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INTRODUCTION

1.1 CALCIUM SIGNALING TOOLKIT

1.1.1 Intracellular [Ca ?*] and C&?* stores
Intracellular [C&*] ([Ca2*];) in the cytosolis keptin the range of 50-150nM.;
Cytosolic Calcium increase is mediated by two maimpmeena: (i) calcium
entry form the extracellular space, and (ii) calcium dg@rm the internal
stores, mainly represented by the Endoplasmic Retic(itR) 1.
Using genetically encoded, aequorin based probesjéartp the ER, [Cd]er
has been measured, and found to be around 0.1-1 n¥{E4times higher
than in the cytosol) depending on cell type. ER caiclevel is constantly
monitored by STIM1, calcium sensor protein localizetthatendomembrane.
Lowering of [C&%']egr induces STIM1 polymerization and consequent
activation of ORAI or TRPC channels, mediating store dpdrealcium entry
(SOCE)?2 3. Upon SOCE activation, Gais rapidly up taken from the cytosol
into the ER via sarco-endoplasmic reticulun¥@al Pase (SERCA), restoring
ER basal calcium levels. SOCE exerts also importana#ligg functions. In
the ER surface inositol-3-phosphate receptors (IP3Rs) amddne receptors
(RyRs) are expressed, and upon metabotropic stimulatieniog of these
receptors drives ER calcium release and cytosolié|@zreasé. Moreover,
both these groups of receptors are sensible to caitsal) determining C&
induced Cé&‘release, engaging neighbouring receptors in propagaftiGes*
signal in a form of Ca2+ wave.
In mitochondria, at resting conditions [€his kept at sub-micromolar levels.
However, upon stimulation of Ca2+ release from the[EB2*]m transients
can reach 50-100 uM. Mitochondrial calcium uptakemediated by
mitochondrial calcium uniporter (MCU), a protein complexnposed of pore-
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forming subunits (MCU and its dominant negative isafoMCUDb), the
essential MCU regulator (EMRE), which mediates the interaawvith the
mitochondrial calcium uptake regulatory subunits (MICUICU2 and
MICU3), the activity of this channel is directly regtdd by the [C&T] and the
electrochemical gradient across the inner mitochondrehbrane* 5. In
resting condition, the [Ca]nitis ~ 7uM, but upon stimulation it can arise until
20uM 6. Indeed, considering mitochondrial ability to uptaked release
calcium, and the dynamic localization of this intlalar organelle in the
different cellular sub compartments, give rise to thgpothesis of
mitochondrial central role in shaping cytosolic caleitesponses in a fine and
precise manner, in terms of both spatial and timerobht

Ca* can be released from mitochondria via mitochondriaimability
Transition Pore (mPTP) or Sodium- Chloride- Lithium exudexr (NCLX).
[ca2*]mit tightly controls also the opening of mPTP, that bath promotes the
activation of the apoptotic pathway and also costrble physiological
mitochondrial calcium releast Going into details mPTP exists in two
differentisoforms, with different permeability propesi a low conductance
isoform, and a high conductance one. The first oheyacterized by a
flickering activity of the pore, presents an apparerneswar cutoff <300 Da,
with selectivity for small ions like Cé&, and its activation is mostly induced by
the pH variation due to the mitochondrial membranetejzation®. So, the
low conductance isoform cooperates with NCLX duringcicah release,
promoting the generation of cytosolic calcium signalsd preventing
mitochondrial calcium overload. For example, it wasvethat impairment
of mPTP flickering activity inhibit neurotransmittereake and it is correlated
with hereditary spastic paraplegia typé®/ On the other hand, the high

conductance rate isoform, with a molecular cutoff of appt600 Da, allows
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the efflux of a variety of ions and of small molecukasch as the cytochrome
c, that is a well-known apoptotic sigrial2.

1.2 ASTROCYTES: PHISIOLOGICAL AN PATHOLOGICAL
ROLES IN CNS

Astrocytes (from Greek astron=star and Kittaron=cell), ttogle with
oligodendrocyte and microglia, constitute neuroglize Term neuroglia was
coined by Virchow in 1856, and is correlated withitteza that those cells have
the passive role of filling up space not occupiethbyronss. While the term
astrocytes was proposed by Michael von LenhosseB% lin association
with a star-like shape of astroglial cells, hightggth by Ramén y Cajal that,
using a gold chloride stain, accidentally staineterimediate filaments
including glial fibrillary acidic protein (GFAP)*. Nowadays, via genetically
encoded probes we know that astrocytes shapeis fafstar like shape, and
more like a sponge shape, increasingtheir abilitptdactand cover synapses
and blood vesse®.
ORUHRYHU LWYV DOVR UHFRJQLWHN ® @ \DW MVH. WHF LUHRC
neuroglial cells, in the modulation and maintenaricesrvous system activity.
Indeed, evolution of the nervous system establispedalization and division
of function:
X Neurons are specialized in firing action potentialt theopagate to
axonal terminals and initiate synaptic transmissiomd a
communication.

x Glial cells are involved in maintenance, protectiod aontrol of the
neural tissué>.

Astrocytes represent the 20-50% of total glial cellghie central nervous

system (CNS), they extend their processes with titlerlap between adjacent
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cells forming highly organized anatomical domains. é8hson their
morphology and location, astrocytes can be clasdifielifferent categoriés

and in the last years, thanks to transcriptomics aghesma significant
KHWHURJHQHLW\ DPRQJ DV WU R TWehnHst rdeRemtX OD W L |
and well characterized types of astrocytes are:

x Fibrous astrocytes of white matter which promote mydiim of

axons (Fig.1.1).

Figure 1.1 Human fibrous astrocytes in white mattér

X Protoplasmic astrocytes of grey matter found in theptio neuropil.
At the ultrastructural level, the protoplasmic astrosgee much more
complex with thousands of fine protrusions, commooéiled
S SHULSKHUDO DVWutRdirbuyticHeeBletR(FdHIV2Y.H V~

Figure 1.2.Human protoplasmic astrocyié
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These astrocytic leaflets enclose synapses and exariesge spectrum of
receptors for neurotransmitters, cytokines, and growtiofgdransporters and
ion channels. It has been established that in mbusie@ each astrocyte
incorporates from 4 to 10 neuronal bodies and makescts with more than
20 000 synapse¥. Moreover, astrocytes project specialized end-foot
processes to the intra-parenchymal blood vesselsliskiah a specialised
IXQFWLRQDO X Q-\WD \FI)OWEHG XQ HWUR

All those anatomical features underline fundameniatfions of astroglial

cells that have been discovered, until now (Fig.ITBese functions include:

xstructural organization of nervous tissue,

xsynaptogenesis and the development of the centrabae system,

xgeneration and maintenance of the blood-brain barreg:regulation
of the local blood flux,

xion homeostasis in the brain and in metabolic supoaneurons,

xclearance of metabolites produced by other cell tyged removal of

reactive oxygen speciéd

17
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Figure 1.3.Homeostatic functions of astrogha
1.2.1 Multipartite synapse: astrocytes as synaptic crae

7KH REVHUYDWLR Q Madis\vitahakt WitlDthveVsyu &hses\WedHtl &
FRQFHSW RI 3PXOWLSDUWLWHPDQDBWHYHQ\ZKDBW
in the synaptic transmission. This term is referrednt@m@atomic -functional

structure that allows a bidirectional communicatiotwsen astrocytes and
neurons?(Fig.1.4).

The main components of multipartite synapses oGNS are:

x Presynaptic terminal
x Postsynaptic terminal
x Leaflets of the astrocyte

x Extracellular matrix
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Figure 1.4. The multipartite synapse. Electron microscopy im&gand
schematic representatiéh

A fiftth component of the multi-partite synapse is repraed by the microglial

processe®.

Astrocytic leaflets, called alséperisynaptic processover 60-70% of pre-
and post-synaptic terminals. Indeed, astrocytes treevalility to sense and
adhere to synapses and coordinate with the neighlgoasinocytes to tile and
cover the neuropil. However, astrocytes do not enshebtynapses, and
synapse association of astrocytesis a dynamic psdlsascan be modulated
by neuronal activity?2. For example, during memory formation, astroglial
processes undergo rapid and profound changes, detegmoidification of
the neurochemical environment by allowing or denyiegnetransmitter

spillover, which is a mechanism contributing to memfagmation 23,

The perisynaptic compartment has many different functotiee multipartite

synapse such as:
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1) Synapse formation and elimination

More than 20 years ago Pfiriger and Barres have demortsthateneuronal
primary cultures from rodent form few synapses, andttieatumber and the

strength of synapses are increased by the additiastodcytes.

Now we know that astrocytes can release specific afsgn like
thrombospondins (TSPs) and Hevin that promote the ittiersbetween pre-
and postsynaptic terminal bridging their own receptaqzessed in both

regions.

Astrocytes also regulate synapse elimination, th@muoby both direct and

indirect mechanism. Indeed astrocytes can directly @tygse excess of
synapses, via the functions of astrocytic phagoagieptors Mertk and

Megf10. Moreover astrocytes indirectly regulate synagtis@nation via the
VHFUHWLRQ RI WUDQVIRUPLQJ JUBHYWKODDNVFNARE T |
neurons, leading to tagging synapses for elimindtipmicroglia 24,

2) Maintenance of extracellular homeostasis

Astrocytes, with their close juxtaposition to synapsgetoxify the local
environment by the uptake oftKglutamate and other neurotransmitters.

Neuronal propagation of action potential induces asteari release of Kinto
the extracellular space. Prolonged accumulation ofirKthe extracellular
space causes wide-spread depolarization of neurongliarvehich results in
compromised synaptic transmission and neuronal firfag. this reason,
extracellular K must be tightly controlled and removed from the extfalar

space immediately after neuronal excitatfén
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At the end of 1980s it has been found that, duriagranal activity, the K
release from neurons is paralleled by a rise in intraleel[K*] in the
neighbouring glial cells?s. The activityilependent glial Kaccumulation
points to this cellular type as a central point forlduffering during neuron

depolarization.

Glutamatergic neurotransmission involves packaginggloftamate into
vesicles, exocytotic releaseggered by a depolarization signal, which activates
voltage- and/or receptor-operatec?@hannels, and subsequent uptake mainly
into astrocytes, in order to avoid excitotoxicity,irced by prolonged exposure
of the postsynaptic membrane to high concentratibgiitamate. Inside the
astrocytes glutamate is metabolised to glutamineghvimay be transferred
back to neurons, where itis used to produce newrghiti, or can be utilized
as an energy substrate as it can enter the tricarlecagiti (TCA) cycle after
FRQYHUVNRQRVIO XREGPhy h#ghitamate dehydrogen&se

Five transporters for Nacoupled glutamate transport have been cloned and
they are named EAAT1-5 (Excitatory Amino Acid Transpitg-5)28 29,
Among these, EAAT1 (GLAST) and EAAT2 (GLT-1) are exprésse
preferentially if not exclusively on the astrocyticapina membrané®
providing these cells with an enormous capacity fataghate uptake.

In the last decade, the ability of astrocytes to sdeglutamate and other
neurotransmitters, such as GABA and D-serine, has besmided, unveiling
new mechanisms for astrocyte to neuro communic&i®@chwarz and
colleagues demonstrated that stimulation of astrecywigh DHPG, an
MGIuR1 selective agonist, induced the release ofaglate-containing
vesicles via SNARE protein dependent proéessThe effect of

gliotransmission on synaptic activity, depends angiinaptic environment.
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Indeed, the same gliotransmitter can have both eagjtand inhibitory effect,
depending on the specific environm&?g

3) Trophic support to neurons

It has long been known that neurons are unable tolgafigheir metabolic
needs autonomously, and in different experimentag heen shown that
neuronal activity shuts down after treatment with agtespecific metabolic

inhibitors 27.

Astrocytes with their leaflets, on one hand, commateievith capillaries, and
take up until 50% of total glucose of the brain,GlyUT1, and on the other
are associated with neurons and synaptic processesh€&se structural
features, even if neurons can import glucose directynfthe extracellular
space, astrocytes have been proposed to play an mnpoote in coupling
neuronal activity and brain glucose uptake through d@k&ocyteteuron
lactate shuttle. According to this mechanism, thetaghate uptake into
astrocytes following synaptic release causes a ditionl of anaerobic
glycolysis and glucose uptake from the circulatioa @LUT1. Furthermore
lactate, produced by astrocytes via glycolysis isasdel into the extracellular
space and taken up by neurons. Once into neuromastda@an be used as an
energy substrate, in the mitochondrial TCA cy®lé* However, astrocytes
cannot be considered purely glycolytic cells, asag been thought for long.
Instead, they possess a powerful Ox Phos mach#ery

1.2.2 Astrocytes in neurodegeneration
Neurodegenerative diseases (NDs) are characterized grepsive cognitive

decline caused by the dysfunction and death ofaralicell$s. In particular,

22



$O]KHLPHUTV G lantapr\calisebdf derentia in elderly. Aetiology

of AD is complex. Minority of cases (early onset, gd)scarry mutation in

three genes: amyloid precursor protein (APP), preseni(idSll) and PS2,

implicated in production of toxic amyloid- $ SHSWLGH ,Q ODWI
sporadic AD (sAD) (>99.5% of all cases), ~70% of casesa#tributable to
JHQHWLF IDFWRUV ZLWK $32(0 MDIOWH O BGIXDVHR/R XRQN
WRI[LF $ WRJIJHWKHU atclwikg Bedertary lifeSnyHeyVienw V
educational level and co-morbidities constitute @mynAD-related factors,

which initiate a series of molecular and cellular édgdeading to onset of
symptoms and dementia. Thus, AD has a long-lagisthogenesis, which

initiates decades before the onset of symptoms,celitlar alterations
occurringatthis stage of the pathology are poorlgstigated and understood.
BQIRUWXQDWHO\ PXOWLSOH DLWMWHPE MW W MNMNH BWHD
neuropathology during the clinical phase revealed coessful highlighting

that a crucial challenge for AD research is the ongetifying the early

cellular dysfunction determining the prodromal phas¢éhefdisease.

Leading AD hypotheses, attempting to explain howpry AD-related insults

produce cellular damage, include Z€ahypothesis, protein clearance
hypothesis and bioenergetic deficit hypothesis (Fig.Deregulated cellular

Cea* signalling may contribute to alteration of cellulartestasis (disbalance

between protein synthesis and degradation includutgpdnagy, lysosomal
IXQFWLRQ DQG $ FOHDUDQ Fsttessu@f@dded pratdiny DW LR
response (UPR)) and bioenergetic deficit (reduced glucdiization,

impaired glycolysis and mitochondrial dysfunction legdo decrease of ATP
production and increase of reactive oxygen species (R@®rect ER

luminal C&* levels are important for proper protein folding and mettan,

while ER C&* overload may resultin enhanced?Caansients in the cytosol

23



and dysregulate cellular €asignalling. Ca* signals in the mitochondrial
matrix are essential for the activity of several enzyofKrebs cycle and for
ATP synthase. Mitochondrial €a mishandling impairs bioenergetic
workflow, results in excessive ROS production and neayl Ito cell death.
Altered calcium signalling, protein folding and proteiranslation, and
mitochondrial bioenergetic function have been wildlgscribed in AD
neurons, but fine investigations astrocytes cellwaifwhction in AD is still a
PDWWHU RI GHEDWH LQ WKH ODWMWWRWXWHIV, YRk
neurodegeneration has been associated with the assisgln one of our
recent publications we described, in an in vitro madehe disease, reduced
protein synthesis rate, impaired mitochondrial bioertezgeand altered
intracellular calcium signalling, with increased cydbscalcium response, but
impaired mitochondrial calcium uptake. these resntigiate that early phase
AD related dysfunction is recapitulated in astrocyed point out astrocytes

as possible drivers of the patholoy

K

Preclinical AD »  Prodromal AD ~ AD Dementia > \
Preclinical AD may begin up to 20yrs prior to clinical AD
\ J
Y Astrocytes in Alzheimer’s disease
Calciumsignaling AD progression
deregulation
Healthy Early AD stage Late AD stage
astrocyte astrodegeneration astrogliosis
Mitochondrial dysfunction, i
; ; e |
biodenergetic deficit ) ? -.(%JL.{_?;,,, ) ?
L] "{Zﬁ\\ L]
b \
. 5 b
Protein synthesis and \_ Structural, Reduced synaptic coverage? Associaton with AB plagues
degradation (dysproteostasis) v Metabolic, Reduced metabolic and Secondary to AB plaques

Homeostatic, homeostatic support? Slowing down AP burden
Signaling functions Af clearence
Harmful te neurons? Protective?

|

Lim et al., 2016, Curr Alzheimer Res

Figure 1. 5 Schematic representation of AD phases and role of astrobytesAD
pathogenesis.
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1.3 CALCIUM SIGNALING IN ASTROCYTES

Neurons express, at the plasma membrane, a wide rainggropic receptors
that determine their ability to generate and propagetien potential. Instead,
astrocytes, like the others glial cells, express teddht pattern of receptors
and channels, thatdefine them as electrically xat&ble cells due to inability
to generate action potentiai§ Nevertheless, activation and opening of
channels and receptors expressed by astroglial celtsyrdine changes in
intracellular ion concentrations, that regulates agtiand localization of
enzymes, gene expression, cellular metabolism, senretigliotransmitters
and growth factors driving astrocytic homeostatic respeh(Fig.1.6). Ca*

is the ion for which the implication in shaping agtial function is better
described and demonstrated. As an example, it hasrbperted in different
studies, neuronal activity induces astrocytic calonewes, and synchronized
calcium activity has been described in astrocytelsaxly moving animals
upon whisker or visual stimulatiot® 39 40 41, |n astrocytes, metabotropic
signalling is crucial for cytosolic calcium responseleed, astrocytes express
a plethora of metabotropic G coupled receptors, sucm@tiR5, P2Y,
GABAGg, alpha and beta adrenoreceptors, histamine, dopamamebinoid
receptorg? 37, Accordingto brain region localization and astrocgtibtype
classification, astrocytes express different sets etatyotropic receptors
determining the ability to induce different types iofracellular calcium
responses. Indeed, astroglial Calcium signalling presein&- and inter- brain
region specificity, correlated to their morphologicalveadsity (e.g.

protoplasmic and fibrous astrocytes) and neuronal cecpiecializatiort.

Moreover, it has been described a central role for mitndhia, via calcium

uptake and release, in the control cytosolic caldenals, as an example, in
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astrocytes, it was been demonstrated that NCLX isa&ktmi the modulation
of cytoplasmic C& transients required to control different astrocytes

functions, such as glutamate release and proliferd#on

NCX SOCE channels P2X7

Out mGIuRS . TRPAL  P2X1/5 |

PMCA mAChRs TRP

al-ARS  orai TRPCL ﬁ //

SN e A
g v\ InsP3 @ : ,
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Figure 1.6: calcium tool kit in astrocytes Schematic representation of

calcium toolkit in astrocytes.

Calcium signalling in astrocytes regulates differemidtions, among them

VRPH FDQ EH FRQVLGHUHG DV 3H\RPWPLRENH GX IQE W IOFPP@

cell types, while other functions can be definedallstgpe specific functioi.

Among the common functions we can report gene trartgmmipcell mobility
and remodelling, indeed different proteins of the si&leton are calcium
regulated, and autophagy activation. Moreover, ER waldiomeostasis is
crucialfor protein folding: chaperone proteins, whitsoanclude the principal
luminal Ca2+-binding proteins, CRT, BiP/Grp78 and PDI, aaicium
regulated and responsible for protein folding and parstiational protein
modifications. Indeed, reduced [€hris responsible for accumulation of

unfolded proteins and consequent unfolded protein ressp@JPR) activation
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(Lim 2023). In mitochondria calcium increases promoteamelic activity
promotingthe activity of four enzymes of Kreb cycl@&il=glycerol phosphate
dehydrogenase, Pyruvate dehydrogenase, Isocitrate dejeydse,
Oxoglutarate dehydrogena¥eMoreover, via different experiments, both in
tissue samples and isolated mitochondria, it has lEemonstrated that

calcium increases promote the activity of the F1FO Af¥ithasé+(Fig.1.7).

Ca%* homeostasis

Excitation-secretion

Metabolism & // %\_ \ ) . coupling

bioenergetics / ;‘#.‘)
N
N/ ™~ t
o Ca?* '
&~ l ~ & [putcareey

) ¥/
2 e 7 - W
_ N r Proteostasis
[ ‘ Q . .)| = t" d I
g Motility b ‘ | ‘ | 4

and growth ~ = i S
Transcription /

Figure 1.7. Common functions of astrocytic Ca2+ signal€a*, in astrocytes
regales numerous functions that are described almost in aiyped®.

Looking to the cell type specific function of calan signalling in astrocytes,
the most important function is the perception anddeg of the information

from the external environment. These signals are crtwiadapt astrocytc
physiology to neurons energetic and signalling dermdhdn this context,

astrocytic calcium signalling regulates secretioniotrgnsmitters and trophic
factors or nutrients. It is implicated in the modulataf cerebral blood flow
and contributes to higher brain function such as meirngation, cognition

respiration and sleep-awake cyé¥7’ 4849 (Fig.1.8).
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Figure 1.8. Astrocyte-specific Ca2+ signalsCalcium signalling in astrocytes
has been associated with the fine regulation of numerous cefiggpiic functions,
relate to CNS physiologl:.

Even if, calcium signalling role in astrocytic braumictions has been widely
investigated, the mechanistic details of2Ceegulation in the different
phenomena, and the details of the different levélsntegration of the

information remains to be further investigated.

1.4 CALCINEURIN

The C&t/calmodulin (CaM)-activated serine/threonine phospbatas
calcineurin (CaN), is a heterodimer composed of a largdf a9 catalytic
subunit (CaNA), and a smaller (19KDa) obligatory regulatsupunit B
(CaNB). There have been identified several isoforms foln sabunit:
x&D1%$. &D1%$ DQG &D1%$ HQFRGHG E\REKDQIHQH
Ppp3cc, respectively.
xCaNB1 and CaNB2 encoded by the respective Ppp3rl andZ2pp3

genes.

28



The expression of some of these isoforms is tissuefgpéor example, in the
mammalian brain, only CaNB1, regulatory subunit is exggdsNeuron-
specific CaNB1 KO had been produced to eliminate CaNigcin mouse
forebrain neuroff. Deletion of CaNB1 can be used therefore for generation

of cell-specific CaN KO modefs.

Calcineurin, at the sub-cellular level, can be folmdughout the cytosol and
the nucleus, and is also commonly associated wainbrane receptors, ion
channels, and pumps via physical interactions withagety of anchoring

proteinss2,

Calcineurin is a key element of the cellular responsgé*. Indeed, when
calcium levels increase, through an influx from theacellular space, or by
release from endoplasmic reticulum (ER), CaM, in a calelngund form,
binds CaNA, contemporarily, CaNB binds €aThis cooperative action
induces conformational changes in CaNA displacingab®inhibitory C-

terminal domain from the catalytic site, rendering Cablytically activess.

Calcineurin was first discovered in brain tissue, wheieeéxpressed at high

levels*4. CaN has been foundin many othertissues, e.gglesi@nd, notably,

LQ O\PSKRF\WHV ZKHUH PRVW VQ\DXGHEHNIYR| &D 1 (L
have been conductéd From these studies emerge the prototypical functions

of calcineurin: CaN mediates dephosphorylation of rardiactor of activated

T cells (NFAT) family of transcription factors, promagitheir translocation

to the nucleus, where they bound specific target ggonenoters, coding for

proteins involved in inflammatory response, such asdhd IL6 (Fig.1.9).

This pathway has been largely studied, in differiestie, thanks to specific
calcineurin inhibitors, in particular FK506 and Ciclospd, and the peptide

VIVIT, that interferes directly with calcineurin/NFAT ietaction>S.
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Figure 1.9 Scheme ofNFAT activation by C& and CaN’.

Studies performed from the mid-1980s to the beginmh@990s reported
high expression of CaN in neurons from hippocampus;orex, striatum
and amygdala, with no expression observed in gliid;c@nly in late 1990s
was found that CaN is also expressed in astrodyt&tu and in culture and,
in particular, after inflammatory insults. In neurons Galulates neuronal
excitability, synaptic transmission, and memory folioratin astrocytes, it
was thought that CaN is principally involved in saidtup reactive gliosis and
neuro-inflammation in different neuropathological cdiots %8 For
instance, greater numbers of CaN-positive astrocytetheirhippocampus,
have been found during ageing, injury, anddeposition in both (APP/PS1)
PLFH DQG WLVVXH REWDLQHGK SRPK\HALPWVHEW\G G\
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CaN mediates phenotype switching in astrocytes, ufithregulation of the
expression of GFAP (Glial Fibrillary Acid Protein), dowagulation of
EAATs, hypertrophy of astrocytes soma and processéisaticg both,
NFAT and NFKB transcription factoP& This astrocyte reactivity has been
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extensively documented as a pervasive feature ofsalevery form of acute
CNS injury as well as most chronic neurodegenerats@rders?(Fig.1.10).

It was demonstrated that, in hippocampal astrocytets/adion of CaN
requires elevation of cytoplasmic [€§ This increase could be mediated by
Ca* entry from the external milieu, e.g. mediated by ctedike structures
IRUPHG E\' $ LQ $0O]KHLP Ftel€gaserdr thidenddpladinic & D

reticulum via IBRs ¢ (Fig.1.11). Moreover astrocytic CaN activation leads
to modification in C&™-mediated mechanisms, such as glio-transmission and

reactive inflammatiorys 61.
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Astro \'i
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\ Astrocytefctivation

postsynaptic
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Figure 1.10Astroglial activation and calcineurin/NFAT signalling in age-relate
neurodegenerative diseasés

In early work from our laboratory, it has been proposet@ad mediates

remodelling of astroglial Ca signalling toolkit during Alzheimer disease
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Figure 1.11Glial calcium signalling in Alzheimer diseasg.

Among a clear implication of CaN in astrogliosis aatign, in the last years,
our laboratory described physiological roles of astrbgiiaN, e.g., in

modulating crucial astroglial function such as BKuffering and protein
synthesis rate maintenance, and consequent reguddticeuronal excitability

and the expression and localization of GLAS P,

1.5 MITOCHONDRIA *ENDOPLASMIC RETICULUM CONTACT
SITES (MERCS)

In eukaryotic cells the endoplasmic reticulum (ER) progide environment

suitable for protein and phospholipids synthesis agwresents the most
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important organelle for Castorage®®. As it has been already mentioned,
mitochondria are responsible for the conversion of enstgyed in the
chemical bonds of nutrients into ATP, they also haverucial role in the
management of ROS and in the control of apoptotioyay 6. Ca*levels
and dynamics are crucial for both ER and mitochondnatfons. Correct ER
luminal C&* levels are important for proper protein folding and mettan,
while ER C&* overload may resultin enhanced?Caansients in the cytosol
67, C&* signals in the mitochondrial matrix are essentialtfier activity of

several enzymes of Krebs cycle and for ATP syntHéageig.1.12).
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Figure 1.12 ER and mitochondrial C&* signalling toolkit. Principal
mechanisms regulating ER and mitochondria calcium oyos are
represented

Intriguingly, during last decades, not only the singlganelle, but the
interaction between ER and mitochondria has emergidd®y regulator of
cellular pathophysiology®. ,Q GHHG DOUHDG\ LQ WKHY V LQYV
organelles have been described in electron microsciyalyes, but these
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structures were considered as technical artefaadbout 40 years required to
demonstrate that ER-mitochondria contact sites reptrasesssential structure
LPSOLFDWHG LQ FHOOXODU SK\VYNVRWRHBLBED& VHIRAF
specific proteins responsible for the organization atadilization of this
structure have been demonstrated, indeed proteasesdrgas required to
physically separates ER fraction from mitochonétidlowadays, in literature,
different proteins have been demonstrated to haveuatstal role in the
composition of ER-mitochondria contact sites, kegpire distance between
the ER membrane and the outer mitochondrial membrarte tsuallow
efficient protein synthesis, transfer of proteins anidéipand transfer of Ga
ions from ER to mitochondri@At the interface between mitochondria and the
(5 LW LV SRVVLEOH WR ILQGWDRO BWLRY HDYW V8H
between the two organellés(Fig.1.13). One of the main tethering systems
relies on the crosstalk between the OMM protein tym®ghosphatase-
interacting protein-51 (PTPIP51) and the vesicle-astxtimembrane protein

B (VAPB), an ER-resident protein; PTPIP51/VAPB interactiasvwound to
shape MERCS and to participate in autophagy reguldtid cell receptor-
associated protein 31 (Bap31) is an ER molecular chapatdado interact
with mitochondrial fission protein 1 (Fis1) on the OMBLjilding a platform
involved in the response to apoptotic stintdliOther fundamental tethering
mechanisms are based on mitofusin-mitofusin and IPBRE-Grp75
interactions and will be furtherly discussed belowetastingly, apart from
tethering systems, a whole set of additional protearsbe found at MERCs,
embodying a plethora of different functions. Soméheim interact with the
aforementioned platforms (e.g., DJ-1 and TOM70 withRREDAC-Grp75
complex), increasing their stability and promotingthenctionality 74 75. As

membrane contact sites are critical compartments far bgogenesis and
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transfer, many essential components of the relatedinea@s are localized at
MERCs, like phosphatidylserine (PS) synthases (PSS1 &®P)P PS
decarboxylases (PSD1 and PSDZ2), acetyl-coA cholestendtransferase
(ACAT1) or AAA domain-containing protein 3 (ATAD3}. Moreover,
MERCs house proteins involved in apoptosis (Bax, Bak,B®&el-XL) and
in autophagy (Pink1, Parkin, Atg5).

