimental group. E. Pooled data of
BAY606583-sensitive currents measured at +80 mV in the presence of different agonist concentrations. F.
Concentration-response curve of BAY-mediated inhibition of ramp-evoked outward K* currents measured at
+80 mV in mature OLGs. ECs = 2.1 uM, confidence limits = 0.02 — 2.4 uM.

The same inhibition of outward K* currents observed in the presence of the prototypical A;sAR
agonist BAY606583 was observed in the presence of two newly synthesized, highly selective,
A2sAR agonists: P453 and P517 (Betti et al., 2018). As shown in Figure 51A, P453 at a concentration
of 50 nM significantly inhibited total outward currents evoked by the ramp protocol in 23 OPCs
tested. According to BAY 606583, also P453 significantly depolarized cell membrane, as reported in
Table 7 (11.7 + 3.0 mV depolarization in 50 nM P453, n=23). The effect was concentration dependent
(Figure 51B), blocked by the AzzAR antagonist MRS1706 (Figure 51B) and prevented by Cs*-
replacement of K* ions (Figure 51C), thus confirming that AsAR activation inhibits outward K*
currents in isolated OPCs. Similarly, P517 inhibited ramp-evoked outward K* currents (Figure 51D)
and the effect was maximal at 10 uM concentration (Figure 51E). Of note, the current-to voltage (I-
V) relationship of A2sAR -inhibited currents (Figure 51F) and the time course of K* current inhibition
at +80 mV (Figure 51H) were very similar among all the three agonists (BAY606583, P453 and
P517) suggesting that the compounds, were able to activate the same receptor subtype. Furthermore,
according to BAY606583, both P453 and P517 inhibited either Ia or Ik currents (Figure 51G and
51H).
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Figure 51: The effect of the prototypical, A;sAR agonist BAY606583 on Ik and | currents is mimicked by
other two, newly synthetized, A,s AR agonists P453 and P517. All experiments were performed in the presence
of the A1, Az and AzAR antagonists DPCPX, SCH58261 and MRS1523, respectively (all 100 nM). A and D.
Averaged ramp-evoked currents recorded in the absence (filled circles and columns) or presence (open circles
and columns) of the newly synthetized , A2sAR agonists P453 (50 nM: A) or P517 (10 uM: D) in cultured
OPCs. *P<0.05; **P<0.01 paired Student’s t-test. B and E. Pooled data of P453- (B) or P517- (E) sensitive
currents evoked by the voltage ramp and measured at +80 mV in different experimental groups. C. Averaged
ramp-evoked currents, and pooled data at +80 mV, recorded in the absence (filled circles and columns) or
presence (open circles and columns) of the A;sAR agonist P453 in Cs*-replacement experiments (n=3). F. Net
Age-sensitive currents, obtained by subtraction of the trace recorded in the presence of agonist from the
respective control ramp, in different experimental groups. Note that no Azg-sensitive current is recorded when
P453 is co-applied with the A,gAR antagonist MRS1706 (MRS: 10 uM). G. Left panels: original current traces
evoked by a voltage-step protocol (from -40 to +80 mV, pre-step -80 mV; 200 ms) in a representative cell
before (left panels) and after (right panels) the application of P453 (50 nM) or P517 (10 uM). H. Averaged
time course of ramp-evoked current at +80 mV recorded in the absence or presence of different AsAR
antagonists.

As a final proof of AsAR -mediated functional role on cultured OPCs, we tested the effects on
outward K* currents of the unselective P1 adenosine receptor agonist NECA, applied, as in the case
of all other A,sAR agonists, in the continuous presence of the A1, A2a and AsAR antagonists DPCPX,
SCH58261 and MRS1523, respectively (as in all other experimental groups). As shown in Figure 52
(panels A and B), in a representative cell, NECA (100 pM) mimicked BAY606583-mediated
inhibition of outward ramp-evoked K* currents. The effect was significant in 5 cells tested (Figure
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52C: **P<0.01, paired Student’s t-test), it was prevented by the selective AsAR agonist PSB603
(10 pM: Figure 52D,E) and was concentration-dependent, with an ECs0=1.9 uM (confidence limits:
0.4-9.0 uM).

In order to confirm the involvement of 1a and Ik current in the A2sAR -mediated effect, we applied
BAY606583 in the presence of a combination of the K* channel blockers 4-AP (500 uM) and TEA
(3 mM), respectively (Gutman et al., 2005). We have previously shown that, in cultured OPCs, 3
mM TEA primarily inhibits delayed rectifier Ik currents whereas 500 uM 4-AP is a selective blocker
of transient la conductances (Coppi et al., 2013a, 2013b). As shown in Figure 52, only a co-
application of both compounds was able to counteract BAY606583-mediated effect (Figure 53C),
thus confirming an Azs-mediated inhibition of Ik plus Ia conductances.

Concerning the intracellular mechanism by which the Gs-coupled AsAR mediates outward K*
current inhibition, we tested the hypothesis of intracellular cAMP being involved, in accordance with
previous data showing that increased levels of this intracellular metabolite decreases steady-state
outward K* conductances in ovine OPCs (Soliven et al., 1988).
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Figure 52: The effect of BAY606583 on Ik and 1 currents is mimicked by the unselective adenosine receptor
agonist NECA. All experiments were performed in the presence of the A1, A2a and AsAR antagonists DPCPX,
SCH58261 and MRS1523, respectively (all 100 nM). A. Original whole-cell patch clamp current traces
activated by a voltage ramp protocol (from -120 to +80 mV, 800 ms) in a typical OPC before (ctrl) and after
NECA (100 uM) application (5 min). Inset: time course of ramp-evoked currents at +80 mV in same cell. B.
Net NECA-inhibited current, obtained by subtraction of the trace recorded in NECA from the control ramp, in
the same cell. C. Pooled data of ramp current evoked at +80 mV in the absence (open bar) or presence (filled
bar) of 100 pM NECA in 5 cells tested. **P<0.01, paired Student’s t-test. D. Averaged NECA-inhibited
currents recorded in the absence (filled circles) or presence (open circles) of the A;sAR antagonist PSB603
(PSB, 10 uM) in 5 and 3 cells tested, respectively. E. Pooled data of NECA-inhibited currents measured at +80
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mV in different experimental groups. *P<0.05 vs 10 pM NECA; $P<0.05 vs 100 uM NECA, One-way
ANOVA, Bonferroni post-hoc test . At least n=3 for each experimental group. F. Concentration-response curve

of NECA-mediated inhibition of ramp-evoked outward K* currents measured at +80 mV in cultured OPCs.
ECso = 1.9 UM, confidence limits = 0.4 — 9.0 uM.

Similarly to what observed in the presence of the A;sAR agonist BAY 606583, the adenylyl cyclase
activator forskolin (FSK) concentration-dependently inhibited outward ramp-evoked K* currents in
cultured OPCs (Figure 53, D-F) with a 45.6 + 6.6% inhibition of ramp-evoked K* currents at the

maximal concentration tested (100 uM: Figure 53F). The effect was rapidly reversed after a few min
of drug washout (inset in Figure 53D).
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Figure 53: The effect of BAY606583 on I and 14 currents in OPCs is prevented by a combination of the K*
channel blockers TEA and 4-AP. All experiments were performed in the presence of the Ai, Axa and AsAR
antagonists DPCPX, SCH58261 and MRS1523, respectively (all 100 nM). A. Averaged time course of ramp-
evoked currents measured at +80 mV before and after the co-application of the K* channel blockers tetraethyl
ammonium (TEA: 3 mM) and 4-aminopyridine (4-AP: 500 uM) and during the subsequent application of 10
UM BAY606583 (BAY). B. Representative ramp current traces recorded in a typical OPC at significant time
points. C. Pooled data of BAY -sensitive currents measured at +80 mV in control conditions, in the presence of
TEA alone or in TEA + 4-AP. **P<0.01, One-way ANOVA, Bonferroni post-hoc test; at least n=4 in each
experimental group. D. Original ramp current traces recorded in a typical OPC before (ctrl) and after forskolin
(FSK: 50-100 uM) application (6 min). Inset: time course of ramp-evoked currents at +80 mV in same cell. E.
Net 100 pM FSK- inhibited current, obtained by subtraction of the trace recorded in FSK from the control
ramp, in the same cell. F. Pooled data of averaged ramp-evoked current at +80 mV recorded in the absence or
presence of FSK in 4 cells tested. **P<0.01, One-way ANOVA, Bonferroni post-test.
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3.2 The AzAR activation stimulates SphK1 phosphorylation in cultured OPCs.

