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INTRODUCTION 
 

1.1 CALCIUM SIGNALING TOOLKIT 
 

1.1.1 Intracellular [Ca 2+] and Ca2+ stores  

Intracellular [Ca2+] ([Ca2+] i) in the cytosol is kept in the range of 50-150nM.;  

Cytosolic Calcium increase is mediated by two main phenomena: (i) calcium 

entry form the extracellular space, and (ii) calcium release form the internal 

stores, mainly represented by the Endoplasmic Reticulum (ER) 1.  

Using genetically encoded, aequorin based probes, targeted to the ER, [Ca2+]ER 

has been measured, and found to be around 0.1-1 mM (~103-104 times higher 

than in the cytosol) depending on cell type. ER calcium level is constantly 

monitored by STIM1, calcium sensor protein localized at the endomembrane. 

Lowering of [Ca2+]ER induces STIM1 polymerization and consequent 

activation of ORAI or TRPC channels, mediating store operated calcium entry 

(SOCE) 2 3. Upon SOCE activation, Ca2+ is rapidly up taken from the cytosol 

into the ER via sarco-endoplasmic reticulum Ca2+ ATPase (SERCA), restoring 

ER basal calcium levels. SOCE exerts also important signalling functions. In 

the ER surface inositol-3-phosphate receptors (IP3Rs) and ryanodine receptors 

(RyRs) are expressed, and upon metabotropic stimulation opening of these 

receptors drives ER calcium release and cytosolic [Ca2+] increase 1. Moreover, 

both these groups of receptors are sensible to calcium itself, determining Ca2+ 

induced Ca2+ release, engaging neighbouring receptors in propagation of Ca2+ 

signal in a form of Ca2+ wave.  

In mitochondria, at resting conditions [Ca2+] is kept at sub-micromolar levels. 

However, upon stimulation of Ca2+ release from the ER, [Ca2+]m transients 

can reach 50-100 µM.  Mitochondrial calcium uptake is mediated by 

mitochondrial calcium uniporter (MCU), a protein complex composed of pore-
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forming subunits (MCU and its dominant negative isoform MCUb), the 

essential MCU regulator (EMRE), which mediates the interaction with the 

mitochondrial calcium uptake regulatory subunits (MICU1, MICU2 and 

MICU3), the activity of this channel is directly regulated by the [Ca2+] and the 

electrochemical gradient across the inner mitochondrial membrane 4 5. In 

resting condition, the [Ca2+]mit is ~ 7µM, but upon stimulation it can arise until 

20µM 6. Indeed, considering mitochondrial ability to uptake and release 

calcium, and the dynamic localization of this intracellular organelle in the 

different cellular sub compartments, give rise to the hypothesis of 

mitochondrial central role in shaping cytosolic calcium responses in a fine and 

precise manner, in terms of both spatial and time control 7.  

Ca2+ can be released from mitochondria via mitochondrial Permeability 

Transition Pore (mPTP) or Sodium- Chloride- Lithium exchanger (NCLX). 

[ca2+]mit tightly controls also the opening of mPTP, that can both promotes the 

activation of the apoptotic pathway and also controls the physiological 

mitochondrial calcium release 8. Going into details mPTP exists in two 

different isoforms, with different permeability properties: a low conductance 

isoform, and a high conductance one. The first one, characterized by a 

flickering activity of the pore, presents an apparent molecular cutoff < 300 Da, 

with selectivity for small ions like Ca2+, and its activation is mostly induced by 

the pH variation due to the mitochondrial membrane depolarization 9. So, the 

low conductance isoform cooperates with NCLX during calcium release, 

promoting the generation of cytosolic calcium signals and preventing 

mitochondrial calcium overload. For example, it was proved that impairment 

of mPTP flickering activity inhibit neurotransmitter release and it is correlated 

with hereditary spastic paraplegia type 7 10.   On the other hand, the high 

conductance rate isoform, with a molecular cutoff of approx. 1500 Da, allows 
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the efflux of a variety of ions and of small molecules, such as the cytochrome 

c, that is a well-known apoptotic signal 11 12. 

 
1.2 ASTROCYTES: PHISIOLOGICAL AN PATHOLOGICAL 
ROLES IN CNS 
 
Astrocytes (from Greek astron=star and Kittaron=cell), together with 

oligodendrocyte and microglia, constitute neuroglia. The term neuroglia was 

coined by Virchow in 1856, and is correlated with the idea that those cells have 

the passive role of filling up space not occupied by neurons 13. While the term 

astrocytes was proposed by Michael von Lenhossek in 1891, in association 

with a star-like shape of astroglial cells, highlighted by Ramón y Cajal that, 

using a gold chloride stain, accidentally stained intermediate filaments 

including glial fibrillary acidic protein (GFAP) 14. Nowadays, via genetically 

encoded probes we know that astrocytes shape is far from a star like shape, and 

more like a sponge shape, increasing their ability to contact and cover synapses 

and blood vessels 24.   

�0�R�U�H�R�Y�H�U�����L�W�¶�V���D�O�V�R���U�H�F�R�J�Q�L�V�H�G���E�\���W�K�H���V�F�L�H�Q�W�L�I�L�F���F�R�P�P�X�Q�L�W�\���D�Q���D�F�W�L�Y�H���U�R�O�H���I�R�U 

neuroglial cells, in the modulation and maintenance of  nervous system activity. 

Indeed, evolution of the nervous system established specialization and division 

of function:  

�x Neurons are specialized in firing action potential that propagate to 

axonal terminals and initiate synaptic transmission and 

communication. 

�x Glial cells are involved in maintenance, protection and control of the 

neural tissue 15.  

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

system (CNS), they extend their processes with little overlap between adjacent 
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cells forming highly organized anatomical domains. Based on their 

morphology and location, astrocytes can be classified in different categories1, 

and in the last years, thanks to transcriptomics approaches a significant 

�K�H�W�H�U�R�J�H�Q�H�L�W�\���D�P�R�Q�J���D�V�W�U�R�F�\�W�H�¶�V���S�R�S�X�O�D�W�L�R�Q���K�D�V���H�P�H�U�J�H�G16. The most relevant 

and well characterized types of astrocytes are: 

�x Fibrous astrocytes of white matter which promote myelination of 

axons (Fig.1.1). 

 

Figure 1.1 Human fibrous astrocytes in white matter 17. 

�x Protoplasmic astrocytes of grey matter found in the synaptic neuropil. 

At the ultrastructural level, the protoplasmic astrocytes are much more 

complex with thousands of fine protrusions, commonly called 

�³�S�H�U�L�S�K�H�U�D�O���D�V�W�U�R�F�\�W�L�F���S�U�R�F�H�V�V�H�V�´ or astrocytic leaflets (Fig.1.2).  

 

Figure 1.2. Human protoplasmic astrocyte 17. 
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These astrocytic leaflets enclose synapses and express a large spectrum of 

receptors for neurotransmitters, cytokines, and growth factors, transporters and 

ion channels. It has been established that in mouse brain each astrocyte 

incorporates from 4 to 10 neuronal bodies and makes contacts with more than 

20 000 synapses 18.  Moreover, astrocytes project specialized end-foot 

processes to the intra-parenchymal blood vessels establishing a specialised 

�I�X�Q�F�W�L�R�Q�D�O���X�Q�L�W���F�D�O�O�H�G���³�Q�H�X�U�R-�Y�D�V�F�X�O�D�U���X�Q�L�W�´ 19.  

All those anatomical features underline fundamental functions of astroglial 

cells that have been discovered, until now (Fig.1.3). These functions include: 

�x structural organization of nervous tissue,  

�x synaptogenesis and the development of the central nervous system,  

�x generation and maintenance of the blood-brain barrier and regulation 

of the local blood flux,  

�x ion homeostasis in the brain and in metabolic support to neurons,  

�x clearance of metabolites produced by other cell types, and removal of 

reactive oxygen species 20.  
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Figure 1.3. Homeostatic functions of astroglia 17. 

  1.2.1 Multipartite synapse: astrocytes as synaptic cradles 

�7�K�H���R�E�V�H�U�Y�D�W�L�R�Q���W�K�D�W���W�K�H���D�V�W�U�R�F�\�W�H�¶�V��leaflets interact with the synapses led to a 

�F�R�Q�F�H�S�W���R�I���³�P�X�O�W�L�S�D�U�W�L�W�H���V�\�Q�D�S�V�H�´���L�Q���Z�K�L�F�K���D�V�W�U�R�F�\�W�H�V���P�D�\���D�F�W�L�Y�H�O�\���S�D�U�W�L�F�L�S�D�W�H��

in the synaptic transmission. This term is referred to an anatomic-functional 

structure that allows a bidirectional communication between astrocytes and 

neurons 20 (Fig.1.4).  

The main components of multipartite synapses of the CNS 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 image 19 and 
schematic representation 21. 

A fifth component of the multi-partite synapse is represented by the microglial 

processes 15.  

Astrocytic leaflets, called also �³perisynaptic process�  ́cover 60-70% of pre- 

and post-synaptic terminals. Indeed, astrocytes have the ability to sense and 

adhere to synapses and coordinate with the neighbouring astrocytes to tile and 

cover the neuropil. However, astrocytes do not ensheath all synapses, and 

synapse association of astrocytes is a dynamic process that can be modulated 

by neuronal activity 22. For example, during memory formation, astroglial 

processes undergo rapid and profound changes, determining modification of 

the neurochemical environment by allowing or denying neurotransmitter 

spillover, which is a mechanism contributing to memory formation 23.  
The perisynaptic compartment has many different functions in the multipartite 

synapse such as:  
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1) Synapse formation and elimination 

More than 20 years ago Pfiriger and Barres have demonstrated that neuronal 

primary cultures from rodent form few synapses, and that the number and the 

strength of synapses are increased by the addition of astrocytes.  

Now we know that astrocytes can release specific signals, like 

thrombospondins (TSPs) and Hevin that promote the interaction between pre- 

and postsynaptic terminal bridging their own receptors expressed in both 

regions.    

Astrocytes also regulate synapse elimination, this occur by both direct and 

indirect mechanism. Indeed astrocytes can directly phagocytose excess of 

synapses, via the functions of astrocytic phagocytic receptors Mertk and 

Megf10. Moreover astrocytes indirectly regulate synapse elimination via the 

�V�H�F�U�H�W�L�R�Q���R�I���W�U�D�Q�V�I�R�U�P�L�Q�J���J�U�R�Z�W�K���I�D�F�W�R�U���������7�*�)���������Z�K�L�F�K���X�S�U�H�J�X�O�D�W�H�V���&���T���L�Q��

neurons, leading to tagging synapses for elimination by microglia  24.   

 

2) Maintenance of extracellular homeostasis 

Astrocytes, with their close juxtaposition to synapses, detoxify the local 

environment by the uptake of K+, glutamate and other neurotransmitters. 

Neuronal propagation of action potential induces a transient release of K+ into 

the extracellular space. Prolonged accumulation of K+ in the extracellular 

space causes wide-spread depolarization of neurons and glia which results in 

compromised synaptic transmission and neuronal firing. For this reason, 

extracellular K+ must be tightly controlled and removed from the extracellular 

space immediately after neuronal excitation 25. 
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At the end of 1980s it has been found that, during neuronal activity, the K+ 

release from neurons is paralleled by a rise in intracellular [K+] in the 

neighbouring glial cells 26. The activity�±dependent glial K+ accumulation 

points to this cellular type as a central point for K+ buffering during neuron 

depolarization.  

Glutamatergic neurotransmission involves packaging of glutamate into 

vesicles, exocytotic release triggered by a depolarization signal, which activates 

voltage- and/or receptor-operated Ca2+ channels, and subsequent uptake mainly 

into astrocytes, in order to avoid excitotoxicity, induced by prolonged exposure 

of the postsynaptic membrane to high concentrations of glutamate. Inside the 

astrocytes glutamate is metabolised to glutamine, which may be transferred 

back to neurons, where it is used to produce new glutamate, or can be utilized 

as an energy substrate as it can enter the tricarboxylic acid (TCA) cycle after 

�F�R�Q�Y�H�U�V�L�R�Q���W�R���.-�N�H�W�R�J�O�X�W�D�U�D�W�H�����.-KG) by the glutamate dehydrogenase 27.  

Five transporters for Na+-coupled glutamate transport have been cloned and 

they are named EAAT1-5 (Excitatory Amino Acid Transporters 1-5) 28 29. 

Among these, EAAT1 (GLAST) and EAAT2 (GLT-1) are expressed 

preferentially if not exclusively on the astrocytic plasma membrane 29 

providing these cells with an enormous capacity for glutamate uptake.  

In the last decade, the ability of astrocytes to release glutamate and other 

neurotransmitters, such as GABA and D-serine, has been described, unveiling 

new mechanisms for astrocyte to neuro communication30. Schwarz and 

colleagues demonstrated that stimulation of astrocytes with DHPG, an 

mGluR1 selective agonist, induced the release of glutamate-containing 

vesicles via SNARE protein dependent process31. The effect of 

gliotransmission on synaptic activity, depends on the synaptic environment. 
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Indeed, the same gliotransmitter can have both excitatory and inhibitory effect, 

depending on the specific environment32,33. 

 

3) Trophic support to neurons 

It has long been known that neurons are unable to supply all their metabolic 

needs autonomously, and in different experiments it has been shown that 

neuronal activity shuts down after treatment with astrocyte-specific metabolic 

inhibitors 27.  

Astrocytes with their leaflets, on one hand, communicate with capillaries, and 

take up until 50% of total glucose of the brain, by GLUT1, and on the other 

are associated with neurons and synaptic processes. For these structural 

features, even if neurons can import glucose directly from the extracellular 

space, astrocytes have been proposed to play an important role in coupling 

neuronal activity and brain glucose uptake through the astrocyte�±neuron 

lactate shuttle. According to this mechanism, the glutamate uptake into 

astrocytes following synaptic release causes a stimulation of anaerobic 

glycolysis and glucose uptake from the circulation via GLUT1. Furthermore 

lactate, produced by astrocytes via glycolysis is released into the extracellular 

space and taken up by neurons. Once into neurons, lactate can be used as an 

energy substrate, in the mitochondrial TCA cycle 19 34. However, astrocytes 

cannot be considered purely glycolytic cells, as it has been thought for long. 