Figure 1.13 Schematic representation of some of the main tethering
proteins/complexes present at the level of ER-mitochondridactera) Mfnl and
Mfn2 are able to interact together to drive mitochondrial fusion, Miu2 also
behaves as a tether between the ER and the mitochondrion. b) Ith@&mnk35, IP3R
on the ER couples with VDAC on the OMM to form a complex alsolvedoin Ca2+
transfer. c) VAPB/PTPIP51 interaction guides autophagic psesed) Bap31 is able
to interact with Fisl, that in turn partners with Drp1 to itéiaitochondrial fission
events.

X Mitofusins: Mitofusins are dynamin-related GTPasesited on the
OMM, and they are deeply involved in mechanisms dchondrial
dynamics, in particular in the process of fusion. Mitn 1 (Mfn1l)
and mitofusin 2 (Mfn2) share high degree of similaritydeboth
mediate mitochondrial fusiorf, but Mfn2 was also related to
additional functions: de Brito and Scorrano showede@t] that not
only Mfn2 is enriched at ER-mitochondria contactssiteut also that

it tethers the two organelles by forming homotypic etelnotypic

35



interactiong”. The role of Mfn2in linking ER and mitochondria may
be furtherinvestigated to uncover possible implicetiof this protein

in the maintenance of the distance between thesetganelles and,
consequently, also in the calcium transfer occurrirtgiatlevel?s,
Dynamin-related protein 1 (Drpl): opposite to fusidre tther
important process in mitochondrial dynamics is fisswhich is
mainly mediated by Drp1, a cytosolic GTPase thpgdrurecruitment
on the OMM and oligomerization, drives constriction thfe
membrane, therefore marking the site of a future fissi@mt 13. Its
recruitment on the membrane is orchestrated by dedicategtors
like Fisl or mitochondrial fission factor (Mff), whichrea already
present at the ER-mitochondria interface before thaiion of the
fission eventl

Voltage-dependent anion channel (VDAC): this chammtié most
abundant protein in the OMM, and it presents as angarown to
regulate the permeability of this portion of the mitoadrial
membrane to ions and small (<5 kDa) metabolite8/DAC is a
transmembrane protein, structurally defined as a bakelfiore
UHVXOWLQJ IURP W shedls®tienee ik ap dntigdrallel
fashion. VDAC is presentin three differentisoformghwiariable
expression in different tissues; depending on thadiasid species of
belonging, VDACs consist in 280-300 amino acids, ahdir
molecular weight ranges between 838 kDag VDAC1 isoform is
able to assemble into a supercomplex with IP3R andntblecular
FKDSHURQH *US OHDGLQJ W RWXKH HROU PV K\MOL

allows the transfer of Ca28t.
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X Inositol-1,4,5-trisphosphate (IP3) receptor (IP3R): the IP3Rlyasn
the most ubiquitous among intracellular Ca2+ chanmelaon-
striated muscle cells; it consists of 3 isoforms ighnd-gated
channels sharing ~70% sequence homology, but witlrdnt tissue
specificity and different sensitivity to IP3. Eacheptor is made of
three subdomains, slightly different among the thseéarms: the
ligand-binding domain, located at the N-terminal oegi the
gatekeeper domain, responsible for the channel actiwidl formed
by six transmembrane helices, located at the C-tetmétgon; a
central cytosolic domain with regulatory activitiegrbouring the
binding sites for several interactors and regulaars

x 75-kDa Glucose-related protein (Grp75): Grp75 is a stieduced
molecular chaperone, belonging to the heat shockipré@family,
involved in mitochondrial quality-control systems. d\e its
canonical function, it is also a member of the IP3BAC-Grp75
supercomplex, the one responsible for the accommodatidwe flux
of Ca2+ from the ER to the mitochondf&a

C&* concentration in the mitochondrial matrix resemblescytosolic one in

resting conditions; despite this, mitochondria carmake high amounts of

calcium, up to the micromolarrange ,QGHHG LQ WKH HDUO\ p V
colleagues demonstrated that mitochondria may acatem@&* as a
consequence of cell stimulation and cytosolic ¥Taoscillations: they

observed that when the ER and mitochondria are suifigielose to each

other, IP3-based intracellular stimuli produce local dors of high [Cé&] at

their interface® 86 (Fig.1.12). This huge amount of calcium can be ugtak

reach the mitochondrial matrix through the mitochonax@tium uniporter

(MCU) complex. The MCU complex consists of a tetramepafe -forming

37



MCU subunits; even though this complex containsisdvegulator proteins,
just two of them, in addition to MCU subunits, arensilered as part of the
core of the complex: essential MCU regulator (EMRE) antbchiondrial
calcium uptake 1/2 (MICU1/%. The MCU-EMRE-MICU core complex is
sensitive to C& concentration in the intermembrane space and forms a
channel that allows the flux of @afrom this compartment to the
mitochondrial matrix; this flux is driven by electrochieal potential gradient
for Ca*, which results primarily from the mitochondrial membrangential

0 P DQG |IURPI|dsin &a® matrix at re8t. In this compartment,
calcium signalling is finally coupled to mitochoralrimetabolism and energy
production. Actually, in physiological conditionstMCU complex has a low
affinity for Ca2*, witha Kd of 10+ x—0 WKDW VKRXOGQTW DOOR
this ion through the channel; however, the controveasiavity of the MCU
has finally gained an explanation after the discoe¢galcium microdomains
atER-PLWRFKRQGULD LQWHUIDFH WKB WXESDWRU HBFR
Ca2+ concentration to activate the MGEP®, Indeed, it has been postulated
that for efficient transfer of Caions between ER and mitochondria, and to
guarantee the formation of high €aotspot, able to overtake MCU activation
WKUHVKROG  D-25 anWisw&qQireditoRllow formation of a protein
complex composed of inositol-1,4,5-trisphosphatepemdInsP3R), adaptor
protein Grp75 and VDAC (voltage-dependent anion cle§rin(Fig.1.14).
Therefore, in healthy cells, the ER-mitochondria tatige ensures the
propagation of IP3-linked Casignals to mitochondria, in other to coordinate
ATP production with the stimulated state of the cafid to enable the
mitochondrial C&* buffering*4. Indeed shorter (<10 nm) or wider (>25 nm)

distance mightdrastically decrease the efficiency éf €ansfer and may lead
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to (i) ER C&* overload and protein synthesis/degradation alteratonls(ii)
deficiency of mitochondrial Cé signals resulting in bioenergetic defiéit

&% 3
iy ”’i" VDACI size
T8

4.5 nm

OMM

) ER-MIT
%" minimal distance
13-14 nm

Grp75
b -

ILipld bilayer

Figure 1.120rganization of InsgR-Grp75-VDAC Ca&* transferring unit: InsgR is a
tetrameric complex that presents a Cytosolic domain leaning the &R membrane
for ~ 13 nm, while Voltage-dependent anion channel 1 (VDACL1) is alcoagpletely
inserted in OMM. Molecules are represented in stale

,Q WKLV FRQWHVW LQ D UHPHDRDW BREGEB OFDIWILAR® H

disease (3xTg iAstro), we identified an increase inhd®R and cytosolic

[Ca2+], and a reduction of mitochondria&aptake, indicating a defect in

Ce&* transfer from the ER to the mitochondria. These altamatin C&*

handling correlate with reduced protein synthesisi\@ER side, and reduced

ATP production by mitochondria. The defect of 2€aransfer might be

explained by the decreaseddistance at MIT and ERaute, that we identified

in 3xTg iAstro, using the split-GFP contact site sBn(SPLICS) detecting a

distance of about 8-10nph 0.

39



Surprisingly, comparing our hypothesis with literature found different

works, in which the authors forced the shortening oEBRemitochondria gap

size by overexpressing an artificial linker, that filetER and OMM at a

distance of ~6nm. Garrido-Maraver and colleagues gshatwverexpression

ofthe ER200 OLQNHU LQ D "URVRSK L GadydoidRaRiGyH O P LW L
DQG H[WHQGHG % Osifiy the Isaide/ehin@ model for studying
SDUNLQVRQTV GLYV Hbthass, dérbovisir&edtiiaGhé &pression

of the linker rescued motor deficit of fliés In contrast, as presented in a very

recent publication, the use of the same linker in MGR8s induces cell
senescence. Also considering presenilins 1 and 24R82) mutations, that

DUH LQYROYHG ZLWK $O]KHLPHUQJV]HG VIEERD WMK Bl Q (
mitochondria interface, | find a contradicting scenadh in the description

of the role of PS1 and 2 in the ER and mitochondrigt Gandling. In this

context appears crucial to clearly define the spacevden ER and
mitochondria to allocate functional calcium transfesmplexes and

consequentially guarantee efficient mitochondriaticeth uptake.
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ARTICLE INFO ABSTRACT
Keywords: Calcineurin (CaN), acting downstream of intracellular calcium signals, orchestrates cellular remodeling in many
Astrocytes cellular types. In astrocytes, major homeostatic players in the central nervous system (CNS), CaN is involved in

Calcinewin

Astroglial caleineurin knock-out
Proteomics

Alzheimer's disease

Epilepsy

Seizures

Neuroinflammation

Bames maze

Spatial memory

neuroinflammation and gliosis, while its role in healthy CNS or in early neuro-pathegenesis is poorly understood.
Here we report that in mice with conditional deletion of CaN in GFAP-expressing astrocytes (astroglial nlm
neurin KO, ACN-KO), at 1 month of age, transeription was largely unchanged, while the pr was
in the hippocampus and cerebellum. Gene ontology analysis revealed nvtlmplucnmunn of annotations mhltd
to myelin sheath, mitochondria, ribasome and ¢ ov P were related to protein
synthesis, oxidative phospholyhumn mTGR and ncmalon:al disorders, m.cludmsr Alzheimer's disease (AD) and
seizure disorder. C with dataset: averlap with the proteome of
a familial AD mouse model and of human subjects with drug-resistant seizures. ACN-KO mice showed no al-

terations of motor activity, equilibrium, anxiety or depressive state. However, in Barnes maze ACN-KO mice
learned the task but adopted serial search strategy. Strikingly, beginning from about 5 months of age ACN-KO
mice developed spontaneous tonic-clonic seizures with an inflammatory signature of epileptic brains. Alto-
gether, our data suggest that the deletion of ast CaN produces features of neurological disorders and
predisposes mice to seizures. We suggest that caleineurin in astrocytes may serve asa novel Ca”™'-sensitive switch
which regulates protein expression and homeostasis in the central nervous system.

1. Introduction interaction with neurons in the central nervous system (CNS), astrocytes
generate intracellular calcium (Ca®') signals which are thought to

Homeostatic support, provided by astrocytes, is of paramount mediate their h ic activities, including release of signalling
importance for proper brain functioning [1]. During continuous molecules, conwrol of cerebral bloed flow, regulation of K' and
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neurotransmitter uptake and control of neuronal activity [2,3]. More-
over, deregulation of astrocytic Ca®' signals and downstream signalling
processes are strongly associated with neuropathologies including Alz-
heimer's disease and epilepsy [4, 5, 6]. Much effort has been devoted to
detection and characterization of astroglinl Ca®* signals themselves 7,
8], while how the Ca®' signals in are decoded, p d and
translated to amrange a multitude of astroglial homeostatic activities is
peorly understood [3].

Recently, we have generated a mouse with conditional KO of calci-
neurin (CaN), a Ca®'/calmodulin-activated serine-threcnine phosph
tase (aswoglial calcineurin KO, or ACN-KO) and showed that the
deletion of astrocytic CaN (Astro-CaN) severely impairs intrinsic
neuronal excitmbility in hipp | pyramidal neurons and cerebell
granule cells through f\mcnonai inactivation of astroglial Na'/K'
ATPase and deregulation of Na' and K' handling [9]. CaN drives
Ca®' -dependent cellular transeriptional and functional remodelling in

Cell Caleium 100 (2021) 102480
2. Results

2.1. Deletion of Astro-CaN deranges protein expression at
posttranseriptional level

To investigate the effect of the deletion of CaN from astrocytes on
gene and protein expression in the CNS, we performed Next Generation
RNA sequencing (RNA-Seq) and shotgun mass spectrometry proteomics
(SG-MS) analyses of the hi v el serebellinn (i Bioain stens fis
which all astrocytes are GFAP positive and hence achieved full CaN KO)
of one month-old ACN-KO and ACN-Ctr mice. RNA-Seq revealed only
two genes that showed a fold change over 2 in whole tissue hippocampal
and cerebellar preparations from ACN-KO d with ACN-Ctr mice
(Suppl. Fig. 1). This were Rab31 and Vapa in the hippocampus (-2.11
and -2.04 fold change, respectively) and Dsp and Rab31 in cerebellum
(—2 62 and -2.14 fold change, respectively). In brief, therefore, the

different cellular types including lymphocytes [10], cardiomyocytes
[11], skeletal muscle [12], bone cells [13] and neurons [14]. However,
it is not known whether in healthy astrocytes CaN exerts similar activity.

In the present report we used a multiomics approach to compre-
hensively investigate alterations produced by the deletion of Astro-CaN
at the transcriptional and proteome level. We report that the deletion of
CaN from astrocytes, at one month of age, results in derangement of
protein ion at the posttr: iptional level re-creating a similar
protein profile to that associated with neurological and neurodegener-
ative diseases, in particular with AD and seizures. Later in life, beginning
from about 5 months of age, ACN-KO mice display an increased risk to
develop spontaneous tonic-clonic motor seizures. Collectively, our re-
sults suggest that Astro-CaN may serve as a Ca®'-sensitive molecular

ional profile was largely b d. SG-MS pr
(hg 1A) identified 1661 and 1456 proteins in whole-tissue hippocam-
pal (Wht-Hip) and bellar (Wht-Cb) prep respectively. In
hippocampal (Syn-Hip) and cerebellar (Syn-Cb) | fractions
525 and 471 proteins, respectively, were identified (Suppl. Table 1).
Quantification and identification of differentially expressed proteins
(DEPs) (FC > 50%, p-value < 0.05) yielded 21, 17, 134 and 40 DEPs in
Wht-Hip, Wht-Cb, Syn-Hip and Syn-Cb samples, respectively (Fiz. 1B
and Suppl. Table 2). Surprisingly, there was very little, if any, overlap of
DEPs between samples suggesting that the changes in protein expression
produced by the deletion of Astro-CaN are brain region-specific. How-
ever, in of 40 DEPs in Syn-Cb, 12 proteins (30%) were common with
Syn-Hip samples. Of these 12, only one protein is astrocyte-specific,

hub which regul protein exp and b is in the CNS. GLAST (EAATI, Slela3), which we have previously shown to be under
Fig. 1. pecific CaN at 1 mo of
age d protein ion  diffe ially in
the hi and the (A) A scheme

LC-MS/MS
SWATH /

of the workflow: whole-tissue hippocampus (Wht-Hip)

L and cerebellum (Wht-Cb) and their respective synap-
B ¥ tosomal fractions (Syn-Hip and Syn-Cb), prepared from
ACN-Ctr and ACN-KO mice, were subjected to shotgun

Coxtal

Wht-Hip Wht-Cb

(17/1458) Glast
Vdac2
Aptaz |
Snapzs
Atp5j
Dpysi4

Syn-Hip
(134/525)

Syn-Cb
(40/471)

mass spectrometry (SG-MS) proteomics (LC-MS/MS —
SWATH, 4- 6 mice per condition). RNA-Seq did not
result in a significant transcriptional activity. $G-MS
resulted in 21, 17, 134 and 40 differentially expressed
proteins (DEPs) in Wht-Hip, Wht-Cb, Syn-Hip and Syn-
Cb, respectively. For bioinformatic analysis, hippo-
campal and cerebellar preparations were pooled
resulting in HIP (155 DEPs) and CB (54 DEPs). (B)
Intersection of DEPs lists show very limited overlap
between samples indi on brain ion-specifi

alterations produced by Astro-CaN-KO. (C) Validation
of DEPs by Western blot (details of statistical analysis
are reported in Suppl. Table 9); and (D) correlation of
Western blot results with SG-MS (R® = 0.612, p =
0.0044). Colour codes: cyan, ACN-Ctr mice; magenta,
ACN-KO mice; light-yellow, Wht-Hip, light-green, Wht-
Cb; light-blue, Syn-Hip; light-red, Syn-Cb.

b’ =

| 2
‘Western blot
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Table 1
Top 10 overrepresented IPA annotations.
HIPPOCAMPUS CEREBELLUM
Canonical Pathways ~ p- 2 Canonical P #
value  Hits  Pathways value  Hits
Synaptogenesis 316E 21 EIF2 Signaling 977E- 7
Signaling Pathway 15 o7
Phagosome Maturation  6.31E- 16 Glucocorticaid 141E- &
15 Receptor o
Signaling
Sirtuin Signaling 1.268- 18 Regulation of elF4  5.05E- 4
Pathway 12 and p70S6K o4
Signaling
Mitochondrial 1268 14 Sirwin Signaling ~ 6.31E- 5
Dysfunction 11 Pathway 04
Remodeling of 316E 10 Mitochondsial T.24E- 4
Epithelial Adherens 11 Dysfunction 04
Junctions
14-3-3-mediated 6316 12 Breast Cancer 129E- 4
Signaling 11 Regulation by 03
Stathmin]
Oxidative 2,098 11 mTOR Signaling 1.55B- 4
Phosphorylation 10 03
Huntington’s Disease 871E- 14 Oxidative 224E- 3
Signaling 10 Phosphorylation 03
Epithelial Adherens 7.41E 11 Acetyl-CoA 240E- 1
Junction Signaling 09 Biosynthesis 111 03
{from Citrate)
Glycolysis | 1.826 6 CCR3 Signalingin ~ 3.24E- 3
08 Eosinophils ]
Upstream Regulator P # Upstream I #
value Hits  Regulator value Hits.
MAPT 1.97E- 60 MAPT 1.89E- 11
65 [
PSEN1 3.63E- S50 MYC G7IE- 15
49 08
APP 4.24E- 57 RICTOR 2048 8
37 o7
HTT 463E- 34 S-fluorouracil 1.50E- 8
19 06
torinl 2.73E- 15 MYCN 5.95E- 7
16 3
metribolone 267E- 24 HDAC4 203E- 5
15 05
FMR1 6.96E- 16 ammonia 3.56E- 2
15 05
RICTOR 5.47E- 19 LONP1 3.88E- 4
14 05
sirolimus 9,3E- 25 ST1926 487E- 5
14 05
BDNF 1.28B- 18 TLE3 546E- 4
11 05
Diseases or Functions # Diseases or P #
Annotation: value  Hits  Functions value  Hits
Epilepsy Annotation
Seizure disorder 407E- 29 Decay of mRNA 1.30E- 7
14 08
Seizures 4478 25 Synthesis of 2358 13
12 protein 08
Infantile or early 686E- 12 Expression of L14E- 11
childhood epileptic 12 protein [
encephalopathy
Developmental 7.69E- 12 Parkinson's 1.30E- 9
epileptic 12 disease o7
encephalopathy
Familial generalized 456 12 Nonsense- 266E- 6
epilepsy 11 mediated mENA 0z
deeay
Early-onset epilepsy 9.62E 13 Progressive 1.25E- 14
11 encephalopathy 05
Tonic-clonic seizure 2686 13 Movement 1.26E- 16
10 Disorders 3
Childhood epilepsy 9.85E- 12 Progressive 1.26E- 10
10 neuromuscular 3
disease
Epilepsy 1.34E 19 1L43E- 6
09 05
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Table 1 (continued)

HIPPOCAMPUS CEREBELLUM
Canonical Pathways P # Canonical P #
value  Hits  Pathways value  Hits
Initiation of
translation of
protein
Epilepsy or 479E- 21 Disorder of basal 1.64E- 13
neurodevelopmental 09 ganglia 06
disorder

control of CaN in astrocytes [15].

Validation of SG-MS results by WB (Fig. 1C) showed significant
correlation (R® = 0.612, p = 0.0044) between SG-MS and WB (Fig. 1D).
qPCR validation showed no alterations in mRNA levels except Vapa and
Rab31, found to be downregulated in hippoeampus confirming, thus,
RNA-Seq results (Suppl. Fig. 2). Classification of DEPs for Cell compo-
nent and Function categories revealed that in Wht-Hip and Wht-Cb Cell
components of cytosol were the most abundant followed by mitochondria,
ribosome and vesicles, while among Functions there were metabolism,
translation, OXPHOS followed by vesicle trafficking and transport across
membrane. In synaptesomal preparations Cell components were cate-
gorized as cytosol, cytoskels itochondria, plasma by vesicles
and ribosome; while among Functi were signalli boli:
transport across membrane, structural proteins, OXPHOS, translation and
vesicle trafficking (Suppl. Fig. 3).

2.2. Deletion of Astro-CaN deranges protein expression in major brain cell
types

The analysis of DEPs showed the presence of many neuronal pro-
teins, e.g., Thy-1, Snap25, Synaptophysin and Tau suggesting that the
deletion of CaN from astrocytes affects neuronal protein expression.
Therefore, we analysed the cell-specificity of DEPs using o merged lists
of Wht-Hip and Syn-Hip DEPs (Suppl. Table 2E). First, we primed the
Human Protein Atlas (HPA) database (hitps://www. protein
in which protein expression is comprehensively examined using ATLAS
antibodies (Sigma) and the cell-specificity of expression in the hippo-
campal formation is scored in glial and neuronal cells. This analysis,
revealed that, in the hippocampus, the majority of DEPs were neuron-
specific (32.9%) or enriched in neurons (24.5%), while glia-specific
proteins (6.5%) or proteins enriched in glin (2.6%) were less abundant
(Fig. 2A). Next, we primed a brain cell-specific transcriptome database
published by Ben Barres and colleagues [16]. The analysis revealed that
DEPs specific for all principal brain cell types, including astrocytes (7
hits), newrons (12 hits), oligodendrocytes (7 hits), microglial cells (3
hits) and endothelial cells (1 hit) were differentially expressed in
ACN-KO brain (Fig. 2B), corroborating and extending the results ob-
tained using HPA.

Taken together, RNA-Seq and SG-MS analyses showed that at one
month of age the deletion of Astro-CaN does not change transeription
neither in the hippocampus nor in the cerebellum, while protein
expression was altered differentially in these two brain regions, in all
principal brain cellular types.

las.org/)

2.3. Deletion of Astro-CaN produces proteome signature of

neuropathology and seizures

Next, we investigated the functional significance of protein expres-
sion alterations in ACN-KO mice. For this analysis, whole-tissue DEPs
were pooled with synaptosomal DEPs resulting in two lists, related to the
hippocampus (HIP) and the cerebellum (CB). Gene ontology analysis of
HIP DEPs revealed overrepresentation of 175 GO terms (Suppl
Table 3A). The most significantly overrepresented hits from GO category
Cellular Component (CC) were miyelin sheaih (44 DEPs), extracellular
exosome (90 DEPs) and mitochondrion (46 DEPs), while KEGG pathways
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A Human Protein Atlas
Abbr | Celltype Hippocampus |
Gi Glia-specific 10 (65%)
GIEn Enriched in glia 4026%)
Ub Ublqutous 24(15:5%)
e Neuron-specific 51 (22.0%)
LNNEH Ennchad in neurons | 38 (24.5%)
ND Nm determined 11 (7.1%)
NA Ncuaasﬂym 17 (11%)
B Mouse brain celis-specific RNA-seq
Endo
|
Abbr [

Ins mm celspecitc

[astro | | Astrocytes

[ Heass | teurons 12.(6.2%}
|ohge | Otgodendracyies | 7 30%)
:M):lu iM:l?qba_ [200%)
Endo | Endothelium | 160.5%)

Fig. 2. Cell-specificity analysis of differentially expressed proteins. (A) Priming of Human Protein Atlas database (wvw.p
differentially expressed proteins (DEPs) revealed prevalence of neuronal DEPs. (B) Priming of mouse brain cell-sp

ific RNA-Seq

expression of proteins from all major CNS cell types, with prevalence of neuronal proteins.

wete OXPHOS (17 DEPs), Alzheimer’s (AD, 16 DEPs), Parkinson's (PD, 16
DEPs) and Huntington s disease (HD, 16 DEPs). Interestingly, intersection
of AD, PD, HD and OXPHOS lists resulted i in 12 common DEPs, all of
which were p of the oxid. phorylation (OXPHOS)
mitochondrial pathway (Suppl. Fig. 4). DAVlD analysis of CB list
returned 43 significantly overrepresented GO terms among which were
KEGG pathway ribosome (7 DEPs) and CC extracellular exosome (33
DEPs), intermediate filament (7), intracellular ribonucleoprotein complex
(9), ribosome (7) and mitochondrion (15) (Suppl. Table 3B). Presence of
intermediate filaments of the keratin family was somewhat surprising,
however priming databases Genecards (hrtps://www genecards org/)
and PaxDB (hitps://pnx-dborg/) revealed presence of keratins in
different brain proteome datasets (Suppl. Table 4).

Ingenuity pathway analysis (IPA) of HIP dataset resulted in a list of at
least 500 significantly overtepr esented annotations. Top Gammca]
Path were Sy ignaling Pathway, Ph
Sirtuin Signaling Pathway, and Mitochondrial Dysfunction (Table 1).
Overrepresented Disease And Functions annotations contained devel-
opmental and hereditary newrological disorders as well as psychiatric
and neurodegenerative disorders (full list of annotations provided in
Suppl. Table 5). Note the presence of annotations related to seizures and
epilepsy (Table 1) which contained 29 proteins (listed in Suppl. Table 6).
Top Upstream Regulators in HIP were proteins MAPT, PSEN1, APP and
HTT (Table 1 and Suppl. Table 7A). Mutations of MAPT (tau), PSEN1
(presenilin 1) and APP (amyloid precursor protein) are the major causes
of familial AD (FAD) [17], while mutation of HTT is a cause of Hun-
tington's disease [ 1 5]. The relationships of MAPT, PSEN] and APP with
target proteins, calculated by IPA, are shown, respectively, in Suppl.
Fig. 5, 6 and 7. Of 69 unique proteins in MAPT, PS1, APP lists, 47 were
common (Suppl. Table 7B), falling in three clusters, generated using
STRING unsupervised k-means clustering, (i) neuronal and synaptie, (n)
metabolic pathways, mitochondrial and OXPHOS, and (iii) cytoskel

Decay of mRNA, Synthesis of protein, Parkinson's disease and Progressive
encephalopathy (Table 1).