In the attempt to identify a putative cross-talk between A;sAR and SphK/S1P signalling pathway,
we studied whether an acute, 10 min, BAY 606583 application in purified OPC cultures, at the same
concentration found to inhibit K* currents (10 puM), could possibly affect the activation state of one
or both isoforms of SphK, SphK1 and SphK2, known to be expressed in oligodendroglial cells (Saini
et al., 2005). Since it has been previously demonstrated that SphK1 and 2 activation require
phosphorylation and then translocation to the plasma membrane, where the substrate is located (Hait
et al., 2007; Pitson et al., 2003), we analysed the phosphorylation of both enzymes after 10
BAY606583 challenge. Results presented here clearly show a significant increase in the
phosphorylation of SphK1, but not SphK2, as reported in Figure 54 (A and B), in cells exposed for
10 min to 10 uM BAY606583. Of note, the selective S1P; receptor agonist SEW2871 was without
effect no ramp-evoked K* currents, thus excluding the involvement of S1P; receptors in this effect
(data not show).
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Figure 54: The A2sAR agonist BAY606583 stimulates SphK1 phosphorilation in cultured OPCs. A. Western
Blot analysis of phospho-SphK1 (upper panel) and phospho-SphK2 (lower panel) in total cell lysates of OPC
cultures demonstrates that 10 min application of 10 uM BAY606583 in cultured OPCs enhances SphK1
phosphorylation. B. In the histogram, band intensity corresponds to the phosphorylated form of SphK1 or
SphK2 and is normalized to SphK1 or SphK2 total content. Data are mean+ SEM of three independent
experiments, -fold change over control, set as 1. Densitometric analyses are reported as fold change above
control (Ctrl).

3.3 SphK/S1P pathway interferes with A,sAR in modulating outward K* currents in cultured OPCs.

Based on the latest result, we next tested the hypothesis of a possible involvement of SphK1/S1P

pathway in A,gAR -mediated K* current inhibition. As shown in Figure 55A-C, the S1P analogue
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FTY720-P at a concentration of 1 uM, mimicked the A;sAR agonist BAY 606583 in inhibiting ramp-
evoked K* currents. The effect was significant in 8 cells tested (Figure 55C: from 210.8 £ 57.3 to
136.3 * 38.3 pA/pF, P=0.0014, paired Student’s t-test). Of note, when BAY606583 was challenged
in the presence of 1 UM FTY720-P, the effect of the A,sAR agonist was partially occluded (Figure
55A-C) as demonstrated by the fact that BAY606583-inhibited outward K* current was significantly
smaller in the presence of FTY720-P as compared to control (Figure 55J: BAY606583-inhibited
current was 78.4 £ 11.6 pA/pF in control conditions and 20.1 + 17.7 pA/pF in the presence of 1 uM
FTY720-P, P=0.0261, unpaired Student’s t-test; and Figure 55K).

On the contrary, a submaximal (10 nM) concentration of FTY720-P elicited the opposite effect on
ramp currents, i.e. an increase of outward K* conductances. Furthermore, it did not affect a
subsequent application of BAY606583 (Figure 55D-F). Indeed, BAY606583-mediated K* current
inhibition was not different in the absence or presence of 10 nM FTY720-P (Figure 55J,K). Finally,
the product of SphK activity, S1P, at a concentration of 1 uM significantly inhibited ramp currents
in cultured OPCs. However, the compound did not significantly affect BAY606583 -mediated
inhibition of K* currents (Figure 55G-K)
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Figure 55: Effects of fingolimod and S1P on AzgAR-mediated inhibition of K* currents in cultured OPCs. A.
All experiments were performed in the presence of the A1, Az and AsAR antagonists DPCPX, SCH58261 and
MRS1523, respectively (all 100 nM). Time course of ramp-evoked currents at +80 mV in a representative cell
where FTY720-P (FTY) was applied at high (1 pM) concentration before the superfusion of BAY606583
(BAY: 10 uM). B. Original ramp current traces recorded in the same cell at significant time points. C. Pooled
data of ramp-evoked currents measured at +80 mV in 6 cells tested. **P<0.01, paired Student’s t-test. D. Time
course of ramp-evoked currents at +80 mV in a representative cell where fingolimod-P or FTY720-P (FTY)
was applied at low (10 nM) concentration before the superfusion of BAY (10 uM). E. Original ramp current
traces recorded in the same cell at significant time points. F. Pooled data of ramp evoked currents measured at
+80 mV in 4 cells tested. *P<0.05, paired Student’s t-test. G. Time course of ramp-evoked currents at +80 mV
in a representative cell where S1P (1 pM) was applied before the superfusion of BAY (10 puM). E. Original
ramp current traces recorded in the same cell at significant time points. F. Pooled data of ramp-evoked currents
measured at +80 mV in 3 cells tested. *P<0.05, paired Student’s t-test. J. Pooled data of BAY -inhibited current
in different experimental groups. *P<0.05, unpaired Student’s t-test. K. Averaged BAY -inhibited currents in

different experimental groups.
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3.4 AsAR and SphK activation modulates oligodendrocyte maturation in vitro.

To study oligodendroglial cell maturation in vitro, OPC cells were lead to differentiate into mature
OLGs by growing for 3, 7 and 10 days in DM. As shown in figure 56A, a significant and time-
dependent increase in MAG and Mbp expression was found, compared to OPC (open bar), that was
maximal at 7 days (black bar). Moreover, we dissected the time-dependent expression of A2sAR in
OLG compared to control OPC and found out that the expression of the receptor increases by the
time of incubation with DM (Figure 56B). Interestingly, the expression of A:sAR was not affected
by FTY720-P treatment, whereas it was dramatically decreased by VPC96047 for 7 days in respect
to control untreated OLGs (7 days in DM, black bar). Since S1Ps displays a time-dependent
expression during OLG differentiation, we performed Real-Time PCR to measure S1Ps expression
at 3, 7 and 10 days, and confirmed previous results reporting an increase of the receptor during
differentiation from OPC towards OLG, turning to be the most expressed S1P receptor in mature
OLGs (Jung et al., 2007; Novgordov et al., 2007; Yu et al., 2004). Moreover, S1Ps mRNA levels
were not significantly changed after 7 day-treatment with FTY720-P nor VPC96047 (Figure 56C,
orange bar, purple bar).

We finally investigated the involvement of A;sAR agonists in oligodendroglial cell maturation in
vitro, alone or in combination with S1P analogues or SphK inhibitors. According to the results
reported in the figure 56, we selected 7 days of DM as the reference time to analyze OPC
differentiation under different conditions. The incubation in DM for 7 days in the presence of the
AzsAR agonist, BAY606583 (10 uM), dramatically reverted the increase of either MAG or Mbp
expression in OLG compared to OPC (Figure 56A, red bar compared to open bar), indicating that
AzsAR stimulation counteracts OPC maturation towards OLGs. The opposite effect was observed
when OPCs were grown in the presence of the pan SphK-inhibitor VPC96047 or the selective
SphK1-inhibitor VPC96091 (both at 500 nM, light grey, light green, respectively). In these two
experimental groups, a further increase in MAG and Mbp expression was observed in comparison to