Instead, they possess a powerful Ox Phos machinery 35. 

 
1.2.2 Astrocytes in neurodegeneration 

Neurodegenerative diseases (NDs) are characterized by progressive cognitive 

decline caused by the dysfunction and death of neuronal cells23. In particular, 
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�$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H�����$�'�����L�V��a major cause of dementia in elderly. Aetiology 

of AD is complex. Minority of cases (early onset, <0.5%) carry mutation in 

three genes: amyloid precursor protein (APP), presenilin-1 (PS1) and PS2, 

implicated in production of toxic amyloid-���� ���$������ �S�H�S�W�L�G�H���� �,�Q�� �O�D�W�H�� �R�Q�V�H�W��

sporadic AD (sAD) (>99.5% of all cases), ~70% of cases are attributable to 

�J�H�Q�H�W�L�F���I�D�F�W�R�U�V�����Z�L�W�K���$�3�2�(�0�����D�O�O�H�O�H���D�F�F�R�X�Q�W�L�Q�J���I�R�U���a���������R�I���V�$�'�����0�X�W�D�W�L�R�Q�V����

�W�R�[�L�F�� �$������ �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �R�W�K�H�U�� �I�D�F�W�R�U�V����including sedentary lifestyle, low 

educational level and co-morbidities constitute primary AD-related factors, 

which initiate a series of molecular and cellular events leading to onset of 

symptoms and dementia. Thus, AD has a long-lasting pathogenesis, which 

initiates decades before the onset of symptoms, but cellular alterations 

occurring at this stage of the pathology are poorly investigated and understood.  

�8�Q�I�R�U�W�X�Q�D�W�H�O�\�����P�X�O�W�L�S�O�H���D�W�W�H�P�S�W�V���W�R���F�O�H�D�U���$�����D�Q�G���R�U���H�O�L�P�L�Q�D�W�H���U�H�Y�H�U�W���R�Q�J�R�L�Q�J��

neuropathology during the clinical phase revealed unsuccessful highlighting 

that a crucial challenge for AD research is the one of identifying the early 

cellular dysfunction determining the prodromal phase of the disease.  

Leading AD hypotheses, attempting to explain how primary AD-related insults 

produce cellular damage, include Ca2+ hypothesis, protein clearance 

hypothesis and bioenergetic deficit hypothesis (Fig.1.5). Deregulated cellular 

Ca2+ signalling may contribute to alteration of cellular proteostasis (disbalance 

between protein synthesis and degradation including autophagy, lysosomal 

�I�X�Q�F�W�L�R�Q���D�Q�G�� �$���� �F�O�H�D�U�D�Q�F�H���� �D�Q�G�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �(�5-stress/unfolded protein 

response (UPR)) and bioenergetic deficit (reduced glucose utilization, 

impaired glycolysis and mitochondrial dysfunction leading to decrease of ATP 

production and increase of reactive oxygen species (ROS)). Correct ER 

luminal Ca2+ levels are important for proper protein folding and maturation, 

while ER Ca2+ overload may result in enhanced Ca2+ transients in the cytosol 
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and dysregulate cellular Ca2+ signalling. Ca2+ signals in the mitochondrial 

matrix are essential for the activity of several enzymes of Krebs cycle and for 

ATP synthase. Mitochondrial Ca2+ mishandling impairs bioenergetic 

workflow, results in excessive ROS production and may lead to cell death.  

Altered calcium signalling, protein folding and protein translation, and 

mitochondrial bioenergetic function have been wildly described in AD 

neurons, but fine investigations astrocytes cellular dysfunction in AD is still a 

�P�D�W�W�H�U�� �R�I�� �G�H�E�D�W�H�� �L�Q�� �W�K�H�� �O�L�W�H�U�D�W�X�U�H���� �,�Q�G�H�H�G���� �I�R�U���G�H�F�D�G�H�V���D�V�W�U�R�F�\�W�H�¶�V���U�R�O�H�� �L�Q��

neurodegeneration has been associated with the astrogliosis. In one of our 

recent publications we described, in an in vitro model of the disease, reduced 

protein synthesis rate, impaired mitochondrial bioenergetics and altered 

intracellular calcium signalling, with increased cytosolic calcium response, but 

impaired mitochondrial calcium uptake. these results indicate that early phase 

AD related dysfunction is recapitulated in astrocytes and point out astrocytes 

as possible drivers of the pathology 36.  

 

 

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

Neurons express, at the plasma membrane, a wide range of inotropic receptors 

that determine their ability to generate and propagate action potential. Instead, 

astrocytes, like the others glial cells, express a different pattern of receptors 

and channels, that define them as electrically not excitable cells due to inability 

to generate action potentials 37. Nevertheless, activation and opening of 

channels and receptors expressed by astroglial cells, determine changes in 

intracellular ion concentrations, that regulates activity and localization of 

enzymes, gene expression, cellular metabolism, secretion of gliotransmitters 

and growth factors driving astrocytic homeostatic responses 1 (Fig.1.6). Ca2+ 

is the ion for which the implication in shaping astroglial function is better 

described and demonstrated. As an example, it has been reported in different 

studies, neuronal activity induces astrocytic calcium waves, and synchronized 

calcium activity has been described in astrocytes of freely moving animals 

upon whisker or visual stimulation 38 39 40 41. In astrocytes, metabotropic 

signalling is crucial for cytosolic calcium response. Indeed, astrocytes express 

a plethora of metabotropic G coupled receptors, such as mGluR5, P2Y, 

GABAB, alpha and beta adrenoreceptors, histamine, dopamine cannabinoid 

receptors 42 37. According to brain region localization and astrocytic subtype 

classification, astrocytes express different sets of metabotropic receptors 

determining the ability to induce different types of intracellular calcium 

responses. Indeed, astroglial Calcium signalling presents intra- and inter- brain 

region specificity, correlated to their morphological diversity (e.g. 

protoplasmic and fibrous astrocytes) and neuronal circuits specialization 1. 

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

uptake and release, in the control cytosolic calcium levels, as an example, in 
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astrocytes, it was been demonstrated that NCLX is crucial for the modulation 

of cytoplasmic Ca2+ transients required to control different astrocytes 

functions, such as glutamate release and proliferation 43. 

 

Figure 1.6: calcium tool kit in astrocytes. Schematic representation of 
calcium toolkit in astrocytes. 1. 

Calcium signalling in astrocytes regulates different functions, among them 

�V�R�P�H���F�D�Q���E�H���F�R�Q�V�L�G�H�U�H�G���D�V���³�F�R�P�P�R�Q���I�X�Q�F�W�L�R�Q�V�´�����E�H�L�Q�J���G�H�V�F�U�L�E�H�G���L�Q���D�O�P�R�V�W���D�O�O��

cell types, while other functions can be defined as cell type specific function 1.  

Among the common functions we can report gene transcription, cell mobility 

and remodelling, indeed different proteins of the cytoskeleton are calcium 

regulated, and autophagy activation. Moreover, ER calcium homeostasis is 

crucial for protein folding: chaperone proteins, which also include the principal 

luminal Ca2+-binding proteins, CRT, BiP/Grp78 and PDI, are calcium 

regulated and responsible for protein folding and posttranslational protein 

modifications. Indeed, reduced [Ca2+]ER is responsible for accumulation of 

unfolded proteins and consequent unfolded protein response (UPR) activation 
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(Lim 2023). In mitochondria calcium increases promote metabolic activity 

promoting the activity of four enzymes of Kreb cycle: FAD-glycerol phosphate 

dehydrogenase, Pyruvate dehydrogenase, Isocitrate dehydrogenase, 

Oxoglutarate dehydrogenase 44. Moreover, via different experiments, both in 

tissue samples and isolated mitochondria, it has been demonstrated that 

calcium increases promote the activity of the F1F0 ATP synthase 44 (Fig.1.7). 

 

Figure 1.7. Common functions of astrocytic Ca2+ signals. Ca2+, in astrocytes 
regales numerous functions that are described almost in all cell types 1.  

Looking to the cell type specific function of calcium signalling in astrocytes, 

the most important function is the perception and decoding of the information 

from the external environment. These signals are crucial to adapt astrocytic 

physiology to neurons energetic and signalling demands 45. In this context, 

astrocytic calcium signalling regulates secretion of gliotransmitters and trophic 

factors or nutrients. It is implicated in the modulation of cerebral blood flow 

and contributes to higher brain function such as memory formation, cognition 

respiration and sleep-awake cycle 46 47 48 49 (Fig.1.8).  
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Figure 1.8. Astrocyte-specific Ca2+ signals. Calcium signalling in astrocytes 
has been associated with the fine regulation of numerous cell type specific functions, 
relate to CNS physiology 1.  

Even if, calcium signalling role in astrocytic brain functions has been widely 

investigated, the mechanistic details of Ca2+ regulation in the different 

phenomena, and the details of the different levels of integration of the 

information remains to be further investigated.  

1.4 CALCINEURIN 
 
The Ca2+/calmodulin (CaM)-activated serine/threonine phosphatase, 

calcineurin (CaN), is a heterodimer composed of a larger (59KDa) catalytic 

subunit (CaNA), and a smaller (19KDa) obligatory regulatory subunit B 

(CaNB). There have been identified several isoforms for each subunit:  

�x �&�D�1�$�.�����&�D�1�$�����D�Q�G���&�D�1�$�����H�Q�F�R�G�H�G���E�\���W�K�H���J�H�Q�H�V���3�S�S���F�D�����3�S�S���F�E���D�Q�G��

Ppp3cc, respectively. 

�x CaNB1 and CaNB2 encoded by the respective Ppp3r1 and Ppp3r2 

genes. 
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The expression of some of these isoforms is tissue specific, for example, in the 

mammalian brain, only CaNB1, regulatory subunit is expressed. Neuron-

specific CaNB1 KO had been produced to eliminate CaN activ ity in mouse 

forebrain neuron 50. Deletion of CaNB1 can be used therefore for generation 

of cell-specific CaN KO models 51. 

Calcineurin, at the sub-cellular level, can be found throughout the cytosol and 

the nucleus, and is also commonly associated with membrane receptors, ion 

channels, and pumps via physical interactions with a variety of anchoring 

proteins 52.  

Calcineurin is a key element of the cellular response to Ca2+. Indeed, when 

calcium levels increase, through an influx from the extracellular space, or by 

release from endoplasmic reticulum (ER), CaM, in a calcium-bound form, 

binds CaNA, contemporarily, CaNB binds Ca2+. This cooperative action 

induces conformational changes in CaNA displacing the autoinhibitory C-

terminal domain from the catalytic site, rendering CaN catalytically active 53.  

Calcineurin was first discovered in brain tissue, where it is expressed at high 

levels 54. CaN has been found in many other tissues, e.g., muscles and, notably, 

�L�Q�� �O�\�P�S�K�R�F�\�W�H�V�����Z�K�H�U�H���P�R�V�W�� �V�W�X�G�L�H�V���R�I�� �&�D�1�(�U�H�J�X�O�D�W�H�G���V�L�J�Q�D�O�O�L�Q�J pathways 

have been conducted 55. From these studies emerge the prototypical functions 

of calcineurin: CaN mediates dephosphorylation of nuclear factor of activated 

T cells (NFAT) family of transcription factors, promoting their translocation 

to the nucleus, where they bound specific target gene promoters, coding for 

proteins involved in inflammatory response, such as IL2 and IL6 (Fig.1.9). 

This pathway has been largely studied, in different tissue, thanks to specific 

calcineurin inhibitors, in particular FK506 and Ciclosporin A, and the peptide 

VIVIT, that interferes directly with calcineurin/NFAT interaction 56. 
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Figure 1.9 Scheme of NFAT activation by Ca2+ and CaN 57. 

Studies performed from the mid-1980s to the beginning of 1990s reported 

high expression of CaN in neurons from hippocampus, neocortex, striatum 

and amygdala, with no expression observed in glial cells; only in late 1990s 

was found that CaN is also expressed in astrocytes in situ and in culture and, 

in particular, after inflammatory insults. In neurons CaN regulates neuronal 

excitability, synaptic transmission, and memory formation. In astrocytes, it 

was thought that CaN is principally involved in setting up reactive gliosis and 

neuro-inflammation in different neuropathological conditions 58. For 

instance, greater numbers of CaN-positive astrocytes, in the hippocampus, 

have been found during ageing, injury, and A�� deposition in both (APP/PS1) 

�P�L�F�H���D�Q�G���W�L�V�V�X�H���R�E�W�D�L�Q�H�G���I�U�R�P���V�X�E�M�H�F�W�V���G�L�D�J�Q�R�V�H�G���Z�L�W�K���$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H 

52.  

CaN mediates phenotype switching in astrocytes, with up regulation of the 

expression of GFAP (Glial Fibrillary Acid Protein), down regulation of 

EAATs, hypertrophy of astrocytes soma and processes, activating both, 

NFAT and NFkB transcription factors 58. This astrocyte reactivity has been 
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extensively documented as a pervasive feature of almost every form of acute 

CNS injury as well as most chronic neurodegenerative disorders 59 (Fig.1.10).  

It was demonstrated that, in hippocampal astrocytes, activation of CaN 

requires elevation of cytoplasmic [Ca2+]. This increase could be mediated by 

Ca2+ entry from the external milieu, e.g. mediated by channel-like structures 

�I�R�U�P�H�G���E�\���$�����L�Q���$�O�]�K�H�L�P�H�U���G�L�V�H�D�V�H�����R�U���E�\���&�D2+ release from the endoplasmic 

reticulum via IP3Rs 60 (Fig.1.11). Moreover astrocytic CaN activation leads 

to modification in Ca2+-mediated mechanisms, such as glio-transmission and 

reactive inflammation 58 61.  