Altogether, GO and pat} suggest that the deletion of
Astro-CaN affects, among others, mitochondrial function, protein syn-
thesis and mTOR signalling, sk significant with
neurological diseases, including AD and epilepsy.

2.4. ACN-KO proteome shows significant overlap with 5xFAD mouse AD
model and with human drug-resistant epilepsy datasets

Given the emergence of AD and seizures, we compared all our HIP
ACN-KO DEPs with published AD and epilepsy proteome datasets. For
AD comparison, we chose a proteome dataset obtained on 8 months-old
5xFAD mouse AD model, which represents the early stage of AD-like
pathology [19]. HIP ACN-KO dataset showed significant overlap with
5xFAD-vs-NonTg proteome reported by Neuner et al. (18 overlapped
proteins, p = 7.02E-15; Fig. 4A, and Suppl. Table 8A).

For comparison with epileptic brains, a dataset contributed recently
by Karen-Aviram and colleagues [20] was chosen. This dataset features
DEPs from the resected high frequency epileptic foci compared with
biopsies of non-epileptic regions from the same patients with
drug-resistant epilepsy (denominated as HE). Of 155 DEPs of HIP
ACN-KO list, 26 DEPs (16.8%) were common with HE showing signifi-
cant overlap (p = 1.07E-24; Fig. 4B, Suppl. Table 8B).

Collectively, our omics data suggest that the deletion of CaN from
astrocytes, at 1 mo of age, produces deregulation of protein expression
resembling that of AD and epilepsy.

2.5. The absence of ultrastructural alterations in ACN-KO hippocampus

Previously, we reported no alterations in neurodevelopment and

and adhesion proteins (Fig. 3, and Suppl. Table 7C). Top Canonical
Pathways in CB list were EIF2 Signaling, Glucocorticoid Receptor Signaling,
Regulunm of elF4 and p70S6K Signaling, Sirtuin Signaling Pathway and

hondrial Dy ion. Top Up: 1 in CB were MAPT,
MYC and RICTOR, while Disease And Functions annotations included

brain hi e of ACN-KO mice [9], while bioinformatic analysis
already at 1 month of age ACN-KO mice shows a proteome fingerprint of
neurological diseases which may result in alterations at the synaptic
level in the hippocampus. Therefore, we have investigated if there were
ultrastructural alterations in the hippocampus of ACN-KO mice with
consequent behavioural characterization including a

56



L. Tapella et al.

A

| Cell-specificity

Mitechondrion
Metabalism ,*
OXPHOS

e
'
' Neuron
i
1 Synapse
'

Cytoskeleton
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Fig. 3. Top 3 Cell-specificity and STRING k-means clustering of common
targets of TPA pathway { of Hi I DEPs MAPT,
P51 and APP. (A) Intersection of 60 MAPT, 50 PS1 and 57 APP putative
regulated DEPs resulted in 47 common DEPs. (B) Cell-specificity analysis
Human Protein Atlas (www.proteinatias.org) database shows presence of
mostly neuronal and neuron-enriched DEPs. (C) 47 common DEPs regulated by
MAPT, PS1 and APP, putative upstream regulators found by IPA pathway
analysis, were subjected to STRING protein-protein interaction analysis.
STRING k-means unsupervised clustering revealed 3 clusters grouped in pro-
teins related to: neuron and synapse (Cluster 1, red), mitochondrion, meta-
bolism and OXPHOS (Cluster 2, green); and cytoskeleton and adhesion (Cluster
3, light-blue).

hipp dependent task. Ti electron microscope anal-

ysis revealed no ultrastructural alterations in neuropil of CA1 hippo-
campal region including synapses and mitochondria (Suppl. Fig. 8A).
Likewise, quantification of dendritic spines in the hippocampus revealed
no differences in spine density (p = 0.78,n = 12 for ACN-Ctr, n = 15 for
ACN-KO), confirming that, at 1 mo of age, the deletion of CaN from
astrocytes does not alter structural and morphological aspects of the CNS
(Suppl. Fig. 8B).

2.6. ACN-KO miice adopt serial search strategy in Barnes maze

Next, we subjected mice to behavioural tests to assess if general
parameters of behaviour and memory of ACN-KO mice were different
from that of ACN-Ctr. Results of open field test showed that the distance
travelled, the time spent and the average speed of movement in the
external and internal parts of the field did not differ between ACN-Cir
and ACN-KO mice (p = 0.73, n = 15) (Suppl. Fig. 9). Similarly, no
changes were found in nesting behaviour (p = 0.145, n = 11), hanging
(p = 0.56, n = 8) and tail suspension tests (p = 0.86, n = 18). This in-
dicates that ACN-KO mice do not have deficit of motor activity,
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equilibrium or muscle strength, neither show anxious or depressive
behaviour (Suppl. Fig. 9). Next, wesubjected ACN-Ctr and ACN-KO mice
to Barnes maze behavioural paradigm (Fig. 5A). No differences were
observed across acquisition training (AT) sessions in primary latency (F
(1,18) = 0.0005, p = 0.98, n = 10 pet genotype; Fiz. 5), entry latency (F
(1,18) = 0.45, p = 0.51) and entry errors (F(1,18) = 0.43, p = 0.52).
However, in AT1, ACN-KO mice made significantly more primary errors
(13.6 + 3.05 pokes for ACN-KO vs 6.0 = 1.03 pokes for ACN-Ctr; p —
0.023) resulting in significative association with genotypes in two-way
ANOVA for repeated measures (RM-ANOVA) (F(1,18) = 8.53; p =
0.0091). The difference in the number of primary errors was not due to
alteration in locometor activity as there were no differences in distance
travelled (p = 0.57) and average speed (p = 0.45) during AT1 session.
These results suggest that, in spite of the difference in the number of
primary errots during AT] session, ACN-KO mice leamned the task and
succeeded to locate the target hole with the same temporal efficiency as
ACN-Ctr mice. During the acquisition probe (AP) session, in which the
escape box was removed and mice were allowed to explore the maze for
90 sec., the primary latency (p = 0.24) and the number of primary errors
(p = 0.89) to find the target hole in 90 sec were not different between
ACN-Ctr and ACN-KO mice. However, the number of total pokes during
the session were significantly higher in ACN-KO than in ACN-Ctr mice
(37.1 4 1.16, n = 10 vs 21.1 = 3.44 pokes, n =9, respectively; p = 0.02,
unpaired t-test; Fig. 5D right). This may suggest on the differences in
search strategy that mice adopt to locate target hole. To test this we have
identified the following search stiategies: direct (spatial), serial search
and random (mixed) [21]. To these three classical search strategies, an
additional strategy was discriminated when the mouse returned to the
target hole from the first or second adjacent holes (called retum) (see
Methods section for detailed description of search strategies). In course
of the AP session, when the first approach to the target hole was
considered, only one (11.1%) of ACN-Ctr mice used serial search, while
3 (33.3%) and 5 (55.6%) mice used, respectively, random and direct
search. Instead, 6(60%) ACN-KO mice used serial search strategy during
the first search, while 1 (10%) and 3 (30%) mice used, respectively,
random and direct search (p = 0.080, 3%, Fisher's exact test; Fig. 5E left).
The trend of ACN-KO mice to use serial search during the acquisition
probe was strengthened when the total number of the target hole
searches during 90 see of probe were counted: ACN-Ctr and ACN-KO
mice used, respectively, 5 (17.2%) vs 23 (52.3%) times the serial
search strategy, 6 (20.7%) and 7 (15.9%) times the random search, 4
(13.8%) vs 2 (4.5%) the retum strategy, and 14 (48.3%) vs 12 (27.3%)
spatial search to find the target hole. The differences were significative
using %, Fisher's exact test (p = 0.020; Fig. SE right). These results
suggest that ACN-KO mice leam the position of target hole using
non-spatial but serial search strategy to locate it. Fig. 5F shows repre-
sentative traces of ACN-Ctr and ACN-KO mice during AP session, from
which is evident that the difference in search stiategy is reflected by the
time spent and the distance travelled by the mouse in the external part or
in the center of the maze. We used these parameters to analyse if the
serial search is an intrinsic property of AGN-KO mice linked to anxiety
and is independent of leaming, or this is the strategy that mice develop
during the learning process because they are unable to adopt spatial
search strategy. For this, the maze was divided in two zones, external
and internal (Fig. 6A), and the distance and time spent in each zone was
measured in two occumrences in which all mice spent equal time
searching the maze, the habituation session, e. g., before learning, and
the AP session. While there was no difference in total distance travelled
during both habituation (p = 0.57) and AP session (p = 0.084) (Fig. 6B),
ACN-KO mice travelled significantly more (p = 0.015) (Fig. 6C) and
spent more time (p = 0.009) (Fig. 6D) in the extemal part of the maze
than in the intemnal part in comparison with ACN-Ctr during the AP
session but not the habituation.

Taken together, these results show that ACN-KO mice do not have
motor alterations or anxiety while presenting alterations in spatial
learning.

57



L. Tapella et al.

Cell Calcium 100 (2021) 102480

Flg 4. Comparison with 5xFAD mouse and human
A Comparison with 5XFAD vs Non-Tg B Comparison with human i epilepsy datasets. (A)
pharmacoresistant epilepsy (‘.Dmparls{m with 8 mo old 5xFAD vs NonTg hippo-
campal proteome (18 common DEPs, listed in the table
below; p = 7.02E-15) [19]. (B) Comparison with
human drug-resistant epilepsy dataset contributed by
"V‘-’ [20] obtained on brain biopsies from high-frequency
epileptic foci vs low-frequency regions from the same
119 patients. 26 common proteins were found (p =
/ 1.07E-24) listed in the table below. Colour labels: in red
in green: ted DEPs.
p=702e-15 p=107e-24 Magenta, ACN.—KO vs ACN-Ctr DBPs:l green, 5xFAD vs
s NonTg DEPs; light-yellow, human epileptic (HE) DEPs.
v V HE score was calculated as an algebraic sum of nu-
Prot G Acm:o FC__6xFAD FC Protei Ge: ACN-KO FC__HE mecial waliies {from 1 fo 2-f0¢ iy regulitod profotis
rotein ene. x| rotein ne sc0re” ” ! :
Aottt : T o and from -1 to -2 for down-regulated proteins) assigned
AtpStid AATM Got2 210 1 to DEPs categories according to [20].
capt ARF3 A3 3.4 a
Dnmt ARP3 Actrd 7.0 2
[ CLH1 Ciic 350 4
Got2 GNTN1  Coint 192 4
Hpea GOF1 o 166 3
Iment DPYL4  Dpysid 1201 1
Hitio DPYLS  Dpysls 5.4 1
Mah1 oYNt Dam1 256 [}
Pgami ENPL Hspo0bi 375
Pipt GOlA Gait 310 F]
pia IDH3A_ ldn3s 339 1
Snap25 KPYM Pikm -1.88
Tpil NSF sl 215 1
Tubbda PRDX2  Prox2 282 4
Ywhag SHAB Hapb 358 4
Ywhaz SNP2S  Snap2s 383 o
STXB1 Stxbpt 1.70 -3
SYUA Snca 219 [
UBE2N  Ube2n 322 3
VAMPZ  Vamp2 222 2
VATA Atpbria 178 ]
VDAC2 Vdac2 87 ]
1433E Ywhae 2,94 2
14332 Ywhaz 161 4
2.7. ACN-KO mice develop tonic-clonic seizures and neureinfi qPCR exp on mRNA extracted from hippocampi of ACN-Ctr

starting from 5 months of age

The emergence of annotations related to epilepsy prompted us to
investigate if there was an increased incidence of seizures during life-
time of ACN-KO mice. Monitoring of ACN-KO mice revealed that start-
ing from about 5 months of age, both males and females of ACN-KO mice
showed increasing risk to develop seizures. Seizures started either upon
cage opening, or upon bothering of a mouse by slightly pulling the tail
(Suppl. Video 1). Thei of seizures corresponded to stages from 3
(forelimb clonus) to 5 (rearing and falling with forelimb clonus) ac-
cording to Racine scale [22] (Suppl. Video 1) or to stages 6-7 according
to Pinel and Rovner scale (forelimb clonus with multiple rearing and
falling; jumping) [23] (Suppl. Video 2). The percentage of mice devel-
oping seizures grew steadily until 10 months after which the incidence
did not increase further (Fig. 7A). There were no differencesin the risk of
seizure development between the three experimental groups, males (n
= 50), non-breeding females (n = 36) and breeding females (n = 80)
(long-rank Mantel-Cox test, y? = 0.856, df = 2, p = 0.6518) reaching
40% risk for males and 45% for females (Fig. 7A). We next attempted
registration of EEG in ACN-KO males. However, epileptic mice did not
developed seizure after implantation of electrodes (n = 4) which made it
impossible to register EEG during seizures. Thus, we proceeded with
registration of seizure-free mice. In all cases registered from ACN-KO
mice there was a presence of aberrant electrical activity (100.8 +
19.25 spikes/24h in ACN-KO vs 3.5 + 0.50 spikes/24h in ACN-Ctr, p =
0.042, n = 5) resembling thar of interictal spikes [24] (Fig. 7B).

Neuroinflammation is a key feature of human seizure disorders and
mouse models of epilepsy [25]. Therefore, we investigated if in ACN-KO
mice with seizures this key feature of epileptic brain was respected.

(labelled as Ctr in Fig. 7€), ACN-KO mice without seizures (labelled as
Nsin Fiz. 7C) and ACN-KO mice with recurrent seizures (labelled as Seiz
in Fig. 7€) demonstrate that Il-1f, TNF, Cox2 and Gfap mRNA were
significantly upregulated in ACN-KO mice with seizures (15.6 fold, p <
0.0001; 3.9 fold, p = 0.0003; 7.62 fold, p = 0.0001 and 1.29 fold, p =
0.0067, compared with ACN-Ctr, respectively), indicating an ongoing
neuroinflammatory process. Together, our data suggest that the deletion
of CaN from astrocytes results in devel of delayed sp
tonic-clonic seizures from 5 months of age.

3. Discussion

The present study was designed to investigate the effect(s) of the
deletion of Astro-CaN on global transeriptional and translational
remodelling in the CNS of ACN-KO m:ce at 1 month of age, a tlmepolm
when the CaN KO is fully exp and I differ-
entiation in the CNS are completed, while thme are minimal compen-
satory effects of the deletion of Astro-CaN. The principal findings of this
work are: (i) in resting conditions, Astro-CaN does not play a significant
role in transeription; (ii) at 1 month of age, protein expression was
altered in hippocampus and cerebellum of ACN-KO mice in a brain area-
specific manner. In addition, a different set of proteins was found altered
when specifically looking at hippocampal and cerebellar synaptosomes;
(iii) changes in protein expression occurred in all principal eellular types
of the CNS including astrocytes, neurons, oligodendrocytes, microglia
and endothelial cells; (iv) bioinformatic analysis revealed over-
representation of differentially expressed proteins related to CNS dis-
orders, specifically to AD and seizure disorder; (v) comparisons with
published proteome datasets indicate significant overlap of HIP ACN-KO
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Fig. 5. ACN-KO mice learned the Barnes
A Dayl Day 2 Day 3 Day 4 Day5s maze tallc but use serial search strategy. (A)
ion of Bames maze
15h 15h L.5h 15m  15m Acquisition expatiineit proticol (Hab = habitontions AT =
Hab > ATL | AT2AT3 ATA -3 ATS AT6 -5 AT7 -3 AT8 probe isition raining). (B) Perf < of ACN-
Ctr and ACN-KO mice across AT sessions: no
differences were found in primary latency (F
Primary latency Primary errors Entry latency Entry errors (1,18) = 0.0005; p = 0.98), entry latency (F
(1,18) = 0.45; p = 0.51) and entry errors (F
150 200 = 30
F(1,18)=0.0005 9 Fit 1_80);3.45 o Fi1,18)=0.43 (1,18) = 0.43; p = 0.52), in primary errors, only
oo pe0se £ Fiteres g - E p=052 in AT1 session, significative difference between
% bt T < 400 5 ACN-Ctr and ACN-KO mice was found (p =
-SPH W00, 2 ‘E 310 0.0091). (C) the absence of significative differ-
- s ‘l = ”1 s % ences in total distance travelled and average
= y . “ (Avg) speed, during AT1 (respectively: p =
123456738 12345575 123485678 12345867¢8 DA57:P,_0_45)!shmghmﬂlelgm—gnunim.
AT sessions. AT sessions AT sessions AT sessions ations in general motor and explorative activity
in ACN-KO compare to ACN-Ctr mice. (D) ACN-
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dataset with those related to AD and epilepsy; (vi) ACN-KO mice do mt
exhibit alterations in locomotor activity, signs of anxiety or dep

principal mean by which CaN acts in healthy astrocytes is through

(vii) in Bames maze, ACN-KO mice were able to locate the target hole
with the same efficiency as ACN-Ctr mice but used non-spatial search
strategy, serial search; and (vii) beginning from about 5 months of age
ACN-KO miee show increased risk to develop tonie-clonie seizures.

3.1. Posttranscriptional nature of the Astro-GaN deletion effects

In astrocytes, CaN activity is mainly associated with transcriptional
remodelling through activation of transcription factors NFAT and NF-
kB. Such a transcriptional remodelling has been shown in several
pathological conditions in vive and in vitro in response to toxic or pro-
inflammatory stimuli [26, 27, 28]. Neuronal activity- d acti-

protein de-phosphorylation. However, it should be emphasized that for
RNA-Seq and SG-MS analyses we used resting, not stimulated and not
stressed  animals.  Therefore, least in  principle, a
stress-or-stimulation-induced Astro-CaN-mediated transcriptional ac-
tivity, as it oeeurs in neurons during late phase of LTP [14], eannot be a
priori ruled-out. Nevertheless, we can speculate that, upon continuous
modifications in homeostatic demand during dynamic neuronal activity,
fast dephosphorylation/phosphorylation lling would be more ad-
vantageous compared to a relatively slower process such as
transcription.

at

3.2, Astro-CaN deletion predicts neuropathology, does it mean that

vation of CaN followed by NFAT nuclear translocation has been
demonstrated in pericytes after field stimulation of hippocampal slices
1291, while invitro our group has shown a robust Astro-CaN activation in
mixed neuron-astrocytes hipp 1pal cultures upon ch | induction
of long-term potentiation (LTP) [30]. Here we show that the remodelling
of CNS proteome, as a result of the deletion of CaN from astrocytes,
occurs in the absence of transeriptional alterations, suggesting that the

pathology is caused by Astro-CaN dysfunction?

The central finding of this work is that, in response to the deletion of
CaN from astrocytes, the molecular signature of neuropathology was
evident already at 1 month of ACN-KO mouse age. As shown in the gene
ontology analysis, the molecular signature resembles that of several
neurological and neurodegenerative diseases, e.g., OXPHOS alterations
were common between PD, HD and AD. However, IPA pathway analysis
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Fig. 6. Search strategies alteration is not an
intrinsic feature of ACN-KO mice. (A) sche-
matie representation of Barnes maze division in
internal zone and external zone. (B) no differ-
ences between ACN-Ctr and ACNKO mice
emerged in the total distance travelled during,
both, habituation and acquisition probe
(respectively: p = 0.57; p = 0.084). (C) % of
distance travelled by ACN-Ctr and ACN-KO
mice, in external and internal zone, in the
habituation (Hab) and probe sessions. (D) % of
time spent by ACN-Ctr and ACN-KO mice, in
external and intemal zone, in the habituation
(Hab) and probe sessions.

Fig. 7. Increased risk to develop tonic-
clonic seizures in ACN-KO mice beginning
from 5 months of age, and inflammatory
phenotype in ¢ months-old ACN-KO mice
with seizures. (A} Starting from 5 mo of age,
both males and females exhibit increasing risk
of spontaneous tonic-clonic seizures (violet,
males, n = 50; turquoise, females, n = 36; yel-
low, females in breeding, n = 80, long-rank
Mantel-Cox test, ¥* = 0.856, df = 2, p =
0.6518). (B) No seizures have been observed in
mice which underwent surgery for electrode
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indicates on a particular link with AD. Strikingly, the top 3 Upstream
Regulators found by IPA analysis were the three major causes of familiar
AD, namely Tau (MAPT), PS1 and APP with 47 common proteins
downstream of these hypothetical regulators (30.3% of HIP list, Suppl.
Table 7B). Because of FAD mutated proteins have been traditionally
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However, in seizure-free mice
there were aberrant EEG spikes as registered by
24 h recording (100.8 + 19.25 spikes/24h in
ACN-KO vs 3.5 + 0.50 spikes/24h in ACN-Ctr,
p = 0.0073, n = 5). (C) Hippocampi were
dissected from ACN-Ctr (Ctr, cyan columns),
ACN-KO mice which never had seizures (Ns,
magenta columns) and from ACN-KO mice with
seizures less than 5 min before sacrifice (Seiz,
yellow columns). RNA was extracted and real-
time PCR was performed using specific
primers for pro-inflammatory cytokines (Il-1fl,
Tnf and Cox2) and markers of gliosis (Gfap and
Ibal). Note upregulation of pro-inflimmatory
and gliotic markers specifically in ACN-KO
mice with seizures (p < 0.0001, Seiz vs Ctr
and Ns for Il-1§; p = 0.0003 and p = 0.0015,
Seiz vs Ctr and Ns, respectively for Tof, p =
0.0001 and p < 0.0001, Seiz vs Ctr and Ns,
respectively for CoxZ; p = 0.0067 and p =

0.0090, Seiz vs Ctr and N, respectively for Gfap; and p = 0,061 and p = 0.089, Seiz vs Ctr and Ns, respectively for Iba1). Details of statistical analysis are reported in
Supplementary Table 9.

regarded as neuronal proteins, one could draw a straightforward
conclusion that the deletion of CaN from astrocytes predisposes neurons
to harmful effects of FAD mutations partly recreating the fingerprint of
FAD-related proteome. Analysis of cell-specificity of this list shows that
the majority of proteins are, indeed, neuron-specific or enriched in
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neurons (Fig. 3B).

Distupted intracellular Ca®' signalling, bioenergetic deficit and
impairment of protein synthesis and degradation represent, perhaps, the
most important features of early AD pathogenesis [31, 32, 33, 34). Ithas
been suggested that alterations of inter-organellar communication, in
particular of the ER-mitochondrial Ca® transfer, may represent central
event in AD cellular pathology [35 7, 38]. Wespeculate that, in AD
astrocytes, alterations of CaN activity may provide a link between
d lation of Ca®" I bicenergetic deficit and cellular dis-
proteostasis. This speculation is supported by reports suggesting that
CaN directly regulates both protein synthesis and mitochondrial dy-
namics and bioenergetics [39, 40, 41]. In spite that transcriptional
changes represent an important feature of AD astrocytes [42,42], our
data suggest that such an effect may occur at the postiranscriptional
level. Further support to this speculation comes from the comparison of
our proteomics data with that of a mouse model of incipient AD, 8
months-old 5xFAD mice [ 19]. However, since ACN-KO mice do not bear
FAD mutations, it is unlikely that ACN-KO mouse represents an AD
mouse model. Instead, significant overlap with hippocampal proteome
of 5xFAD mice suggest that the alterations of Astro-CaN activity may
occur during AD pathogenesis. Moreover, we propose that it may
constitute a common denominator for a group of neuropathological
diseases as suggested by bioinformatic analysis. In this light, considering
the increased risk of seizures in AD patients [44,45], the association of
Astro-CaN KO specifically with AD and epilepsy assumes particular
significance. Therefore, investigation of Astro-CaN activity and its as-
sociation with central and peripheral markers at early disease stages
may lead to the development of novel approaches in diagnosis, pre-
vention and therapy.

3.3. Alterations in spatial memory in ACN-KO mice

Interestingly, ar 1 mo of age, we did not find ultrastructural alter-
ation in the hippocampal newropil of ACN-KO mice, neither they have
alterations in basic behavioural performances like locomotor activity,
equilibrium and swength. In addition, ACN-KO mice did not exhibit
anxious or depressive behaviour, as none of the parameters in open field,
nesting or tail suspension tests was changed. However, alterations in
navigational strategies which ACN-KO mice adopt to locate the target
hole in Bames maze test suggest a functional impairment of hippo-
campal cireuits. Barnes maze is considered to be a hippocampus-
dependent task in which the ability to use spatial memory is tested
[46]. However, a mouse is able to find the target hole even without
spatial using the i inherent to maze exploring
holes serially [47]. In these terms, one could conclude that ACN-KO
mice, which adopt serial search to locate the target hole, have clear
functional hippocampal impairment. However, lately, it has been
argued that hippocampus is used for non-spatial memory processing due
to its ability to time-parse elementary memory events to integrate
temporal (when), episodic (what), spatial (where) information into
memory traces [45,49]. In light of this paradigm it is plausible to
conclude that ACN-KO mice fail to develop spatial search and avail to
serial exploration of holes due to funetional dissociation of temporal and
spatial representations both of which are hippocampus-dependent [431.
Such a dissociation has been found in the hippocampus of an AD mouse
model, 1Tg4510 mice, in which temporal sequences of neuronal firing
can persist while spatial firing is disrupted [50]. This rational is sup-
ported by several studies of animal model of AD and epilepsy. Thus,
Macedo and colleagues [51] showed lhal rats, after hippocampal infu-
sion of f-amyloid p used 1 ies to solve the maze;
similarly, in kainic uud model of tempoml lobe epilepsy, mice under-
stood the context and solved the maze using serial but not spatial search
[52], suggesting that the inability to form spatial representations may be
a common feature between AD and epilepsy.

Striking similarity was found in Barnes maze performance, specif-
ically in the acquisition training profiles and the preference of serial
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search strategy, between ACN-KO mice and a mouse with neuronal
expression of Ca®'-insensitive mutant of Ga®' /calmodulin-dependent
kinase I1 (CaMKII) in which long-term potentiation in theta-range (5-10
Hz) of stimulating frequencies was specifically impaired (53], Specula-
tively, this may suggest a mechanistic link between Astro-CaN-regulated
CNS proteostasis and neuronal activity and plasticity. Purther thorough

lecular and electroph 1 analysis of neuronal activity and
plasticity is needed to investigate the link between Astro-CaN and
neuronal CaMKIL. While such investigation is beyond the aim of the
present contribution, the link between neuronal excitability, found to be
impaired in ACN-KO mice (9], and the activity of CaMKII in neurons is
well documented [54].

3.4. Is ACN-KO mouse a novel model of spontaneous seizures and
epilepsy?

Another important finding of this contribution regands the increased
risk of ACN-KO mice to develop motor seizures in the period from 5 to 12
months of age. As we have previously reported, to 20 postnatal day
ACN-KO mice develop full CaN KO in the hippecampus and the cere-
bellum [9]. Therefore, it is reasonable to suggest that the seizures are
unlikely to be the direct effect of Astro-CaN KO. A delay of 5-10 month
from the CaN-KO till seizure development suggests that a constellation
of long-lasting alterations, downstream of Astro-CaN, may lead to
seizure development. While the primary cause is represented by the
Astro-CaN KO, the very cause of seizures is currently unknown. At the
time of seizures ACN-KO mice show inflammatory phenotype closely
resembling that observed in human disease and animal models of epi-
lepsy [25]. However, despite that the onset and development of epllepsy
are strongly associated with [55], itis p ly
to conclude that the seizures in ACN-KO mice are cuuse:.l by the in-
flammatory process. Moreaver, at 1 month of age of ACN-KO mice, the
molecular epileptic fingerprint does not evidence inflammatory
component but strongly suggests the insufficiency of glial suppoit to
neurons because: (i) primary cause is the deletion of an astroglial
enzyme; (ii) altered expression of astrocyte-specific membrane trans-
porters as Glast [15], Glt-1 and Atpla2; and (iii) overrepresentation of
DEPs related to myelin sheath suggesting inadequate oligodendrocytic
function. In support of this, compromised myelinisation of axons in
has been rep dly iated with insurgence of seizure
1. In this light, the slgmﬁcam overlap 1 mo-old ACN-KO mice
proteome with that from human patients with intractable epilepsy [20]
is of special interest. Indeed, Keren-Aviram and colleagues reported
downregulation of GFAP in the epileptic foci and did not report
appearance of other makers of neuroinflammation.