7 day OLGs, thus indicating that SphK inhibition promotes OPC maturation.
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Figure 56: Time course of oligodendrocyte marker expression, AzgR and S1Ps during differentiation from
OPC to OL. A. Gene expression analysis of oligodendrocyte differentiation markers MAG and Mbp was
performed by Real Time-PCR in OPC and 3, 7 and 10 day-differentiation (OL 3d, 7d, 10d) employing specific
rat primers, as reported in Table 3 of materials and methods section, using SYBR green probe. Each
measurement was carried out in triplicate. The 2*(—AACT) method was applied as a comparative method of
quantification and data were normalized to P—actin expression. B. AgR expression, analyzed employing
specific rat primers and SYBR Green probe, was reported in OPC and after 3, 7, 10 days (3, t7, t10) of DM,
as 2"(-AACT) normalized to B—actin and compared to the control OPC. OL 7d were challenge with or without
1 M FTY720-P and 500 nM VPC96047 (FTY720-P 7d and VPC96047 7d). C. S1Ps receptor expression,
analyzed employing specific rat primers, was reported as 2*-AACT, normalized to B-actin. OL at t7 were
challenge with or without 1 pM FTY720-P and 500 nM VPC96047 (FTY720-P t7 and VPC96047 7).
Statistical analysis was performed using One-way ANOVA, followed by Bonferroni post-hoc test, *P<0.05,
**p<(.01, ***P<0.001.
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The S1P analogue FTY720-P, at a concentration of 1 uM, mimicked the effect of BAY606583 in
inhibiting oligodendroglial differentiation (Figure 57A, purple bar). Interestingly, the A;sAR agonist
BAY606583 prevented the positive effect on OPC maturation mediated by both SphK inhibitors,
VVPC96047 and VPC96091.
OLG differentiation was also significantly affected by P453 which significantly decreased both
MAG and Mbp expression after 7 day-treatment, even if to a lesser extent in respect to BAY606583,
and the effect was not reverted by VPC96047 (Figure 57A).
Data in literature showed that OLGs that hold a targeted deletion of S1P; did not show an obvious
clinical phenotype, but there were subtle abnormalities in myelin (Kim et al., 2011).
Interestingly, recent results demonstrated that S1P; deficiency caused delayed differentiation of
OPCs into OLGs at 3 weeks (Dukala and Soliven, 2016). For this reason, the employment of specific
S1P; agonist and antagonist, SEW2871 and W146, respectively, was exploited to analyze the
contribution of S1P; on BAY606583-induced OLG differentiation. As reported in figure 57B and C,
the stimulation with 1 pM SEW2871 did not exert any significant effect of OLG differentiation
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marker expression, nor 10 uM W146 treatment. Moreover, in agreement with electrophysiological
data, MAG and Mbp expression after BAY606583 stimulation was not significantly affected by
W146, ruling out a role for S1P; in BAY606583 inhibition of oligodendrocyte differentiation.
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Figure 57: A;AR- and SphK/S1P mediated effects on oligodendrocyte differentiation in vitro. A. A. Gene
expression analysis of oligodendrocyte differentiation markers MAG and Mbp by Realtime-PCR in OPC and
after 7 days of DM (t7 OL) in the absence or presence of: BAY606583 (10 uM), VPC96047 (500 nM);
VPC96091 (500 nM); FTY720-P (1 uM). The quantification of MAG and Mbp mRNA was performed by
Real-Time PCR employing specific primers as reported in materials and methods section using SYBR green
probe. Each measurement was carried out in triplicate. The 2*(—~AACT) method was applied as a comparative
method of quantification and data were normalized to f—actin expression. B. Gene expression analysis of
oligodendrocyte differentiation markers MAG and Mbp by Realtime-PCR in OPC and after 7 days of DM (OL
7d) in the absence or presence of: BAY 606583 (10 uM), SEW2871 (1 uM), W146 (10 uM). The quantification

of MAG and Mbp mRNA was performed by Real-Time PCR as described above.

Statistical analysis was performed by One-way ANOVA followed by Bonferroni post-hoc test, at least n=3

independent experiments.*P<0.05; **P<0.01; ***P<0.001.
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3.5 Discussion

The present work provides the first description of a role of AzgsARs in oligodendroglial cell cultures.
We demonstrate here that the selective A2sAR activation inhibits outward Ik and Ia currents in
cultured OPCs and delays cell differentiation into mature, myelin producing, oligodendrocytes in
vitro.

Adenosine is known to participate to a number of OPC functions, from cell migration to myelin
production (Coppi et al., 2015; Fields and Stevens-Graham, 2002). Our group recently contributed
to address this issue by demonstrating that A;aAR stimulation counteracts oligodendriglial cell
differentiation in vitro by inhibiting outward sustained Ik currents in cultured OPCs, which are known
to be necessary to OPC differentiation (Gallo et al., 1996). In the present work, we demonstrate that
similar effects are achieved upon selective A;sAR stimulation. However, differently from AzaARS,
AzsAR activation not only inhibits Ik conductances but also I transient currents. As we previously
shown (Coppi et al., 2013a, 2013b), a close correlation between cell differentiation and the
expression of distinct voltage-dependent currents exists in purified primary OPCs, in accordance
with various investigators (Attali et al., 1997; Barres et al., 1990; Knutson et al., 1997; Soliven et
al., 1989; Sontheimer et al., 1989; Williamson et al., 1997). For these reasons AzzAR, which are
found to inhibit Ik and Ia currents in cultured OPC, could potentially modulate OPC differentiation.
In line with this hypothesis, and similarly to A2aAR activation, BAY606583 inhibited in vitro OPC
differentiation when added for 7 days in the culture medium of these cells.

K* current inhibition in cultured OPCs was obtained by using four different A;sAR ligands: the
prototypical, commercially available, A2sAR -selective agonist BAY 606583 (10 uM), two recently
synthetized A2sAR -selective agonists (described in Betti et al., 2018): P453 (500 nM) and P517 (10
MM) and, lastly, the unselective P1 agonist NECA. All compounds were applied in the continuous
presence of saturating concentrations of A1, A2a and AsAR antagonists. On these basis, we claim that
the electrophysiological effect observed in the presence of the above mentioned compounds are
AzAR -mediated, even if, surprisingly, only one (MRS1706) out of three A;sAR antagonists tested
(PSB603, MRS1754 and MRS1706) was able to counteract BAY06583-or P453-mediated K* current
inhibition. Of note, the prototypical, highly selective, AsAR antagonist PSB603 definitely blocked
A:AR -mediated effects only when NECA was used as an agonist, suggesting different sensitivity
of A,eARs to this antagonist (i.e. different receptor conformations) depending upon the agonist used,
at least in OPC cells (Welsh and Kucenas, 2018). We argue that a possible explanation for this
phenomenon could be due to a species-specific conformation assumed by the rat A,sAR upon
binding of BAY606583, or BAY606583-derived compounds, which is insensitive to PSB603
antagonism. In fact, most data in the literature about A, AR pharmacology were obtained in mouse
and/or human cloned A2sAR isoforms. A paucity of knowledge is available to date about rat A;sAR

pharmacological profile, in particular in oligodendroglial cells. Another point which is at odds with
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previously reported AzsAR-related pharmacology is the unexpectedly high concentration of
BAY606583 (10 uM) required in the present work to achieve a maximal inhibition of K* currents in
OPCs (ECsp = 0.6 uM). It is reported in the literature that the affinity of BAY606583 to the AsAR
subtype lays in the low nanomolar range. Nevertheless, this is the first time that this compound was
tested in purified rat OPC cultures. So, the discrepancy could be due to species-specific, or cell-
specific, differences. We also investigated the intracellular pathway by which A2sARs modulate K*
currents in cultured OPCs. In keeping with our previous data showing that the Gs-coupled A22AR
decreases (Coppi et al., 2013a), whereas the Gi-coupled GPR17 receptor increases (Coppi et al.,
2013b), outward ramp-evoked K* currents in purified OPC cultures, we tested the hypothesis of
intracellular cAMP being involved in the effect. As expected, a direct activation of adenylyl cyclase
by forskolin decreased ramp-evoked K* current amplitude, demonstrating that cAMP is at least one
of the intracellular signaling pathways involved in A;»AR -mediated electrophysiological effect in
OPCs.

Furthermore, an increase in intracellular cAMP level could be responsible also for the inhibition of
oligodendroglial maturation observed in the present work upon A;sAR activation, since previous
observations show that forskolin, acting on adenylate cyclase and thereby increasing cAMP, inhibits
in vitro myelination (Vartanian et al., 1986).

SphK/S1P signaling pathway is known to be a pleiotropic mechanism in modulating a variety of cell
functions, also in the oligodendroglial lineage. We provide here the first demonstration of an
interplay between SphK and A2sAR activation since an acute application of the A>sAR agonist
BAY606583 promotes SphK1 phosphorilation. The effect was specific on this enzyme isoform
because no differences were found in the phosphorylated form of SphK2.