 

Figure 1.10 Astroglial activation and calcineurin/NFAT signalling in age-related 
neurodegenerative diseases 62. 

In early work from our laboratory, it has been proposed that CaN mediates 

remodelling of astroglial Ca2+ signalling toolkit during Alzheimer disease 
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pathogenesis63.

 

Figure 1.11 Glial calcium signalling in Alzheimer disease��63. 

Among a clear implication of CaN in astrogliosis activation, in the last years, 

our laboratory described physiological roles of astroglial CaN, e.g., in 

modulating crucial astroglial function such as K+ buffering and protein 

synthesis rate maintenance, and consequent regulation of neuronal excitability 

and the expression and localization of GLAST 51 64.  

1.5 MITOCHONDRIA �± ENDOPLASMIC RETICULUM CONTACT 

SITES (MERCS) 

In eukaryotic cells the endoplasmic reticulum (ER) provides an environment 

suitable for protein and phospholipids synthesis and represents the most 
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important organelle for Ca2+ storage 65. As it has been already mentioned, 

mitochondria are responsible for the conversion of energy stored in the 

chemical bonds of nutrients into ATP, they also have a crucial role in the 

management of ROS and in the control of apoptotic pathway 66. Ca2+ levels 

and dynamics are crucial for both ER and mitochondria functions. Correct ER 

luminal Ca2+ levels are important for proper protein folding and maturation, 

while ER Ca2+ overload may result in enhanced Ca2+ transients in the cytosol 

67. Ca2+ signals in the mitochondrial matrix are essential for the activity of 

several enzymes of Krebs cycle and for ATP synthase 44 (Fig.1.12).  

 

Figure 1.12 ER and mitochondrial Ca2+ signalling toolkit. Principal 
mechanisms regulating ER and mitochondria calcium dynamics are 
represented6. 

Intriguingly, during last decades, not only the single organelle, but the 

interaction between ER and mitochondria has emerged as the key regulator of 

cellular pathophysiology 68. �,�Q�G�H�H�G�����D�O�U�H�D�G�\���L�Q���W�K�H�¶�����V���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q��

organelles have been described in electron microscopy studies, but these 
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structures were considered as technical artefacts 69. About 40 years required to 

demonstrate that ER-mitochondria contact sites represent an essential structure 

�L�P�S�O�L�F�D�W�H�G���L�Q�� �F�H�O�O�X�O�D�U�� �S�K�\�V�L�R�O�R�J�L�F�D�O���S�U�R�F�H�V�V�H�V�����,�Q�� �W�K�H�� �����¶�V���W�K�H�� �S�U�H�V�H�Q�F�H���R�I��

specific proteins responsible for the organization and stabilization of  this 

structure have been demonstrated, indeed proteases treatment is required to 

physically separates ER fraction from mitochondria 70. Nowadays, in literature, 

different proteins have been demonstrated to have a structural role in the 

composition of ER-mitochondria contact sites, keeping the distance between 

the ER membrane and the outer mitochondrial membrane such to allow 

efficient protein synthesis, transfer of proteins and lipids, and transfer of Ca2+ 

ions from ER to mitochondria 6.At the interface between mitochondria and the 

�(�5���� �L�W�� �L�V�� �S�R�V�V�L�E�O�H���W�R���I�L�Q�G���P�D�Q�\���G�L�I�I�H�U�H�Q�W���S�U�R�W�H�L�Q�V���W�K�D�W���I�X�Q�F�W�L�R�Q���D�V���³�W�H�W�K�H�U�V�´��

between the two organelles 71 (Fig.1.13). One of the main tethering systems 

relies on the crosstalk between the OMM protein tyrosine phosphatase-

interacting protein-51 (PTPIP51) and the vesicle-associated membrane protein 

B (VAPB), an ER-resident protein; PTPIP51/VAPB interaction was found to 

shape MERCS and to participate in autophagy regulation 72. B cell receptor-

associated protein 31 (Bap31) is an ER molecular chaperone able to interact 

with mitochondrial fission protein 1 (Fis1) on the OMM, building a platform 

involved in the response to apoptotic stimuli 73. Other fundamental tethering 

mechanisms are based on mitofusin-mitofusin and IP3R-VDAC-Grp75 

interactions and will be furtherly discussed below. Interestingly, apart from 

tethering systems, a whole set of additional proteins can be found at MERCs, 

embodying a plethora of different functions. Some of them interact with the 

aforementioned platforms (e.g., DJ-1 and TOM70 with IP3R-VDAC-Grp75 

complex), increasing their stability and promoting their functionality 74 75. As 

membrane contact sites are critical compartments for lipid biogenesis and 



35 
 

transfer, many essential components of the related machineries are localized at 

MERCs, like phosphatidylserine (PS) synthases (PSS1 and PSS2), PS 

decarboxylases (PSD1 and PSD2), acetyl-coA cholesterol acyltransferase 

(ACAT1) or AAA domain-containing protein 3 (ATAD3) 71. Moreover, 

MERCs house proteins involved in apoptosis (Bax, Bak, Bcl-2, Bcl-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-mitochondria interface. a) Mfn1 and 
Mfn2 are able to interact together to drive mitochondrial fusion, but Mfn2 also 
behaves as a tether between the ER and the mitochondrion. b) Thanks to Grp75, IP3R 
on the ER couples with VDAC on the OMM to form a complex also involved in Ca2+ 
transfer. c) VAPB/PTPIP51 interaction guides autophagic processes. d) Bap31 is able 
to interact with Fis1, that in turn partners with Drp1 to initiate mitochondrial fission 
events. 

�x Mitofusins: Mitofusins are dynamin-related GTPases located on the 

OMM, and they are deeply involved in mechanisms of mitochondrial 

dynamics, in particular in the process of fusion. Mitofusin 1 (Mfn1) 

and mitofusin 2 (Mfn2) share high degree of similarity and both 

mediate mitochondrial fusion 76, but Mfn2 was also related to 

additional functions: de Brito and Scorrano showed, indeed, that not 

only Mfn2 is enriched at ER-mitochondria contact sites, but also that 

it tethers the two organelles by forming homotypic or heterotypic 
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interactions 77. The role of Mfn2 in linking ER and mitochondria may 

be further investigated to uncover possible implications of this protein 

in the maintenance of the distance between these two organelles and, 

consequently, also in the calcium transfer occurring at this level 78. 

�x Dynamin-related protein 1 (Drp1): opposite to fusion, the other 

important process in mitochondrial dynamics is fission, which is 

mainly mediated by Drp1, a cytosolic GTPase that, upon recruitment 

on the OMM and oligomerization, drives constriction of the 

membrane, therefore marking the site of a future fission event 13. Its 

recruitment on the membrane is orchestrated by dedicated receptors 

like Fis1 or mitochondrial fission factor (Mff), which are already 

present at the ER-mitochondria interface before the initiation of the 

fission event 71. 

�x Voltage-dependent anion channel (VDAC): this channel is the most 

abundant protein in the OMM, and it presents as a porin known to 

regulate the permeability of this portion of the mitochondrial 

membrane to ions and small (<5 kDa) metabolites 79. VDAC is a 

transmembrane protein, structurally defined as a barrel-like pore 

�U�H�V�X�O�W�L�Q�J���I�U�R�P���W�K�H���D�O�L�J�Q�P�H�Q�W���R�I����������-sheets, oriented in an antiparallel 

fashion. VDAC is present in three different isoforms, with variable 

expression in different tissues; depending on the tissue and species of 

belonging, VDACs consist in 280-300 amino acids, and their 

molecular weight ranges between 30�±35 kDa 80. VDAC1 isoform is 

able to assemble into a supercomplex with IP3R and the molecular 

�F�K�D�S�H�U�R�Q�H���*�U�S���������O�H�D�G�L�Q�J���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D���V�R�U�W���R�I���³�W�X�Q�Q�H�O�´���W�K�D�W��

allows the transfer of Ca2+ 81. 
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�x Inositol-1,4,5-trisphosphate (IP3) receptor (IP3R): the IP3R family is 

the most ubiquitous among intracellular Ca2+ channels in non-

striated muscle cells; it consists of 3 isoforms of ligand-gated 

channels sharing ~70% sequence homology, but with different tissue 

specificity and different sensitivity to IP3. Each receptor is made of 

three subdomains, slightly different among the three isoforms: the 

ligand-binding domain, located at the N-terminal region; the 

gatekeeper domain, responsible for the channel activity and formed 

by six transmembrane helices, located at the C-terminal region; a 

central cytosolic domain with regulatory activities, harbouring the 

binding sites for several interactors and regulators 82.  

�x 75-kDa Glucose-related protein (Grp75): Grp75 is a stress-induced 

molecular chaperone, belonging to the heat shock protein 70 family, 

involved in mitochondrial quality-control systems. Above its 

canonical function, it is also a member of the IP3R-VDAC-Grp75 

supercomplex, the one responsible for the accommodation of the flux 

of Ca2+ from the ER to the mitochondria 83. 

Ca2+ concentration in the mitochondrial matrix resembles the cytosolic one in 

resting conditions; despite this, mitochondria can uptake high amounts of 

calcium, up to the micromolar range 84�����,�Q�G�H�H�G�����L�Q���W�K�H���H�D�U�O�\���µ�����V���5�L�]�]�X�W�R���D�Q�G��

colleagues demonstrated that mitochondria may accumulate Ca2+ as a 

consequence of cell stimulation and cytosolic [Ca2+] oscillations: they 

observed that when the ER and mitochondria are sufficiently close to each 

other, IP3-based intracellular stimuli produce local domains of high [Ca2+] at 

their interface 85 86 (Fig.1.12). This huge amount of calcium can be uptaken 

reach the mitochondrial matrix through the mitochondrial calcium uniporter 

(MCU) complex. The MCU complex consists of a tetramer of pore-forming 
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MCU subunits; even though this complex contains several regulator proteins, 

just two of them, in addition to MCU subunits, are considered as part of the 

core of the complex: essential MCU regulator (EMRE) and mitochondrial 

calcium uptake 1/2 (MICU1/2) 87. The MCU-EMRE-MICU core complex is 

sensitive to Ca2+ concentration in the intermembrane space and forms a 

channel that allows the flux of Ca2+ from this compartment to the 

mitochondrial matrix; this flux is driven by electrochemical potential gradient 

for Ca2+, which results primarily from the mitochondrial membrane potential 

���û���P�����D�Q�G���I�U�R�P���O�R�Z���&�D2+ levels in the matrix at rest 88. In this compartment, 

calcium signalling is finally coupled to mitochondrial metabolism and energy 

production. Actually, in physiological conditions the MCU complex has a low 

affinity for Ca2+, with a Kd of 10�±�����×�—�0���W�K�D�W���V�K�R�X�O�G�Q�¶�W���D�O�O�R�Z���W�K�H���S�D�V�V�D�J�H���R�I��

this ion through the channel; however, the controversial activity of the MCU 

has finally gained an explanation after the discovery of calcium microdomains 

at ER-�P�L�W�R�F�K�R�Q�G�U�L�D���L�Q�W�H�U�I�D�F�H���W�K�D�W���F�D�Q���U�H�D�F�K���D���V�X�I�I�L�F�L�H�Q�W�O�\���K�L�J�K�����X�S���W�R�������×�—�0����

Ca2+ concentration to activate the MCU 86 89. Indeed, it has been postulated 

that for efficient transfer of Ca2+ ions between ER and mitochondria, and to 

guarantee the formation of high Ca2+ hotspot, able to overtake MCU activation 

�W�K�U�H�V�K�R�O�G�������D���G�L�V�W�D�Q�F�H���R�I���§����-25 nm is required to allow formation of a protein 

complex composed of inositol-1,4,5-trisphosphate receptor (InsP3R), adaptor 

protein Grp75 and VDAC (voltage-dependent anion channel) 6 (Fig.1.14). 

Therefore, in healthy cells, the ER-mitochondria tethering ensures the 

propagation of IP3-linked Ca2+ signals to mitochondria, in other to coordinate 

ATP production with the stimulated state of the cell and to enable the 

mitochondrial Ca2+ buffering 44. Indeed shorter (<10 nm) or wider (>25 nm) 

distance might drastically decrease the efficiency of Ca2+ transfer and may lead 
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to (i) ER Ca2+ overload and protein synthesis/degradation alterations and (ii) 

deficiency of mitochondrial Ca2+ signals resulting in bioenergetic deficit 67. 