Lastly, a “spontaneous” nature of seizures discriminates ACN-KO
mice from the majority of animal models of epilepsy [551. We found
that two third of ACN-KO mice do not develop seizures during their
life-time, and the appearance of seizures cannot be predicted with ab-
solute certainty. Manipulation with ACN-KO mice and /or surgical pro-
cedures decreases the probability to develop seizure to the extent that
‘we were not able to register seizures in the electrode-implanted animals.
All this renders ACN-KO mice time and cost-ineffective as a model of
epilepsy [53]. However, “fast” and cost-effective animal models are not
able to faithfully reproduce all aspects of the human seizure disorder
[58]. This is particularly true for drug-resistant forms of epilepsy [59].
We, therefore, envisage that the results obtained from the thorough
characterisation of epileptic phenotype of ACN-KO mice may outper-
form the time- and cost-related disadvantages of this novel and spon-
taneous model of seizure disorder.

4. Conclusions

The observations that glial cells change very early during neuropa-
thology [50,61] led to hypothesize that an insufficient homeostatic
support to other cells in the CNS may be among the primary events
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which pradlspose neurons to ;iysfuncuou [61,62]. In this context, we
proposed that deregulation of lial Ca®* signalling, down-
stream of CaN, may contribute to this homeostatic failure [1,6]. Our
present data provide further support to this hypothesis suggesting that
Astro-CaN may work as a Ca?’ -sensitive hub orchestrating homeostatic
activities of astrocytes hence influencing functions of other cells in the
CNS. This action may be exerted through the control of extracellular K
handling. Previously we have shown this for hippoeampal pyramidal
neurons and cerebellar granule cells [9], but dependence on extracel-
lular potassium has also been shown for endothelial cells [63,64] by
inward rectifier K channels. Other mechanisms may include neuro-
transmitter control, e.g., glutamate as we have shown that glutamate
transporters and extracellular concentrations are regulated by astrocytic
CaN [9,15]. In this regard, we also have suggested that endothelial cells
are able to directly sense glutamate [65], which, speculatively, may be
under the control of astroglial CaN. While molecular and signalling
details of CaN activation and of Astro-CaN downstream signalling are a
matter of future research, our results provide a framework for in-
vestigations suggesting that protein synthesis [15], myelination and
mitochondria, alongside with mTOR signalling and with control of ion
homeostasis (9], may P principal of
Astro-CaN-controlled homeostatic network.

have

5. Methods
5.1. Generation and handling of ACN-KO mice

Generation and handling of conditional CaN knockout (KO) in GFAP-
expressing astrocytes (astroglial calcineurin KO, ACN-KO) has been
described previously [9]. Briefly, CaNB17/A% mice [66] (Jackson
Laboratory strain B6;1295-Ppp3r] tm2Gre/J, stock number 017692)
were crossed with GFAP-Cre mice [67] (Jackson Laboratory strain B6.
Cg-Tg(Gfap-cre)77.6Mvs/2J, stock number 024098). The line was
maintained by crossing CaNB19%/8% /GfapCre ™/~ (thereafter referred
as to ACN-Ctr) males with CaNB111°%/GfapCre '/~ (AGN-KO) females.

Mice were housed in the animal facility of the Universita del Pie-
monte Orientale, with unlimited access to water and food. Animals were
managed in accordance with Euwropenn directive 2010/63/UE and with
Italian law D.1. 26/2014. The procedures were approved by the local
animal-health and ethical committee (Universita del Piemonte Ori-
entale) and were authorized by the national authority (Istituto Superiore
di Sanita; authorization numbers N. 77-2017 and N. 214-2019). All ef-
forts were made to reduce the number of animals bred and used.

1f

5.2 Prep of tissue | and synap

Tissues were homogenized using glass-Teflon 1 ml homogenizer in
lysis buffer (50 mM Tris HCl (pH 7.4), sodium dodecyl sulfate (SDS)
0.5%, 5 mM EDTA). Synaptosomal fractions were prepared as reported
previously [6¢] from hippocampal or cerebellar tissues pooled from two
1 month old ACN-Ctr or ACN-KO miee. Briefly, mice were anesthetized
by intraperitoneal injection of Zoletil (80 mg/kg) and Xylazine (45
mg/kg) and sacrificed by decapitation. Hippocampi and cerebella were
rapidly dissected and placed into ice-cold homogenization buffer con-
taining 50 mM MOPS, pH 7.4, 320 mM sucrose, 0.2 mM DTT, 100 mM
KCl, 0.5 mM MgCly, 0.01 mM EDTA, 1 mM EGTA, protease inhibitor
cocktails (PIC, Calbiochem) and phosphatase inhibitor NasVO; (1uM).
All subsequent steps were performed at 4°C. The tissues were mineed
and homogenized in 1:10 w/v homogenization buffer with 12 strokes in
a Teflon-glass douncer. The homogenates were then centrifuged for 10
min at 800 followed by ifugation of the at 9200g for
15 min. The resulting P2 pellet, rep g the crude mal
fraction, was solubilized in lysis buffer.
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5.3. Western blot

20 pg proteins were resolved on 8% of 12% SDS-polyacrylamide gel.
Proteins were transferred onto nitrocellulose membrane using Trans-
Blot Turbo Transfer System (Bio-Rad), blocked in skm] nu.lk (5% fur 1
h; Cat. 70166: Sigma) and i blotted with i
Mouse anti-Tubulin (1:5000, Cat. T7451) or anti-f-actin (1:10000, Cat.
A1978), both from Sigma (Milan, Italy) were used to normalize protein
load. Primary antibodies were: mouse anti-Sy38 (1:500, Cat. MAB-
10321); rabbit anti-Cox6al (1:500, Cat. AB-83898); rabbit anti-Vdac2
(1:500, Cat. AB-83899); rabbit anti-AtpS5j (1:500, Cat. AB-83897); rab-
bit anti-Dpysl4 (1:500, Cat. AB-83901); rabbit anti-Gfap (1:500, Cat. N.
AB-10682), all from Immunological Sciences (Rome, Italy); rabbit anti-
Rps10 (1:500, Cat. PA5-96460, Thermofisher, Milan, Italy); rabbit anti-
Glast (1:500, Cat. NB100-1869, NovusBio, Milan, Italy); rabbit anti-
Atpla2 (1:1000, Cat. ANP-002, Alomone Labs, Jerusalem, Israel);
mouse anti-PSD95, clone K28/43 (1: 1000, Cat. MABN68, Merck Milli-
pore, Milan, Italy); mouse anti-Snap25 (1:600, Cat. sc-376713, Santa-
sz_ Da]las Texas USA) Goat a.nu muuse IgG (H+L) hoiseradish
di ly (1: 8000; Cat. 170-6516,
Bio-Rad, Milan, Italy) was used The pro(em bands were developed
using SuperSignal West Pico chemiluminescent substrate (Cat. 34078;
Thermofisher). Densitometry analysis was performed using the Quantity
One software (Bio-Rad).

perc

5.4. Proteomic analysis

5.4.1. In solution digestion

Lysates were digested using the following protocol: samples were
prepared to have 100 jig of protein in a final volume of 25 L of 100 mM
NH,HCO;. Proteins were reduced using 2.5 pL of dithiothreitol (200 mM
DTT stock solution) (Sigma) at 90°C for 20 min, and alkylated with 10 pl
of Cysteine Blocking Reagent (lodoacetamide, IAM, 200 mM Sigma) for
1 hat room temperature in the dark. DTT stock solution was then added
to destroy the excess of IAM. After dilution with 300 yL of water and 100
pL of NH;HCO; to raise pH 7.5-8.0, 5 pg of trypsin (Promega, Sequence
Grade) was added and digestion was performed overnight at 37°C.
Trypsin activity was stopped by adding 2 pL of neat formic acid and
samples were dried by Speed Vacuum [69].

The peptide digests were desalted on the Discovery® DSC-18 solid
phase extraction (SPE) 96-well Plate (25 mg/well) (Sigma-Aldrich Inc.,
5t. Louis, MO, USA). The SPE plate was preconditioned with 1 mL of
acetonitrile and 2 mL of water. After the sample loading, the SPE was
washed with 1 mL of water. The adsorbed proteins were eluted with 800
pL of acetonitrile:water (80:20). After desalting, samples were vacuum
evaporated and reconstituted with 20 uL of 0.05% formic acid in water.
Two L of stable-isotope-labeled peptide standard (DPEVRPTSAVAA,
Val- 13C5 15N1 at V10, Cellmano Biotech Limited, Anhui, China) was
spiked into the samples before the LC-MS/MS analysis and used for in-
strument quality control.

5.4.2. Label-free proteomic analysis

LC-MS/MS analyses were peiformed using a micro-LC Eksigent
Technologies (Dublin, USA) system with a stationary phase of a Halo
Fused €18 column (0.5 x 100 mm, 2.7 pm; Eksigent Technologies,
Dublin, USA). The injection volume was 4.0 uL and the oven tempera-
ture was set at 40°C. The mobile phase was a mixture of 0.1% (v/v)
formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B),
eluting at a flow-rate of 15.0 pL min™ ' atan increasing concentration of
solvent B from 2% to 40% in 30 min. The LC system was interfaced with
a 5600+ TripleTOF system (AB Sciex, Concord, Canada) equipped with
a DuoSpray lon Source and CDS (Calibrant Delivery System). Samples
used to generate the SWATH-MS (Sequential window acquisition of all
theoretical mass spectra) spectral library were subjected to the tadi-
tional data-dependent acquisition (DDA): the mass spectrometer anal-
ysis was performed using a mass range of 100-1500 Da (TOF scan with
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an accumulation time of 0.25 s), followed by a MS/MS product ion scan
from 200 to 1250 Da (accumulation time of 5.0 ms) with the abundance
threshold set at 30 cps (35 candidate ions can be monitored during every
cycle). Samples were then subjected to cyclic data independent analysis
(DIA) of the mass spectra, using a 25-Da window. A 50-ms survey scan
(TOF-MS) was performed, followed by MS/MS experiments on all pre-
cursors. These MS/MS experiments were performed in a cyclic manner
using an accumulation time of 40 ms per 25-Da swath (36 swaths in
total) for a total cycle time of 1.5408 s. The ions were fragmented for
each MS/MS experiment in the collision cell using the rolling collision
energy. The MS data were acquired with Analyst TF 1.7 (SCIEX,
Concord, Canada). Three instrumental replicates for each sample were
subjected to the DIA analysis [70,71].

5.4.3. Protein database search

The mass spectrometry files were searched using Protein Pilot (AB
SCIEX, Concord, Canada) and Mascot (Matrix Science Inc., Boston,
USA). Samples were input in the Protein Pilot software v4.2 (AB SCIEX,
Concord, Canada), which employs the Paragon algorithm, with the
foll g cysteine alkylation, digestion by trypsin, no spe-
cial factors and False Discovery Rate at 1%. The UniProt Swiss-Prot
reviewed database containing mouse proteins (version 12/10/2018,
containing 25137 sequence entries). The Mascot search was performed
on Mascot v2.4, the digestion enzyme selected was trypsin, with 2
missed cleavages and a search tolerance of 50 ppm was specified for the
peptide mass tolerance, and 0.1 Da for the MS/MS tolerance. The
charges of the peptides to search for wereset to 2 +, 3 + and 4 -+, and the
search was set on monoisotopic mass. The instrument was set to ESI-
QUAD-TOF and the following modifications were specified for the
search: carbamidomethyl cysteines as fixed modification and oxidized

methicnine as variable modification.

5.4.4. Protein quantification

The quantification was performed by integrating the extracted ion
chromatogram of all the unique ions for a given peptide. The quantifi-
cation was carried out with PeakView 2.0 and MarkerView 1.2, (Sciex,
Concord, ON, Canada). Six peptides per protein and six transitions per
peptide were extracted from the SWATH files. Shared peptides were
excluded as well as peptides with modifications. Peptides with FDR
lower than 1.0% were exported in MarkerView for the t-test.

5.5. Bioinformatic analysis

For bicinformatic analysis, DEPs from whole tissue preparations
were pooled with correspondent synaptosomal DEPs: Wht-Hip L Syn-
Hip - HIP; Wht-Cb L1 Syn-Cb ~ CB. Wht-Hip and Syn-Hip did not contain
commeon DEPs at [FC| > 1.5 and p-value < 0.05 and were pooled without
modifications. Wht-Cb and Syn-Cb (|FC| > 1.5 and p-value < 0.05)
contained 3 common DEPs. In this case the DEP with lower p-value
regardless of its FC was taken for further analysis. This resulted 155 and
54 unique DEPs in HIP and CB lists, respectively.

5.5.1. DAVID gene ontology (GO) analysis

Gene ontology (GO) analysis was performed using The Database for
Annotation, Visualization and Integrated Discovery (DAVID) v.6.8 tool
(https: //david ov/) [72]. Overrepresented GO terms which
passed Benjamini correction (p < 0.05) were considered significant.

5.5.2. STRING protein-protein interaction analysis

For prediction of protein-protein interactions and clustering using K-
means algorithm, Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) v10.5 online software was used (hrmps//string-db
org/) [73].

5.5.3. IPA pathway analysis
For pathway analysis, Ingenuity Pathway Analysis package (Content
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version: 49932394; Release Date: 2019-11-14) was used. Ingenuity
Canonical Pathways, Disease and Bio Functions, Upstream Regulators
and Causal Network Regulators were downloaded using default settings.

5.6. Comparison with AD and epilepsy datasets

HIP ACN-KO differential protein expression was compared with
published mouse AD and human epilepsy proteome datasets. The pro-
teomies analysis by Neuner et al. [19] on 8-month-old S5xFAD hippo-
campus mouse model was used as AD reference and DEPs were matched
by primary accession number as rewieved from  the
UniProtKB/Swiss-Prot reviewed database (release 2020 01). The dataset
provided by Keren-Aviram et al. [20] on human refractory epilepsy was
used as epileptic reference. In this case, to allow interspecies compari-
son, BioMart tool (www.ensembl.org) was used to extract genes that
were orthologous between human and mouse. Afterwards, DEPs were
again matched by primary accession number. In both the cases, the
significance of the overlap between sefs was evaluated through hyper-
geometric test, using as background reference the number of
protein-coding transcripts detected by RNA-Seq (N-14,333 genes).
‘Human epilepsy (HE) score shown in Fig. 4 and Suppl. Table 8B was
calculated as an algebraic sum of numerical values (from 1 to 2 for
up-regulated proteins and from -1 to -2 for downregulated proteins)
assigned to DEPs categories according to Keren-Aviram et al., 2018,

5.7. Barnes maze test

Bames maze test is used to assess spatial memory and different
search strategies in rodents [21,47]. The maze was made from a circular,
6-mm thick, white acrylic slab with a diameter of 1 m. Twenty holes
with a diameter of 5 em were made on the perimeter at a distance of 2.5
cm from the edge. This circular platform was then mounted on top of a
stool, 60 em above the ground and balanced. The escape eage was made
using a plastie dark box to be easily cleaned. A piece of paper was put in
the escape cage, in order to make it more attractive for the mice, and it
was changed after every animal test. The maze was placed in the center
of a dedicated room and two 120 W lights were placed on the edges of
the room facing towards the ceiling about 2 m of the way up from the
floor. Four coloured-paper shapes (squares, triangles, circles) were
mounted around the room as visual cues, in addition to the asymmetry
of the room itself. After testing each mouse, the whole maze was thor-
oughly cleaned using 70% ethanol and the maze was rotated by 3 holes
clockwise to avoid the formation of intra-maze odour cues. All sessions
were recorded and videos were analysed with SMART V2.5.21 software.
The animals interacted with the Barnes maze in three phases: habitua-
tion (Hab), acquisition training (AT), and acquisition probe (AP). After
each experimental session the mouse is stored in an holding cage, and
after all mice from one home cage completed testing for the day, they
were placed back in their home cage together.

On the first day of testing, the habituation phase consisted in placing
the mouse in the escape tunnel for 1 min. After that the mouse was
placed in the middle of the maze and was allowed to freely explore the
maze. The habituation session ended when the mouse entered the escape
tunnel or after 5 min elapsed. During the habituation session bight light
was turned on but buzzer was tumed off. If the mouse did not enter on
his own during that time, it was gently nudged to enter and left in the
cage for 1 min. The first acquisition training session (AT1) was done 1.5
h after habituation. The mouse was brought in the maze room on an
acrylie platform 25 x 25 cm covered by a cylindrical container. After
positioning in the center of the maze and 10 s elapsed the buzzer was
switched on, the container was lifted, and the mouse was free to explore
the maze. The session ended when the mouse entered the escape tunnel
or after 3 min elapsed. If the mouse did not enter the escape box in 3 min,
it was gently nudged to enter and left inside for 30 sec. On days 2 (AT2,
AT3) and 3 (AT4, AT5) two acquisition trainings per day were per-
formed with 1.5 h of interval between sessions for each animal. On the
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day 4, three acquisition training sessions were performed (AT6, AT7,
AT8) with 15 min of interval between one another, for each animal. On
the day 5 acquisition probe (AP) session was performed: the escape cage
was removed, the mouse was brought to the center of the maze and, after
10 sec, the buzzer was tumed on and the container was removed. Each
mouse was given 90 sec to explore the maze, at the end of which, the
buzzer was rurned off and the mouse was returned to its holding cage.

The search strategies were categorized as follows. The direct (spatial)
search was computed when the animal moved directly to the target hole
or to an adjacent hole before the target (for the first search) or when
mouse approaches target hole from at least 4 holes far away. The
random search strategy was computed when at least three visits before
the target hole happened in an unsystematic manner, i.e., the animal
visited non-adjacent holes and/or crossed the maze. The serial search
strategy was computed when there were visits to at least three sequential
holes in clockwise or counter-clockwise manner from the target hole.
Lastly, return strategy was identified when mouse returned to the target
hole from 1-2adjacent holes. The retum strategy can be considered asan
exploration of the area around the target hole. In Barnes maze, 10 ACN-
Ctr and 10 ACN-KO male mice were tested. During AP session, one ACN-
Ctr mouse was excluded because it fell down from the maze and after
that showed increased anxiety.

El hall

phalographic (EEG) record

5.8

ACN-Ctr and ACN-KO mice were anesthetized with isoflurane (5% (v
/¥) in 1 L/min O,. Four screw electrodes (Bilaney Consultants GMBH,
Dusseldorf, Germany) were inserted bilaterally through the skull over
the cortex (anteroposterior, +2.0-3.0 mm; left-right 2.0 mm from
bregma); a further electrode was placed into the nasal bone as ground.
The 5 electrodes were connected to a pedestal (Bilaney, Dusseldorf,
Germany) and fixed with acrylic cement (Palavit, New Galetti and Rossi,
Milan, Italy). The animals were allowed to recover for a week from
surgery before the experiment. EEG activity was recorded in a Faraday
chamber using a Power-Lab digital acquisition system (AD Instruments,
Bella Vista, Australia; sampling rate 100 Hz, resolution 0.2 Hz) in freely
moving awake mice. Basal cerebral activity was recorded continuously
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speed of mice movements during Open field test (Suppl. Fig. 9A) were
analysed using two-way ANOVA Sidak’s multiple comparisons test. In
all tests, differences were considered significant at p < 0.05, Detailed
report on statistical methods and results is provided in Suppl. Table 9.
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for 24 h (from 5 pm to 4 pm). Segments with movement fi
electrical noise were excluded from statistical analysis. All EEG traces
were also analysed and seored for the presence of spikes, which were
diseriminated offline with the spike histogram extension of the software
(LabChart v8 Pro Windows). Spikes were defined as having a duration <
200 ms with baseline amplitude set to 4.5 times the standard deviation
of the EEG signal (determined during inter-spike activity periods,
whereas repetitive spiking activity was defined as 3 or more spikes
lasting < 5 ).

or

5.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism software
v7. For Westem blot validation of SG-MS results (Fig. |C}, one sample t-
test was used. For comparison of two sample groups, a two-tailed un-
paired t-test (Fig. 7B; Suppl. Figs. 8B and 9B-D) or unpaired t test with
Welch's correction (Suppl. Fig. 3) were used. For comparison of ACN-KO
proteomics with 5XFAD and HE datasets (Fig. 4), hypergeometric test
was used. Baines maze results were analysed as follows: parameters of
repented AT sessions (Fig, 5B) were analysed using two-way ANOVA for
repeated measures; single parameters of habituation, AT1 and AP ses-
sions (Figs. 5C,D and 6B) were analysed using a two-tailed unpaired t-
test; search stiategies during AP session (Fig. 5E) were analysed using
Chi-square (Fisher's exact) test; differences in distance and time trav-
elled in external and intemal zones of Barnes maze between genotypes
(Fig. 6C,D) were analysed by two-way ANOVA Sidak’s multiple com-
parisons test. Risk to develop seizure between groups was analysed using
log-rank (Mantel-Cox) test. qPCR results in Fig. 7C were analysed using
one-way ANOVA with Tukey's posthoc test. The distance, time and
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ABSTRACT

$O]KHLPHUYV GLVHDVH $' UHSUBDOYIOQWYHDIR X WPRIG]
society, calling for exploration of innovative targetsnd therapeutc
approaches. Astrocytes, main homeostatic cells in @GNS, represent
promising cell-target. Our aim was to investigatedfedion of the regulatory
CaNB1 subunitof calcineurin in astrocytes could miggsD -related memory
deficits, neuropathology and neuroinflammation. Weehgenerated two,
acute and chronic, AD mouse models with astrocytic EhaAblation (ACN-

KO). In the former we evaluated the ability 6fDP\ORLG ROLJRAPHUV $
impair memory and activate glial cells once injeatethe cerebral ventricle

of conditional ACN-KO mice. Next, we generated a txifen-inducible
astrocyte-specific CaNB1 knock-out in 3xTg-AD mice (if€dKO-AD).
CaNB1 was deleted, by tamoxifeninjection, in 11.7ntheold 3xTg-AD mice

for 4.7 months. Spatial memory was evaluated usiegD UQHYV -PD]H
amyloid plaques burden, neurofibrillary tangle depasiti@active gliosis and
neuroinflammation were also assessBue acute model showed that ICV
LQ MHFWH Gnbnghwld v@ld type mice impaired recognition memory
and fostered a pro-inflammatory microglia phenotypesmghs in ACN-KO

mice, $ 2 Were inactive. In indACNKO-AD mice, 4.7 months af@&aNB1
depletion we found preservation of spatial memory@ghitive flexibility,
abolishment of amyloidosis and reduction of neurotdmyl tangles, gliosis

and neuroinflammationOur results suggest that ACN is crucial for the
development of cognitive impairment, AD neuropathglogand
neuroinflammation. Astrocyte-specific CaNB1 deletiobeseficial for both
WKH DER OLV Knredi@dad/d&rimental effects and treatment of ongoing
AD-related pathology, hence representing an intrigtanget for AD therapy.
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Main points:

x Depletion of astrocytic calcineurin B1 (ACN-KOD E R O iamdidl vV
oligomer-mediated memory impairment and microgliavadtion.
X Inducible ACN-KO in 3xTg-AD mice prevents disease elepment.

X ACN represents a valuable target for AD therapy.
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INTRODUCTION

$O]KHLPHUYV GLVHDVH $' UHPDLQHNGDIASpi&) IHQW \
of significant progresses made in deciphering the misms of action of the

PDLQ UHFRJQL]JHG FXOPPLORVEFEHBWLWKH $ L (
synaptic, cognitive dysfunction, and neuronal ceditieclinical trials against

these targets have failéd Recently, breakthrough discoveries highlighted the
primary role of glial cells and neuroinflammation as ithgvforce of AD%. Of

note, VvWURF\WHV DUH SULPDU\ WDUJHW nRih $ ROL
neurotoxic species fostering synaptic/cognitive dysfion and gliosig?.100-

already at initial disease stages. They play cruclak in brain metabolism,
inter-neuronal signaling, vascular regulation, ancedsé!o% Calcium (Cé&")
homeostasis dysregulation in reactive astrocytes appsaa crucial disease

event102 Furthermore, astrocytes acquire a pro-inflammatory ptype
responsible for neurodegenerati8da cascade of events requiring the
DFWLYDWLRQ RI DVWURJOLDO F RO BLRMHRXERVQH & Drl
(NFAT) axis, which is responsible for the transcriptéon release of harmful
pro-inflammatory molecule®¥4407,

CaN is a ubiquitous serine-threonine phosphatase ceedpaf a catalytic

subunit A (CaNA) and an obligatory regulatory subunit BINB#&). Genetic

elimination of CaNB1 in neurons was shown to ablate @ahvity 108.109

Activation of CaN occurs in several steps upoA*@anding to the EF-hand

Ca* binding domains of CaNB, and the &/aalmodulin (CaM) complex to

the CaM-binding domain (CaMBD) at the C-terminal of theNB8a
autoinhibitory tail. Displacement of the autoinhiloytéail allows the access of

the catalytic site to substrate proteins.

In the healthy brain, CaN is mostly expressed in neundrese it is essential

for synaptic plasticity and memory formatid¥, but much less in astrocytes
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109where it regulates neuronal excitability and proteipression at the post-
transcriptional level%9.111413 During AD, CaN is overactivated mainly in
astrocytes and by interacting with NFAT induces s¥Yic&mgnitve
dysfunction, glutamate dysregulation and neuroinflation 114 CaN

inhibition with tacrolimus (FK506) in AD mice revertsgmtive and synaptic
dysfunctiont15116 Astrocyte-VSHFLILF LQKLELWLRQ RI &D1:1)$%
PLFH PLWLJDWHYV DVWURJOLRVAXNHINQEGHQRXUWLR QO
plagues and ameliorates memé&¥y In addition, organ transplanted subjects
chronically treated with FK506 have a lower AD riSk

However, neither genetic ablation of CaN specificallyastrocytes in AD

mouse models, nor the specific targeting of the regnj@@aNB1 subunit have

been investigated so far. We have thus developedivmouse models with

a KO of CaNB1 subunit in GFAP-expressing astrocytescdnditional
astrocyte-specific CaN-KO (ACN2 PLFH ZH WHVWHG WKH HIIH
injected in the cerebral ventricle, on memory and gllls 99.109.119.120|n gn

inducible ACN KO model on the background of 3xTg-Alzenwe evaluated

learning and memory abilities as well as the extémeuropathology.

MATERIALS AND METHODS
Animals
Conditional astrocyte-specific CaN KO mice.