In keeping with above data, we focused on elucidating the functional role of SphK1- A;sAR
interaction by investigating whether the effects observed upon A;sAR activation in OPCs, i.e. K*
block and inhibition of cell maturation, were affected by SphK or S1PR ligands. We found that the
two SphK inhibitors tested, VPC96047 (which affect both SphK1 and 2) and VPC96091 (that
selectively inhibits SphK1), prompted OPC development into myelin-producing cells, because an
increase of MAG and Mbp expression in t7 oligodendroglial cultures was observed in the presence
of both compounds. Of note, the effect of unselective SphK inhibitor VPC96047, which prevents
both SphK1 and SphK2 activation, was much more pronounced that that obtained in the presence of
selective SphK1 inhibitor VPC96091, indicating an involvement of both enzyme isoforms in OPC
maturation. This result is in accordance with previous works demonstrating that most of the
mitogenic effect of PDGF on OPCs is indeed mediated by SphK activity (Soliven et al., 2003). Of
note, BAY606583 co-applied with either of the two SphK inhibitors,  prevented their pro-
differentiating effect, confirming the existence of a cross-talk between the two pathways.
Furthermore, FTY720-P, administered before BAY606583, mimics and partially occludes the effects
of subsequent AzsR agonist application. This confirms that the two pathways, SphK1 and AzsARS,

converge on the same intracellular signaling cascade. It is worth noticing that FTY720-P, when
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applied at low nanomolar (10 nM) concentration, elicited the opposite effect compared to that
observed at higher, 1 M, concentrations. This is also in accordance with Jung and collaborators who
demonstrated that high (1 uM) and low (10 pM) doses of FTY720-P mediate opposite effects in rat
OPC cultures (Jung et al., 2007).

Unfortunately, at present, we do not have a valid candidate, among S1PRs, accounting for this
interaction. We can only rule out the involvement of S1P1 subtype since neither selective agonism
nor antagonism was found to counteract A2sAR agonist effects on K* current or cell differentiation.
An additional proof that AsARs are critical modulators of OPC maturation resides in the fact that
this receptor subtype is clearly upregulated during cell differentiation, an effect that is completely
prevented when cell differentiation is induced by VPC96047. This data suggests that A;AR
overexpression is necessary to OPC development. S1Ps receptor is also overexpressed during
oligodendrogliogenesis but, differently from AzsAR, its upregulation is not modified when OPC
development is prevented by VPC96047, indicating that S1Ps upregulation is not sufficient to
produce OPC differentiation.

FTY720 is the first oral MS disease therapeutic agent and the first human medicine to be approved
that targets S1PRs. Emerging evidence from preclinical studies demonstrate that mechanisms
independent of peripheral immune effects contribute significantly to the efficacy of FTY720 in
models of MS. Indeed, FTY720, which is lipophilic, is able to cross the blood—brain barrier into the
CNS and after its conversion by SphK2, FTY720-P has been detected in the cerebrospinal fluid at
subnanomolar levels (Foster et al., 2007). In addition, recent data using neural lineages from
conditional S1P; knockout demonstrated a crucial action of FTY720 in reducing the severity of an
animal model of MS, EAE. Results from in vitro studies have shown that the effects of FTY720-P
on cultured oligodendrocyte lineage cells are affected by developmental stage, treatment dose, and
duration (Novgorodov et al., 2007; Miron et al., 2008). Cultured rodent OPC treated with FTY720
are protected from apoptosis induced by inflammatory cytokines and microglial activation (Coelho
et al., 2007). The differentiation of OPC in our model is reduced after the treatment with high
(microM) concentration of FTY720-P in agreement with previous results obtained in rat cultured
OPC whose differentiation was stimulated by FTY720 at low nanomolar doses (Jung et al., 2007),
but was inhibited at higher concentrations (Miron et al., 2008, Coelho et al., 2007). Similarly, the
effects of FTY720 on process dynamics in mature oligodendrocytes depended on both concentration
and treatment duration (Miron et al., 2008). Interestingly, SphK inhibition potently reduced Azs
MRNA levels in OPC after seven day treatment, claiming a possible positive effect of the

sphingolipid on A;sAR expression.
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Chapter 4: Role of AzAR on dorsal root ganglia excitability

AsAR activation inhibits pro-nociceptive N-type Ca?* currents and cell excitability in dorsal

root ganglion neurons.

4, Results

4.1 Selective AsAR activation inhibits Ca®* currents in cultured rat DRG neurons.

The present research was performed on 178 DRG neurons presenting a mean Vm=-54.3 £ 1.5 mV,
a Rm=392 + 40.5 MQ and a Cm=26.6 + 0.8 pF, which correspond to a spherical-approximated cell
soma of 25 um (Hille, 2001).

As a first screening of putative AsAR-mediated effects on voltage-operated currents in DRG neurons,
we applied a voltage ramp protocol (from +80 to -120 mV, 800 ms duration: see inset of Figure 58A)
before, during and after the superfusion of the selective AsAR agonist Cl-IB-MECA (100 nM). As
shown in Figure 58A, the compound decreased overall outward currents evoked by the voltage ramp
protocol: the effect peaked within 5 min of application and was partially reversed after drug wash
out. Figure 58B shows that the net CI-IB-MECA-inhibited current was an outward current activated
at potentials positive to -30 mV. Ramp current inhibition measured at +80 mV in the presence of Cl-
IB-MECA was statistically significant in 14 cells investigated (Figure 58C,D: from 799.0 + 111.9
pA/pF in control to 617.2 £ 92.3 pA/pF in 100 nM CI-IB-MECA, P=0.0005, Paired Student’s t-test),
whereas no changes in inward ramp currents at -120 mV were detected (Figure 58C-D: from -46.6
10.7 pA/pF in control to -42.8 = 7.5 pA/pF in 100 nM CI-IB-MECA, P=0.3734, Paired Student’s t-
test). The effect of CI-IB-MECA was observed in all cells tested, in agreement with high levels of
AsAR expression in DRG homogenate as revealed by RT-PCR technique (Figure 581) and
immunocytochemical analysis (Figure 58J,K). The effect was concentration-dependent (Figure 58E),
with an ECs of 2.0 nM (confidence limits: from 1.2 to 3.2 nM; Figure 58F), and prevented by two
different AsAR antagonists: VUF5574 (100 nM) and MRS1523 (100 nM) (Figure 58G,H).
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Figure 58: Selective AsAR activation inhibits ramp-evoked outward currents in cultured rat
DRG neurons.

A. Left panel: original patch-clamp current traces recorded in a representative cell where a voltage ramp
protocol (+80/-120, 800 ms: right inset) was applied before (ctrl), during and after CI-IB-MECA (100 nM)
superfusion. Left inset: time course of ramp-evoked currents at +80 mV in the same cell. B. net CI-IB-MECA-
inhibited current, obtained by subtraction of the ramp recorded in CI-IB-MECA from the control ramp, in the
same cell. C-D. Averaged ramp traces (C), and pooled data at +80 and -120 mV (D), of ramp-evoked currents
measured in the absence or presence of CI-IB-MECA in 14 cells investigated. ***P=0,0005, Paired Student’s
t-test. E. Averaged Cl-1IB-MECA-inhibited currents in the presence of different agonist concentrations (0.1-
1000 nM; at least n=4 in each experimental condition). F. Concentration-response curve of CI-IB-MECA effect
on ramp currents measured at +80 mV (confidence limit: from 1.2 to 3.2 nM). G-H. Net CI-IB-MECA-(100
nM)-inhibited currents (G), and respective pooled data at + 80 mV (H) recorded in the absence or presence of
two different selective AsAR antagonists: VUF5574 (VUF: 100 nM) and MRS1523 (1523: 100 nM). One-way
ANOVA, Bonferroni post-test vs CL-IB-MECA. I. RT.PCR experiments demonstrated that AsAR-coding
MRNA is present in rat DRG homogenates. Data were normalized to AsAR expression in a brain tissue
homogenate, taken as positive control, and have been obtained in three independent experiments performed in
triplicate. J-K. 20X (J) and 40X (K) magnification of AsAR immunofluorescent labelling (green) of DRG
cultures. Cell nuclei were marked with DAPI (blue). Scale bar: 50 um.

Another AzAR agonist that is highly selective was tested: MRS5980, whose ECs is described in the
sub-nanomolar range (ECso= 0.7 £ 0.1 nM, Tosh et al., 2014). This compound (100 nM) also
concentration-dependently inhibited total outward currents evoked by the ramp protocol at +80 mV
in 7 cells investigated (Figure 59A-C), and the effect was prevented by the selective AsAR antagonist
MRS1523 (inset in Figure 59A).
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The effect of both AsAR agonists was shared by the endogenous ligand adenosine (30 uM: Figure
59D), which significantly decreased ramp currents at + 80 mV in 5 cells tested without modifying
the inward component (Figure 59E; n=5). Notably, the adenosine effect was significantly inhibited
by the AsAR antagonist VUF5574 (100 nM; n=6: Figure 59F; **P=0.0054, unpaired Student’s t-
test).
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Figure 59: The newly synthetized, highly selective, AsAR agonist MRS5980 and the endogenous
ligand adenosine mimic CI-IB-MECA effect in inhibiting ramp-evoked outward currents in
isolated rat DRG neurons.