 

Figure 1.12 Organization of InsP3R-Grp75-VDAC Ca2+ transferring unit: InsP3R is a 
tetrameric complex that presents a Cytosolic domain leaning out of the ER membrane 
for ~ 13 nm, while Voltage-dependent anion channel 1 (VDAC1) is almost completely 
inserted in OMM. Molecules are represented in scale 67 

 �,�Q���W�K�L�V���F�R�Q�W�H�V�W�����L�Q���D���U�H�F�H�Q�W���S�X�E�O�L�F�D�W�L�R�Q�����L�Q���D�Q���D�V�W�U�R�J�O�L�D�O���P�R�G�H�O���R�I���$�O�]�K�H�L�P�H�U�¶�V��

disease (3xTg iAstro), we identified an increase in both ER and cytosolic 

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

Ca2+ transfer from the ER to the mitochondria. These alterations in Ca2+ 

handling correlate with reduced protein synthesis, at the ER side, and reduced 

ATP production by mitochondria. The defect of Ca2+ transfer might be 

explained by the decreased distance at MIT and ER interface, that we identified 

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

distance of about 8-10nm 36 90.  
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Surprisingly, comparing our hypothesis with literature we found different 

works, in which the authors forced the shortening of the ER-mitochondria gap 

size by overexpressing an artificial linker, that fix the ER and OMM at a 

distance of ~ 6nm. Garrido-Maraver and colleagues show that overexpression 

of the ER-�2�0�0���O�L�Q�N�H�U���L�Q���D���'�U�R�V�R�S�K�L�O�D���$�'���P�R�G�H�O���P�L�W�L�J�D�W�H�G����-amyloid toxicity 

�D�Q�G���H�[�W�H�Q�G�H�G���I�O�\�¶�V���O�L�I�H�V�S�D�Q��65. Using the same animal model for studying 

�3�D�U�N�L�Q�V�R�Q�¶�V���G�L�V�H�D�V�H�����%�D�V�V�R���D�Q�G���F�R-authors, demonstrated that the expression 

of the linker rescued motor deficit of flies 91. In contrast, as presented in a very 

recent publication, the use of the same linker in MCR5 cells induces cell 

senescence. Also considering presenilins 1 and 2 (PS1 and 2) mutations, that 

�D�U�H�� �L�Q�Y�R�O�Y�H�G�� �Z�L�W�K�� �$�O�]�K�H�L�P�H�U�¶�V�� �G�L�V�H�D�V�H�� �D�Q�G�� �W�K�D�W�� �D�U�H�� �O�R�F�D�O�L�]�H�G�� �D�W�� �W�K�H ER 

mitochondria interface, I find a contradicting scenario both in the description 

of the role of PS1 and 2 in the ER and mitochondria Ca2+ handling. In this 

context appears crucial to clearly def ine the space between ER and 

mitochondria to allocate functional calcium transfer complexes and 

consequentially guarantee efficient mitochondrial calcium uptake.   
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ABSTRACT 

�$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H�����$�'�����U�H�S�U�H�V�H�Q�W�V���D�Q���X�U�J�H�Q�W���\�H�W���X�Q�P�H�W���F�K�D�O�O�H�Q�J�H���I�R�U���P�R�G�H�U�Q��

society, calling for exploration of innovative targets and therapeutic 

approaches. Astrocytes, main homeostatic cells in the CNS, represent 

promising cell-target. Our aim was to investigate if deletion of the regulatory 

CaNB1 subunit of calcineurin in astrocytes could mitigate AD-related memory 

deficits, neuropathology and neuroinflammation. We have generated two, 

acute and chronic, AD mouse models with astrocytic CaNB1 ablation (ACN-

KO). In the former we evaluated the ability of ��-�D�P�\�O�R�L�G���R�O�L�J�R�P�H�U�V�����$���2�V�� to 

impair memory and activate glial cells once injected in the cerebral ventricle 

of conditional ACN-KO mice. Next, we generated a tamoxifen-inducible 

astrocyte-specific CaNB1 knock-out in 3xTg-AD mice (indACNKO-AD). 

CaNB1 was deleted, by tamoxifen injection, in 11.7-month-old 3xTg-AD mice 

for 4.7 months. Spatial memory was evaluated using the �%�D�U�Q�H�V���P�D�]�H���� ��-

amyloid plaques burden, neurofibrillary tangle deposition, reactive gliosis and 

neuroinflammation were also assessed. The acute model showed that ICV 

�L�Q�M�H�F�W�H�G���$���2�V���L�Q����-month-old wild type mice impaired recognition memory 

and fostered a pro-inflammatory microglia phenotype, whereas in ACN-KO 

mice, �$���2�V were inactive. In indACNKO-AD mice, 4.7 months after CaNB1 

depletion we found preservation of spatial memory and cognitive flexibility, 

abolishment of amyloidosis and reduction of neurofibrillary tangles, gliosis 

and neuroinflammation. Our results suggest that ACN is crucial for the 

development of cognitive impairment, AD neuropathology and 

neuroinflammation. Astrocyte-specific CaNB1 deletion is beneficial for both 

�W�K�H���D�E�R�O�L�V�K�P�H�Q�W���R�I���$���2-mediated detrimental effects and treatment of ongoing 

AD-related pathology, hence representing an intriguing target for AD therapy. 
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Main points: 

�x Depletion of astrocytic calcineurin B1 (ACN-KO�����D�E�R�O�L�V�K�H�V����-amyloid 

oligomer-mediated memory impairment and microglia activation. 

�x Inducible ACN-KO in 3xTg-AD mice prevents disease development. 

�x ACN represents a valuable target for AD therapy. 
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INTRODUCTION 

�$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H�����$�'�����U�H�P�D�L�Q�V���D�Q���X�U�J�H�Q�W���\�H�W���X�Q�P�H�W���F�K�D�O�O�H�Q�J�H��96. In spite 

of significant progresses made in deciphering the mechanisms of action of the 

�P�D�L�Q�� �U�H�F�R�J�Q�L�]�H�G�� �F�X�O�S�U�L�W�� �V�X�F�K�� �D�V�� �W�K�H�� ��-�D�P�\�O�R�L�G�� �S�H�S�W�L�G�H�� ���$�������� �L�Q�F�O�X�G�L�Q�J��

synaptic, cognitive dysfunction, and neuronal cell death, clinical trials against 

these targets have failed 97. Recently, breakthrough discoveries highlighted the 

primary role of glial cells and neuroinflammation as driving force of AD 98. Of 

note, a�V�W�U�R�F�\�W�H�V�� �D�U�H�� �S�U�L�P�D�U�\�� �W�D�U�J�H�W�� �R�I�� �$���� �R�O�L�J�R�P�H�U�V�� ���$���2�V����- the main 

neurotoxic species fostering synaptic/cognitive dysfunction and gliosis 99,100 - 

already at initial disease stages. They play crucial roles in brain metabolism, 

inter-neuronal signaling, vascular regulation, and defense 101. Calcium (Ca2+) 

homeostasis dysregulation in reactive astrocytes appears as a crucial disease 

event 102. Furthermore, astrocytes acquire a pro-inflammatory phenotype 

responsible for neurodegeneration,103 a cascade of events requiring the 

�D�F�W�L�Y�D�W�L�R�Q���R�I���D�V�W�U�R�J�O�L�D�O���F�D�O�F�L�Q�H�X�U�L�Q�����&�D�1�����:���Q�X�F�O�H�D�U���I�D�F�W�R�U���R�I���D�F�W�L�Y�D�W�H�G���7-cells 

(NFAT) axis, which is responsible for the transcription and release of harmful 

pro-inflammatory molecules 104�±107.  

CaN is a ubiquitous serine-threonine phosphatase composed of a catalytic 

subunit A (CaNA) and an obligatory regulatory subunit B1 (CaNB1). Genetic 

elimination of CaNB1 in neurons was shown to ablate CaN activity 108,109. 

Activation of CaN occurs in several steps upon Ca2+ binding to the EF-hand 

Ca2+ binding domains of CaNB, and the Ca2+/calmodulin (CaM) complex to 

the CaM-binding domain (CaMBD) at the C-terminal of the CaNA 

autoinhibitory tail. Displacement of the autoinhibitory tail allows the access of 

the catalytic site to substrate proteins.  

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

for synaptic plasticity and memory formation 110, but much less in astrocytes 
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109 where it regulates neuronal excitability and protein expression at the post-

transcriptional level 109,111�±113. During AD, CaN is overactivated mainly in 

astrocytes and by interacting with NFAT induces synaptic/cognitive 

dysfunction, glutamate dysregulation and neuroinflammation 114. CaN 

inhibition with tacrolimus (FK506) in AD mice reverts cognitive and synaptic 

dysfunction 115,116. Astrocyte-�V�S�H�F�L�I�L�F���L�Q�K�L�E�L�W�L�R�Q���R�I���&�D�1�:�1�)�$�7���D�[�L�V���L�Q���$�'��

�P�L�F�H���P�L�W�L�J�D�W�H�V���D�V�W�U�R�J�O�L�R�V�L�V���D�Q�G���Q�H�X�U�R�L�Q�I�O�D�P�P�D�W�L�R�Q�����U�H�G�X�F�H�V���G�H�S�R�V�L�W�L�R�Q���R�I���$����

plaques and ameliorates memory 117. In addition, organ transplanted subjects 

chronically treated with FK506 have a lower AD risk 118.  

However, neither genetic ablation of CaN specifically in astrocytes in AD 

mouse models, nor the specific targeting of the regulatory CaNB1 subunit have 

been investigated so far. We have thus developed two AD mouse models with 

a KO of CaNB1 subunit in GFAP-expressing astrocytes. In conditional 

astrocyte-specific CaN-KO (ACN-�.�2���� �P�L�F�H���Z�H�� �W�H�V�W�H�G���W�K�H�� �H�I�I�H�F�W�V���R�I���$���2�V��

injected in the cerebral ventricle, on memory and glial cells 99,109,119,120. In an 

inducible ACN KO model on the background of 3xTg-AD mice we evaluated 

learning and memory abilities as well as the extent of neuropathology.  

 

MATERIALS AND METHODS  

Animals 

Conditional astrocyte-specific CaN KO mice. 

Generation and characterization of ACN-Ctr and ACN-KO mice with a 

conditional astrocyte-specific KO of CaN was reported elsewhere 109. Mice 

used at the Mario Negri Institute for Pharmacological Research (IRFMN) were 

all drug and behavioral test naïve and the experiments were conducted during 

the light cycle. Animals were housed in a SPF facility in standard mouse cages 
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containing sawdust with food (2018S Envigo diet) and water ad libitum, under 

conventional laboratory conditions (room temperature: 20 ± 2°C; humidity: 

60%) and a 12/12-hour light/dark cycle (7:00 am �± 7:00 pm). For all the 

experiments male mice were used. The IRFMN adheres to the principles set 

out in the following laws, regulation, and policies governing the Care and Use 

of Laboratory Animals: Italian Governing Law (D.lgs 26/2014; Authorization 

n.19/2008-A issued March 6, 2008 by Ministry of Health); Mario Negri 

Institutional Regulations and Policies providing internal authorization for 

persons conducting animal experiments (Quality Management System 

Certificate �± UNI EN ISO 9001:2015 �± Reg. N° 6121); the NIH Guide for the 

Care and Use of Laboratory Animals (2011 edition) and EU directives and 

guidelines (EEC Council Directive 2010/63/UE). The statement of 

Compliance (Assurance) with the Public Health Service (PHS) Policy on 

Human Care and Use of Laboratory Animals has been reviewed (9/9/2014; 

Animal Welfare Assurance #A5023-01). All animals were managed in 

accordance with European directive 2010/63/UE and with Italian law D.l. 

26/2014. The procedures were approved by the local animal-health and ethical 

committee (Università del Piemonte Orientale and Mario Negri Insitute for 

Pharmacological Research) and were authorized by the national authority 

(Istituto Superiore di Sanità; authorization numbers N. 77-2017, 648-2018 and 

N. 818/2018-PR). All efforts were made to reduce the number of animals by 

following the ���5�¶�V���U�X�O�H�� 

 

Generation of inducible astrocytic CaN KO in 3xTg-AD mice 

Inducible astrocytic CaN KO was generated by crossing CaNB1flox/flox mice 108 

(Jackson Laboratory strain B6;129S-Ppp3r1tm2Grc/J, stock number 017692), 

with ROSA26tdTomatoflox/flox/GfapCreERT2+/- (GFAP-CreERT2-R26tdT) 
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mouse line bearing human glial fibrillary acidic protein (GFAP) promoter 

driving the expression of a fusion protein consisting of bacterial Cre 

recombinase and a ligand-binding domain of estrogen receptor (CreERT2). 

The mice contained also tdTomato reporter gene preceded by a loxP-flanked 

STOP sequence into the ubiquitously active ROSA26 locus to allow optical 

temporal and spatial control of CreERT2-induced recombination. GFAP-

CreERT2-R26tdT mice, which were on a C57Bl/6 background, were kindly 

provided by Prof. Frank Kirchhoff, CIPMM, University of Saarland, 

Homburg, Germany121. Resulting mouse line 

CaNB1flox/flox/ROSA26tdTomatoflox/flox/GfapCreERT2+/- (abbreviated as 

indACNKO) was crossed with 3xTg-AD mice harboring knock-in point 

mutation of presenilin 1 gene PS1M146V, and two transgenes (amyloid precursor 

protein Swedish mutation KM670/671NL, APPSwe and tauP301L) under Thy1.2 

promoter122. Resulting mice with genotype 

CaNB1flox/flox/ROSA26tdTomatoflox/flox/GfapCreERT2+/-

/PS1M146V
KI/KI /APPSwe

Tg/tauP301L
Tg, abbreviated as indACNKO-AD, were 

maintained on mixed C57Bl/6:129X1/SvJ;129S1/Sv background. Mice were 

housed in the animal facility of the Università del Piemonte Orientale, 2 -5 

mice/cage, with unlimited access to water and food. The induction of the 

CreERT2 nuclear translocation and, therefore CaN KO and tdTomato 

expression, was induced by tamoxifen (TAM; Cayman Chemical, Ann Arbor, 

Michigan, USA, Cat. 13258), dissolved in 90% corn oil, 10% ethanol at a 10 

mg/ml final concentration. Each mouse received at 11.7 months intraperitoneal 

(i.p.) injection of 50 mg/kg TAM once a day for 8 consecutive days 121. 

Intracerebroventricular incannulation.   

Mice were anesthetized with Forane (Abbott) using stereotaxic apparatus 

(model 900, David Kopf, CA) a 7 mm-long guide cannula was implanted into 
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the cerebral lateral ventricle (L ± 1.0 and DV -3.0 from dura with incisor bar 

at 0°) and secured to the skull with two stainless steel screws and dental 

cement. To avoid infections the animals received intraperitoneal injections of 

150 mg/kg/day Amplital (Pfizer) for three consecutive days after surgery. Mice 

were allowed 10-15 days to recover from surgery before the experiment. 

�$��1-42 treatment.  