Generation and characterization of ACN-Ctr and ACN-KQenwith a
conditional astrocyte-specific KO of CaN was reportesgtwherel%, Mice
used at the Mario Negri Institute for PharmacologicatResh (IRFMN) were
all drug and behavioral test naive and the experinveats conducted during
the light cycle. Animals were housed in a SPF fiaiti standard mouse cages
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containing sawdust with food (2018S Envigo diet) aatewad libitum, under
conventional laboratory conditions (room temperaturet 20C; humidity:
60%) and a 12/12-hour light/dark cycle (7:00 anv:00 pm). For all the
experiments male mice were used. The IRFMN adherd&etprinciples set
out in the following laws, regulation, and policgsverning the Care and Use
of Laboratory Animals: Italian Governing Law (D.lgs 2612; Authorization
n.19/2008-A issued March 6, 2008 by Ministry of HegltMario Negri
Institutional Regulations and Policies providing inerauthorization for
persons conducting animal experiments (Quality ManaggnBystem
Certificate £UNI EN ISO 9001:2015tReg. N° 6121); the NIH Guide for the
Care and Use of Laboratory Animals (2011 edition) andditEctives and
guidelines (EEC Council Directive 2010/63/UE). The staat of
Compliance (Assurance) with the Public Health ServiceS)PFolicy on
Human Care and Use of Laboratory Animals has been redi€®/9/2014;
Animal Welfare Assurance #A5023-01). All animals weranaged in
accordance with European directive 2010/63/UE and Watlan law D.l.
26/2014. The procedures were approved by the localedwhisalth and ethical
committee (Universita del Piemonte Orientale and Mafegri Insitute for
Pharmacological Research) and were authorized by thenaht&uthority
(Istituto Superiore di Sanita; authorization numbers™N2@17, 648-2018 and
N. 818/2018-PR). All efforts were made to reduce thelmemof animals by
followingthe 5V UXOH

Generation of inducible astrocytic CaN KO in 3xTg-Amice

Inducible astrocytic CaN KO was generated by crossingBl1éex/flox micelo
(Jackson Laboratory strain B6;129S-Ppp3rltm2Grc/J, stocibrr 017692),
with ROSA26tdTomatty</fox/GfapCreERT2- (GFAP-CreERT2-R26tdT)
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mouse line bearing human glial fibrillary acidic prot¢d GFAP) promoter
driving the expression of a fusion protein consistimig bacterial Cre
recombinase and a ligand-binding domain of estrogeapter (CreERT?2).
The mice contained also tdTomato reporter gene prededadoxP-flanked
STOP sequence into the ubiquitously active ROSAZ6ddo allow optical
temporal and spatial control of CreERT2-induced recontionaGFAP-
CreERT2-R26tdT mice, which were on a C57BI/6 backgrounde Wiadly
provided by Prof. Frank Kirchhoff, CIPMM, University of Skend,
Homburg, Germaniyl, Resulting mouse line
CaNBIfoxfiox/ ROSA26td Tomatx/fiox/GfapCreERT2-  (abbreviated as
iNdACNKO) was crossed with 3xTg-AD mice harboring knackpoint
mutation of presenilin 1 gene Bgalsy, and two transgenes (amyloid precursor
protein Swedish mutation KM670/671NL, ARRand tawso1) under Thyl.2
promote#22 Resulting mice with genotype
CaNBIfoxflox/|ROSA26td Tomatyx/iox/GfapCreERT2-

IPSI146/X€ JAPPs,d9/talp301, 79, abbreviated as indACNKO-AD, were
maintained on mixed C57BI/6:129X1/SvJ;129S1/Sv baakagpo Mice were
housed in the animal facility of the Universita dRemonte Orientale, 2-5
mice/cage, with unlimited access to water and fddek induction of the
CreERT2 nuclear translocation and, therefore CaN KO andndi
expression, was induced by tamoxifen (TAM; Cayman Chalidmn Arbor,
Michigan, USA, Cat. 13258), dissolved in 90% cornbil% ethanol ata 10
mg/ml final concentration. Each mouse received at fiflanths intraperitoneal
(i.p.) injection of 50 mg/kg TAM once a day for 8 censtive days?L.

Intracerebroventricular incannulation.

Mice were anesthetized with Forane (Abbott) using stareo apparatus

(model 900, David Kopf, CA) a 7 mm-long guide cannuéswnplanted into
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the cerebral lateral ventricle (L + 1.0 and DV -3.0 frduma with incisor bar
at 0°) and secured to the skull with two stainleselsterews and dental
cement. To avoid infections the animals receive@p#ritoneal injections of
150 mg/kg/day Amplital (Pfizer) for three consecutivesiafter surgery. Mice

were allowed 10-15 days to recover from surgery beforexiperiment.
$ 142 treatment.

The A 1.4, preparations, checked by AFNP®, were infused into the lateral

cerebral ventricle using an injection unit inserted thie guide cannula. The

A 14owere dilutedto 1 uM in 5 mM PBS, pH 7.4, and 7.5weére infused

using a Hamilton syringe in a total time of 5 mirsit€he injection unit was

left in place for 2 minutes more to allow the solatto diffuse. Two hours

DIWHU WKH $ 2 LQMHFWLRQ P LJF I KQWHH R H &/ KAHK H 215

Novel object recognition test

Mice were tested in their home cage (30 x 13 cm) toaedtress related to
the exposure to a new environment. The following olisjevere used: a black
plastic cylinder (4 x 5 cm), a glass vial with a wiatep filled with water (3 x
6 cm) and a metal cube (3 x 5 cm). The task startéld &il0 min
familiarization trial during which exploration was receddby an investigator
blinded to the strain. Sniffing, touching and sthéig the head toward the
object at a distance not more than 2 cm were scoreth@st investigation.
Twenty-four hours later (test trial) mice were exposedlf@min to two
objects: one familiarand a new, differentone (nobgtct), and the time spent
exploringthe objects was recorded. Memorywas expresszdiscrimination

index, i.e. (seconds on novedeconds on familiar)/(tottime on object&).1=
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Barnes maze (BM)

The Barnes maze is made of a circular white acrylic\wittba diameter of 1
m and twenty holes with a diameter of 5 cm on itsrpeter at a distance of
2.5 cm from the edge. The maze was placed on the&f toptool, 60 cm above
the ground in the center of a dedicated room, witbreal-paper shapes as
visual cues. Two 120 W lights were placed on thessdyf the room. The
escape box was made of a plastic dark box. The magelwaned using 70%
ethanol after each trial. All sessions were recordedaaralyzed with the
SMART V2.5.21 software. Before TAM injections for ACN-Ki@duction
mice were exposed to the BM (pre-TAM) in two phasebitbhation (Hab) and
acquisition training (AT). Post-TAM Barnes maze testuded 3 different
phases: Hab, AT and the Reversal Acquisition trai(RT). Hab and AT1
session were run on the same day, while the remaasiB@gessions/day for 5
consecutive days with an interval of 15-30 min/moudse RAT, to test
cognitive flexibility, the escape box was movedesgWnoles anti-clockwise.
After each trial mice were returned to their home cageckaracterization of
mice shown in Suppl. Figs. 2 and 3, n=7 and n=5ADNKO-NT and
iINdACNKO-AD mice were used, respectively. In Barnes maggeriment
described in Fig. 4, n=10 for indACNctr-AD and n=& fodACNKO-AD

mice were used.

Intracardiac perfusion and brain tissue preparation

Animals were anesthetized with a mixture of ketanmreletomidine (1.5
mg/kg and 1.0 mg/kg respectively; i.p.), and ACN-Ctr/K@e intracardially
perfused with PBS 1X and 4% paraformaldehyde (PFA), fioest-in 4% PFA
(2 h, 4°C) and then cryo-protected in 20% sucrose (4°C, Z4dzgn in n-
pentane (-45°C) and stored at -80°C until use. INndACN mieee perfused

with PBS, brains removed and divided in two halves it half was fixed in
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4% PFA (48h), transferred in sucrose and frozen. The bgppus from the
right part was dissected, snap-frozen and conserve&3D&t.

Immunohistochemistry

Plaques, astrocytes, microglidviouse brain slices (n= 3/mouse) were
incubated with HO, (1%) for 10 min followed by 1 h incubation at 4°C with

blocking solutions [6E10 (plaques) 10% NGS; GFAPtriaytes): 3%
NGS+0.3% Triton X-100; Cd11b (microglia): 3% NGS + 0.%fton X-100).

They were subsequently incubated overnight (O/N) wiimary antibodies:

mouse anti-6E10 (1:500, Signet), mouse anti-GFAP5003 Chemicon Int.

Inc., Temecula, USA); rabbit anti-CD11b (1:1000, Wal&fter incubation

with the biotinylated secondary antibody (1:200; \@ect.aboratories),
immunoreactivity was developed by avidimotin eroxidase technique

OHFWDVWDLQ $%& NLW 9HFWa&ihdheEAding®3B;, XVLQJ

Sigma,Munich, Germany) as chromogen.

Immunofluorescence.Brain sections (40 m) were cut throughout the
temporal extension of the hippocampus, then cokkiotd 00 mM PBS for a
double-immunofluorescence analysis for Ibal and CD16I32 primary
antibodies (CD16/32 1:600, BD Pharmigen, USA; Ibal Q01 ®vako; Japan)
were applied after blocking solution (10% NGS + 0.Bfton X-100 1h at
RT) and kept o/n, followed by the fluorescent secondatipbodies (1:500, 1
h, RT) conjugated respectively with Alexa 488 and 8M6lecular Probes).

Image analysis.
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Quantitative analyses were done by an operator blingenotype and
treatment and normalizing on the quantified area. Afeselection was the
whole hippocampus (3 slices/mouse). Brain images for Bfeihed slices
were acquired using the Olympus Virtual Stage microsc@p0X

magnification). Immunofluorescence was acquired using&m microscope
and a FV500 confocal scan unit with 3 laser lines @m ultraviolet diode. 3D
images were acquired at 40X magnification (10.45 paxis; 0.95 um step
size). Marker immunoreactivity and the colocalizatioerev quantified by

applying dedicated home-made macros through Fijinsoi 124,

Imaging of tdTomato-positive astrocyte for quantitatanalysis was done
using Zeiss 710 confocal laser scanning microscopgppgd with Plan-
Neofluar 40x/1.30 Oil DIC M27 objective and Zen sadte. Stacks of
fluorescentimages were taken across slice thickn@sm@ges, 1 um step)
and merged using major projection algorithm. Quantificewas performed
offline using Fiji Image J software. Automatic threkhwas applied with

following quantification of area occupied by tdTomat

To colocalize tdTomato-positive astrocytes with GFARces were stained
using mouse anti-GFAP antibody (1:100, Santa CruzeBlmology, USA,
Cat. SC6170) followed by staining with secondary anttgbiotinylated
antibody (1:200, Vector Biolabs, USA, Cat. BA9500) amdlshg with Alexa-
633-conjugated streptavidin (1:200, Invitrogen, S2137Slclei were
counterstaned with DAPI. Stacks of fluorescentimagas taken using Leica
STELLARIS 8 confocal laser scanning microscope equipgtdwhite light
laser, HCX PL APO 40X/1.25-075 OIL CL objective and LKSoftware.

Western blot
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Hippocampi were homogenized (10% w/v) in lysis buffEntaining 50mM
Tris-HCI (pH 7.4), 150mM NaCl, Nonidet P-40 (NP-40) 0.58odium
Deoxycholate (Na-Doc) 0.5%, 5mM EDTA, protease irtbitsi cocktail (PIC,
Millipore, cat. 539133) and phosphatase inhibitor ¢aitKThermo Fisher
Scientific, cat. 78428). Lysates were quantified v@thantiPro BCA Assay
Kit (Sigma, cat. SLBF3463). 20 pug of proteins were mixath Laemmli
Sample Buffer4X (Bio-Rad), and boiled. Then samples Voaded on a 12%
polyacrylamide-sodium dodecyl sulphate gel for SDSGEA Proteins were
transferred onto nitrocellulose membrane, using Mini $ranPacks with
Trans-Blot® Turbo TM (Bio-Rad). The membranes were blocké&d®o mik
6LJPD &DW T 57 6XEVWariht@atcdwitP HP EULC
anti-GFAP (MAB-12029, Immunological Sciences) antib48C, o/n). The
goat anti-rabbit Igg (H+L)-HRP secondary antibody (1:504}. 170-6515,
Bio-Rad) was used. Detection was carried out with SugeafiM West
Pico/femto PLUS Chemiluminescent Substrate (Thermon8ti® and
developed using ChemiDocTM Imaging System (Bio-Rad). -Arfictin

(A1978, Sigma Aldrich) was used for protein normalization

Total RNA extraction and real-time PCR

Total RNA was extracted using Trizol Reagent (InvitroGalt. 15596026) as
reported elsewheréd 0.5-1 ug of total RNA was transcribed using SerstiFa
kit (BioLine, London, UK, Cat. BIO-65054). Real-time quitattve PCR
(gPCR) was performed using iTaq gPCR master mix (Bio-Rad 1Z28124)
on a SFX96 Real-time system (Bio-Rad). To normalize rawtima PCR

data, S18 ribosomal subunit was used. Primer sequamnegsrovided in
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Supplementary Table 1. Data are expressed as deltaf@éhe of interest to

S18 allowing appreciation of single gene expressoell

Statistical analysis

Data were expressed as mean + standard error of thg 8t&dhand analyzed
using GraphPad Prism software. Data normal distribwiias ascertained so
to select either parametric or non- parametric analysestesults of Barnes
maze test were analyzed using two-way ANOVA, mixéfeéat model using

GraphPad Prism v.9.3.0. In the presence of a signifeféarct of treatment or
a significant interaction the appropriate post-hotste®re applied. A p-value

< 0.05 was considered significant.

RESULTS

Conditional deletion of CaNB1 in astrocytes protects from thections of
$ 2s.

$ 2V DUH UHVSRQVLEOH IRU V\Q B3IV UR I&QW XOQFGEV 1 ¢
FHOO DFWLYDWLRQ :H SURYHGRNKIDX2W B WRQGIBGHYV
memory impairment associated with a neuroinflammatorgti@a®®:119.120To
HISORUH LI DVWURF\WLF &D 1% -idt€ bWciRW@ FR X O G
used newly generated conditional astroglial CaNB1 KONACO) mice 109,

According to the endogenous pattern of GFAP expres§iaNB1 deletion

starts from the second post-natal week. Atthe atfeeadxperiment (8 weeks),

ACN-KO mice do not have visible phenotype and ofajecognition memory

is not altered (Fig. 1), Q WKHVH PLFH ZH ,&9 LQMHFWHG $ 2V
effects on memory, in the NORT (Fig. 1A), and on gtalls with those

observed in ACN-Ctr mice. AsshowninFig. 1B 2V SURGXFHG VLJQL
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impairment in object recognition ability of ACN-Ctr neicwhich was fully

preserved in ACN-KO mice.

To investigate whether memory protection in ACN-KO eneas associated

also with the absence of glial cell activation, A@Yr and ACN-KO mice,
UHFHLYLQJ YHKLFOH 9(+ RU $ 2V RKHIRFMD FULILFF
for brain histology. These time points were selectestl on our previous data
GHVFULELQJ WK Hind\d¢ed glallkeR acBrafiod®. As shown in

Figure 1 C, GFAP was increased, although not sigamitig, in both ACN-Ctr

and ACN-KO mice receivings 2 However, when we evaluated microglial
activation we found that the response in ACN-Ctr aitZNAKO mice was
significantly different. As shown in Figure 2 A, B 2tand 8 h post-infusion

$ 2V IRVWHUHG D VLJQLI{ab« \Areh Qricctblid wels)LQ ,ED
only in ACN-Ctr mice; a slight, notsignificantincsawas observed in ACN-

KO mice at 24 h. Furthermore, when we addressed thessipn of CD16/32,

a maker of the pro-inflammatory phenotype, we founhis expressed only

in ACN-Ctr microglial cells, but notin those of ACN&Kmice (Fig. 3 A-C),

thus indicating that ACN favours a pro-inflammatory pbigpe of microglial

cells in the presence a 2V

Generation of inducible astrocyte-specific CaN-KO on théackground of
3xTg-AD mice.

In order to investigate the effects of ACN ablatiorttosin vivo development
of AD-like pathogenesis, we induced CaNB1 depletiothe 3xTg AD mice.
We crossed a previously characterized strain CdNB%, in +which three
exons of the regulatory subunit CaNB1 were flanketdd®P sitest08.109 with

a mouse expressing two transgenic cassettes: GFAP-CReERSsette

allowing expression of CreERT2 fusion protein in GFAP+egping cells and
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a flox-stop-floxt dTomato-expressing cassette whitdwa optical detection
of CreERT2-expressing cell$l. The resulting mice, hereafter referred as
indACNKO, were crossed with 3xTg-AD mié& (Suppl. Fig. S1). As a result
of selection, four lines were generated with genotyisésd in (Table 1),
abbreviated as indACNctr-NT, indACNKO-NT, representiregpectively,
non-transgenic control with inducible CaNB1 in astrosyénd ind ACNCctr-
AD and indACNKO-AD, representing, respectively, con8gilfg-AD mice
and 3xTg-AD bearinginducible KO of CaNB1 in GFAP-exgsiag astrocytes
(Table 1) To analyze the efficiency of CreERT2-induced recombomatioth
male and female mice were administeredi.p. with HkqnTAM once a day
for 8 consecutive days starting at 10 months of agkveere sacrificed 5
months later. As shown in Suppl. Fig. S2, 5 monttes anduction, td Tomato-
positive astrocytes were found throughout the bra@GfepCreERT2- mice.
In the hippocampus, central in this paper, 67% and 60%strocytes were
tdTomato positive respectively in IndACNKO-NT andACNKO-AD mice,
and hence, achieved KO of CaN, confirming the efficieof CreERT2
methodology in adult AD mice. Co-localization widFAP showed that all
tdTomato astrocytes were positive for GFAP, confirniiregcell-specificity
of recombination (Suppl. Fig. S3). After the deletioh @aNB1 from
astrocytes, neither IndACNKO-NT nor indACNKO-AD mipeesent visible
phenotype alterations at least for a period of 5 mokibr subsequent
experiments, CreERT2-mediated recombination was indaitcaad average of
11.7 + 1.3 months by i.p. TAM injection once a flay8 consecutive dayst
Prior to the induction (~11 months of age) and posttatidn (~15.7 months
of age), spatial memory of indACNctr-AD and indACNKAD mice was
tested in the BM. Mice were sacrificed at 16.1 + 1dhths, 4.4 months after
first TAM injection (Fig. 4 A).
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Improvement of spatial memory and cognitive flexibility n indACNKO-

AD mice.

Loss of memory is one of the key symptoms in AD gra8. Specifically,
impairment of episodic spatial memory and cognitiegibility in 3xTg-AD
mice has been reported by many studies using diff@amaidigms including
Morris water maze, NORT and BM. To assess memory abilitieour mice
we choose the BM, because it offers a multi-parame¢fiavioral assessment,
including motor activity, and is relatively non-streg$or mice. As shown on
the experimental setup scheme (Fig. 4 A), mice wergestdd to BM test
twice: the first one to document the absence ofedéhces in motor and
learning performance between indACNCctr-AD and indACNKD mice pre-
TAM induction (namely pre-TAM test). The second ormesteTAM test, was
run about 4 months after TAM induction at 15.7 mordhage (post-TAM
test) (Fig. 4 A). To avoid preconditioning of micertversal training, the pre-
TAM test consisted in habituation (Hab) and 11 adtjarstraining sessions
(AT) until the primary latency (time used for locatingethiarget hole)
decreased below 60 seconds in three consecutivesssaicriterion adopted
also for later tests). As shown on Fig. 4 B, both A@#ictr-AD and
iNdACNKO-AD, in the pre-TAM test, progressively learnte position of
target hole (F(10,268) = 13.50, p = <0.0001 betweesBi@@s) with no
differences in in learning profile (F(1,27) = 0.06618=p0.8 between
genotypes, n=10 and n=6 for IindACNctr-AD and indAGDHAD,
respectively) , confirming similar learning abilitiesthe two genotypes. The
post-TAM test included one Hab and 16 AT sessioigs 4=C). From the very
first sessions iINndACNKO-AD mice located the targekehin a shorter time,

suggesting a better consolidation of the pre-TAM testmpared with
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indACNctr-AD mice. After 12 sessions, only indACNKA&D mice reached
the criterion (AT12-AT16), clearly highlighting higher aml memory
abilities compared to indACNctr-AD mice. Two-way AN@ for repeated
measures found significant differences between geeet{ff 14)=6.738, p =
0.0212) butnotbetween sessiongs(kio= 1.404, p 0.1472;n=10 and n=6 for
iNndACNctr-AD and indACNKO-AD, respectively).

Once the AT session blocks were completed, we mtwethrget hole by 7
positions anti-clockwise, and run a series of 12 RA3s#ns, during which
mice had to learn the new target location. Fig. 4 Hovwss that while
indACNCctr-AD mice did not show significant progressigrimary latency
reduction to locate the new target - with none sesbielow 60 sec -
iINdACNKO-AD mice showed progressive learning during tast 6 RAT
sessions (& 775,66.85 6.519, p = <0.0001 between sessions;1kx= 1.983,
p = 0.0335 across sessions between genotypes; melid=6 for ind ACNctr-
AD and indACNKO-AD, respectively). These results siggggmat CaNB1
ablation in adult 3xTg-AD mice prevents the deteriorabf learning and
spatial memory abilities. Notably, differences in citige abilities were not
due to the presence of motor deficits as ascertaiggdeomeasurement of
mouse speed and distance travelled inside the rlygecomparable between

groups (Suppl. Fig. 4, 5).

$EVHQFH RI $ SODTXHV DQG OR 2DHU WHIDX V8 DY\LKAR\ (
indACNKO-AD mice.

Based on encouraging functional data in indACNKO-Alxen we then
investigated whether astrocytic ablation of CaNB1 hiddcéed also their
neuropathology. When we assessed plaque deposi#oiAM none was
detectable in both groups of mice, indicating thrayidosis had not started
yet (11.7-month; Fig. 5 A, pre-TAM) as previously dawented in 3xTg-AD
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male mice at this ags. In contrast, when plaques were labelled post-TAM
LQGXFWLRQ QRQH RI WKH DGO WO\HWG PRX$H GEHSE
iINdACNKO-AD mice compared with indACNctr-AD (Fig. 5 Post-TAM).
Because of a greater consistency in the presenceaigsdan the subiculum
of the hippocampus of all mice analyzed, previodsglgcribed at this mouse
agel?7429 plaques were quantified only within this area (Fig: post-TAM),
which confirmed qualitative observations showing ahhi significant
difference in the % of 6E10-marked area between tloegiwups.
Intracellular neurofibrillary tangles made of depositgdédr-phosphorylated
tau represent the other key hallmark of AD highly cotire¢pwith cognitive
impairment!30. By assessing the extent of hippocampal tau padglygioe -
TAM, at 11.7 months of age no signal was detectatiee two groups (Fig.
6 A, Pre-TAM). Notably, after TAM, tau pathology wdsarly detectable only
in the hippocampus of iIndACNctr-AD mice, in indACKKAD it was
undetectable (Fig. 6 B post-TAM). The quantitativealgsis confirmed
histological observations (Fig. 6 C, post-TAM).

Next, we analyzed the expression of GFAP for astrasyded Ibal for
microglia. We observed an increase of GFAP immunonagcsipecificaly
DURXQG $ GHB3R)Viarystingly) GFAP immunoreactivity was
significantly reduced in indACNKO-AD mice comparedhiat of indACNctr-
AD as confirmed by GFAP-marked area quantification .(Figj B).
Accordingly, a significant increase of hippocampalXBPHprotein expression
was detected by Western blot analysis in indACNdIr¥s. indACNctr-NT
animals; in iINndACNKO-AD, GFAP protein levels were redd down to the
levels of indACNCctr-NT mice (Suppl. Fig. S6). Simlig staining with the
microglial marker Ibal revealed a higher immunoreactiwitpnd ACNctr-AD
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mice, which was significantly lower at both qualitatand quantitative level
in iNndACNKO-AD mice (Fig. 7 C, D).

Reduction of neuroinflammation in indACNKO-AD mice.

Transcriptional alterations are features of AD astrodytdl in vivo andin
vitro 125131 To assess if depletion of CaNB1 in 3xTg-AD mice hackffect
on the general neuroinflammatory status we performed gBCRRNAS
extracted from whole hippocampi of INdACNctr-NT, in@GNKO-NT,
iNndACNctr-AD and indACNKO-AD mice using primers for mka&rs of
reactive astrogliosis (GFAP, S100b, Vimentin), micraggo (Ibal and
CD11b) and phagocytosis (CD68), or neuroinflammation-relajgokines
, O 7Ql. DQG UHFHSWRUV8AOU*)$3V&&KRZ@ LQ )L

and 116 mRNA were significantly increased in iIndACNA&ID compared to
iINdACNctr-NT or indACNKO-NT, while their levels wereigaificantly
decreased in iINndACNKO-AD mice.

DISCUSSION

This study was designed to test if genetic ablatib@aNB1 in astrocytes
FRXOG FRXQWHUD F WoNhkeroky lanid §ligl YelR in &nZadute

mouse model, as well as learning and memory de#aitsthe extent of AD-

related neuropathology in 3xTg-AD mice. Two approatiza® been pursued:

L ,&9 GHOLYHU\ RI $ 2V LKW RIicCE QWD ModaN LY H $&
i) generation and characterization of a novel mousdehwith inducible

ACN-KO in 3xTg-AD mice for evaluation of cognitive @neuropathological

outcomes (chronic AD model).
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2XU UHVXOWYVY GHPRQVWUDWH WKRDMP SD LY PHERWVWH
induce neuroinflammation in the absence of ACN; (2ucidle ablation of
CaNB1 in 3xTg-AD mouse astrocytes from 11.7 to 16.1 tmeof age: i)
preserved cognitive abilities, (ii) prevented amyloid@sd tau pathologys, iii)

reduced gliosis and neuroinflammation.

'"HOHWLRQ RI &D1% IURP DV WdeRiatethdetvménEBR OLV KH

effects on memory and glial cell activation.

$ 2V DUH WKH PRVW KDUPIXO USWMKHEWODPYSDERCHP R |
integrity and directly impact on synaptic and cogmitfunctions through

several mechanism¥-133 Our previous work demonstrated that a single ICV
LQIXVLRQ RI $ 2V IRVWHUV PHPRUW&RSRMAdPHQW D
499,119.120yvhich impacts on neuronal functio?fst34.13> Here we applied this

strategy to ACN-KO micé®®, At this age ACN-KO mice do not show reactive

gliosis or neuroinflammation and perform normally in B@RT 113, making

WKHP VXLWDEOH WR WHVW 3$RX GWR WV mDbii-dldp W U L N L
ACN-KO mice, $ 2 \id not impair memory and we also confirmed that

$ 2V SURGXFHG PHPRU\ LPSDLUP HD@EW LLYQD DW\RRF RD \
cells exclusively in ACN-Ctr mice; in ACN-KO mice thectivation was

evidenced at a later time point (24h), but it washstigand not significant. In

addition, by assessing the presence of a pro-inflalwmnahenotype upon

$ 2 LOMHFWLRQ E\ ODEHOLQJ &URMDAAN-CERXQG W
mice were CD16/32 This suggests that deletion of CaNB1 from astrocytes is
SURWHFWLYH DQG WKDW DFWRUY EWMWHed&Rad $&1 LV
memory impairment and microgliosis. Despite we obsencedifferences in

astrocytic activation between Ctr and ACNKO mice ugbn2injection, it is

clear that the lack of ACN does significantly infhee the action of the

oligomers on memory and on microglia response. We hawxplanation for
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the response of astrocytes in the acute model, buefekperiments will help

to clarify this aspect and further characterize gliadpdtype in the presence

DQG WKH DEVHQFH RI $&1 XSRQ $ WXMHWSRZXRRGHDB
does notrepresent AD pathogenesis. However, it alowsssect the effects

RI ROLJRPHUV RQ PHPRU\ DQG KDVYDEHHABOOM G W R
WKH HITHFW RI VI\VWHPLF &D1 LAQrKuded wwdehg E\ ).
dysfunction!3s, while here we show that the deletion of CaN fromoasttes

LV VXIILFLHQW W R-indluReXi Qi Hddtivdtiov shd2 memory

impairment.

Deletion of ACN fully prevents cognitive impairment and reuropathology

in 3xTg-AD mice.

To demonstrate that CaNB1 in astrocytes is a main daféisease in its
complexity, we have generated an inducible CaNB1 K@erackground of

3xTg-AD mice, a model which develops cognitive inmpeent, amyloidosis

and tau pathology?2 as well as neuroinflammation, similar to human
pathology.

Our results clearly show that CaNB1 deletion from astexyt 3xTg-AD

mice preserves learning abilities and cognitive fldikyhp completely

abolishes plaque deposition and drastically reduced thyper-
phosphorylation.

6HYHUDO HYLGHQFH LQGLFDWHWLWKRQ DU HWR\LF
associated with reactive gliosis and neuroinflamma# #>.137 Accordingly,

the absence of plaques in our KO mice was accomgéyie significant

decrease in the extent of gliosis. The functiorgaisicance of gliosis in AD
remainsunclea®® [URP RQH VLGH LW LV UHTXLUHNG/IRU $
RYHUDFWLYDWLRQ FRPSURPLVHWVDIH®® KRPWRNW
FUHDWLQJ D SDWKRJHQLF XQ¥HRWMNFWRYDMN ®RH) R

114



buildup3. Furthermore, activated glial cells deprive neurons fgulatory
control necessary for memory processt®gWe thus assume that concomitant
reduction of amyloidosis and tau pathology togethién witigation of glial
cell activation in our INdACNKO-AD mice might explaiihe preservation of
their cognitive abilities.