A. Averaged traces of ramp-evoked currents measured in the absence or presence of the selective AsAR agonist
MRS5980 (5980; 100 nM) in 7 cells investigated. Inset: pooled data or ramp-evoked current at +80 mV in the
presence of MRS5980 alone or during co-application with the AsAR antagonist MRS1523 (100 nM). Paired
Student’s t-test. B. Net 5980-inhibited current in 7 cells tested. C. Comparison between net CI-IB-MECA- or
5980-inhibited ramp currents measured at +80 mV. D. Original ramp current traces recorded in a representative
cell before (ctrl), during and after adenosine (30 uM) superfusion. Inset: time course of ramp-evoked currents
at +80 mV in the same cell. E. Pooled data of ramp-evoked currents at +80 mV or -120 mV in the absence or
presence of Adenosine in 5 cells investigated. Paired Student’s t-test. F. Averaged Adenosine-inhibited current
obtained by subtraction of the ramp recorded in Adenosine from the control ramp, in the absence (n=5) or
presence of the AsAR antagonist VUF5574 (VUF: 100 nM, n=6). **P=0.0054 at + 80 mV, unpaired Student’s
t-test.

In order to define AsAR-responding DRG neurons as nociceptors, cells were tested for their
responsiveness to the TRPAL agonist allyl isothiocyanate (AITC) and/or TRPV1 agonist capsaicin

(CPS). The TRP agonists were applied consecutively at least 5 min after CI-IB-MECA removal.
121



Results and Discussions

Either CPS or AITC induced an increase in ramp-evoked currents in 11 out of 13 and in 5 out of 7
DRG neurons, respectively, which had previously responded to CI-IB-MECA (Figure 60A-B). Both
TRP agonists also significantly depolarized cell membrane (CPS: from -56.2 + 3.7 mV to — 38.7
4.6 mV, P=0.0064, n=7; AITC: from -51.7 £ 1.7 mV to — 46.7 = 1.6 mV, P=0.0436, n=4; paired
Student’s t-test, Figure 60C), as expected upon activation of ligand-gated cation channels.
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Figure 60: DRG neurons responding to CI-IB-MECA are nociceptors sensitive to the TRPV1
and TRPAL agonists capsaicin and allyl isothiocyanate.

A. Time-course, and representative current traces at significant time points (upper panels), of ramp-evoked
currents at +80 and -120 mV in a representative DRG neuron where the AzAR agonist CI-IB-MECA (CI-IBM;
100 nM; traces a and b), the TRPAL agonist allyl isothiocyanate (AITC; 100 uM; traces ¢ and d) and the
TRPV1 agonist capsaicin (CPS; 1 uM; traces e and f) and were applied sequentially. B. Averaged CPS- and
AITC-activated currents, measured by subtraction of the control ramp from that recorded in the TRP agonist.
Note that CPS-sensitive current is an inward and outward rectifying ramp, whereas AITC-sensitive
conductance is mostly an outward rectifying current. C. Both TRP agonists significantly depolarized DRG
neurons. AITC: n=4; CPS: n=7; paired Student’s t-test.

Data in the literature demonstrate that adenosine and its analogues inhibit VOCCs in rat DRG
neurons (Dolphin et al., 1986; MacDonald et al., 1986), with no obvious distinction between A; vs
Asz-mediated effects provided to date. For this reason, we tested the hypothesis that the decrease of

total outward currents observed in the present work upon AsAR activation could be dependent upon
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a decrease of Ca?" entry from VOCCs and, thus, to reduced activation of Ca?*-activated K*
conductances (Kca). Therefore, we applied the AsAR agonist CI-IB-MECA in the presence of the
non-selective VOCC blocker Cd?*. As shown in Figure 61A-C, 1 mM Cd?* completely prevented the
Cl-1IB-MECA-induced decrease of outward ramp currents. Data were confirmed by applying two
selective blockers of Kca channels: apamin (APA: 100 nM), which selectively blocks small-
conductance Kca (SK channels), and TEA at low concentrations (200 uM), which selectively inhibits
big-conductance Kca (BK channels). Both compounds, alone or in combination, significantly or
completely prevented, respectively, Cl-IB-MECA-mediated inhibition of ramp-evoked outward
currents (Figure 61D,E).The above data demonstrate that AsAR activation inhibits SK and BK
channels in rat DRG neurons.

Two possibilities exist to explain this phenomenon: i) AsAR activation directly inhibits SK and BK
channels; or ii) Az receptor activation inhibits Ca?* entry from VOCCs which, in turn, decreases SK
and BK channel opening. To test the latter hypothesis, we blocked all K* currents by replacing intra-
and extra-cellular K* ions with equimolar Cs*. In these experimental conditions, an inward
component arose in the ramp protocol peaking around 0 mV (Figure 61F). This current was identified
as a Ca?* current, since it was abolished by 1 mM Cd?* (Figure 61F,G). When applying CI-IB-MECA
in Cs*-replacement conditions, a marked decrease of inward peak current was observed (Figure 61H:
from —64.3 £ 14.8 pA/pF in control to —41.1 + 11.4 pA/pF in CI-IB-MECA, *P=0.0431, paired
Student’s t-test; n=5), thus demonstrating that A;AR activation directly inhibits Ca?* currents.
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Figure 61: AsAR activation in DRG neurons inhibits Ca?*-activated K* currents by reducing
Ca?" influx from voltage-sensitive Ca?" channels.

A. Original ramp current traces recorded in 1 mM Cd?*-containing extracellular solution before (ctrl) and
during CI-IB-MECA (100 nM) application in a representative cell. Inset: time course of ramp-evoked currents
at +80 mV in the same cell. B. Pooled data of currents measured at +80 mV in the absence or presence of Cl-
IB-MECA in Cd*-containing extracellular solution in 7 cells investigated. P=0.2653, paired Student’s t-test.
C. Averaged time course of ramp-evoked currents at +80 mV in the presence of CI-IB-MECA, its vehicle (Vhe:
0.1% DMSO) or CI-IB-MECA in 1 mM Cd?*. D. Original ramp current traces recorded in apamin (APA, 100
nM) + tetraethylammonium (TEA, 200 uM) before (APA+TEA) or during CI-IB-MECA (100 nM) application
in a representative cell. Inset: time course of ramp-evoked currents at +80 mV in the same cell. E. Averaged
CIl-IB-MECA-inhibited currents in the absence or presence of APA alone or during co-application with TEA.
F. Original ramp current traces recorded before (ctrl) and during 1 mM Cd?* application in a representative cell
where extra- and intracellular K* were replaced by equimolar Cs*. Note that in these experimental conditions
a Cd?*-sensitive inward current appears which presents an 1-V relationship typical of Ca?* currents. Inset: time
course of ramp-evoked current measured at the inward peak in the same cell. G. Net Cd?*-blocked Ca?* current
evoked by the ramp protocol in the same cell. H. Averaged ramp-evoked currents recorded in Cs*-replacement
conditions before (ctrl) and during CI-IB-MECA (100 nM) application in 5 cells tested. *P=0.0431; paired
Student’s t-test. I. Averaged Cl-IB-MECA-inhibited Ca?* currents in Cs*-replacement experiments.

DRG neurons are known to express different subtypes of Ca?* currents (Scroggs and Fox, 1992,
1991; Wilson et al., 2000). In order to identify which of them are inhibited by the AsAR, we further
isolated VOCC-mediated currents by adding, to the Cs*-based extracellular solution, the Nav1.1, 1.2,
1.3,1.4,1.6, 1.7 blocker TTX (1 uM) plus the Nav1.8 inhibitor A887826 (200 nM) to block this
TTX-resistant Na* channel. Nav1.8 are known to be expressed at high levels in DRG neurons (Dib-

Hajj et al., 2009), and we confirmed that because, in the presence of 1 uM extracellular TTX, 200
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nM A887826 completely blocked residual, TTX-resistant, Na* currents (Figure 62A,B). As shown
in Figure 62C, under these experimental conditions, we successfully isolated Ca?* current activated
by a 0 mV voltage step depolarization (200 ms duration), which were completely blocked by 500
UM Cd?* (Figure 62C-E). Such Ca?* currents were predominantly N-type currents because, when the
selective N-type blocker PD173212 was applied (500 nM: Figure 62C-E), we achieved a >80% block
(Hu et al., 1999). Residual, PD-insensitive, Ca?* currents in our experimental conditions were also
insensitive to higher PD173212 concentrations (1 uM: Figure 62E) and were attributed to Cd?'-
sensitive L-type and, eventually, R and/or P/Q type VOCCs, consistently with a previous report
(Wilson et al., 2000).