The A��1-42 preparations, checked by AFM 119, were infused into the lateral 

cerebral ventricle using an injection unit inserted into the guide cannula. The 

A��1-42 were diluted to 1 µM in 5 mM PBS, pH 7.4, and 7.5 µL were infused 

using a Hamilton syringe in a total time of 5 minutes. The injection unit was 

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

�D�I�W�H�U���W�K�H���$���2���L�Q�M�H�F�W�L�R�Q���P�L�F�H���H�Q�W�H�U�H�G���W�K�H���I�D�P�L�O�L�D�U�L�]�D�W�L�R�Q���S�K�D�V�H���R�I���W�K�H���1�2�5�7�� 

 

Novel object recognition test  

Mice were tested in their home cage (30 x 13 cm) to reduce stress related to 

the exposure to a new environment. The following objects were used: a black 

plastic cylinder (4 x 5 cm), a glass vial with a white cup filled with water (3 x 

6 cm) and a metal cube (3 x 5 cm).  The task started with a 10 min 

familiarization trial during which exploration was recorded by an investigator 

blinded to the strain.  Sniffing, touching and stretching the head toward the 

object at a distance not more than 2 cm were scored as object investigation. 

Twenty-four hours later (test trial) mice were exposed for 10 min to two 

objects: one familiar and a new, different one (novel object), and the time spent 

exploring the objects was recorded. Memory was expressed as a discrimination 

index, i.e. (seconds on novel �± seconds on familiar)/(tot time on objects).119,123.  
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Barnes maze (BM) 

The Barnes maze is made of a circular white acrylic slab with a diameter of 1 

m and twenty holes with a diameter of 5 cm on its perimeter at a distance of 

2.5 cm from the edge. The maze was placed on the top of a stool, 60 cm above 

the ground in the center of a dedicated room, with colored-paper shapes as 

visual cues. Two 120 W lights were placed on the edges of the room. The 

escape box was made of a plastic dark box. The maze was cleaned using 70% 

ethanol after each trial. All sessions were recorded and analyzed with the 

SMART V2.5.21 software. Before TAM injections for ACN-KO induction 

mice were exposed to the BM (pre-TAM) in two phases: habituation (Hab) and 

acquisition training (AT). Post-TAM Barnes maze test included 3 different 

phases: Hab, AT and the Reversal Acquisition training (RAT). Hab and AT1 

session were run on the same day, while the remaining as 3 sessions/day for 5 

consecutive days with an interval of 15-30 min/mouse. For RAT, to test 

cognitive flexibility, the escape box was moved seven holes anti-clockwise. 

After each trial mice were returned to their home cage. For characterization of 

mice shown in Suppl. Figs. 2 and 3, n=7 and n=5 indACNKO-NT and 

indACNKO-AD mice were used, respectively. In Barnes maze experiment 

described in Fig. 4, n=10 for indACNctr-AD and n=6 for indACNKO-AD 

mice were used. 

Intracardiac perfusion and brain tissue preparation.  

Animals were anesthetized with a mixture of ketamine/medetomidine (1.5 

mg/kg and 1.0 mg/kg respectively; i.p.), and ACN-Ctr/KO mice intracardially 

perfused with PBS 1X and 4% paraformaldehyde (PFA), post-fixed in 4% PFA 

(2 h, 4°C) and then cryo-protected in 20% sucrose (4°C, 24 h), frozen in n-

pentane (-45°C) and stored at -80°C until use. IndACN mice were perfused 

with PBS, brains removed and divided in two halves: the left half was fixed in 
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4% PFA (48h), transferred in sucrose and frozen. The hippocampus from the 

right part was dissected, snap-frozen and conserved at -80°C.  

 

 

Immunohistochemistry 

Plaques, astrocytes, microglia. Mouse brain slices (n= 3/mouse) were 

incubated with H2O2 (1%) for 10 min followed by 1 h incubation at 4°C with 

blocking solutions [6E10 (plaques) 10% NGS; GFAP (astrocytes): 3% 

NGS+0.3% Triton X-100; Cd11b (microglia): 3% NGS + 0.4% Triton X-100). 

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

mouse anti-6E10 (1:500, Signet), mouse anti-GFAP (1:3500, Chemicon Int. 

Inc., Temecula, USA); rabbit anti-CD11b (1:1000, Wako). After incubation 

with the biotinylated secondary antibody (1:200; Vector Laboratories), 

immunoreactivity was developed by avidin�±biotin�±peroxidase technique 

���9�H�F�W�D�V�W�D�L�Q���$�%�&���N�L�W�����9�H�F�W�R�U���/�D�E�V�����8�6�$�������X�V�L�Q�J�����•�����•-diaminobenzidine (DAB; 

Sigma,Munich, Germany) as chromogen. 

 

Immunofluorescence. Brain sections (40 ��m) were cut throughout the 

temporal extension of the hippocampus, then collected in 100 mM PBS for a 

double-immunofluorescence analysis for Iba1 and CD16/32. The primary 

antibodies (CD16/32 1:600, BD Pharmigen, USA; Iba1 1:1000, Wako; Japan) 

were applied after blocking solution (10% NGS + 0.3% Triton X-100 1h at 

RT) and kept o/n, followed by the fluorescent secondary antibodies (1:500, 1 

h, RT) conjugated respectively with Alexa 488 and 546 (Molecular Probes).  

 

Image analysis.  
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Quantitative analyses were done by an operator blind to genotype and 

treatment and normalizing on the quantified area. Area of selection was the 

whole hippocampus (3 slices/mouse). Brain images for DAB-stained slices 

were acquired using the Olympus Virtual Stage microscope (20X 

magnification). Immunofluorescence was acquired using an IX81 microscope 

and a FV500 confocal scan unit with 3 laser lines and an ultraviolet diode. 3D 

images were acquired at 40X magnification (10.45 µm z-axis, 0.95 µm step 

size). Marker immunoreactivity and the colocalization were quantified by 

applying dedicated home-made macros through Fiji software 124. 

Imaging of tdTomato-positive astrocyte for quantitative analysis was done 

using Zeiss 710 confocal laser scanning microscope equipped with Plan-

Neofluar 40x/1.30 Oil DIC M27 objective and Zen software. Stacks of 

fluorescent images were taken across slice thickness (20 images, 1 µm step) 

and merged using major projection algorithm. Quantification was performed 

offline using Fiji Image J software. Automatic threshold was applied with 

following quantification of area occupied by tdTomato.  

To colocalize tdTomato-positive astrocytes with GFAP, slices were stained 

using mouse anti-GFAP antibody (1:100, Santa Cruz Biotechnology, USA, 

Cat. SC6170) followed by staining with secondary anti-goat biotinylated 

antibody (1:200, Vector Biolabs, USA, Cat. BA9500) and staining with Alexa-

633-conjugated streptavidin (1:200, Invitrogen, S21375). Nuclei were 

counterstaned with DAPI. Stacks of fluorescent images were taken using Leica 

STELLARIS 8 confocal laser scanning microscope equipped with white light 

laser, HCX PL APO 40X/1.25-075 OIL CL objective and LAS X software.  

 

Western blot 
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Hippocampi were homogenized (10% w/v) in lysis buffer containing 50mM 

Tris-HCl (pH 7.4), 150mM NaCl, Nonidet P-40 (NP-40) 0.5%, Sodium 

Deoxycholate (Na-Doc) 0.5%, 5mM EDTA, protease inhibitors cocktail (PIC, 

Millipore, cat. 539133) and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific, cat. 78428). Lysates were quantified with QuantiPro BCA Assay 

Kit (Sigma, cat. SLBF3463). 20 µg of proteins were mixed with Laemmli 

Sample Buffer 4X (Bio-Rad), and boiled. Then samples were loaded on a 12% 

polyacrylamide-sodium dodecyl sulphate gel for SDS-PAGE. Proteins were 

transferred onto nitrocellulose membrane, using Mini Transfer Packs with 

Trans-Blot® Turbo TM (Bio-Rad). The membranes were blocked in 5% milk 

���6�L�J�P�D�����&�D�W�����������������������¶�����5�7�������6�X�E�V�H�T�X�H�Q�W�O�\�����P�H�P�E�U�D�Q�H�V��were incubated with 

anti-GFAP (MAB-12029, Immunological Sciences) antibody (4°C, o/n). The 

goat anti-rabbit Igg (H+L)-HRP secondary antibody (1:5000; Cat. 170-6515, 

Bio-Rad) was used. Detection was carried out with SuperSignalTM West 

Pico/femto PLUS Chemiluminescent Substrate (Thermo Scientific) and 

developed using ChemiDocTM Imaging System (Bio-Rad). Anti-��-Actin 

(A1978, Sigma Aldrich) was used for protein normalization.  

 

Total RNA extraction and real-time PCR 

Total RNA was extracted using Trizol Reagent (Invitrogel, Cat. 15596026) as 

reported elsewhere 125. 0.5-1 µg of total RNA was transcribed using SensiFast 

kit (BioLine, London, UK, Cat. BIO-65054). Real-time quantitative PCR 

(qPCR) was performed using iTaq qPCR master mix (Bio-Rad, Cat. 1725124) 

on a SFX96 Real-time system (Bio-Rad). To normalize raw real time PCR 

data, S18 ribosomal subunit was used. Primer sequences are provided in 
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Supplementary Table 1. Data are expressed as delta-C(t) of gene of interest to 

S18 allowing appreciation of single gene expression level.  

 

Statistical analysis 

Data were expressed as mean ± standard error of the mean (SEM) and analyzed 

using GraphPad Prism software. Data normal distribution was ascertained so 

to select either parametric or non- parametric analyses. The results of Barnes 

maze test were analyzed using two-way ANOVA, mixed-effect model using 

GraphPad Prism v.9.3.0.  In the presence of a significant effect of treatment or 

a significant interaction the appropriate post-hoc tests were applied. A p-value 

< 0.05 was considered significant. 

 

RESULTS 

Conditional deletion of CaNB1 in astrocytes protects from the actions of 

�$���2s. 

�$���2�V���D�U�H���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���V�\�Q�D�S�W�L�F���G�\�V�I�X�Q�F�W�L�R�Q�����P�H�P�R�U�\���L�P�S�D�L�U�P�H�Q�W���D�Q�G���J�O�L�D�O��

�F�H�O�O�� �D�F�W�L�Y�D�W�L�R�Q�����:�H�� �S�U�R�Y�H�G���W�K�D�W�� �D�� �V�L�Q�J�O�H�� �,�&�9�� �L�Q�M�H�F�W�L�R�Q���R�I�� �$���2�V�� �S�U�R�G�X�F�H�V��

memory impairment associated with a neuroinflammatory reaction 99,119,120. To 

�H�[�S�O�R�U�H���L�I���D�V�W�U�R�F�\�W�L�F���&�D�1�%�����G�H�O�H�W�L�R�Q���F�R�X�O�G���S�U�H�Y�H�Q�W���$���2-induced toxicity, we 

used newly generated conditional astroglial CaNB1 KO (ACN-KO) mice 109. 

According to the endogenous pattern of GFAP expression, CaNB1 deletion 

starts from the second post-natal week. At the age of the experiment (8 weeks), 

ACN-KO mice do not have visible phenotype and object recognition memory 

is not altered (Fig. 1). �,�Q���W�K�H�V�H���P�L�F�H���Z�H���,�&�9���L�Q�M�H�F�W�H�G���$���2�V���D�Q�G���F�R�P�S�D�U�H�G���W�K�H�L�U��

effects on memory, in the NORT (Fig. 1A), and on glial cells with those 

observed in ACN-Ctr mice. As shown in Fig. 1 B�����$���2�V���S�U�R�G�X�F�H�G���V�L�J�Q�L�I�L�F�D�Q�W��
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impairment in object recognition ability of ACN-Ctr mice, which was fully 

preserved in ACN-KO mice. 

To investigate whether memory protection in ACN-KO mice was associated 

also with the absence of glial cell activation, ACN-Ctr and ACN-KO mice, 

�U�H�F�H�L�Y�L�Q�J���Y�H�K�L�F�O�H�����9�(�+�����R�U���$���2�V���Z�H�U�H���V�D�F�U�L�I�L�F�H�G���D�W�������������R�U���������K���S�R�V�W-injection 

for brain histology. These time points were selected based on our previous data 

�G�H�V�F�U�L�E�L�Q�J���W�K�H�� �W�L�P�L�Q�J�� �R�I���$���2-induced glial cell activation 99. As shown in 

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

and ACN-KO mice receiving �$���2. However, when we evaluated microglial 

activation we found that the response in ACN-Ctr and ACN-KO mice was 

significantly different. As shown in Figure 2 A, B at 2 and 8 h post-infusion 

�$���2�V���I�R�V�W�H�U�H�G���D���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���,�E�D��-marked area (microglial cells) 

only in ACN-Ctr mice; a slight, not significant increase was observed in ACN-

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

a maker of the pro-inflammatory phenotype, we found it was expressed only 

in ACN-Ctr microglial cells, but not in those of ACN-KO mice (Fig. 3 A-C), 

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

cells in the presence of �$���2�V���� 

 

Generation of inducible astrocyte-specific CaN-KO on the background of 

3xTg-AD mice. 

In order to investigate the effects of ACN ablation on the in vivo development 

of AD-like pathogenesis, we induced CaNB1 depletion in the 3xTg AD mice. 

We crossed a previously characterized strain CaNB1flox/flox, in +which three 

exons of the regulatory subunit CaNB1 were flanked by LoxP sites 108,109, with 

a mouse expressing two transgenic cassettes: GFAP-CreERT2 cassette 

allowing expression of CreERT2 fusion protein in GFAP-expressing cells and 
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a flox-stop-floxt dTomato-expressing cassette which allows optical detection 

of CreERT2-expressing cells 121. The resulting mice, hereafter referred as 

indACNKO, were crossed with 3xTg-AD mice 122 (Suppl. Fig. S1). As a result 

of selection, four lines were generated with genotypes listed in (Table 1), 

abbreviated as indACNctr-NT, indACNKO-NT, representing, respectively, 

non-transgenic control with inducible CaNB1 in astrocytes; and indACNctr-

AD and indACNKO-AD, representing, respectively, control 3xTg-AD mice 

and 3xTg-AD bearing inducible KO of CaNB1 in GFAP-expressing astrocytes 

(Table 1). To analyze the efficiency of CreERT2-induced recombination, both 

male and female mice were administered i.p. with 10 mg/kg TAM once a day 

for 8 consecutive days starting at 10 months of age and were sacrificed 5 

months later. As shown in Suppl. Fig. S2, 5 months after induction, tdTomato-

positive astrocytes were found throughout the brain in GfapCreERT2+/- mice. 