Tau pathology amelioration in our INndACNKO-AD mice a$ particular
interest for two main reasons: (i) cognitive decline aadronal death better
correlate with the progression of tau neuropathologyerathan with the
DEXQGDQFH RI1 $ G H BifRevebhtgtedges BfIAD®. Jrharét die,
prevention/mitigation of tau-pathology may itself regent an efficacious
strategy to counteract cognitive decline in AD. It tisus, conceivable to
assume that astrocytic CaN might be considered as raiging target for
disease-modifying pharmacological intervention, capalblinterfering also
with tau-pathology. (ii) Tau pathology is an umbre#dan covering a wide
group of diseases featured by the presence of tatsinokiin neurons and glia

141 which makes CaNB1 in astrocytes a versatile therapturget.

Astroglial CaN as a central hub of neuroinflammation anchomeostasis: a

mechanistic aspect.

All together our data corroborate the emerging role gbagtic C&*- CaN
signaling in the onset and progression of AD neuragagly 105106 At the
state of the art, it is difficult to provide a precimechanistic explanation for
the multiple protective actions we herein describeevéitheless, several
hypotheses could be suggested. Because of a petdstgn of mutual
activation between astrocytes and microglia, subsatfjuenfluencing
neuronal activity and memory, it is likely that ACNhibition might be

sufficient to interrupt such a vicious cycle, presegvireuronal function.
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Reduced neuroinflammation can be, indeed, positiessociated with the
SUHVHUYDWLRQ RI FRIQLWLYH@ WKIHhgV@dddand ZH RE\
in iNdACNKO-AD mice, because of the strong assoamtiescribed between

glial activation, neuroinflammation and synaptic gtieity and memory

99,140,142446

In our previous works, we, indeed, demonstrated thatrpegment with anti-
LQIODPPDWRU\ GUXJV DER O L WKrdleioKgdmers§a' LR Q R |
memory9,

Also, in the APP/PS1 AD mice it has been demongirtitat inhibition of

ACN/NFAT pathway through the AAV vector expressing AT inhibitor

VIVIT under the GFAP promoter, improved basal hippocangyalaptic

strength, long-term potentiation and cognitibii Prevention of reactive
astrogliosis and neuroinflammation through inhibitidrN&-AT and NF-kB

activation may play a role. Indeed, it is well knothat the release of pro-
LQIODPPDWRU\ F\WRNLQHV LV @ HV SSRURVGDEFOML RRQU |
that this phenomenon relies on the activity of ACIRAY pathway Thus,
GHSOHWLRQ RI $&1 LQ RXU PLFHURBGXPW KDY H QN §
production, thus explaining the impressively lower fnem of plaques

deposited in INdACN-KO mice.

Recent data also suggest an interaction between AQNtlee forkhead
transcription factor FOX03 leading to its dephosphdigtteand association

ZLWK 1), % 7ROX084),% DVVRFLDWLRQ ZLOO SURPRYV
responsible for neuroinflammatiéf’-14¢ Of note, in our INAACN-KO mice
neuroinflammatory markers were significantly decreasad;imencourages to
investigate this specific pathway in future work.

Recently, physiological functions of ACN have bemkéd to a number of
homeostatic and signalingfunctions includRgH WDEROLVP DQG FOHDU
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and tau, that could be traced back to CaN control astocytic proteostasis
105,106,109.11813 |t could be, thus, speculated thatthe CaN-depéadterations
of astrocytic proteostasis might turn into a reducemdéastatic support, e.g.,
through an alteration in the expression and releaseneafrotrophic,
neuroprotective and signaling factdfs1% In this context, we have shown
that astrocytes from 3xTg-AD mice show an impairmérgrotein synthesis
and degradation machineries which turned into a redweedetion of
neurotrophic SPARC and neuroprotective HSP90 and HSP¥3. Whether
CaN activation/dysfunction in AD astrocytes is linkedhltered proteostasis,
from which insufficient support to neurons, will be maatter of future
investigations; however, such a link has already Iseggested for a model of
prion-induced neurodegeneratidi.

Last, ACN-KO may interfere with amyloidogenic procdsamerous reports
suggest that Ca VLIQDOV FRQWURO $33 SURPFPFELVLQJ DQ
Likely, such a modulation, with participation of Cadtars within pathogenic
loop initiated by FADOLQNHG PXWDWLRQV DQG RU DFFXP X
consequent CaN-dependent transcriptional remod&iig’

Altogether, all the above reported mechanisms and awitsesupport the
primary role of astrocytes in AD, which have been regegiaced at the
forefront in its pathogenesis, and suggest that CaNBspecifically in
astrocytes - might be considered as a promising téogéte development of
cell targeting anti-AD therapies, capable of countimgadhe multiple core

neuropathological events of AD.
Funding: Grants 2014-1094 to DL from the Fondazione Cariplo;igreAR-

2016 and FAR-2019 to DL from The Universita del PietecOrientale; L. T.
was supported by fellowship from the CRT Foundation 8:2917).
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Figures and legends

Figure 1. ACN-.2 PLFH DUH SURWH FNduced ItdeBry$ 2V
impairment. (A) Experimental scheméB) Scatter plots are mean + SEM of
WKH GLVFULPLQDWLRQ L-@jectefl RONEtraand AON-K@ 9
mice subsequently tested in the NORT. Two-way ANGW#nd a significant
interaction: ky,41y= 16,13, p = 0.000ZC) Astroglial activation: scatter plots

are mean + SEM of the GFAP-marked area in VBHQ G $reated ACN-ctr

and ACN-KO mice at 8h post-A injection.
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Figure 2. ACN-.2 PLFH DUH SURWH F-itddo8d InbidroBliaé 2 V
activation. (A) Time course of microglial activation: scatter plats mmean +
SEM of the IBAl-marked areain Vel Q G $reated ACN-ctr and ACN-
KO mice at 2, 8 and 24 hrs post-injection. Two-walM@VA found a
significant effect of treatment (2 hrs)i )= 9,14, p = 0.0116; (8 hrs)ih)
=17.43, p = 0.0013B) Images are mouse hippocampi immunostained with
the anti-IBA1 antibody labeling microglia. *p < 0.08¥p < 0.001, ***p <

7 X N H\ ftNocSdsty W
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Figure 3 &' HI[SUHVVLRQ LV KLJKGtiedted M\CNFWDEOH
ctr but not in ACN-KO mice. (A) Images are representative hippocampal
slices co-labeled for CD16/32 (green) and the microgiatker IBAL (red),
which highlightsapro QIODPPDWRU\ 0 S Kihj€ZRINACBIKILQ $ 2
EXW Q RMécid2ACN-KO mice(B) Scatter plots are mean £ SEM of the
% of CD16/32 hippocampal-marked area. Two-way ANOVAurid a
significant interaction: fr 13= 16.58, p = 0.0013C) Scatter plots are mean +
SEM of the % of IBA1-CD16/32 co-localization in thepsximental groups.
Two-way ANOVA found a significant interactiongfz= 12.70, p = 0.0035.
S S S THMOEHESfV SRV
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Figure 4. INdACNKO-AD mice are protected from the devebpment of
spatial memory and learning deficits. (A) Scheme of the experimental
schedule(B) Primary latency during Barnes maze Acquisition trainimg
indACNCctr-AD and indACNKO-AD mice prior to i.p. injéion of TAM (pre-
TAM). Two-way ANOVA for repeated measures found sigrafitinteraction
between sessions({fzes = 13.50, p = <0.0001), but not between genotypes
(Fa,27y=0.06618, p = 0.8)JC) Primary latency during post-TAM Acquisition
training. Two-way ANOVA for repeated measures foundnifigant
interaction between genotypesi(f) = 6.738, p = 0.0212)D) Primary
latency during post-TAM Reversal Acquisition trainingssions. Two-way
ANOVA for repeated measures found significant intecactboth between
sessions (& 775,66.855= 6.519, p = <0.0001), and across sessions between
genotypes (fr1,154= 1.983, p = 0.0335). Data are expressed as meaivit SE
of n=10 indACNctr-AD and n=6 indACNKO-AD mice.
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Figure 5. INdACNKO- $' PLFH GR QRW GH Y HR&& (A)SODTXH
are representative mouse hippocampi immunostained thighanti-6E10
DQWLERG\ WR ODEHGAM mg&® bnd XKBY i QosSTAM
indACNctr-AD and indACNKO-AD mice(C) Scatter plots are mean + SEM

of the % of 6E10-marked area. **p < 0.01 Manik-L W Q H\ fh¥c &8V W

Images in

128



Figure 6. INdACNKO-AD mice do not develop tau patholog. Images in

(A) are representative mouse hippocampi immunostainédiatanti-CP13
antibody to label p-Tau in pre-TAM mice and(B) post-TAM indACNCctr-

AD and indACNKO-AD mice. Arrows indicate accumulatioh p-Tau-
positive neurongC) Scatter plots are mean = SEM of the % of CP13-marked
area. One-way ANOVA (Kruskal-Wallis test): p = 0.0089< 0.05, **p <
0.01, Mann< KL W Q H\ fhdc &&8.V W
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Figure 7. Gliosis is significantly reduced in INndACNKO-AD mice. Images

in (A) are mouse hippocampi immunostained with the an#d&&ntibody to
label astrocytes in indACNctr-AD and indACNKO-AD rei¢B) Scatter plots
are mean =+ SEM of the GFAP-marked area. One-way ANQKfAskal-
Wallis test): p = 0.008(C) Images are representative mouse hippocampi
immunostained with the anti-IBA1 antibody to labetroiglia in indACNCctr-

AD and indACNKO-AD mice(D) Scatter plots are mean + SEM of the IBA1-
marked area. One-way ANOVA (Kruskal-Wallis test): p 60s.
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Figure 8. Neuroinflammation is significantly reduced iniIndACNKO-AD
mice. Scatter plots are mean £+ SEM of 5-7 biological repdis for each
genotype. One-way ANOVA: p =0.0025, F=6.7760.5041 for GFAP;
p =0.0002, F=10.8,R0.6183 for CD68; p =0.2608, F =1.44,R0.1777
for Ibal; p = 0.5118, F = 0.79362R 0.1064 for CD11b; p = 0.0205, F =
4.083,R=0.3798 for IlI-1b; p =0.0205, F=4.08%R0.3798 for lI-1; p =
0.002,F=7.079,R=0.515for llI-6; p = 0.2670, F= 1.4182R0.1754 for
71). 7XNHMW® RSWp <0.05; **p <0.01; ***p < 0.001.
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Supplementary Table S1. List of oligonucleotide primers sed

for real-time PCR.

Protein Name | Gene Name Forward/reverse Accession No.
S18 Rpsl18 TGCGAGTACTCAACACCAACA NM_011296
CTGCTTTCCTCAACACCACA
GFAP Gfap GCTCCAAGATGAAACCAACC | NM 0011310201
GAACTGGATCTCCTCCTCCA
CD68
Ibal Aifl CCGTCCAAACTTGAAGCCTT | NM_019467.2
ACCCCAAGTTTCTCCAGCAT
CD11b
Il- l11b AAGTTGACGGACCCCAAAAGA| NM_008361.3
TGTTGATGTGCTGCTGCGA
-6
TNF Tnf ACTGAACTTCGGGGTGATCG | NM_013693.2

CTCCTCCACTTGGTGGTTTG
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Supplementary figures

Supplementary Figure S1. Scheme of generation of indindé astrocyte-

specific CaNB1 KO on the background of 3xTg-AD mice.
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Supplementary Figure S2. Efficiency of astrocytic CaNB1 KOafter
induction with  TAM. Confocal images of tdTomato fluorescence in
hippocampal regionA andB) and frontal cortex@ andD) in indACNKO-
NT and indACNKO-AD mice 5 months after TAM adminigicen. Data in B
and D are calculated as % of area occupied by td Twamatexpressed as mean
+ SEM of n=5 sliced from 2 animals for each conditiempaired two tailed

6 W X G Ha3tWstale War: 300 pum.
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Supplementary Figure S3 Colocalization of tdTomato reporter with

GFAP immunostaining. Confocalimages of tdTomato fluorescence (red) and
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Alexa-633-immunostained (green pseudocolored) astrodpteSGA1 and
dentate gyrus regions of hippocampal formation frorAGNKO-NT (A) and
iINndACNKO-AD (B) mice. Note that all tdTomato-positive astrocytesalso

GFAP-positive. Representative images are shown 3 dsifta each
condition. Scale bar: 100 pm.
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Supplementary Figure S4 Absence of differences in motor performance
in post-TAM indACNCctr-AD and indACNKO-AD mice. Average speed\(
and C) during post-TAM Acquisition training or Reversal Acqtios
Training sessions of post-TAM Barnes maze test. Twg-ABNOVA for
repeated measures did not found significant interadiEtween genotypes
both in Acquisition Training (fr14 = 0.03974, p = 0.8849) and Reversal
Acquisition Training (k,14) = 0.7519, p = 0.4005) . Neither significant
interaction between sessions was found in Acquisiticaining (Fa.775,66.85)
=1.641, p = 0.1826) nor in Reversal Acquisition Trainifg 775 66.8571.018,
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p = 0.4108). Distance travelle® (and D) during Acquisition Training or
Reversal Acquisition Training sessions of post-TAM Barmaze test. Two-
way ANOVA for repeated measures do not found signifigateraction
between genotypes both in Acquisition Training (ly= 1.224, p = 0.2871)
and Reversal Acquisition Training ({fs) = 2.904, p = 0.1105) . Neither
significant interaction between sessions was repartddquisition Training
(Fa.775,66.85) =2.237, p = 0.0948) nor in Reversal Acquisition Tragnin
(Fa.775,66.85709921, p = 0.4347). Data are expressed as meaMo8a=10
iNdACNctr-AD and n=6 indACNKO-AD mice.
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Supplementary Figure S5 Absence of differences in motor performance
in post-TAM indACNctr-AD and indACNKO-AD mice. Percentage of
Moving Slow @A andC) during post-TAM Acquisition training or Reversal
Acquisition Training sessions of post-TAM Barnes m#zsl. Two-way
ANOVA for repeated measures did not found signifigatgraction between
genotypes both in Acquisition Training {fs) = 0.7168, p = 0.4114) and
Reversal Acquisition Training (f14y = 0.9065, p = 0.3572) . Neither
significant interaction between sessions was repartddquisition Training
(Fa.775,66.85) =1.759, p = 0.1286) nor in Reversal Acquisition Tragnin
(Fa.775,66.857 0.9384, p =0.4586). Percentage of Moving Fasi(dD) during
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Acquisition Training or Reversal Acquisition Trainings®ns of post-TAM
Barnes maze test. Two-way ANOVA for repeated measuresoddound
significant interaction between genotypes both igisition Training (k14

= 0.7168, p = 0.4114) and Reversal Acquisition Trairifghs) = 2.904, p =
0.1105) . Neither significant interaction between messwas reported in
Acquisition Training (ka.77s,66.85)= 0.9384, p = 0.4586) nor in Reversal
Acquisition Training (ka.77s,66.857 0.9065, p = 0.3572). Data are expressed as
mean + SEM of n=10 indACNctr-AD and n=6 ind ACNKO-ADice.
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Supplementary Figure S6 Western blot bands and relative quantification of
GFAP and actin of indACNctr-NT, indACNKO-NT, indAGH-AD and
iNdACNKO-AD mouse hippocampi. Scatter plots are meaBEM of the
RSWLFDO GHQVLW\ Shoctest. 'XQQTV SRVW
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ABSTRACT

Correct Ca2+ transfer from the endoplasmic reticulum (ER)itocimondria
(Mit) at MERCs (Mit-ER contact sites) is crucial for mitoctuial
bioenergetics and proteostasis. MERCS alterations waradfan many
SDWKRORJLHV LQFOXGLQJ $.0RKdémtlp, Hik] Waves LV HD \
demonstrated that in immortalized AD astrocytes (3Tgiid), ATP-induced
cytosolic Cé* signals were enhanced while €#&ransients in mitochondrial
matrix (MM) were lower compared with WT-iAstro cells. Stsmgly, ER-
Mit interaction was increased at a distance of 8-10fmese results were at
odds, since, canonically, the increased ER-Mit ird#oa determines
increased ER-Mit Ca transfer. Although it has been hypothesized th&2@.0-
nm distance is required for ER-mitochondrialkCaransfer, the optimal

distance and the mechanisms of its regulation wekaann.

Employing artificial ER-mitochondrial linkers (EMLS) spaing a range from
5 to 30 nm, we show that 20nm-EML significantlyrieases, while shorter (5-
10nm) EMLs strongly inhibited the ATP-induced €atransient in
mitochondrial matrix, explaining the reduction of MM #&ransients in AD

astrocytes.

Mechanistically, 20nm-EML promoted localization o8®R at MERCS and
formation of IP3R-Grp75-VDAC1 complex. Using a newlystgned split-
GFP-based contact site sensor for 20 nm distance (ZRRPIOCS) we show

that 20nm-MERCS are presentin different cell linesudilg astrocytes and

HelLa cells. Moreover, 20nm-MERCS are dynamically regdlateouth

*3&5 *.V:F$03:(3%& VLIQDOLQJ D[LV '"XULQW VXFK
IP3-mediated ER-mitochondrial transfer significantlgreased, suggesting a
cross-talk betweert .V DQG *.T
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Functionally, 10nm-EML expressed in WT astrocytes aimgd tubule
formation in an in vitro model of angiogenesis, regileg the effect of AD
astrocytes. Instead, expression of 20nm-EML in AD agtes rescued the

impaired tubulogenesis.

All'in all, data provide a proof thai20nm is the optimal distance for ER-MIT
Ca2+ transfer. Furthermore, our results suggest that treesing of the ER-
mitochondrial distance may be the cause of astragfisfiunction in AD while

the optimization of the distance for €dransfer may be beneficial.
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INTRODUCTION

Mitochondria-endoplasmic reticulum (ER) contact sites Ra@IS), composed
by the juxtaposed ER and outer mitochondrial membraMMY) represent
multifunctional platforms hosting and organizing suoiportant cellular
processes as phospholipid and steroid biogenesa;mihdrial bioenergetics,
apoptosis, autophagy, unfolded protein response (UPRjlzosbmal protein
synthesi$2 The ER membrane and OMM at MERCS are hold togethes by s
called tethering proteins. A prototypical ER mitochoatiether in yeasts is
represented by the ERMES complex (ER-mitochondria erteostructure)
composed of four proteins, namely Mmm21, Mdm210, Mdm 1®Mdm343. In
mammals, a prototypical ER-mitochondrial tether is repnéed by mitofusin

2 (MFN2) and its shorter splice variant ERMIT2 (ER mitofuBitether)*.
Othertethering proteins, implicated in MERCS organizsitielude following
pairs of proteins VAPB/PTPIP51, FIS1/BAP31, SYNJ2BP/RRBP1,
Miro/VPS13D and others

Mitochondrial C&* signals are required to drive mitochondrial bioenegetic
as the activity of several enzymes, such as pyruettgdrogenase, isocitrate
G HK\ G U R JKepbludiate. dehydrogenase and FO/F1 ATP synthase,
directly or indirectly depend on €abinding®. Mitochondria uptake Ca
through a low affinity mitochondrial Ga uniporter complex composed of
MCU (mitochondrial C& uniporter), EMRE (essential mitochondrial uptake
regulator) and MICU1-3 (mitochondrial €auptake) proteing. Close
apposition of the ER membrane and OMM warrants direostex of C&*
through a complex composed of inositol-1,4,5-trisphatpreceptors (IP3Rs)
and porine/voltage-dependent cation channel 1 (VDA®@l)aumber of
proteins have been implicated in stabilization arataiation of the IP3R-

VDACLI interaction. Glucose-regulated protein 75 (Grp#s been shown to
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interact with both IP3R and VDACA Other proteins, such as non-opioid
sigma receptor 1 (SIGRMA1R), DJ-1, inositol-requiring enzynfdlRE1), B-
celllymphoma 2 (Bcl2) and others, modulate localizatiad activity of IP3R
at the OMM-opposed ER membrane (called also mitocharassociated ER
membrane, MAMY.

The transversal distance between ER and OMM at MEROSsspange from
<5 nm up to 80 nm. It is thought that a specificahse is required for the
specific MERCS-associated process. For example, it ostupated that
SKRVSKROLSLG ELRJHQHVLV RFKXQWH DXWB SKID/MWD
formation requires a 40-50 nm distance between EROAM. We and others
suggested that the optimal distance for ER-MIF@ansfer lays in the range
of y10-25 nm, and is defined by the size of thé*@ansfer protein complex
composed of the IP3R, VDACL1 and associated proféii'ts However, it is
still not known if ER-mitochondrial Ca2+ transfer opesatvith the same
efficiency in a range of ER-OMM distances or an opfidistance exists for
the assembly of IP3R-VDAC1 complex to optimise&Qhux. Furthermore, it
was shown that ER-mitochondrial interaction and, preghly, C&* transfer,
undergo remodelling during mitochondrial dynamics or ERrengements,
However, it is not known if fast rearrangement of EReetiondrial C&
transfer exists to modulate ER and/or mitochondrial Géfttalling events. In
this contribution we shown that 20 nm ER-OMM distaioptimizes ER-MIT
C&* transfer allowing enrichment of MERCS with IP3R-Grp75AQ1 C&*

transferring complexes.

Further, we uncover a novel rout of signalling throudhclw MERCS are
UDSLGO\ VHW DW QP WKURXJK *3&5 *.V:F$03
signalling. Interestingly, this rout IS separated from

*3&5 *.T ., 3 1, 3-mediated Ca2release from the ER. However,
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when co-stimulated, simultaneous Ca2+ release frorefhand increase of
20nm MERCS lead to enhanced2€aansient in the mitochondrial matrix.
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RESULTS
Generation of the extended palette of ER-MIT linkers

To investigate if there is an optimal distance betwEgR membraneand OMM
for Ca2+ transfer, we employed synthetic ER-mitochomtmigers (EMLS)
designed to maintain the distance between membedfesnm (denominated
as 5nm-EML), 10-12nm (10nm-EML), 15nm, 20nm and 30nBm(i-EML,
20nm-EML and 30nm-EML, respectively). 5Snm-EML and &f®EML (a kind
gift from Georgy Hajnoczky, Jefferson University) were |mhed elsewhere
1412 15, 20 and 30nm-EMLs were designed de novo (Fig. EBILs are

FRPSRVHG RI PRQRPHULF UHG IO0XRUHhkcAH QW SUR

spacer of a defined length At N- and C-terminal ends of the construct,
sequences targeting the OMM and the ER membrane, vesmectively
attached. (Fig. 1B). 5nm, 10nm and 20nm-EMLs were atdid by electron
microscopy, and their ability to impose the definastahce has been
confirmed (Fig. 1C-D). Moreover, all linkers significanithicreased the length
of interaction between the two organelles (Fig. HInterface extension).
Importantly, none of EMLs affected neither cell vidilup to 72 h post-
transfection in HelLa cells nor protein levels of pmteimplicated in
mitochondrial dynamics such as dynamin-related prq@@RP), p-DRP,
mitofusin 1 (MFN1) and MFN2 (Fig. 1E-F). After that, teéect of EMLs
expression in HelLa cells on ATP induced ER-MIPQeansfer was assessed.

20nm between ER and OMM is the optimal distance ER-MI'&2+ transfer.

Mitochondrial calcium uptake was accessed, usingmretcally encoded
calcium indicator (GECI), 4mtD3cpv targeted to the mitwuthrial matrix16.

48 h after co-transfection of EMLs with 4mtD3cpv, calsre stimulated with
a purinergic agonist ATP and ATP-evoked®Csignals in the mitochondrial
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matrix [C&*]m were recorded. The amplitude of ATP-induced[(a in 5-
and 10-EML-expressing cells was significantly red ussdpared with control
ER-RFP-expressing cells (p=0.0002). 15nm-EML had riect{p=0.4601),
while 20nm-EML strongly enhanced ATP-evoked Qa transient
(p<0,0001). Overexpression of 30nm-EML resulted in sstiraeduction of
ATP-evoked [C&m transient (p<0,0001) (Fig. 2A). These results confirm
previous observations and predictions that at too §barh-EML) and too
long (30nm-EML) ER-OMM distance @a transfer is inefficiento 14,
However, surprisingly, 10nm-EML exerted negative effettile 15nm-EML
was inefficient in changing ER-MIT CGatransfer compared with control cells
in spite of strong increase of the interface lengttwben the membranes.
Instead, our data suggest that 20nm is the optirstdmte between ER and
MIT for Ca2* transfer.

Potentially, overexpression of EMLs could affect ER‘Gapacity and/or the
efficiency of C&* release from the ER. To investigate if there were ditera
in ER C&* handlingand release upon EMLs overexpression, ve¢alisessed
ATP-induced IP3R-mediatd cytosolic €adynamics [C&']c using Fura-2
probe. As shown in Fig. 2B, there were no differencésliR-evoked [C&]c
transient upon overexpression of either EMLs apart frormi-EML, whose
overexpression resulted in an enhanced{fcaResting steady state luminal
ER C&* levels ([C&*].) and the ER releasable €aS R R O 2Hi }\&dde
evaluated using a ratiometric genetically encodedngfe®rescent protein
(GFP)-aequorin fusion protein (GAP3) low affinity€aensor targeted to the
ER lumen?’. The GAP3-transduced HelLa cells were stimulated with
cocktail, containing ATP (100 pM) and tert-butyl hydrogone (tBHQ, 100
M) in a C&*-free KRB solution supplemented with 500 uM EGTA ridiice
rapid and complete ER depletion. No significant diéfeces in [C&"],. and
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0> &1 were observed upon EMLs overexpression, with an eiarept
20nm-EML which resulted in a modest by significawhuretion of the steady-
state [Caf]. compared with control cells expressing ER-RFP. Nevixtse
WK H %ipi& ROnm-EML-expressing HeLa was not different fronmtol
(Fig. 2C). These results suggest that the changes t&vbked [Ca]m
transients in EMLs-expressing cells were not due tteinces in ER C&

content and/or Ca release capacity.

To check if, in 20nm-EML-expressing cells, aflow follows
,3 5:9'%& :PLWRFKRQGULDOmembraneL Q W H Uspace
0,06 :0&8:PDWUL[ URXW ZH HPSOR\HG WMAHGWO\

GECI targeted to cristae lumen of mitochondrial intermeanb space
(MIMS) exploiting a targeting sequence from Reactive @xy@pecies
Modulator 1 protein (denominated as ROMO-GemGe8hig. 2D shows
that ROMO-GemGeCO detect a significant decrease of MIMB signals
upon ATP stimulation in 5nm-EML and 10nm-EML-expiliegs cells
(p<0,0001). Expression of 15nm-EML did not have afigct, while 20nm-
EML significantly potentiated Ca transients in MIMS (p<0,0001). Lastly,
30nm-EML resulted in strong inhibition of MIMS Ca2+ tesent (p<0,0001).

IP3R, Grp75 and VDACL1 are enriched in 20nm MERCS

It is postulated that IP3R-VDAC1 complex is responsfoledirect C&*

transfer between ER and MFF 20, Therefore, we used a proximity ligation

assay (PLA3! and immunolabelling of IP3Rs to investigate if therease of
Ca*transfer in 20nm-EML-expressing cells was due to migomation of
IP3R-VDAC1 complexes at 20nm MERCS. As shown on Fig, iBA&ontrol
ER-RFP-expressing cells, PLA signal shows diffusetydopattemn
FRUUHVSRQGLQJ WR MX[WDSRVHG in§,inQi¢ating3 5 DQG
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putative IP3R-VDAC1-interacting sites. Overexpression Srim-EML
completely suppressed PLA signal (p= 0.0056), sunggtkiat at this distance
juxtaposition of IP3R and VDACL1 is prevented. Overexpoessf 10nm-
EML resulted in a significantincrease of PLA sigaadigesting a juxtaposition
of IP3R and VDAC1l (p<0.0001). However, a higher magniiboa
examination shows only partial co-localization ofAPkignal with 10nm-
EML. Considering a reduced ATP-induced {@m transient (Fig. 2A), this
result indicates that, although juxtaposed, IP3R abd®1 do not form
functional Ca2+-transferring complexes. Contrarily, overesgios of 20nm-
EML resulted in a drastic increase of PLA signal (j0€@.1) with a complete
co-localization between PLA signal and 20nm-EML,g@esting an
enrichment of 20nm MERCS with IP3R-VDAC complexes.