Current-to-voltage (I-V plot) relationship of Ca?* currents activated by a series of depolarizing
voltage steps (from -50 to +50 mV, 10 mV increment, 200 ms duration, Vh=-65 mV: inset in Figure
62F) were consistent with Cd?*-blocked (Figure 62F) and PD173212-sensitive (Figure 62G) and N-
type VOCC activation.
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Figure 62: The major component of Ca?* currents recorded in DRG neurons is carried by N-
type VOCC opening.

A. Time course of Na* currents recorded in the presence of extracellular TTX (1 uM), Cd?* (0.5 mM) and Ni?*
(100 pM) and activated every 5 s by a 0 mV step depolarizazion (40 ms duration, Vh=-90 mV) before and
during the application of the Nav1.8 blocker A887826 (200 nM). B. Original current traces recorded before
and after 3 min A887826 application. C. Original current traces evoked in a typical DRG neuron by a 0 mV
step depolarization (200 ms; Vh=-65 mV) in the presence of extracellular TTX (1 uM), Ni%* (100 uM) and
A887826 (200 nM) before (ctrl) or during the application of PD173212 (PD: 500 nM) and, subsequently, Cd?*
(no difference was found in the effects of 0.5 or 1 mM Cd?* so data were pooled together). D. Averaged time-
courses of Ca?* currents, measured at the inward peak, before and during the application of the nonselective
VOCC blocker Cd?* (1 mM; n=7) or the selective N-type Ca?* channel blocker PD (500 nM, n=4). Note that
Cd?* rapidly (< 3 min) and reversibly abrogated the totality of Ca?* currents, whereas PD inhibited 70 + % of
VOCCs recorded in DRG neurons under our experimental conditions. E. Pooled data of peak Ca?* current
amplitude demonstrating that 500 nM PD maximally inhibited N-type VOCCs. F-G. Original current traces,
and respective averaged I-V plots, of Ca?* currents evoked by a series of 10 depolarizing voltage steps (from -
50 to + 50 mV, 200 ms duration, Vh=-65 mV: see lower inset) before and during 1 mM Cd?* (F) or 500 nM
PD (G) application.

When CI-IB-MECA was applied in these experimental conditions, a reversible decrease of total Ca?*
currents (both in the peak and steady-state component) was observed within 5 min of drug application
(Figure 63A). The I-V plot of such Ca?* conductances (Figure 63C) demonstrated that the AsAR
agonist significantly inhibited VOCCs from 0 to +20 mV (paired Student’s t-test, n=5). The CI-IB-
MECA effect was significant in 8 cells tested (Figure 63B), either as peak current amplitude (arrow
in right panel of Figure 63A, or Figure 63B) or at the steady-state (arrowhead in right panel of Figure
63A: from 57.4 + 14.5t0 39.8 + 10.2 pA/pF; P=0.0174 paired Student’s t-test). However, the AsAR
agonist apparently did not change the Ca?* current kinetics, because the time-to-peak was unaffected
(from 15.1 + 2.2 to 15.7 + 3.0 ms; P=0.5553 paired Student’s t-test). Cl-IB-MECA-mediated
inhibition of VOCCs was concentration-dependent with a maximal effect observed at 30 nM (Figure
63E), in accordance with ramp experiments, and completely prevented by the As;AR antagonist
MRS1523 (100 nM) and by the selective N-type channel blocker PD173212 (500 nM) but not by the
selective, at least at 1 uM concentration (De Paoli et al., 2002), L-type blocker lacidipine (1 pM:
Figure 63D,E). The above data demonstrate that AsAR activation selectively inhibits N-type Ca?*
currents in rat DRG neurons.

In the attempt to compare AsAR vs A;AR-mediated effects on VOCCs, we applied the A1AR
selective agonist CPA. As shown in Figure 63E and F, CPA inhibited Ca?* currents by 24.8 + 3.2 %
(n=9) and by 24.1 + 3.0 % (n=7) at 1 and 10 uM concentrations. Of note, Ca®* current inhibition
measured in the presence of 1 uM CPA was significantly smaller compared to the CI-IB-MECA-
mediated effect (44.1 £ 5.6 % inhibition in the presence of 30 nM CI-IB-MECA vs 24.8 + 3.2 %
inhibition in the presence of 1 uM CPA, P=0.0464 One-way ANOVA, Bonferroni post-test, Figure
63E).
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Figure 63: CI-IB-MECA inhibits N-type Ca?* currents in DRG neurons.

A. Left panel: time course of peak Ic. amplitude evoked by a 0 mV step depolarization in a typical DRG neuron.
Note that CI-IB-MECA (30 nM) inhibits Ca?* currents which were completely abolished by a subsequent 500
UM Cd*? application. Right panel: original current traces recorded in the same cell at significant time points.
Scale bars: 0.5 nA, 100 ms. B. Pooled data of Ca?* current peak amplitude measured in the absence or presence
of CI-IB-MECA in 8 cells investigated. Paired Student’s t-test. C. Left panel: Original Ca?* current traces
evoked by a series of depolarizing voltage steps (inset) before (ctrl) and after CI-IB-MECA (30 nM) application
in a representative cell. Right panel: averaged 1-V plot of Ca?* currents measured at the peak in 5 cells tested.
*P=0.0106; **P=0.0066; $P=0.0105, paired Student’s t-test. Scale bars: 0.5 nA, 50 ms. D. Averaged time-
courses of peak Ca?* current, expressed as % of baseline values, measured before and after the application of
CI-IB-MECA in different experimental groups. E. Pooled data of CI-IB-MECA- or CPA-inhibited peak Ca?*
currents at different agonist concentrations, or in 30 nM CI-IB-MECA during co-application with the AsAR
antagonist MRS1523 (1523: 100 nM) or with the selective N-type and L-type Ca?* channels blockers
PD173212 (PD: 500 nM) and lacidipine (LACI: 1 uM), respectively. One-Way ANOVA, Bonferroni post-test.
*P<(.05; ***P<0.0001 vs 30 nM CI-IB-MECA; *P<0.05 vs 10 nM CI-IB-MECA, One-way ANOVA,
Bonferroni post-test. F. Left panel: time course of peak Icaamplitude evoked by a 0 mV step depolarization in
a typical DRG neuron in the absence or presence of CPA (1-10 uM). Right panel: original current traces
recorded in the same cell at significant time points. Scale bars: 1 nA, 100 ms.

The newly synthetized AsAR agonist MRS5980 mimicked the CI-IB-MECA effect in inhibiting Ca?*
currents (Figure 64A,C) but with higher efficacy, showing a maximal VOCC inhibition at 3 nM
concentration (Figure 64B) compared to 30 nM for CI-IB-MECA. Furthermore, the MRS5980-
mediated effect was prevented in the presence of AzAR antagonist MRS1523 (100 nM; Figure 64B).
In order to explore the contribution of AsAR-mediated inhibition of VOCCs when the endogenous
agonist is present in the extracellular space, we applied adenosine (30 M) in the absence or presence
of selective adenosine A; or AsAR antagonists DPCPX and MRS1523, respectively. As expected
from published data (Dolphin et al., 1986; MacDonald et al., 1986), adenosine inhibited Cd?*-
sensitive Ca?* currents with a maximal effect observed at 30 uM (Figure 64E). Of note, the effect

induced by 30 uM adenosine was blocked by 39.1 + 9.0 % in the presence of the A1AR antagonist
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DPCPX (500 nM) and by 56.6 + 9.0 % in the presence of the AsAR antagonist MRS1523 (100 nM,
Figure 64E,F). No significant difference was found between DPCPX and MRS1523-mediated
inhibition of adenosine effects.
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Figure 64: The inhibitory effect of CI-IB-MECA on N-type Ca?* currents in DRG neurons is
mimicked by the newly synthetized AsAR agonist MRS5980 and by adenosine.