In the hippocampus, central in this paper, 67% and 60% of astrocytes were 

tdTomato positive respectively in indACNKO-NT and indACNKO-AD mice, 

and hence, achieved KO of CaN, confirming the efficiency of CreERT2 

methodology in adult AD mice. Co-localization with GFAP showed that all 

tdTomato astrocytes were positive for GFAP, confirming the cell-specificity 

of recombination (Suppl. Fig. S3). After the deletion of CaNB1 from 

astrocytes, neither indACNKO-NT nor indACNKO-AD mice present visible 

phenotype alterations at least for a period of 5 month. For subsequent 

experiments, CreERT2-mediated recombination was induced at an average of 

11.7 ± 1.3 months by i.p. TAM injection once a day for 8 consecutive days 121. 

Prior to the induction (~11 months of age) and post-induction (~15.7 months 

of age), spatial memory of indACNctr-AD and indACNKO-AD mice was 

tested in the BM. Mice were sacrificed at 16.1 ± 1.3 months, 4.4 months after 

first TAM injection (Fig. 4 A). 
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Improvement of spatial memory and cognitive flexibility in indACNKO-

AD mice. 

Loss of memory is one of the key symptoms in AD patients. Specifically, 

impairment of episodic spatial memory and cognitive flexibility in 3xTg-AD 

mice has been reported by many studies using different paradigms including 

Morris water maze, NORT and BM. To assess memory abilities in our mice 

we choose the BM, because it offers a multi-parametric behavioral assessment, 

including motor activity, and is relatively non-stressful for mice. As shown on 

the experimental setup scheme (Fig. 4 A), mice were subjected to BM test 

twice: the first one to document the absence of differences in motor and 

learning performance between indACNctr-AD and indACNKO-AD mice pre-

TAM induction (namely pre-TAM test). The second one, post-TAM test, was 

run about 4 months after TAM induction at 15.7 months of age (post-TAM 

test) (Fig. 4 A). To avoid preconditioning of mice to reversal training, the pre-

TAM test consisted in habituation (Hab) and 11 acquisition training sessions 

(AT) until the primary latency (time used for locating the target hole) 

decreased below 60 seconds in three consecutive sessions (a criterion adopted 

also for later tests). As shown on Fig. 4 B, both  indACNctr-AD and 

indACNKO-AD, in the pre-TAM test, progressively learned the position of 

target hole (F(10,268) = 13.50, p = <0.0001 between sessions) with no 

differences in in learning profile (F(1,27) = 0.06618, p = 0.8 between 

genotypes, n=10 and n=6 for indACNctr-AD and indACNKO-AD, 

respectively) , confirming similar learning abilities in the two genotypes. The 

post-TAM test included one Hab and 16 AT sessions (Fig. 4 C). From the very 

first sessions indACNKO-AD mice located the target hole in a shorter time, 

suggesting a better consolidation of the pre-TAM test compared with 
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indACNctr-AD mice. After 12 sessions, only indACNKO-AD mice reached 

the criterion (AT12-AT16), clearly highlighting higher spatial memory 

abilities compared to indACNctr-AD mice. Two-way ANOVA for repeated 

measures found significant differences between genotypes (F(1,14) = 6.738, p = 

0.0212) but not between sessions (F(15, 210) = 1.404, p 0.1472; n=10 and n=6 for 

indACNctr-AD and indACNKO-AD, respectively). 

Once the AT session blocks were completed, we moved the target hole by 7 

positions anti-clockwise, and run a series of 12 RAT sessions, during which 

mice had to learn the new target location. Fig. 4 D shows that while 

indACNctr-AD mice did not show significant progressive primary latency 

reduction to locate the new target - with none session below 60 sec - 

indACNKO-AD mice showed progressive learning during the last 6 RAT 

sessions (F(4.775,66.85) = 6.519, p = <0.0001 between sessions; F(11,154) = 1.983, 

p = 0.0335 across sessions between genotypes; n=10 and n=6 for indACNctr-

AD and indACNKO-AD, respectively). These results suggest that CaNB1 

ablation in adult 3xTg-AD mice prevents the deterioration of learning and 

spatial memory abilities. Notably, differences in cognitive abilities were not 

due to the presence of motor deficits as ascertained by the measurement of 

mouse speed and distance travelled inside the maze, fully comparable between 

groups (Suppl. Fig. 4, 5). 

�$�E�V�H�Q�F�H���R�I�� �$���� �S�O�D�T�X�H�V���� �D�Q�G���O�R�Z�H�U���W�D�X���S�D�W�K�R�O�R�J�\���D�Q�G�� �J�O�L�D�O���U�H�D�F�W�L�Y�L�W�\���L�Q��

indACNKO-AD mice. 

Based on encouraging functional data in indACNKO-AD mice, we then 

investigated whether astrocytic ablation of CaNB1 had affected also their 

neuropathology. When we assessed plaque deposition pre-TAM none was 

detectable in both groups of mice, indicating that amyloidosis had not started 

yet (11.7-month; Fig. 5 A, pre-TAM) as previously documented in 3xTg-AD 
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male mice at this age 126. In contrast, when plaques were labelled post-TAM 

�L�Q�G�X�F�W�L�R�Q�����Q�R�Q�H���R�I���W�K�H�������D�Q�D�O�\�]�H�G���P�R�X�V�H���E�U�D�L�Q�V���K�D�G���G�H�W�H�F�W�D�E�O�H���$�����G�H�S�R�V�L�W�V��

indACNKO-AD mice compared with indACNctr-AD (Fig. 5 B, post-TAM). 

Because of a greater consistency in the presence of plaques in the subiculum 

of the hippocampus of all mice analyzed, previously described at this mouse 

age 127�±129, plaques were quantified only within this area (Fig. 5 C post-TAM), 

which confirmed qualitative observations showing a highly significant 

difference in the % of 6E10-marked area between the two groups.  

Intracellular neurofibrillary tangles made of deposited hyper-phosphorylated 

tau represent the other key hallmark of AD highly correlating with cognitive 

impairment 130. By assessing the extent of hippocampal tau pathology pre-

TAM, at 11.7 months of age no signal was detectable in the two groups (Fig. 

6 A, Pre-TAM). Notably, after TAM, tau pathology was clearly detectable only 

in the hippocampus of indACNctr-AD mice, in indACNKO-AD it was 

undetectable (Fig. 6 B post-TAM). The quantitative analysis confirmed 

histological observations (Fig. 6 C, post-TAM).   

Next, we analyzed the expression of GFAP for astrocytes, and Iba1 for 

microglia. We observed an increase of GFAP immunoreactivity specifically 

�D�U�R�X�Q�G���$���� �G�H�S�R�V�L�W�V�����)�L�J����7 A). Interestingly, GFAP immunoreactivity was 

significantly reduced in indACNKO-AD mice compared to that of indACNctr-

AD as confirmed by GFAP-marked area quantification (Fig. 7 B).  

Accordingly, a significant increase of hippocampal GFAP protein expression 

was detected by Western blot analysis in indACNctr-AD vs. indACNctr-NT 

animals; in indACNKO-AD, GFAP protein levels were reduced down to the 

levels of indACNctr-NT mice (Suppl. Fig. S6). Similarly, staining with the 

microglial marker Iba1 revealed a higher immunoreactivity in indACNctr-AD 



112 
 

mice, which was significantly lower at both qualitative and quantitative level 

in indACNKO-AD mice (Fig. 7 C, D).  

 

Reduction of neuroinflammation in indACNKO-AD mice. 

Transcriptional alterations are features of AD astrocytes both in vivo and in 

vitro 125,131. To assess if depletion of CaNB1 in 3xTg-AD mice had an effect 

on the general neuroinflammatory status we performed qPCR on RNAs 

extracted from whole hippocampi of indACNctr-NT, indACNKO-NT, 

indACNctr-AD and indACNKO-AD mice using primers for markers of 

reactive astrogliosis (GFAP, S100b, Vimentin), microgliosis (Iba1 and 

CD11b) and phagocytosis (CD68), or neuroinflammation-related cytokines 

���,�O���������7�Q�I�.�����D�Q�G���U�H�F�H�S�W�R�U�V�����7�O�U���������$�V���V�K�R�Z�Q���L�Q���)�L�J����8 A-�*�����*�)�$�3�����&�'���������,�O������

and Il6 mRNA were significantly increased in indACNctr-AD compared to 

indACNctr-NT or indACNKO-NT, while their levels were significantly 

decreased in indACNKO-AD mice.  

 

DISCUSSION 

This study was designed to test if genetic ablation of CaNB1 in astrocytes 

�F�R�X�O�G���F�R�X�Q�W�H�U�D�F�W���W�K�H���H�I�I�H�F�W�V���R�I���$���2�V on memory and glial cells in an acute 

mouse model, as well as learning and memory deficits and the extent of AD-

related neuropathology in 3xTg-AD mice. Two approaches have been pursued: 

�L���� �,�&�9���G�H�O�L�Y�H�U�\���R�I���$���2�V���L�Q�W�R���F�R�Q�V�W�L�W�X�W�L�Y�H���$�&�1-KO mice (acute AD model), 

ii) generation and characterization of a novel mouse model with inducible 

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

outcomes (chronic AD model).  
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�2�X�U���U�H�V�X�O�W�V���G�H�P�R�Q�V�W�U�D�W�H���W�K�D�W�������������$���2�V���O�R�V�H���W�K�H�L�U���D�E�L�O�L�W�\���W�R���L�P�S�D�L�U���P�H�P�R�U�\���D�Q�G��

induce neuroinflammation in the absence of ACN; (2) inducible ablation of 

CaNB1 in 3xTg-AD mouse astrocytes from 11.7 to 16.1 months of age: i) 

preserved cognitive abilities, (ii) prevented amyloidosis and tau pathology, iii) 

reduced gliosis and neuroinflammation.  

�'�H�O�H�W�L�R�Q���R�I���&�D�1�%�����I�U�R�P���D�V�W�U�R�F�\�W�H�V���D�E�R�O�L�V�K�H�V���$���2-mediated detrimental 

effects on memory and glial cell activation. 

�$���2�V���D�U�H���W�K�H���P�R�V�W���K�D�U�P�I�X�O���V�S�H�F�L�H�V���F�D�S�D�E�O�H���R�I���G�L�V�U�X�S�W�L�Q�J���W�K�H���S�O�D�V�P�D���P�H�P�E�U�D�Q�H��

integrity and directly impact on synaptic and cognitive functions through 

several mechanisms 132,133. Our previous work demonstrated that a single ICV 

�L�Q�I�X�V�L�R�Q���R�I���$���2�V���I�R�V�W�H�U�V���P�H�P�R�U�\���L�P�S�D�L�U�P�H�Q�W���D�V�V�R�F�L�D�W�H�G���Z�L�W�K��glial activation 

499,119,120 which impacts on neuronal functions 99,134,135. Here we applied this 

strategy to ACN-KO mice 109. At this age ACN-KO mice do not show reactive 

gliosis or neuroinflammation and perform normally in the NORT 113, making 

�W�K�H�P���V�X�L�W�D�E�O�H���W�R���W�H�V�W���$���2���W�R�[�L�F�L�W�\�����6�W�U�L�N�L�Q�J�O�\�����Z�H���I�R�X�Q�G���W�K�D�W���L�Q����-month-old 

ACN-KO mice, �$���2�V��did not impair memory and we also confirmed that 

�$���2�V���S�U�R�G�X�F�H�G���P�H�P�R�U�\���L�P�S�D�L�U�P�H�Q�W���L�Q���D�V�V�R�F�L�D�W�L�R�Q���Z�L�W�K���D�Q���D�F�W�L�Y�D�W�L�R�Q���R�I���J�O�L�D�O��

cells exclusively in ACN-Ctr mice; in ACN-KO mice the activation was 

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

addition, by assessing the presence of a pro-inflammatory phenotype upon 

�$���2�� �L�Q�M�H�F�W�L�R�Q�����E�\�� �O�D�E�H�O�L�Q�J�� �&�'���������������Z�H���I�R�X�Q�G���W�K�D�W���P�L�F�U�R�J�O�L�D of ACN-Ctr 

mice were CD16/32+. This suggests that deletion of CaNB1 from astrocytes is 

�S�U�R�W�H�F�W�L�Y�H�����D�Q�G���W�K�D�W���D�F�W�L�Y�D�W�L�R�Q���R�I���$�&�1���L�V���S�H�U�P�L�V�V�L�Y�H���I�R�U���E�R�W�K���$���2-mediated 

memory impairment and microgliosis. Despite we observed no differences in 

astrocytic activation between Ctr and ACNKO mice upon �$���2 injection, it is 

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

oligomers on memory and on microglia response. We have no explanation for 
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the response of astrocytes in the acute model, but future experiments will help 

to clarify this aspect and further characterize glial phenotype in the presence 

�D�Q�G���W�K�H���D�E�V�H�Q�F�H���R�I���$�&�1���X�S�R�Q���$���2�V���H�[�S�R�V�X�U�H�����:�H���D�U�H���D�Z�D�U�H���W�K�D�W���$���2���P�R�G�H�O��

does not represent AD pathogenesis. However, it allows to dissect the effects 

�R�I���R�O�L�J�R�P�H�U�V���R�Q���P�H�P�R�U�\���D�Q�G���J�O�L�D�O���F�H�O�O�V�����$���2���L�Q�M�H�F�W�L�R�Q���K�D�V���E�H�H�Q���X�V�H�G���W�R���V�W�X�G�\��

�W�K�H���H�I�I�H�F�W���R�I���V�\�V�W�H�P�L�F���&�D�1���L�Q�K�L�E�L�W�L�R�Q���E�\�� �)�.�������� �R�Q���$���2-induced neuronal 

dysfunction 136, while here we show that the deletion of CaN from astrocytes 

�L�V�� �V�X�I�I�L�F�L�H�Q�W�� �W�R�� �F�R�X�Q�W�H�U�D�F�W�� �$���2-induced glial activation and memory 

impairment. 