Immunocytochemical analysis, using anti-pan-IP3R aalylhp confirms
enrichment of IP3R in 20nm MERCS showing a completeooadization of
IP3R signal with 20nm-EML (Pearson Coefficient=0.9368:FRP vs. 20nm-
EM: p<0.0001). Confirming PLA data, 10nm-EML resultéd a re-
localization of IP3R, but with poor co-localizationtvilOnm-EML (Fig. 2B).

Western blot analysis of total lysates showedttienrichment of IP3R in
20nm MERCS was not due to increased expression of IP8Rsther due to
its re-localization to 20nm MERCS. VDAC1 and Grp75 pirtggimplicated
in the formation of the Ca2+-transferring complex, watieer unchanged in
whole cell lysate of 20nm-EML expressing Hela (Fi4) 4

To strengthen the IP3R re-localization hypothesis, MERE® isolated from
ER-RFP and 20nm-EML-expressing cells using an estadudi protoco?, and
abundance of IP3R, VDAC1 and Grp75 was assessed. |IP3Rirpweas
significantly increased in 20nm MERCS (p=0,0002), #hMDAC1 and
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Grp75 were not different from control cells (Fig. 4B). Hoxer, when IP3R
was immunoprecipitated from whole cell lysate of HdP&R1-GFPS3 cells
using anti-GFP resin, its amount was significantgghler in cells expressing
20nm-EML as compared with ER-RFP or with 5nm-EML-expieg cells.
Importantly, Grp75 protein amount was also signifibanincreased
(p=0,00905) in IP3R-immunoprecipitates from cells espireg 20nm-EML
(Fig. 4C).

Collectively, these data suggestthat IP3R is locdkpecifically at20nm ER -
OMM distance MERCS where it interacts with MERCS-locatéRC1 and
Grp75.

20nm MERCS are physiologically present in cells.

The data, obtained using overexpression of artifidka@EMM tethers, suggest
that 20nm distance specifically promotes Ca2+ tranksétween ER and
mitochondria. This poses the question of 20nm MERCS paesent in
physiological conditions, and if yes, of what ieithphysiological role. To
address these questions, we took advantage of atisedesigned split-GFP
contact site sensors (SPLIC%)which we adapted to reconstitute bright GFP
fluorescence specifically at 20nm between ER and OMid. A). Fig. 5A
shows the scheme of 20nm-SPLICS design and activ@raily, N-terminal
GFP fragment containing 1- -barrels (denominated as GER) was fused
with a rigid .-helical spacer and a sequence targeted to the OMile M-
terminal part containing the last ®1-barrel (denominated as GFP was
IXVHG ZLhWWlikalBgacer and a targeting sequence to the ERonaam

To construct20nm6é 3/, & 6-helical spacers,identical to those used in 20nm-
EML, were used. Transfection of 20nm-SPLICS resultppearance of bright
fluorescentdots distributed throughoutthe cell améted in sites of a higher
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mitochondrial density (Fig. 5B). Co-expression of 20nnhiSS probe with
20nm-EML resulted in a drastic increase of SPLICS sigmal its complete
co-localization 20nm-EML (Fig. 5C). Immunodecoration|BBRs shows
close juxtaposition of 20nm-SPLICS with a fractionlBBRs, although,
expectedly, SPLICS-free IP3Rs were also detected.

The next question was what the percentage of 20nm MERGBMERCS in
the cell is. We therefore used TEM images of contedl&lcells to quantfy
the physiological abundance of MERCS in range of 18R22Fig. 1C shows
that 18-22nm MERCS account for ~18% of all MERCS ran@iog 5 to
80nm, although this percentage is likely to diffetimen cell types and

conditions?o.

QP 0(5&6 DUH G\QDPLFDOO\ UHJXODWH@&E WKUR X

axis.

ER-mitochondrial contacts are dynamic structures andhase/n to undergo
remodelling following mitochondrial dynamics, in resyse to stimuli and in
pathological conditions!24 However, the mechanisms of MERCS
remodelling remain unexplored, and it is not knowklIERCS dynamics are
involved in regulation of ER-MIT Ca flux. To assess a possible involvement

of 20nm-MERCS in mitochondrial calcium signalling wapdalized on our

SUHYLRXV ILQGLQJ WKDW -aboldd O-pratdiry dovpkedR Q R

receptor (GPCR) hTAS2R46 with its natural agonist absintiesults in a
potentiation of histamine-induced mitochondriatQgptake in airway smooth
muscle cells ASM. To investigate if this effect may involve 20nm RES
remodelling to enhance ER-mitochondria2Caransfer, we co-expressed
hTAS2R46 together with 20nm-SPLICS in Hela cells (Ffy).@'he changes
in the intensity of GFP signal was monitored in livee-lapse imaging upon
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stimulation with absinthin and/or histamine. As shawFig. 6A (light blue),
stimulation with absinthin along produced a rapid $s&c) transient increase
of 20nm-SPLICS fluorescence which returned to backgraur@0-40 sec.
Such transient was not observed in either of contralitions (in the absence
of hTAS2R46 or in hTAS2R46-expressing cells stimulaté&tl vehicle or
histamine alone). Interestingly, when the cells wenestracted with 8-10nm
SPLICS (SPLICS-Sho#®Y), a decrease of SPLICS fluorescence was observed
upon stimulation with absinthin (Fig. 6 A graph in &uThis suggests that
upon stimulation with absinthin, MERCS undergo a rapidodelling towards
20nm ER-OMM distance. To investigate this remodglénhances Caflow
through IP3R-VDACL1 complex, we repeated the experiméhtideLa cells
transduced with ROMO-GemGeCO<probe to follow C&dynamics in the
MIMS compartment. As shown in Fig. 6C, co-stimulatiwith absithin
significantly potentiated histamine-induced?€C@ansient in the cristae lumen
(p=0,0002).

Assessment of 20nm SPLICS dynamics in primary ASM cefidogenously
expressing hTAS2R4®, corroborated the finding and confirmed that rapid
20nm MERCS remodelling is a physiological phenomenog.gB).

To investigate the mechanism of 20nm MERCS remodeNieghecked if it
could be mediated by a previously described
K7$6 5 :*.V:F$03:(3%& P[EY6B shows that rapid increase
of 20nm-SPLICS fluorescence was completely aboliskiegbcific inhibitors

of hTAS2R46 (3HDC, 10 uMyé and EPAC1 (ESI-09, 10 uM), but was
insensitive to a PKA inhibitor H89 (10 uM).

To further investigate if EPAC-dependent 20nm MERCS mglimg could
EH LQVWLIJDWHG XSRQ -Eobped nédeptoksRg dd-lexprésseti U * . V

175



20nm-63/,&6 LQ +H/D FHOOV WRJHRKHU XGWHQH UWL
UHFHSWRUV $5 DQG $5 UHVSHFWILWHKODQ 8S
adrenergic stimulator isoproterenol, a rapid increase0oi2SPLICS was

observed similar to that induced by absinthin in hZR86-expressing cells

(Fig.6E).

EMLs expression modulates astrocytes calcium signgliand cellular

function.

We and others have described altered calcium siggaiinAD cells. In
particular we demonstrated, in AD immortalized astrogyig iAstro, here
referred as Tg), reduced mitochondrial calcium uptake socreased
interaction between ER and MIT at 8-10 AtnTo investigate the role of ER-
OMM distances in astrocytes, and in particular in A, expressed 10nm-
EML in WT astrocytes (WT 10nm-EML), and 20nm-EML in T8y 20nm-
EML). As shown in Fig. 7A, we monitored mitochondgalcium uptake with
4mtD3cpvis. 48 h after co-transfection of EMLs with 4mtD3cpe|ls were
stimulated with a purinergic agonist ATP and ATP-ee@kC&* signals in the
mitochondrial matrix [C&]m were recorded. ATP-induced [€an increases
in WT iAstro expressing 10nm-EML was significantly te&d compared to
ER-RFP-expressing WT cells (p<0,0001). On the othedhdq iAstro
expressing 20nm-EML displayed a significative incee@s mitochondrial
calcium uptake, compared to ER-RFP-expressing Tgs c@lk0,0001),
completely rescuing the defect described in AD astexc{fFig. 7B).

Previously we also described reduced protein synthasisand impaired
ability of Tg iAstro to support Pericytes/Editorial Isetubulogenesi.
Moreover, we already demonstrated that WT 10nm-EML detely
recapitulate Tg iAstro dysfunction. Indeed, we invgedtd the effect of the
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expression of 20nm-EML on Tg iAstro dysfunction. Wecessed protein
synthesis rate, via the SUnSET method, we foundrafgiative increase of
protein synthesis in Tg 20-EML, compared to Tg ER-RipP< 0,001),
restoring normal protein synthesis rate (3Tg-20nm EMMS ER-RFP ns
p=0,8541). We also assessed the effect of 3Tg-iAsdtis on a three-cell
pericyte/EC/astrocyte 3D co-culture. When WT-iAstro oig3Astro cells
were added as a component of pericyte/EC/astrocyted@Dulture, WT-
iAstro, but not 3Tg-iAstro, supported formation of velskke tubules by
pericyte and EC. Strikingly, the effect of 3Tg-iAstrasweproduced by co-
culture with 10nm-EML-overexpressing WT-iAstro cells (Bandependent
experiments, p <0.001). On the other hand, as pregémnthe figure, the Tg
astrocytes expressing 20nm EML, rescue the abilsyfport tubulogenesis,
reaching the level of WT astrocytes (n=3; 3Tg 20nm-BEML3Tg ER-RFP
p<0,001; 3Tg-20nm EML vs WT ER-RFP ns p=0,3) (Fig. 7These results
underline how, normalizing mitochondrial calcium siling, acting on ER-
OMM distances, may be an effective strategy for resguAD related

astrocytes disfunction.

DISCUSSION

MERCS are dynamic structures with a transversal distagiveclen ER and
200 UDQJLQJ IURP W R+ wans@R a raRgd fi&m ~10 to ~25
nm was hypothesized. However, it was not knowni lthoad range equally
warrants an efficient Caflux or there could be a narrow range of distances
with a maximal ER-mitochondrial Ca2+transfer andabitild be dynamically

regulated.
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Here we show that the optimal distance foECmansfer is about 20 nm

between ER and OMM. At 20nm-MERCS there is a spontasassembly of
IP3R-VDAC1. Furthermore, we show that MERCS transversaaiuicst
XQGHUJRHV D IDVW UHPRGHOOLQJ WKURXAR®L*@&5
cascade leading to facilitat@ R1 WKH FRQFRPLWihedC&.T DIRQ
transfer through IP3R-VDAC1 complex.

20nm is the optimal distance between ER and OMM forA3&ransfer: role
of IP3R-Grp75-VDAC1 complex.

Since the discovery of the closed opposition betwERrand mitochondrial
membranes to warrant a low affinity mitochondriaPCaptaké®29 several
attempts have been made over the last three decadetermine the ER-
mitochondria distance for the &dransfer. Such a distance should not be less
than 10-12 nm which is the size of the cytosolict wd the C&*-releasing
channel IP3R?, but it should also not be too wide due to a qulisisipation

of [C&*] gradient following the lows of diffusiol:12 The distance of 10-15
nm has been considered to design ER-mitochondriplamtify [C&] in the
ER-OMM cleft during IP3-mediated Careleasé? Based on the analysis of
TEM images, a distance between 10 and 15 nm has t@esidered as an
average distance between two organelles and hagbesidered adequate for
Ca* transfer. Our results compellingly suggest that mitoairial Ca2+
uptake is strongly inhibited atthe distances uibtam, while ~20 nm strongly
potentiate mitochondrial Ga uptake compared to control and to 15 nm

distance.

Given that the 10-12 nm steric hindrance of the IP3fReatytosolic side of
the ER membran® and considering 3-4.5 nm height of the VDACL1 barrel,

which is completely embedded into the lipid bilaytaere is a space of about
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8-10 nm between IP3R and VDAC1 which is likely to beupied by tethering
and/or regulatory protein(s). At the current state of thefee best candidate
to fill this space is a known IP3R-VDACL1 interactor GsyHSPA9E. Other
proteins which have been shown to interact with IP3RAZ1 or IP3R-
VDAC1 complex or proteins, known to activate IP3R, im@DJ-1, CIB1,
&D %3 % In silico modelling shows that all these proteins amall
proteinsunable to fill8-10 nm gap. Instead modgkihan Hsp70 from E. coli
(DnakK) suggest that a dimer of Hsp70 fits the 8-10sp@ace between IP3R
and VDACL1 in ~20 nm intermembrane space. Support forsamd a IP3R-
VDAC1 interactor comes from the results of immunopreaipi
experiments, suggesting that at 20nm-MERCS IP3R-Grp#gaction is

increased.
EPAC-dependent fast remodelling of 20nm-MERCS

Another key result of our work is the discovery of thstfremodelling of

0(5&6 WKURXJK *3&5 *.V:F$03:(3%$& VLIQDO@AOLQJ ZK
augments the amounts of 20nm-MERCS. Comparison ofythardics with
20nm-SPLICS and 8-10nm-SPLICS suggest that the increase of 20nm-

MERCS occurs at the expensed of shorter contact seeghie average ER-

OMM distance becomes wider. Strikingly, the temponalfie of 20nm-

MERCS remodelling almost parallels that of the dynarifc€&* transient

through IP3Rs, i.e., fast rise of the 20nm-MERCS intevactvhich is

followed by slower decay lasting about 30-50 secAERlependent 20nm-

MERCS remodellingoccursindependently of thé*Calease. However, when
co-VWLPXODWHG *.V:-P$B&6(3BRG *.T:,3 :,3%5:&D

routs significantly potentiate Catransients in the mitochondrial mat?eFig.

6F). Importantly, 20nm@ (5&6 UHPRGHOOLQJ RFFXUV-GRZQVYV
coupled GPCRs tested, includinghTAS2R46, AR-DQG $5VXJIJHVWLQJ
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broad translational and therapeutic potential ofggthisnomenon which links
EPAC to mitochondrial Ca signalling and bioenergetics. To the best of our
knowledge, this is the first report on fast and sigmgldependent MERCS
remodelling. There is a continuously growingintere&PAC as a therapeutic
target in heart diseases and carféewhich are the most frequent causes of
disability and death. We believe that the newlgdigered EPAC-dependent
MERCS remodelling may find applications in drug devetemt and therapy

of these and other diseases.

Modulating ER-Mit distances is a valuable approach trestore AD
astrocytes functionalities.
Once demonstrated that 20nm-EML is able to increalde G4+ uptake in
Hela cells, we shown that the expression of thisdins also able to rescue
mitochondrial calcium uptake deficit, in Tg-iAs#é, while the expression of
10nm-EML in WT-iAstro strongly reduce calcium uptake the Mit,
recapitulating AD astrocytes behaviour (Fig.7A). Thesmilte demonstrate
causal role of shortening the distance between ERVEtrfdr the impairment
of mitochondrial calcium uptake. moreover, we alsmdestrated that 20nm-
EML expressed in Tg-iAstro can restore protein syntheate and
tubulogenesis support, when added as a componeeriaf/te/EC/astrocyte
3D co-culture (Fig.7B-C). All in all, these results pioonit the modulation of
ER-Mit distances as a valuable strategy to addressré@ted astrocytic
cellular dysfunction, that are strongly associated weiarly phases of the

diseasé?33
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MATERIALS AND METHODS

DNA constructs

- Plasmids
NAME PROVENIENCE REFERENCE

4mtD3cpv Addgene #36324 34
ROMO-GemGeCO Kind gift from 18

Wolfgang Graier,

Medical University

of Graz, Austria
ER-GAP3 Addgene #78118 1
hTAS2R46 GenScript plasmid NA

#0OHu30358
$5 Addgene #14698 35
$5 Addgene # 14697 35
pDsRed-Mito Clontech plasmid # 36
632421

Table 1.Plasmids used in this contribution. Name, proveniemzereference

are here reported.
- ER-mitochondrial linkers

5nm-EML and 10nm-EML were a kind gift from Georgy Hagzky, Jefferson
University, USA).

15nm-EML amino acid sequence is:

MAIQLR SLFPLALPGLLALLGWWWFF
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DPPVATLASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGT
QTAKLKVTKGGPLPFAWDILSPQFQYGSKAYVKHPADIPDYLKLSFP
EGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGP
VMQKKTMGWEASTERMYPEDGALKGEIKMRLKLKDGGHYDAEVK
TTYMAKKPVQLPGAYKTDIKLDITSHNEDYTIVEQYERAEGRHSTGA
SGLRSRAQASNS

SRAQASNRVMVYIGIAIFLFVGLF MK.

20nm-EML amino acid sequence is:

MAIQLR SLFPLALPGLLALLGWWWFFSRKKDPTRSAN

RNSDPPVATIASSEDVIKEFMRFKVRMEGSVNGHE
FEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFQYGSKAYV
KHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIY
KVKLRGTNFPSDGPVMQKKTMGWEASTERMYPEDGALKGEIKMRL
KLKDGGHYDAEVKTTYMAKKPVQLPGAYKTDIKLDITSHNEDYTIV
EQYERAEGRHSTGAGLRSRAQASNS

SRAQASNRVMVYIGIAIFLFVGLF MK;
30nm-EML amino acid sequence:

MAIQLR SLFPLALPGLLALLGWWWFFSRKKDPTRSAN

RNSDPPVATLIASSE
DVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGG
PLPFAWDILSPQFQYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNF
EDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEA
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STERMYPEDGALKGEIKMRLKLKDGGHYDAEVKTTYMAKKPVQLP
GAYKTDIKLDITSHNEDYTIVEQYERAEGRHSTGASGLRSRAQASNS

SRAQASNRVMVYIGIAIFLFVGLF MK

Linkers are composed of targeting sequences of Tom20MQ@adgeting
sequence) and UBC6 ER localization sequence (blue)bRebmkers (green),
ULJL G-helical spacers  (yellow), and mRFP1 sequence

(https://www.fpbase.org/protein/mrfgl/ EMLs were synthetized by

GenScript fittps://www.genscript.cor/

Split-GFP contact site sensors (SPLICS)

Generation of SPLICS-Short (8-10nm-SPLICS) was describedbtse (doi:
10.1038/s41418-017-0033-z; doi: 10.1038/s41467-128B2-6; doi:
10.1038/s41596-021-00614-1).

20nm-SPLICS-GFP.3o sequence is:

MAIQLR SLFPLALPGLLALLGWWWFFSRKKDPTRSAN

RNSDPPVATIMSKGEELFTGVVPILVELDGDVNGH
KFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR
YPDHMKRHDFFKSAMPEGYVQERTISFKDDGKYKTRAVVKFEGDTL
VNRIELKGTDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFT
VRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPN
EKGT.

20nm-SPLICS-GFP is:
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MRDHMVLHEYVNAAGIT GGDGGSGGGSKIE

SRAQASNRVMVYIGIAIFLFVGLF MK.

Linkers are composed of targeting sequences of Tom20MQ@ddgeting
sequence) and UBC6 ER localization sequence (blue)bféetinkers (red),
U L J Lkelical spacers (yellow), and GFP sequence (green). EMbre
synthetized by GenScriphitps://www.genscript.cony/

Cell lines.Hela cells, human immortalized pericytes (CL 05008-CLa&iht)

endothelial cells EA.hy926 (CRL-292B) were maintained in complete
FXOWXUH PHGLD FRQWDLQLQJ "XHDEIHEFF RTPYOPRGLI
Sigma-Aldrich, Cat. D5671) supplemented with 10% fdtaVvine serum

(Gibco, Cat. 10270) (FBS), 2 mM L-glutamine (Sigma-Aldricapd 1%
penicillin/streptomycin solution (Sigma-Aldrich).

Human primary lung ASM cells were obtained from ATCC (®&S-130-
010). ASM cells were maintained in Vascular Cell BasatMm (ATCC, at.
PCS-100-030) supplemented with 5% heat-inactivatéal fvine serum
(FBS), 5% I-glutamine, 0.5% antibiotic-antimycotic (&hermo Fisher), 5
ng/ml of basic fibroblasts growth factor and 5 ng/pidermal growth factor

,PPXQR7RROV J P&zidR10 bohi RIUIESLIIn (Sigma-
Aldrich).

Immortalized hippocampal astrocytes from WT and 3¥AD mice.
Generation of immortalized astrocytes from hippocam® and 3xTg-AD
mice (WT- and 3Tg-iAstro cells) was described elsewdekstro lines were
PDLQWDLQHG LQ FRPSOHWH FMWBMIWHPRHG L IDHFER (D
medium (DMEM; Sigma-Aldrich, Cat. D5671) supplementetth\i0% fetal
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bovine serum (Gibco, Cat. 10270) (FBS), 2 mM L-glutamingni&-Aldrich),
and 1% penicillin/streptomycin solution (Sigma-Aldrjch

Cell transfection 3x10* cells/well were resuspended in 250 pl of complete
DMEM and 250 pl of transfection mix, and plated ob3umm glass coverslips
in 24 well plates. For the transfection mix Lipofentae 2000 (Thermo Fisher
Scientific, Cat. 11668-019) and plasmid, in ratio Wére mixed in Optimem
(Gibco, Cat. 11058-021); after 3 h, transfection medivas replaced with
complete medium. After 24 or 48 h, cells were usedxpeements. A 10 nm
ER-mitochondrial linker, which fixes the ER-mitocheiadidistance at 10-12
nm, a modification of a 5 nm ER-mitochondrial link&rwas a kind gift from
Drs Gyorgy Csordas and Gyoérgy Hajnoczky (Thomas Jeffersdretsity).
Generation of SPLIt-GFP Contact Sites sensor (SPLICS) veasribed

elsewherds3.24

Cell viability assay:Crystal violet is a viability assay that discriminates
between alive and dead cells in culture by employnblue/violet dye
exclusively binding to DNA and proteins in well-adést, viable cells. HeLa
and Huh-7 were seeded, respectively at a density®¥103 and 15x103
cell/well, and transfected with 5nm-EML, 20nm-EMLAER-RFP on 96
wells plates. 48h post-transfection, media was rempaed cells were fixed
in methanol at 4°C. After incubation for 10-20 minwath 50 pl/well of
crystal violet 0.1%, the dye was carefully removed, @ach well was washed
with phosphate buffered saline solution (PBS). Thereplavere allowed to
dry for 12h, and crystal violet was solubilized in jd@vell of acetic acid at

30%. Lastly, absorbance at 595 nm was measured.

Transmission electron microscopyor transmission electron microscopy

(TEM) analysis, following trypsinization 1x£@ells were centrifuged at 900
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rpm for 5 min and then fixed with 2.5% glutaraldehyrdeulture medium, for
2 h at room temperature. The pellet was then rinse8# post-fixed in 1%
aqueous OsO4 for 2 h atroom temperature and rinsegdnEklls were pre-
embedded in 2% agarose in water, dehydrated in a gacdne scale and
then embedded in epoxy resin (Electron Microscopy $eisrEM-bed812).
Ultrathin sections (6@0 nm) were cut on a Reichert OM-U3 ultramicrotome,
collected on nickel grids and then stained with utawgtate and lead citrate.
The specimens were observed with a JEM 1200 EX Il (JE@hbody, MA,
USA) electron microscope operating at 100 kV and ecdpwith a
MegaView G2 CCD camera (Olympus OSIS, Tokyo, Japan). Immagee
analysed with Fiji ImageJ 1.52p software.

Western Blot48h post transfection, cells were lysed with lysiffdn(50mM

Tris-HCI (pH 7.4), sodium dodecyl sulphate (SDS) 0.5%\b EDTA,
complemented with protease inhibitors cocktail (PICJipblre, Cat. 539133)

and phosphatase inhibitor cocktail (Thermo Fisherrgifie, Cat. 78428) and

collected in a 1.5 mltube. Lysates were quantifigti @uantiPro BCA Assay

Kit (Sigma, Cat. SLBF3463). 2040 ug (according to the relative abundance

of the protein of interest) of proteins were mixed wite right amount of

Laemmli Sample Buffer 4X (Bio-Rad), and boiled. Then sleswywere loaded

on a 6-12% polyacrylamide-sodium dodecyl sulphatefge SDS-PAGE.

Proteins were transferred onto nitrocellulose membraimeg Mini Transfer

Packs or Midi Transfer Packs, with Trans-Blot® Turbb (Bio-Rad)
DFFRUGLQJ WR PDQXIDFWRdd)HThg \mdnhnavésvereW L R Q \
EORFNHG LQ VNLP PLON 6LJPDRERDWPSHUDWXU
Subsequently membranes were incubated with indigatietary antibody,

overnight at 4°C. Primary antibodies used are listecaiold 1, anti- -Actin

was used to normalize protein loading.
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Primary antibody Animal
protein/modification .. .| Dilution | Catalog n°® Supplier
specificity
target
Anti-IP;R1 Rabbit 1:500 | AB108517 Abcam
Anti-Grp75 Rabbit | 1:500 1418P7'1' Proteintech
Anti-VDACL1 Mouse | 1:1000 | AB14734 Abcam
Anti-Mfn1 Rabbit | 1:200 | SC-50330| 2Nt Cruz
Biotechnology
. : , SC- Santa Cruz
Anti-Mfn2 Rabbit 1:100 515647 | Biotechnology
. . ] Immunological
Anti-Drpl Rabbit | 1:1000 | AB-83896 Sciences
Anti-p-Drpl , . Immunological
(Ser637) Rabbit 1:500 | ABP-0812 Sciences
Anti- -actin Mouse | 1:2000 | A1978 | Sigma Aldrich

TDEOHRPSOHWH OLVW RI
DQDO\VLYV

SULPDU\ DQWEEBRWLHV

Goat anti-mouse IgG (H+L) horseradish peroxidase-corgags¢condary
antibody (Bio-Rad, 1:5000; Cat. 170-6516,) and Goatraftbit Igg (H+L)
horseradish peroxidase-conjugated secondary antibodyR&ibh 1:5000; Cat.
170-6515,) were used as secondary antibodies. Dateedis carried out with
SuperSigndM West Pico/femto PLUS Chemiluminescent Substrate fither
Scientific), based on the chemiluminescence of lwiamd developed using

ChemiDocéM Imaging System (Bio-Rad).

Time-lapse ratiometric fluorescent imagingimaging of Fura-2, GAP3,
4mtD3cpv, ROMO-GemGeCO and MICU-GemGeCO Ca2+ probes was
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performed using an epifluorescent Leica DMI6000B micope equipped
with an S Fluor 40x%/1.3 objective, a Polychrome V mwamomator (Till
Photonics, Munich, Germany), a Photometrics DV2 dualger (Teledyne
Photometrics, Tucson, US). Forimaging of mitochaamanm internal lens with

a 1.6 optical increment was used. Images were acqgoyred Hamamatsu
cooled CCD camera (Hamamatsu Photonics, HamamatsuJapgan) and
registered usind/letaFluor software (Molecular Devices, Sunnyvale, CA,
USA). Microsoft excel and GraphPad Prism were used faneféinalysis and

figure preparation.