A. Left panel: time course of peak Ic. amplitude in a typical DRG neuron before and after MRS5980 (5980 30
nM) and Cd*? (500 uM) application. Right panel: original current traces recorded in the same cell at significant
time points. Scale bars: 2 nA; 100 ms. B. pooled data of 5980-inhibited peak Ca®* current at different agonist
concentrations or in the presence of 30 nM 5980 + 100 nM MRS1523 (1523). One-way ANOVA,; Bonferroni
post-test vs 1 nM 5980. C. Averaged time-courses of peak Ic, amplitude before or during CI-IB-MECA (30
nM) or 5980 (3 or 30 nM) application. D. Left panel: time course of peak Icaamplitude in a typical DRG neuron
before and after adenosine (30 uM) and Cd*? (500 pM) application. Right panel: original current traces
recorded in the same cell at significant time points. E. Pooled data of Adenosine-inhibited peak Ca?* currents
at different agonist concentrations or in the presence of 30 uM Adenosine + the AsAR antagonist 1523 (100
nM) or the A1AR antagonist DPCPX (500 nM). No significant difference was found between any of the
experimental groups (One-way ANOVA, Bonferroni post-test). F. Averaged time-courses of peak Ca®* current
amplitude before or after adenosine (30 uM) application alone or in the presence of DPCPX (500 nM) or 1523
(100 nM).

Finally, we evaluated the impact of selective AsAR activation on neuronal excitability. We induced
AP firing by injecting a depolarizing ramp current from the resting membrane potential. As shown
in Figure 65A, this protocol induced repetitive firing in DRG neurons, which was markedly reduced
in the presence of CI-IB-MECA (Figure 65A,B). The effect was statistically significant in 6 cells
tested (Figure 65C) and prevented in the presence of the AsAR antagonist MRS1523 (100 nM; Figure
65D-F) but not by the N-type VOCC blocker PD173212 (1 uM; Figure 65G-I). Other AP parameters
(peak amplitude, time to peak or half width) were not modified by CI-IB-MECA or by other
treatments (Table 6, pag 72 see in Materials and Methods).
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Figure 65: CI-IB-MECA inhibits AP firing in DRG neurons.

A. Original AP traces evoked in a typical DRG neuron by a 1 s depolarizing ramp current injection (lower
inset) recorded before (black trace) or after (red trace) 5 min CI-IB-MECA (100 nM) application. B. Time
course of AP frequency in the same cell. C. Pooled data of AP frequency measured before or after 5 min Cl-
IB-MECA application in 6 cells tested. Paired Student’s t-test. D. Original traces of AP firing evoked by a1 s
depolarizing ramp current injection recorded before (black trace) or after (green trace) 5 min CI-IB-MECA
(100 nM) applied in the presence of MRS1523 (1523, 100 nM). E. Time course of AP frequency in the same
cell. F. Pooled data of AP frequency measured before or after 5 min CI-IB-MECA application in the presence
of 1523 in 5 cells tested. Paired Student’s t-test. G. Original traces of AP firing evoked by a 1 s depolarizing
ramp current injection recorded before (black trace) or after (purple trace) 5 min CI-IB-MECA (100 nM)
applied in the presence of PD173212 (PD, 1 uM). H. Time course of AP frequency in the same cell. I. Pooled
data of AP frequency measured before or after 5 min CI-IB-MECA application in the presence of PD in 4 cells
tested. Paired Student’s t-test. Scale bars: 50 mV; 500 ms.

4.2 Intracellular Ca?* measurements confirmed that AsAR activation inhibits electrical field

stimulation-evoked Ca?* transients in isolated DRG neurons.

Fura-2 loaded DRG neurons analysed by transmitted light and fluorescence showed a round
morphology with an average diameter of 27.6 = 0.3 um (n=318).

In control conditions (standard extracellular solution), 60% (40 out of 68) of the DRG neurons
presented electrically-evoked Ca?* transients upon 0.1 Hz field stimulation. The dynamic of cytosolic
Ca?* increase presented a rapid onset and a return to basal Ca?* levels following a mono-exponential
kinetic. Analysed cells were defined as “responder” when showing at least 5 Ca?* transients in 1 min.
Figure 66A shows typical Ca?* transient traces in control condition, in the absence of extracellular
Ca?" (0[Ca?Jout) or in the presence of TTX + A887826.

129



Results and Discussions

In 0[Ca?"] out, only 4 out of 37 (10.8%) analysed DRG neurons responded to electrical field
stimulation (P=0.003 vs control, y? test, Table 9).

Table 9.

Treatment n of Responders AF/F (A.U.) AUC/F (A.U)
(Responders) (Responders)

Ctrl n=40 out of 68 3.8+047 1.6 £0.28

0 [Ca?*]out n=4 out of 37 221081 0.9+0.38

TTX + A88 n=12 out of 55 1.6 +0.50 0.8+0.31

vera + PD n=17 out of 37 1.6 +0.38* 0.6 +0.16

Cl-IB-MECA n=17 out of 64 5.6 +0.77 2.8+0.59

Table 9. AF/F and AUC/F measured in DRG neurons induced by electrical field stimulation (responders)
according to treatments. n = responders; not responders were not considered to calculate the mean. *P = 0.03
vs Ctrl AF/F, One-Way ANOVA Bonferroni’s post-test. Control: Ctrl; verapamil: vera; PD173212: PD; A.U.:
arbitrary units.

Indeed, as shown in a typical trace in Figure 66A (dotted line), the majority of analysed cells did not
show Ca?* transients in the absence of extracellular Ca?*. The insert of Figure 66A depicts Ca?*
transients in one of the 4 responder cells in 0[Ca?"Jout. In those 4 responder cells, the AF/F was
reduced and the monoexponential decay phase was more (but not statistically significant) rapid than
in control conditions (insert of Figure 66A). Indeed, as summarized in Table 9, the average of AF/F
or AUC/F of responders (n=4) was slightly, even if not significantly, reduced. We supposed that, in
the 4 out of 37 cells oscillating in 0[Ca?*]out, the electrical field stimulation could induce a Ca?
release from intracellular stores.
In the presence of TTX + A887826, only 12 out of 55 (21.8%) DRG neurons were “responders” (P
=0.012 vs control, ¥? test) and, in a typical time course, we did not observe any Ca?* increase (Figure
66A). The insert of the Figure 66A displays the trace of one of 12 responder cells in TTX + A887826.
Among them, both AF/F and AUC/F were slightly (but not significantly) reduced (Table 9). In
finding an explanation to the observation that 12 out of 55 of cells still oscillated in the presence of
TTX plus A887826, we have to consider that A887826 block of TTX-resistant Na* currents is
dependent on Nav1.8 channels being in the open state (Zhang X.F. et al., 2010). In fact, A887826
potently (ICso =8 nM) inhibits TTX-resistant Na* currents in rat DRG neurons in a voltage-dependent
way, being about 8-fold less potent at relatively hyperpolarized (Vm < -60 mV) membrane voltages
in comparison to -40 mV-clamped cells (Zhang et al., 2010).
The block of L+N-type VOCCs by verapamil (1 uM) + PD173212 (500 nM) induced a significant
reduction of AF/F (Table 9, P=0.003, ANOVA followed by Bonferroni’s test) without a significant
decrease of AUC/F. The number of “responders” under these experimental conditions was 17 out of
37 cells investigated (45.9%, not significant vs control: P=0.658, 2 test).
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Pre-incubation with CI-IB-MECA significantly decreased the number of responder cells (17 out of
64: 23%; P=0.012, ¥? test) as compared to control (Figure 66B). However, Ca?* parameters of
“responders” were not modified by this treatment (Table 9).
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Figure 66: AsAR stimulation reduces electrically-evoked and TTX-sensitive intracellular Ca?*
transients in isolated DRG neurons.

A. Typical time courses of Ca?* transient induce in DRG neurons by 0.1 Hz electrical field stimulation in
control condition (ctrl: black trace), extracellular free-Ca?* solution (O[Ca?*]out: dotted trace) or 1 uM
Tetrodotoxin + 200 nM A887826 (TTX: grey trace). The insert depicts the time courses of a “responder” cell
recorded in O[Ca?*]Jout (dotted trace) or TTX+A887826 (grey trace). B. Numbers of “responder” or “not-
responder” DRG neurons to electrical field stimulation in control conditions or after pre-incubation with 30
nM CI-IB-MECA (CI-IBM). Statistical analysis was performed using x2 test.