Deletion of ACN fully prevents cognitive impairment and neuropathology 

in 3xTg-AD mice. 

To demonstrate that CaNB1 in astrocytes is a main driver of disease in its 

complexity, we have generated an inducible CaNB1 KO on the background of 

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

and tau pathology 122, as well as neuroinflammation, similar to human 

pathology.  

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

mice preserves learning abilities and cognitive flexibility; completely 

abolishes plaque deposition and drastically reduced tau hyper-

phosphorylation. 

�6�H�Y�H�U�D�O�� �H�Y�L�G�H�Q�F�H�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �$���� �W�R�[�L�F�L�W�\�� �D�Q�G�� �G�H�S�R�V�L�W�L�R�Q�� �D�U�H�� �V�W�U�R�Q�J�O�\��

associated with reactive gliosis and neuroinflammation 134,135,137. Accordingly, 

the absence of plaques in our KO mice was accompanied by a significant 

decrease in the extent of gliosis. The functional significance of gliosis in AD 

remains unclear 138�����I�U�R�P���R�Q�H���V�L�G�H���L�W���L�V���U�H�T�X�L�U�H�G���I�R�U���$�����F�O�H�D�U�D�Q�F�H�����Z�K�H�U�H�D�V���L�W�V��

�R�Y�H�U�D�F�W�L�Y�D�W�L�R�Q�� �F�R�P�S�U�R�P�L�V�H�V�� �F�H�O�O�� �K�R�P�H�R�V�W�D�W�L�F�� �D�F�W�L�Y�L�W�L�H�V�� �D�Q�G�� �$���� �X�S�W�D�N�H����

�F�U�H�D�W�L�Q�J�� �D�� �S�D�W�K�R�J�H�Q�L�F���� �X�Q�F�R�Q�W�U�R�O�O�D�E�O�H���O�R�R�S�� �R�I�� �J�O�L�D�O�� �R�Y�H�U�D�F�W�L�Y�D�W�L�R�Q���D�Q�G�� �$����
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buildup 139. Furthermore, activated glial cells deprive neurons of a regulatory 

control necessary for memory processing 140. We thus assume that concomitant 

reduction of amyloidosis and tau pathology together with mitigation of glial 

cell activation in our IndACNKO-AD mice might explain the preservation of 

their cognitive abilities.  

Tau pathology amelioration in our IndACNKO-AD mice is of particular 

interest for two main reasons: (i) cognitive decline and neuronal death better 

correlate with the progression of tau neuropathology rather than with the 

�D�E�X�Q�G�D�Q�F�H���R�I���$�����G�H�S�R�V�L�W�V���G�X�U�L�Q�J���W�K�H different stages of AD 130. Therefore, 

prevention/mitigation of tau-pathology may itself represent an efficacious 

strategy to counteract cognitive decline in AD. It is, thus, conceivable to 

assume that astrocytic CaN might be considered as a promising target for 

disease-modifying pharmacological intervention, capable of interfering also 

with tau-pathology. (ii) Tau pathology is an umbrella term covering a wide 

group of diseases featured by the presence of tau inclusions in neurons and glia 

141 which makes CaNB1 in astrocytes a versatile therapeutic target.  

 

Astroglial CaN as a central hub of neuroinflammation and homeostasis: a 

mechanistic aspect. 

All together our data corroborate the emerging role of astrocytic Ca2+- CaN 

signaling in the onset and progression of AD neuropathology 105,106. At the 

state of the art, it is difficult to provide a precise mechanistic explanation for 

the multiple protective actions we herein described. Nevertheless, several 

hypotheses could be suggested. Because of a persistent loop of mutual 

activation between astrocytes and microglia, subsequently influencing 

neuronal activity and memory, it is likely that ACN inhibition might be 

sufficient to interrupt such a vicious cycle, preserving neuronal function.  
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Reduced neuroinflammation can be, indeed, positively associated with the 

�S�U�H�V�H�U�Y�D�W�L�R�Q���R�I���F�R�J�Q�L�W�L�Y�H���D�E�L�O�L�W�L�H�V���Z�H���R�E�V�H�U�Y�H�G���E�R�W�K���L�Q���W�K�H���$���2-induced and 

in indACNKO-AD mice, because of the strong association described between 

glial activation, neuroinflammation and synaptic plasticity and memory 

99,140,142�±146. 

In our previous works, we, indeed, demonstrated that pre-treatment with anti-

�L�Q�I�O�D�P�P�D�W�R�U�\���G�U�X�J�V���D�E�R�O�L�V�K�H�V���W�K�H���D�F�W�L�R�Q���R�I���$���2�V���R�U���.-synuclein oligomers on 

memory 99.  

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

ACN/NFAT pathway through the AAV vector expressing the NFAT inhibitor 

VIVIT under the GFAP promoter, improved basal hippocampal synaptic 

strength, long-term potentiation and cognition 117. Prevention of reactive 

astrogliosis and neuroinflammation through inhibition of NFAT and NF-kB 

activation may play a role. Indeed, it is well known that the release of pro-

�L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V���L�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���D�Q���L�Q�F�U�H�D�V�H���L�Q���$�����S�U�R�G�X�F�W�L�R�Q�����D�Q�G��

that this phenomenon relies on the activity of ACN-NFAT pathway. Thus, 

�G�H�S�O�H�W�L�R�Q���R�I�� �$�&�1�� �L�Q�� �R�X�U�� �P�L�F�H�� �P�L�J�K�W�� �K�D�Y�H�� �W�X�U�Q�H�G���L�Q�W�R�� �D���U�H�G�X�F�W�L�R�Q���L�Q�� �$����

production, thus explaining the impressively lower number of plaques 

deposited in IndACN-KO mice. 

Recent data also suggest an interaction between ACN and the forkhead 

transcription factor FOX03 leading to its dephosphorylation and association 

�Z�L�W�K���1�)�¸�%�����7�K�H���&�$�1�� FOX03/ �1�)�¸�%���D�V�V�R�F�L�D�W�L�R�Q���Z�L�O�O���S�U�R�P�R�W�H���J�H�Q�H���S�U�R�J�U�D�P�V��

responsible for neuroinflammation 147,148. Of note, in our IndACN-KO mice 

neuroinflammatory markers were significantly decreased, which encourages to 

investigate this specific pathway in future work. 

Recently, physiological functions of ACN have been linked to a number of 

homeostatic and signaling functions including �P�H�W�D�E�R�O�L�V�P���D�Q�G���F�O�H�D�U�D�Q�F�H���R�I���$����
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and tau, that could be traced back to CaN control over astrocytic proteostasis 
105,106,109,111�±113. It could be, thus, speculated that the CaN-dependent alterations 

of astrocytic proteostasis might turn into a reduced homeostatic support, e.g., 

through an alteration in the expression and release of neurotrophic, 

neuroprotective and signaling factors 102,106. In this context, we have shown 

that astrocytes from 3xTg-AD mice show an impairment of protein synthesis 

and degradation machineries which turned into a reduced secretion of 

neurotrophic SPARC and neuroprotective HSP90 and HSP73 149�±151. Whether 

CaN activation/dysfunction in AD astrocytes is linked to altered proteostasis, 

from which insufficient support to neurons, will be a matter of future 

investigations; however, such a link has already been suggested for a model of 

prion-induced neurodegeneration 152.  

Last, ACN-KO may interfere with amyloidogenic process. Numerous reports 

suggest that Ca2+ �V�L�J�Q�D�O�V�� �F�R�Q�W�U�R�O���$�3�3�� �S�U�R�F�H�V�V�L�Q�J���D�Q�G���U�H�O�H�D�V�H���R�I�� �$����153�±156. 

Likely, such a modulation, with participation of CaN occurs within pathogenic 

loop initiated by FAD-�O�L�Q�N�H�G���P�X�W�D�W�L�R�Q�V���D�Q�G���R�U���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���$���2�V�����Z�L�W�K��

consequent CaN-dependent transcriptional remodeling 134,157.  

Altogether, all the above reported mechanisms and our results support the 

primary role of astrocytes in AD, which have been recently placed at the 

forefront in its pathogenesis, and suggest that CaNB1 - specifically in 

astrocytes - might be considered as a promising target for the development of 

cell targeting anti-AD therapies, capable of counteracting the multiple core 

neuropathological events of AD. 
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Figures and legends 

 

Figure 1. ACN-�.�2�� �P�L�F�H�� �D�U�H�� �S�U�R�W�H�F�W�H�G�� �I�U�R�P�� �$���2�V-induced memory 

impairment.  (A) Experimental scheme. (B) Scatter plots are mean ± SEM of 

�W�K�H���G�L�V�F�U�L�P�L�Q�D�W�L�R�Q���L�Q�G�H�[���R�I���$���2�����������0�����,�&�9-injected ACN-ctr and ACN-KO 

mice subsequently tested in the NORT. Two-way ANOVA found a significant 

interaction: F(1,41) = 16,13, p = 0.0002. (C) Astroglial activation: scatter plots 

are mean ± SEM of the GFAP-marked area in Veh- �D�Q�G���$���2-treated ACN-ctr 

and ACN-KO mice at 8h post-A��O injection. 



125 
 

 

Figure 2. ACN-�.�2�� �P�L�F�H�� �D�U�H���S�U�R�W�H�F�W�H�G�� �I�U�R�P�� �$���2�V-induced microglial 

activation. (A) Time course of microglial activation: scatter plots are mean ± 

SEM of the IBA1-marked area in Veh- �D�Q�G���$���2-treated ACN-ctr and ACN-

KO mice at 2, 8 and 24 hrs post-injection. Two-way ANOVA found a 

significant effect of treatment (2 hrs): F(1,11) = 9,14, p = 0.0116; (8 hrs): F(1,12) 

= 17.43, p = 0.0013. (B) Images are mouse hippocampi immunostained with 

the anti-IBA1 antibody labeling microglia. *p < 0.05, ***p < 0.001, ****p < 

���������������7�X�N�H�\�¶�V���S�R�V�W-hoc test.  
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Figure 3���� �&�'�������������H�[�S�U�H�V�V�L�R�Q���L�V���K�L�J�K�O�\�� �G�H�W�H�F�W�D�E�O�H���L�Q���$���2-treated ACN-

ctr but not in ACN-KO mice.  (A) Images are representative hippocampal 

slices co-labeled for CD16/32 (green) and the microglial marker IBA1 (red), 

which highlights a pro-�L�Q�I�O�D�P�P�D�W�R�U�\���0�����S�K�H�Q�R�W�\�S�H���L�Q���$���2-injected ACN-ctr 

�E�X�W���Q�R�W���$���2-injected ACN-KO mice. (B) Scatter plots are mean ± SEM of the 

% of CD16/32 hippocampal-marked area. Two-way ANOVA found a 

significant interaction: F(1,13) = 16.58, p = 0.0013. (C) Scatter plots are mean ± 

SEM of the % of IBA1-CD16/32 co-localization in the experimental groups.  

Two-way ANOVA found a significant interaction: F(1,13) = 12.70, p = 0.0035.  

�
�
�S�������������������
�
�
�S���������������������
�
�
�
�S���������������������7�X�N�H�\�¶�V���S�R�V�W-hoc test.  
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Figure 4. IndACNKO-AD mice are protected from the development of 

spatial memory and learning deficits. (A) Scheme of the experimental 

schedule. (B) Primary latency during Barnes maze Acquisition training in 

indACNctr-AD and indACNKO-AD mice prior to i.p. injection of TAM (pre-

TAM). Two-way ANOVA for repeated measures found significant interaction 

between sessions (F(10,268) = 13.50, p = <0.0001), but not between genotypes 

(F(1,27) = 0.06618, p = 0.8). (C) Primary latency during post-TAM Acquisition 

training. Two-way ANOVA for repeated measures found significant 

interaction between genotypes (F(1,14) = 6.738, p = 0.0212). (D) Primary 

latency during post-TAM Reversal Acquisition training sessions. Two-way 

ANOVA for repeated measures found significant interaction both between 

sessions (F(4.775,66.85) = 6.519, p = <0.0001), and across sessions between 

genotypes (F(11,154) = 1.983, p = 0.0335). Data are expressed as mean ± SEM 

of n=10 indACNctr-AD and n=6 indACNKO-AD mice.  
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Figure 5. IndACNKO- �$�'���P�L�F�H���G�R���Q�R�W���G�H�Y�H�O�R�S���$�����S�O�D�T�X�H�V�� Images in (A) 

are representative mouse hippocampi immunostained with the anti-6E10 

�D�Q�W�L�E�R�G�\���W�R�� �O�D�E�H�O�� �$���� �S�O�D�T�X�H�V���L�Q�� �S�U�H-TAM mice and in (B) in post-TAM 

indACNctr-AD and indACNKO-AD mice. (C) Scatter plots are mean ± SEM 

of the % of 6E10-marked area. **p < 0.01 Mann-�:�K�L�W�Q�H�\�¶�V���S�R�V�W-hoc test. 