Mitochondria Ca2+ imaging mitochondrial Ca2+ dynamics was monitored
with 4mtD3cpv-plasmids (referred to as D3-plasmid), aegeally encoded
Ca2+ indicator belonging to the class of cameleonshinh Ca2+-responsive
elements, such as calmodulin, alter the efficierfdyumrescence resonance
energy transfer (FRET) between two fluorescent proteind8h post
transfection, expression of mitD3 was checked andahiindrial matrix
calcium dynamics were monitored. Coverslips were washigd KRB
solution (125 mM NaCl, 5 mM KCI, 1 mM Na3P0O4, 1 mM Mg§ 5.5 mM
glucose, 20 mM HEPES, pH 7.4) and transferred to aldeiimaging the
acquisition chamber and mounted on the stage ofnilceoscope. Samples
were illuminated at 420nm and simultaneously acquated75nm (donor,
ECFP) and 530nm (acceptor, circularly permuted (cp) Venp¥je@us/ECFP
ratio was calculated online using MetaFluor softwaféer acquisition of a
basal Ca2+ levels (first 30s of acquisition), and théscwere stimulated
subsequentlyZ L W K 0 $73 ,PDpef@QriedZdMg a Leica
epifluorescence microscope equipped with a S Fluor/48xobjective.
Regions of interest (ROIs) were defined around individuedechondria to

measure changes in fluorescence intensity represedddg transients.
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Fura-2 Ca2+ imaging:cells were plated onto 24 mm round coverslips (3x104
FHOO FRYHUVOLS DQG ORAMIEaG NDLWMIRO1, Life O )X UD
Technologies, Milan, Italy) in the presence of 0.0084onic F-127 (Cat.

1R 3 /ILIH 7THFKQRORJLHYV DKOat. S9509\60d)L Q S\ UL
in KRB solution. After loading (30 min in the dark) cellere washed once

with KRB solution and allowed to de-esterify for 30 mifter this, the

coverslips were mounted in an acquisition chambepéawkd on the stage of

the microscope and cells were alternately excitedd@tsd 380 nm ; the
fluorescentsignalwas collected through a bandpH328 nm filter. The cells

ZHUH VWLPXODWHG ZLWK 083 WRVGHHOWE AW B!
are expressed as mean+SEM of 340/380 Fura-2 ratios/a&ferredto as Fura

ratio). For comparison of Ca2+ dynamics, measured asaiitade of Ca2+

increase from the baseline level, Fura-2 ratio valueewormalized using

formula (Fi-FO)/FO (referred to as Normalized (Norm.) Furadiati

Endoplasmic reticulum Ca2+ imagingeR Ca2+ dynamics was monitored
with ER-GAP3, a genetically encoded Ca2+ sensor, tizdde the ER lumen
(referred to as GAP3Y. 48h post transfection, expression of GAP3 was
checked and ER calcium dynamics were monitored. Copsnsiere mounted

in a chamber in KRB solution and placed on the statfgeamicroscope. Cells
were alternately excited at 405 and 470 nm, anduloedscent signal acquired
using 510/20 nm bandpass filter. After recording baggial for 30 s, KRB
solution was removed and replaced with a Ca2+-fre¢isnl(KRB + 500 uM
EGTA). After allowing the signal to stabilize for atldnal 30 s, cells were
stimulated with 100 uM ATP and 50 uM Tert-butylhydrogone (tBHQ), and

the response was recorded for 300 s.
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Mitochondrial inter membrane space Ca2+ imaginGa2+ dynamics in the
space between the two mitochondrial membrane (MIMS)m@sitored with
ROMO-GemGeCO (referred to as ROMO), a genetically enc@bti
indicator localized to the cristae lumen sp¥cel8h post transfection,
expression of ROMO was checked and mitochondrial mateicium
dynamics were monitored. Coverslips were washed with K&&tisn and
transferred to the acquisition chamber and mountedhenstage of the
microscope. Samples were illuminated at 420 nm uairdysimultaneously
acquired at 475 nm and 530 nm. 530/475 nm ratio whsilated online using
MetaFluor software. After acquisition of a basal Ca@vels (first 30s of
DFTXLVLWLRQ DQG WKH FHOWWVZHAUWKY W L FOX TBW
Regions of interest (ROIs) were defined around individuadechondria to

measure changes in fluorescence intensity represebdgy transients.

Pharmacological treatment Drugs used in this work are reported and
described in Table 2.

Worck o .

Drug name Solvent concentration Catalog n°| Supplier
Kindly gift
Absintin DMSO 10pM n.d. of prof. F.
Pollasto

Sigma

ESIO09 DMSO 10uM SML0814 Aldrich

Sigma

H89 DMSO 10uM B1427 Aldrich
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Kindly gift
3HDC DMSO 10pM n.d. of prof. F.
Pollasto

Sigma

Isoproterenol H20 100pM 420355 Aldrich

7TDEO&RPSOHWH OLVW RI FRPSRXQGYVY HPSOR\HG LQ WK

Immunofluorescence Cells, transfect or not according to the experimental
design, were grown on 13 mm glass coverslips, weredfgh 4%
formaldehyde, permeabilized (7 min in 0.1% Triton X-lii0phosphate-
buffered saline (PBS)), blocked in 1% gelatine, and imopwobed with an
appropriate primary antibody (diluted in PBS supplemewidd 1% gelatine)
over night at 4°C. After 3 times washing in PBS, an Aleonjugated
secondary antibody (1:300 in PBS supplemented with gedatine) was
applied for 1 h at room temperature (RT). The followingnamy antibodies
were used: anti-IP3R (rabbit, 1:500, Abcam, Cat. AB10854mTii;Flag
(rabbit, 1:500, Millipore, Cat. F7425), anti-Htas46 (rapthi500, Thermo
Fisher, Cat. OSR00173W). Secondary antibodies werdlagfo Alexa Fluor
488 anti-mouse IgG, Alexa Fluor 555 anti-rabbit IgG gatondary antibodies
were from Molecular Probes, Life Technologies, Monzdy)t Nuclei were
counterV WD L Q H G -dlamidiko-2-phenylindole (DAPI). Images were
acquired by Zeiss 710 confocal laser scanning micqmsequipped with EC
Plan-Neofluar 40%/1.30 Oil DIC M27 objective and Zexfitware or with a
Leica SP8 LSCM equipped with a white light laser, ad@X PL APO
40X/1.25-075 OIL CL objective and LAS X software.

Proximity ligation assay (PLA).17500 cells/well were plated in 8 wells
chamber (IBIDI, Cat80806 and transfected with ER-RFP, 5nm-EML, 10nm-
emland 20nm-eml. After 40h PLA was performed accorthraptasheet and
Papefl Briefly, Cells were fixed in 4% paraformaldehyde, araiipated with
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primary antibodies anti-IP3R (1:500) and anti-VDAC (1:108)¥6h at 4°C.
Duolink PLA probe incubation, accordingto the primangibody species, was
carried on for 1hat 37°C, and then the developmentditinal was obtained
by Duolink green fluorescence detection reagent lagitig and amplification
reactions. Duolink in situ mounting media with Dayas used to stain nuclei
and mount. Images were acquired by Zeiss 710 lasemsgpoonfocal
microscope (LSCM) equipped with EC Plan-Neofluar 400108 DIC M27
objective and Zen software. Images were acquired undefsaturating
conditions and analysed with Fiji ImageJ 1.52p saftw Fluorescence was
measured for the entire cell area (CTCF) = Integrated DensifArea of

selected cell X Mean background fluorescence).

Generation of stable lines expressing ER-RFP and 83&ML. To perform
isolation of MERCS enriched cellular fraction, stabtelexpressing ER-RFP
and 20nm-EML, were generated. The details of generafigproduction of
lentiviral vectors expressing ER-RFP and 20nm-EML iscdbed elsewhere
37. 24 hours after plating (1L0E4 cell/well in 24 welagd), Hela cells were
infected with lentiviral particles expressing ER-RFR 0nm-EML at MOI
from 5 to 20. The dilution of virus that gave morenttt®% of infected cells,
as was detected by fluorescence of reporter proteins, fiweher processed.
Upon reaching confluence, the cells were expandetE&rRFP and 20nm-
EML expressing cells were enriched using fluorescemteaded cell sorting
(S3e Cell Sorter, Bio-Rad, Segrate, Milano). Sorted callevexpanded and

frozen until needed.

MERCS enriched fraction isolationHela stably expressing ER-RFP and
20nm-EML were plated at concentration of 0.5 x10"&sdish in 10 cm Petri
dishes (50 dishes per line). 48h later cells the eedle washed twice with
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PBS, detached with trypsin, and then collected inls@mntrifuge tube. Cells
were pelleted, and the pellets were processes accotaitige protocol
described elsewhe¥eusing an Eppendorf CR30NX ultracentrifuge equipped
with a R25ST rotor.

Immunoprecipitation (IP):Cell lysates in Co-IP buffer containing 50 mM Tris
HCI, 75 mM NacCl, 0,5%NP-40 plus protease and phospbatdibitors were
guantified by BCA and 1,5 mg of proteins in each samglee subjected to IP
with or without anti-GFP. Briefly, sepharose beads (863 Santa-Crutz)
were incubated with or without anti-GFP antibodigsi at 4°C, Anti-GFP-
beads were incubated with cell lysates o/n at 4°Clav8B elution was
performed. Wash buffer containing 50mM trisHCI, 150mMQNaand
Tween20 0,5% was used for washes. WB analysis of hiples was done

loading ¥z of total IP samples.

Pericytes/EC/astrocyte co-culturef-or tubulogenesis assay, a Matrigel
synthetic extracellular matrix (Corning, Cat. 356234) weel 96 well plates
were coated with 5@ of Matrigel, gelatinized at 37°C for 30 min. Pericytes
EA.hy926 and WT-iAstro or 3Tg-iAstro cells, in ratidlit were resuspended
in 100 P of complete DMEM and plate on the matrix at thesigy of 1x1¢
cells/well, and incubated for 8 h. Phase contrastjgaavere acquired with a

Zeiss 710 confocal laser scanning microscope.

SUNSET for assessment of protein synthes&lobal protein synthesis rate

was assessed using the Surface Sensing of Tranq|&tlSET) method, as
previously published8. Briefly, cells were incubated withx —0 SXURP\FLQ
GLK\GURFKORULGH 6LJPD &DW D PHWXSE O MP HX)
with 5% CQ forl1xK 6XEVHTXHQW O\ lysate @OwestevbWwtHV ZH U

analysis?7:39
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Figures and legends

Figurel. design and characterization of ER-Mitochondridinkers (EMLS)
pallet. (B) Schematic representation of EMLs structure, in light BBReand Mit
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targeting sequences, are reported, flanked by a flexible regiomegfeLreported in
green), followed by the spacer regions, that via fine modulatiibslehgth can spam

the distance from 5 to 30nm (RS in orange); in the middle alle ties resent a
MRFP in other to visualize their localization and expression.Rgpresentative
images of cells expressing ER-RFP, 5nm-EML, 10nm-EML and 20kt &equired

via electron microscopy; MERCs are indicated with arrovalesbar = 500nm (D)

box plot of ER-OMM distances (ER-RFP: n=162, mean= 43.08nm; Svim-f=45,
mean=5.563nm; 10nm-EML: n=47, mean=10.69nm; 20nm-EML: n=119,
mean=21.27nm) and ER-OMM length of interaction (ER-RFP: n=162, mean=
57.18;nm 5nm-EML: n=45, mean=233nm; 10nm-EML: n=47, mean=156nm; 20nm-
EML: n=119, mean=200.99nm), measured on electron microscopy imdses.
guantification of cell viability assay in cells expressing alefie of EMLs, data are
expressed as % of control (ER-RFP) (ER-RFP: n=12, mean= 98EBMmMAn=12,
mean=104; 10nm-EML: n=12, mean=103; 15nm-EML: n=9, mean=99; 20nm-EML:
n=12, mean=95.23; 30nm-EML: n=10, mean=99.2). (F) Representativeablbts
corresponding quantification of the integrated density of protein baradsirPlevels

of MFN1 (n=5-6; ER-RFP: mean= 100; 5nm-EML: mean=99; 10nm-EML
mean=95; 20nm-EML: mean=98) and MFN2 (n=5-6; ER-RFP: mean= 108nmm
EML: mean=101; 10nm-EML: mean=92; 20nm-EML: mean=113), well deestr
ER-Mit tethers, and DRP (n=6; ER-RFP: mean= 100; nm 5nm-EMans99;
10nm-EML: mean=95; 20nm-EML: mean=98) and its phosphorylated (foiDiRP)
(n=4-8; ER-RFP: mean= 100; nm 5nm-EML: mean=108; 10nm-EML: mean=110
20nm-EML: mean=108.9), have been accessed in whole cell lyé8tesipon
expression of EMLs. Data are normalized on actin levels ancessqul as % of
control.Data are reported as mean + SEM from 3 to 6 indepengpatiments.

*p <0.05* p<0.0land *** p<0.00lbyonED\ $129% 6LGDNTV
multiple comparison.
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Figure2. 20nm is the optimal distance for efficient ER-MitCa?*transfer.

(A) Representative curves of mitochondrial matrix2Ggtake, upon ATP
100uM stimulation, and box plot of the peak of tiesponse, in Hela cells
expressing EMLs (ER-RFP: n=132, mean=100; 5nm-EML88&)=
mean=69.49; 10nm-EML: n=92, mean=70.59; 15nm-EML=110,
mean=92.7; 20nm-EML: n=104, mean=130.4; 30nm-EML=150,
mean=42.94)B) Representative curves of cytosolic2Captake, upon ATP
100uM stimulation, and box plot of the peak of tlesponse, in Hela cells
expressing EMLS(ER-RFP: n=492, mean=100; 5nm-EML: n=168, mean=92.12;

201



10nm-EML: n=200, mean=143.8; 15nm-EML: n=135, mean=110.7; 20nm-EML:
n=437, mean=99.59; 30nm-EML: n=130, mean=116.8)R€)resentative curves

of ER C&*release, upon ATP 100uM + TBHQ 50 uM stimulation, domot

plot of ER basal Ca levels (ER-RFP: n=157, mean=100; 5nm-EML: n=154,
mean=99.06; 10nm-EML: n=118, mean=99.52; 15nm-EML: n=119, mean=101,6;
20nm-EML: n=155, mean=92.59; 30nm-EML: n=140, mean=104arg) of the
delta of the response (basal-minimy@R-RFP: n=157, mean=100; 5nm-EML:
n=154, mean=94.06; 10nm-EML: n=118, mean=95.08; 15nm-EML: n=119,
mean=104,6; 20nm-EML: n=155, mean=98.59;30nm-EML: n=140, mean=/i05.8)
Hela cells expressing EMLED) Representative curves of mitochondrial inter
membrane space (MIMS) Caiptake, upon ATP 100uM stimulation, and box plot of
the peak of the response, in Hela cells expressing EMBSRIEP: n=212, mean=100;
5nm-EML: n=162, mean=67.55; 10nm-EML: n=131, mean=71.7; 15uih-E=95,
mean=100.7; 20nm-EML: n=128, mean=115; 30nm-EML: n=98, meany Blag

are expressed as % of control. Data are reported as n&afram 3 to 6 independent
coverslip. *, p<0.05, **, p< 0.01 and ***, p<0.001 by o2eb\ $129% 6LGDNTV
multiple comparison.
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Figure3. EMLs expression modulates IP3R-VDAC1 complexes formatn and
IP3R localization. (A) representative images of Proximity Ligation Assay (PLA) fo
IP3R and VDACL1 performed in Hela cells expressing ER-RFP, BMb; 10nm-
EML and 20nm-EML, assay in absence of IP3R antibody have beearrmped as
control of the experiment (No Ab). Intensity of PLA (green) sitpaalbeen quantified
and expressed as % of integrated density of ER-RFP and normalieeitianea (No
Ab: n=73, mean=22.92; ER-RFP: n=106, mean=100; 5nm-EML: n=63, medB=52
10nm-EML: n=54, mean=181.5; 20nm-EML: n=61, mean=336.5). Tloealation

203



between EMLs signal (red) and PLA one (green) has been evaluatBearson-s
coefficient measurement (ER-RFP: n=32, mean=0.399; 5nm-EML:2,n=3
mean=0.112; 10nm-EML: n=30, mean=0,619; 20nm-EML: n=34, mean=0(BB4).
representative images of immunocytochemistry of IP3Rs (green)ela Etlls
expressing ER-RFP, 5nm-EML, 10nm-EML and 20nm-EML. The colatadiz
between EMLs signal (red) and IP3Rs one (green) has been evaiad®ehrson-s
coefficient measurement (ER-RFP: n=14, mean=0.433; 5nm-EML: n=10,
mean=0.225; 10nm-EML: n=10, mean=0,743;20nm-EML: n=18, mean=0.937). Data
are reported as mean + SD from 3 to 6 independent coverslips. 3,0b, **, p <

0.01, *** p < 0.001 and **** p<0.0001 by on&D\ $129% 6LGDNfV PXOW
comparison. Scale bar = 20um.

Figured4. IP3R is enriched in 20nm MERCs.(A) Representative blots and
corresponding quantification of the integrated density of protein baradsirPlevels

of GRP75 (n=6; ER-RFP: mean= 100; nm 5nm-EML: mean=85; 10nm-EML
mean=86; 20nm-EML: mean=101) VDACL1 (n=4-11; ER-RFP: mean= 106nnm
EML: mean=95; 10nm-EML: mean=96; 20nm-EML: mean=94), and IP3R (1R=3; E
RFP: mean= 100; nm 5nm-EML: mean=104; 10nm-EML: mean=95; 20nm-EML:
mean=102) have been accessed in whole cell lysates 48h upossexpoé EMLS.
Data are normalized on actin levels of ponceux staining and eggdras % of control.
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(B) Representative blots and corresponding quantification of tbgrated density of
protein bands. Protein levels of GRP75 (n=3; ER-RFP: mean= 1001-E0#L:
mean=105.6) VDAC1 (n=3; ER-RFP: mean= 100; 20nm-EML: mean=93.2), and
IP3R (n=3; ER-RFP: mean= 100; 20nm-EML: mean=138.7) have be&ssad
MERCs cell fraction, obtained from stable Hela cell lis&pressing ER-RFP and
20nm-EML. Data are normalized on the corresponding proteinitetred total lysate
(Tot) and expressed as % of control. (C) ImmunoprecipitatioiP8R-EGFP
representative blots and quantification. Immunoprecipitation ¢f&Rvith IP3R has
been accessed in ER-RFP, 5nm-EML or 20nm-EML expressing d8lfs upon
transfection (n=3; ER-RFP: mean= 100; nm 5nm-EML: mean=61.28; HMin-
mean=178.9). Data are normalized on the input protein levehamdssed as % of
control. Data are reported as mean + SEM from 3 to 6 indepengbanireents. *, p
<0.05,*, p<0.01, **, p<0.001 and **** p<0.0001byongD\ $129% 6LGDNYV
multiple comparison.
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Figure5. characterization of 20nm- Split GFP Contact Sites ssor (SPLICS-
20nm). (A) Schematic representation of the structure and of how the sewnsks.
The sensor is composed by two components, targeted to the two eargéB&land
Mit). In light blue ER and Mit targeting sequences, are repditetked by a flexible
region (FL here reported in green), followed by the spacer regi8s(orange) that
fix the reconstitution of the GFP signal at 20nm. The RS is flabkeld 10 GFP or
11GFP, that can reconstitute the GFP signal only when the two compa@ment
exactly at 20nm of distance. (B) SPLICS-20nm localization aRM& has been
validated via the co-expression of ER-RFP and Mit-RFP pasiiC) SPLIC-20nm
ability to reconstruct the GFP signal at 20nm has been confirraew véxpression
of 20nm-EML. (D) representative images of immunocytochemistryiR@R, in
SPLICS-20nm expressing cells. Scale bar = 10um.
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Figure6. 20nm MERCS are dynamically regulated through
*V:F$03:(3%& DJ[LAY Representative curves of SPLCS signal
(GFP), in Hela cells overexpressing hTAS2R46, and eximgesSPLICS-
20nm (Light blue) or SPLICS-Short (Blue); in black is reporizd
representative curve of Hela cells not expressing h'R¥®2 Violin plot of
delta of the GFP signal from SPLICS-20nm, upon stitmrawith vehicle
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(KRB) (-hTAS2R46:n=43, mean=-18.80; + hTAS2R46: n=38anr-14.67),
absintin (ABS) (-hTAS2R46: n=39, mean=-34.4; + hTAS2R#650,
mean=127.5), histamine (Hist) (-hTAS2R46: n=54, meda#&,; +
hTAS2R46:n=66, mean=-2.34) and both histamine astht&i(-h TAS2R46:
n=32, mean=-20.4; + hnTAS2R46: n=43, mean=124.2)livmlot of delta of
the GFP signal from SPLICS-short (in blue) upon stimatatvith vehicle
(n=48, mean=-30.5) or ABS (n=45, mean=-213.1), of Heldlsce
overexpressing hTAS2R46. (B) Violin plot of ABS induced EF5-20nm
response in presence of hTAS2R46 inhibitor (3HDC 10H8HDC: n=43,
mean=124.2; +3HDC: n=34, mean=12.08); EPAC inhibit& QR 10uM) (-
ESI09: n=44, mean=124;+ESI09: n=32, mean=-60.5) &Ad®hibitor (H89
10pM) (-H89: n=43, mean=124.2; +H89: n=40, mean=209 (C)
representative curves and histograms off@gnamics in the MIMS, in cells
overexpressing hTAS2R46, stimulated with histamine ABS (-ABS (in
black): n=132, mean=0.057; +ABS (in light blue): n=18®an=0.074). (D)
representative curves and violin plot of SPLICS-20nm dyosiin ASM cells
in response stimulated with or without ABS (-ABS: n=Bi&an=-3,7; +ABS:
n=35, mean=111.9). (E) SPLICS-20nm signal has beentaredialong
stimulation with or without isoproterenol (ISO 100uM) iHela cells
transfected with vector plasmid (in black) (-1SO: n=#Afan=3.15; +ISO:
n=62, mean=-14.5), or plasmid encoding for AR{in pink) (-ISO: n=48,
mean=-7.2; +ISO: n=70, mean=81.7) or AR- LQ S XAUS®Om45,
mean=8.92; +ISO: n=82, mean=112,8). Here are reportecseptative
curves and violin plot of the delta of the respo(fSeSchematic representation
of the here demonstrated pathwByta are reported as mean + SD from 3 to 6
independent coverslips. *, p < 0.05, **, p <0.01, ***, p < 0.00d &**, p<0.0001
by one-ZD\ $129% 6LGDNYfV PXO\Btae®ai =RPBMSDULVRQ
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Figure7. EMLs expression impacts on astrocytes functior{A) Representative
curves of mitochondrial matrix €auptake, upon ATP 100uM stimulation, and box
plot of the peak of the response, in iAstro cells expregdifics (WT ER-RFP: n=58,
mean=0.083; WT 10nm-EML: n=52, mean=0.010; Tg ER-RFP: n=5%+0e258;
Tg 20nm-EML: n=64, mean=0.119). Data are reported as meab #dn 4
independent coverslips. ***, p < 0.001 by oZeb\ $129% 6 LmubipeTV
comparison. (B) representative WB with anti-puromycin antibodyatid on lysates
of iAstro cells treated with 4 uM puromycin (n=5 WT ER-RFRean=100; WT
10nm-EML: mean=66.41; Tg ER-RFP: mean=64.60; Tg 20nm-EML: meard)103
data are expressed as mean = SD of 5 independent experiritepts).001 by one-
ZD\ $129% 6LGDNTV P XO.\mdtssapetomRiz&DdcihReRels and
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expressed as % of control. (C) Co-culture of pericytes andtegio cells (EC) with

either WT-iAstro ER-RFP (P/EC/WT ER-RFP) or Tg-iAsEB-RFP (P/EC/Tg ER-

RFP) or WT-iAstro expressing 10nm-EML (P/EC/WT EML-10nm)TgriAstro

expressing 20nm-EML (P/EC/Tg 20nm-EML) cells on a lafdviatrigel (n=3; WT

ER-RFP: mean=100; WT 10nm-EML: mean=68.11; Tg ER-RFP: meah=84.
20nm-EML: mean=115.3)cale bar = 500m. Images were acquired by Zeiss 710
FRQIRFDO ODVHU VFDQQLQJ PLFURaEXRSsd AsFRaDH EDU
+ SEM of 3 independent experiments;*, p < 0.05, **, p < 0.01, p*% 0.001 by one-

ZD\ $129% 6LGDNfV PXOWLSOH FRPSDULVRAQ
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DISCUSSION

Calcium (Ca2+) is a pleiotropic intracellular messenger legigg many

cellular processes including mitochondrial (Mit) bioemdics and
proteostasis ERWK DOWHUHG LQ $O]KHLPHUYMRKAAVHDV!
have studied the cause-effect relationships betwdeioadishonesties and

cellular dysfunction in astrocytes.

In this context | demonstrated that, the regulationasfrocytic calcium

homeostasis is linked to many of the pathologieatd@ires of AD astrocytes.
This dysfunction includes bioenergetic deficit, profd deregulation of
cellular proteostasis, including both protein synthesnd degradation,
alteration of cellular secretome, and defect of honagiessupport to other
cells. In particular, emerged a defect of protein deafiad mechanisms
related to both autophagic and proteasomal degradatwith strong

downregulation of constitutive proteasome componenitk, consequent

increased expression of the component of immune Botea.

Among all these alterations, | focused my efforts be flteration of
mitochondrial calcium homeostasis, in particular andiscrepancy between
deficient mitochondrial calcium uptake and increaséztaction between ER
and mitochondria, which in principle should augmastjuxtaposition of the
two membrane e consequently promote ER-mitochondxieilom transfer. To
solve thisissue, | undertaken a comprehensive stitthg aorrelation between
ER-mitochondria distances and efficiency of calcimamsfer. To do this |
designed a palette of ER-mitochondria linkers (EMLs)J &discovery that

ER-mitochondria calcium transfer is strongly inhibitétha distances of 5 to
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10nm, and is strongly potentiated at20nm, explgiwiny upon increased ER-
mitochondria interaction at 8-10nm, in AD astrocytesults in reduced

mitochondrial calcium uptake.

Then | focused my interest on the characterizationssembly of ER-
mitochondria calcium transfer units, composed of IP3R-CRRPDACL, and
described an enhanced presence of functional compé¢xes distance of 20

nm.

In the third year of my PhD, | characterized a fluoreseemporter for
measuring distances between ER and mitochondria @& 28RLICS-20nm).

| demonstrated that 20nm distances are dynamicallyutatetl through
GPCR:*.V:F$03:(3%$& D][Ihe fast dynamics of the report (GFP
signal), resembles the GPCR mediated ER-mitochondicaucatransfer. To
the best of our knowledge this is the first report astfdynamic cAMP-
mediated response.

To demonstrate the translational potential of moduadf ER-mitochondrial
distances | expressed 20nm-EML in AD hippocampal agtes, rescuing cell,

and non-cell, autonomous AD related dysfunction.

Anotheraspectof my PhD thesis is the investigadioDalcineurin role in both

physiology of astrocytes and AD related astrocyte$udydion.

In this context, I IRXQG WKDW LQ DVWhieRdad\pkokein ER W K
synthesis and proteasomal degradation are under cartezlcineurin, a
Ca2+/calmodulin-activated phosphatase: astrocyteHgpecalcineurin
GHOHWLRQ Gm&diabeSphoréirHsynthesis in vitro and, in vivoisTh

result indicates that, in physiological conditionsNCeaegulates cellular

proteostasis. On the other hand, in and AD mice madel deletion of
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astroglial CaN, at 10 months of age, displayed a ptioie effect, reducing
memory impairment and well described AD hallmarkspkques deposition
and tau hyper-phosphorylation. These results indithtg CaN, under
pathological conditions can drive and regulate pafttplbrogression. In a
wider prospective, our findings points out astroglells as crucial regulators
of CNS pathology.

7TDNHQ WRIJHWKHU ,TfYH LQYHVWUIPMNWAHG XWVPZRLUIRDDR
dysfunction in AD astrocytes. Namely, the deregufatitb ER-mitochondria

calcium transfer in relation to ER-mitochondria intei@ttand dysfunction

of calcineurin signaling in AD astrocytes.

My results demonstrated that both ER-mitochondriarauon and
calcineurin represents promising therapeutic targetsitigate AD related
astroglial pathophysiology, given the importance sfracytes for brain
functions further studies are warranted to elucidatehaeisms of these
dysfunctions.
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