4.3 Discussion

In the present work, we investigated the expression and electrophysiological effects of adenosine
AsAR in primary sensory neurons. We report here first time evidence of A;AR mRNA expression in
the DRG, and we demonstrate that activation inhibits both pro-nociceptive N-type VOCC activation
and AP firing in isolated DRG neurons.

A bulk of evidence indicates adenosine as a powerful analgesic compound in a number of in vivo
animal models (Dickenson et al., 2000) with a crucial role recognized for A:AR activation. Of note,
the AsAR has recently gained attention as an interesting target in such conditions, because its
activation causes pain relief without adverse side effects (Janes et al., 2016).

In this study, we demonstrated by RT-PCR experiments that A;AR mRNA is abundant in DRG
homogenate, a result confirmed by immunocytochemical analysis showing receptor expression at
neuronal level. We then explored the functional role of the AsAR in DRG neurons by performing
patch-clamp recording in the absence or presence of two different receptor agonists: the
commercially available CI-IB-MECA and the new highly selective AsAR ligand MRS5980 (Fang et
al., 2015; Tosh et al., 2014). Under basal (non-pharmacologically manipulated) conditions, AsAR-
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mediated effects on overall voltage-gated conductance consist of a reduction in total outward K*
currents evoked by a ramp protocol. When analyzed in detail, the CI-IB-MECA effect on K* currents
was found to be dependent on the opening of Ca?* channels, since it was prevented by the
nonselective VOCC blocker Cd?*. Among Ca?*-activated K* currents (Kca), CI-IB-MECA targeted
SK and BK channels, which are known to be expressed in rat and mouse DRG neurons, (Mongan et
al., 2005; Pagadala et al., 2013), because its effect was sensitive to the combination of the SK channel
blocker apamin and the BK channel inhibitor TEA (200 uM).

Different VOCC types in DRG neurons have been described: P/Q- and N-types, encoded by Cav2.2
and Cav2.1, respectively, which are mainly involved in neurotransmitter release, and R-, L- and T-
types, encoded by Cav2.3, Cavl.1-1.4 and Cav3.1-3.3, respectively (Schubert et al., 1994.; Scroggs
and Fox, 1992; Wilson et al., 2000).

When VOCC-mediated currents were studied in isolation, AsAR activation selectively inhibited N-
type Ca?* channels because the CI-IB-MECA effect was prevented by the o-CTX analogue
PD173212 but not by the L-type blocker lacidipine.

Both AsAR agonists inhibited VOCCs in the low nanomolar range, with MRS5980 being about 10-
fold more potent than CI-IB-MECA. In both cases, the selective AsAR antagonist MRS1523
prevented the effect in a concentration-dependent manner, indicating that it was receptor-mediated.
The reduction of K¢, by AsAR agonists was quantitatively lower (23.3% of ramp current inhibition
at +80 mV in 100 nM CI-IB-MECA) than Ca?* current reduction (48.4% of Ca?* current block at 0
mV in 100 nM CI-IB-MECA), so the latter is expected to be the major mechanism to account for
AsAR-mediated pain control. This is in accordance with the notion that either BK or SK inhibition
in DRG neurons is reported to increase cell excitability (Cao et al., 2012; Chen et al., 2009; Pagadala
et al., 2013), while, in the present work, a reduction of action potential firing was found upon AzAR
stimulation.

As known, A:AR are also found to inhibit VOCCs in DRG neurons (Dolphin et al., 1986). Consistent
with this information, we observed a 24.8 + 3.2 % Ca?* current decrease in the presence of 1 M
CPA. The effect was not different from that observed in the presence of 10 uM concentration of the
same compound, indicating that 1 uM CPA is enough to achieve maximal A:AR activation in rat
DRG neurons. More interestingly, the CPA-mediated Ca?* current inhibition (24.8 + 3.2 %) was
significantly smaller compared to CI-IB-MECA effect (44.1 £ 5.6 %) thus confirming a prominent
functional role of AsARs on A;1ARs in this cell type.

When testing the effects of the endogenous agonist, adenosine-mediated inhibition of Ca?* currents
was either sensitive to the AzAR blocker MRS1523 or to the A1AR antagonist DPCPX. The results
are consistent with a previous report demonstrating that 500 UM adenosine-induced Ca?* signals in
DRG neurons are prevented by either Ai or As, but not Aza or Azg, AR antagonists (Zheng et al.,
2014).

It is well known that the Gi-coupled receptor, such as the Az or A;AR subtype, can lead to inhibition

of VOCC activation by a direct binding of the ai subunit to the channel protein in a number of cells
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(Haas and Selbach, 2000; Schubert et al., 1994). Here, we describe this phenomenon for the first
time in DRG neurons. Furthermore, N-type channels are known to promote nociception by providing
more than 60% of the neurotransmitter release by DRG neurons to lamina | dorsal horn neurons
(Harding et al., 1999; Heinke et al., 2004). Previous observations demonstrate that N-type VOCCs
blockers result in analgesia in a range of pain models (Gandini et al., 2015; Lee, 2013; Vink and
Alewood, 2012) and ziconotide, the first-choice compound among w-CTX analogues, is approved as
an intrathecal medication for chronic pain in the US (Adler and Lotz, 2017; Brookes et al., 2017)
and is under evaluation clinically. Of note, a direct block of N-type Ca?" channels, as that achieved
by ziconotide or w-CTXs, is implicated in serious side effects (psychological symptoms such as
neuropsychiatric, including depression, cognitive impairment, and hallucinations, anxiety, panic
attacks, as well as ataxia, asthenia, headache, dysesthesia) (Lynch et al., 2006), thus discouraging
the perspective use of this compound clinically. Interestingly, an “indirect” VOCC modulation, as
was accomplished by AsAR activation, could represent a more suitable approach to pain control
without adverse side effects.

Beyond VOCC inhibition, we also demonstrated that CI-IB-MECA decreases in the number of action
potentials elicited by a depolarizing ramp current injection in isolated DRG neurons. This could be
another crucial mechanism by which AsARs exert pain relief, since sensitization to pain is described
as a reduced threshold to noxious inputs due to increased action potential firing of primary sensory
neurons. The CI-IB-MECA effect was blocked by the AsAR antagonist MRS1523 but not by the N-
type Ca?* channel blocker PD173212, demonstrating that N-type VOCC inhibition and firing
frequency decrease are independent actions exerted by AsARs in rat DRG neurons. The mechanism
by which CI-IB-MECA inhibits DRG neuronal firing still needs further investigation and will be
addressed in our future work.

Importantly, when we measured the intracellular Ca?* rise following electrical field stimulation, we
confirmed that neuronal Ca?* spikes were significantly dampened by As receptor activation. Thus,
Cl-1B-MECA significantly reduced the number of cells responding to 0.1 Hz stimulation (from 60%
of “responders” in control conditions to 26% in CI-IB-MECA), even if it was not able to change the
dynamic of Ca?* rise (AF/F nor AUC/F) once Ca?" spikes were triggered. Thus, the present data
demonstrate that inhibition of DRG electrical activity might directly account for AsAR-mediated
pain control.

However, it must be pointed out that the above mentioned effects may not be the only mechanism
by which AsAR agonists exert analgesia. Data are present in the literature describing a peripheral
effect of the AsAR on cytokine release during chemotherapeutic-induced neuropathic pain (Janes et
al., 2014).

Concerning the neuronal population on which AzAR agonists act, DRG neurons are a heterogeneous
population of small-, medium- and large-sized cells. Among them, small- and medium-sized (cell
diameter less than 30 um) neurons responding to the TRPV1 agonist CPS and, possibly, to the
TRPAL agonist AITC are usually defined as nociceptors (Asai et al., 2005; Fang et al., 2005; Gold
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et al., 1996; Lawson, 2002). We found that the vast majority of cells responding to CI-IB-MECA
were sensitive to both TRP compounds, even if a small fraction of AsAR agonist-responding cells
were insensitive to CPS or AITC (2 out of 13 and in 2 out of 7, respectively).

We conclude that the selective stimulation of the AzAR inhibits N-type VOCC opening, leading to a
reduction in neurotransmitter release, and reduces electrically-evoked excitation in isolated rat DRG
neurons. Both these mechanisms may be important in accounting for the pain-relieving effect
observed upon AzAR activation and support the notion that an AsAR-based therapy represents an
important strategy to alleviate pain in different pathologies.
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