Images in  
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Figure 6. IndACNKO-AD mice do not develop tau pathology. Images in 

(A) are representative mouse hippocampi immunostained with the anti-CP13 

antibody to label p-Tau in pre-TAM mice and in (B) post-TAM indACNctr-

AD and indACNKO-AD mice. Arrows indicate accumulation of p-Tau-

positive neurons. (C) Scatter plots are mean ± SEM of the % of CP13-marked 

area. One-way ANOVA (Kruskal-Wallis test): p = 0.0049; *p < 0.05, **p < 

0.01, Mann-�:�K�L�W�Q�H�\�¶�V���S�R�V�W-hoc test. 
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Figure 7. Gliosis is significantly reduced in IndACNKO-AD mice. Images 

in (A) are mouse hippocampi immunostained with the anti-GFAP antibody to 

label astrocytes in indACNctr-AD and indACNKO-AD mice. (B)  Scatter plots 

are mean ± SEM of the GFAP-marked area. One-way ANOVA (Kruskal-

Wallis test): p = 0.008. (C) Images are representative mouse hippocampi 

immunostained with the anti-IBA1 antibody to label microglia in indACNctr-

AD and indACNKO-AD mice. (D) Scatter plots are mean ± SEM of the IBA1-

marked area. One-way ANOVA (Kruskal-Wallis test): p = 0.008. 
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Figure 8. Neuroinflammation is significantly reduced in IndACNKO-AD 

mice. Scatter plots are mean ± SEM of 5-7 biological replicates for each 

genotype. One-way ANOVA: p = 0.0025, F = 6.776, R2 = 0.5041 for GFAP; 

p = 0.0002, F = 10.8, R2 = 0.6183 for CD68; p = 0.2608, F = 1.44, R2 = 0.1777 

for Iba1; p = 0.5118, F = 0.7936, R2 = 0.1064 for CD11b; p = 0.0205, F = 

4.083, R2 = 0.3798 for Il-1b; p = 0.0205, F = 4.083, R2 = 0.3798 for Il-1��; p = 

0.002, F = 7.079, R2 = 0.515 for Il-6; p = 0.2670, F = 1.418, R2 = 0.1754 for 

�7�1�)�.�����7�X�N�H�\���S�R�V�W-hoc test: *p < 0.05; **p < 0.01; ***p < 0.001. 
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Supplementary Table S1. List of oligonucleotide primers used 

for real-time PCR. 

Protein Name Gene Name Forward/reverse Accession No. 

S18 Rps18 TGCGAGTACTCAACACCAACA 

CTGCTTTCCTCAACACCACA 

NM_011296 

GFAP Gfap GCTCCAAGATGAAACCAACC 

GAACTGGATCTCCTCCTCCA 

NM_001131020.1 

CD68    

Iba1 Aif1 CCGTCCAAACTTGAAGCCTT 

ACCCCAAGTTTCTCCAGCAT 

NM_019467.2 

CD11b    

Il- ���� Il1b AAGTTGACGGACCCCAAAAGA 

TGTTGATGTGCTGCTGCGA 

NM_008361.3 

Il-6    

TNF Tnf ACTGAACTTCGGGGTGATCG 

CTCCTCCACTTGGTGGTTTG 

NM_013693.2 
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Supplementary figures 

 

Supplementary Figure S1. Scheme of generation of inducible astrocyte-

specific CaNB1 KO on the background of 3xTg-AD mice. 
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Supplementary Figure S2. Efficiency of astrocytic CaNB1 KO after 

induction with TAM.  Confocal images of tdTomato fluorescence in 

hippocampal region (A and B) and frontal cortex (C and D) in indACNKO-

NT and indACNKO-AD mice 5 months after TAM administration. Data in B 

and D are calculated as % of area occupied by tdTomato and expressed as mean 

± SEM of n=5 sliced from 2 animals for each condition; unpaired two tailed 

�6�W�X�G�H�Q�W�¶�V���W-test. Scale bar: 300 µm. 
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Supplementary Figure S3. Colocalization of tdTomato reporter with 

GFAP immunostaining. Confocal images of tdTomato fluorescence (red) and 
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Alexa-633-immunostained (green pseudocolored) astrocytes in CA1 and 

dentate gyrus regions of hippocampal formation from indACNKO-NT (A) and 

indACNKO-AD (B) mice. Note that all tdTomato-positive astrocytes are also 

GFAP-positive. Representative images are shown 3 animals for each 

condition. Scale bar: 100 µm. 
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Supplementary Figure S4. Absence of differences in motor performance 

in post-TAM indACNctr-AD and indACNKO-AD mice.  Average speed (A 

and C) during post-TAM Acquisition training or Reversal Acquisition 

Training sessions of post-TAM Barnes maze test. Two-way ANOVA for 

repeated measures did not found significant interaction between genotypes 

both in Acquisition Training (F(1,14) = 0.03974, p = 0.8849) and Reversal 

Acquisition Training (F(1,14) = 0.7519, p = 0.4005) . Neither significant 

interaction between sessions was found in Acquisition Training (F(4.775,66.85) 

=1.641, p = 0.1826) nor in Reversal Acquisition Training (F(4.775,66.85) =1.018, 
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p = 0.4108). Distance travelled (B and D) during Acquisition Training or 

Reversal Acquisition Training sessions of post-TAM Barnes maze test. Two-

way ANOVA for repeated measures do not found significant interaction 

between genotypes both in Acquisition Training (F(1,14) = 1.224, p = 0.2871) 

and Reversal Acquisition Training (F(1,14) = 2.904, p = 0.1105) . Neither 

significant interaction between sessions was reported in Acquisition Training 

(F(4.775,66.85) =2.237, p = 0.0948) nor in Reversal Acquisition Training 

(F(4.775,66.85) =09921, p = 0.4347). Data are expressed as mean ± SEM of n=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 and C) during post-TAM Acquisition training or Reversal 

Acquisition Training sessions of post-TAM Barnes maze test. Two-way 

ANOVA for repeated measures did not found significant interaction between 

genotypes both in Acquisition Training (F(1,14) = 0.7168, p = 0.4114) and 

Reversal Acquisition Training (F(1,14) = 0.9065, p = 0.3572) . Neither 

significant interaction between sessions was reported in Acquisition Training 

(F(4.775,66.85) =1.759, p = 0.1286) nor in Reversal Acquisition Training 

(F(4.775,66.85) = 0.9384, p = 0.4586). Percentage of Moving Fast (B and D) during 



142 
 

Acquisition Training or Reversal Acquisition Training sessions of post-TAM 

Barnes maze test. Two-way ANOVA for repeated measures do not found 

significant interaction between genotypes both in Acquisition Training (F(1,14) 

= 0.7168, p = 0.4114) and Reversal Acquisition Training (F(1,14) = 2.904, p = 

0.1105) . Neither significant interaction between sessions was reported in 

Acquisition Training (F(4.775,66.85) = 0.9384, p = 0.4586) nor in Reversal 

Acquisition Training (F(4.775,66.85) = 0.9065, p = 0.3572). Data are expressed as 

mean ± SEM of n=10 indACNctr-AD and n=6 indACNKO-AD mice. 
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Supplementary Figure S6. Western blot bands and relative quantification of 

GFAP and actin of indACNctr-NT, indACNKO-NT, indACNctr-AD and 

indACNKO-AD mouse hippocampi. Scatter plots are mean ± SEM of the 

�R�S�W�L�F�D�O���G�H�Q�V�L�W�\�����
�
�S�������������������'�X�Q�Q�¶�V���S�R�V�W-hoc test. 
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ABSTRACT 

Correct Ca2+ transfer from the endoplasmic reticulum (ER) to mitochondria 

(Mit) at MERCs (Mit-ER contact sites) is crucial for mitochondrial 

bioenergetics and proteostasis. MERCS alterations were found in many 

�S�D�W�K�R�O�R�J�L�H�V�� �L�Q�F�O�X�G�L�Q�J�� �$�O�]�K�H�L�P�H�U�¶�V�� �G�L�V�H�D�V�H�� ���$�'��. Recently, we have 

demonstrated that in immortalized AD astrocytes (3Tg-iAstro), ATP-induced 

cytosolic Ca2+ signals were enhanced while Ca2+ transients in mitochondrial 

matrix (MM) were lower compared with WT-iAstro cells. Surprisingly, ER-

Mit interaction was increased at a distance of 8-10nm. These results were at 

odds, since, canonically, the increased ER-Mit interaction determines 

increased ER-Mit Ca2+ transfer. Although it has been hypothesized that 10-20 

nm distance is required for ER-mitochondrial Ca2+ transfer, the optimal 

distance and the mechanisms of its regulation were unknown.  

Employing artificial ER-mitochondrial linkers (EMLs) spanning a range from 

5 to 30 nm, we show that 20nm-EML significantly increases, while shorter (5-

10nm) EMLs strongly inhibited the ATP-induced Ca2+ transient in 

mitochondrial matrix, explaining the reduction of MM Ca2+ transients in AD 

astrocytes.  

Mechanistically, 20nm-EML promoted localization of IP3R at MERCS and 

formation of IP3R-Grp75-VDAC1 complex. Using a newly designed split-

GFP-based contact site sensor for 20 nm distance (20nm-SPLICS) we show 

that 20nm-MERCS are present in different cell lines including astrocytes and 

HeLa cells. Moreover, 20nm-MERCS are dynamically regulated throuth 

�*�3�&�5���*�.�V�:�F�$�0�3�:�(�3�$�&�� �V�L�J�Q�D�O�L�Q�J�� �D�[�L�V���� �'�X�U�L�Q�J�� �V�X�F�K�� �D�� �U�H�D�U�U�D�Q�J�H�P�H�Q�W����

IP3-mediated ER-mitochondrial transfer significantly increased, suggesting a 

cross-talk between �*�.�V���D�Q�G���*�.�T���������� 
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Functionally, 10nm-EML expressed in WT astrocytes impaired tubule 

formation in an in vitro model of angiogenesis, replicating the effect of AD 

astrocytes. Instead, expression of 20nm-EML in AD astrocytes rescued the 

impaired tubulogenesis.  

All in all, data provide a proof that �ý20nm is the optimal distance for ER-MIT 

Ca2+ transfer. Furthermore, our results suggest that the shortening of the ER-

mitochondrial distance may be the cause of astroglial dysfunction in AD while 

the optimization of the distance for Ca2+ transfer may be beneficial. 
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INTRODUCTION 

Mitochondria-endoplasmic reticulum (ER) contact sites (MERCS), composed 

by the juxtaposed ER and outer mitochondrial membrane (OMM), represent 

multifunctional platforms hosting and organizing such important cellular 

processes as phospholipid and steroid biogenesis, mitochondrial bioenergetics, 

apoptosis, autophagy, unfolded protein response (UPR) and ribosomal protein 

synthesis1,2. The ER membrane and OMM at MERCS are hold together by so 

called tethering proteins. A prototypical ER mitochondrial tether in yeasts is 

represented by the ERMES complex (ER-mitochondria encounter structure) 

composed of four proteins, namely Mmm1, Mdm10, Mdm12 and Mdm34 3. In 

mammals, a prototypical ER-mitochondrial tether is represented by mitofusin 

2 (MFN2) and its shorter splice variant ERMIT2 (ER mitofusin 2 tether) 4. 

Other tethering proteins, implicated in MERCS organization include following 

pairs of proteins VAPB/PTPIP51, FIS1/BAP31, SYNJ2BP/RRBP1, 

Miro/VPS13D and others 5.  

Mitochondrial Ca2+ signals are required to drive mitochondrial bioenergetics 

as the activity of several enzymes, such as pyruvate dehydrogenase, isocitrate 

�G�H�K�\�G�U�R�J�H�Q�D�V�H���� �.-ketoglutarate dehydrogenase and F0/F1 ATP synthase, 

directly or indirectly depend on Ca2+-binding 6. Mitochondria uptake Ca2+ 

through a low affinity mitochondrial Ca2+ uniporter complex composed of 

MCU (mitochondrial Ca2+ uniporter), EMRE (essential mitochondrial uptake 

regulator) and MICU1-3 (mitochondrial Ca2+ uptake) proteins 7. Close 

apposition of the ER membrane and OMM warrants direct transfer of Ca2+ 

through a complex composed of inositol-1,4,5-trisphsophate receptors (IP3Rs) 

and porine/voltage-dependent cation channel 1 (VDAC1). A number of 

proteins have been implicated in stabilization and modulation of the IP3R-

VDAC1 interaction. Glucose-regulated protein 75 (Grp75) has been shown to 
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interact with both IP3R and VDAC1 8. Other proteins, such as non-opioid 

sigma receptor 1 (SIGRMA1R), DJ-1, inositol-requiring enzyme 1 (IRE1), B-

cell lymphoma 2 (Bcl2) and others, modulate localization and activity of IP3R 

at the OMM-opposed ER membrane (called also mitochondria-associated ER 

membrane, MAM) 9.   

The transversal distance between ER and OMM at MERCS spans a range from 

<5 nm up to 80 nm. It is thought that a specific distance is required for the 

specific MERCS-associated process. For example, it is postulated that 

�S�K�R�V�S�K�R�O�L�S�L�G���E�L�R�J�H�Q�H�V�L�V���R�F�F�X�U�V���D�W�� �D���G�L�V�W�D�Q�F�H���”���� �Q�P�����Z�K�L�O�H���D�X�W�R�S�K�D�J�R�V�R�P�H��

formation requires a 40-50 nm distance between ER and OMM. We and others 

suggested that the optimal distance for ER-MIT Ca2+ transfer lays in the range 

of �ý10-25 nm, and is defined by the size of the Ca2+ transfer protein complex 

composed of the IP3R, VDAC1 and associated proteins 10�±12 . However, it is 

still not known if ER-mitochondrial Ca2+ transfer operates with the same 

efficiency in a range of ER-OMM distances or an optimal distance exists for 

the assembly of IP3R-VDAC1 complex to optimise Ca2+ flux. Furthermore, it 

was shown that ER-mitochondrial interaction and, presumably, Ca2+ transfer, 

undergo remodelling during mitochondrial dynamics or ER rearrangement 13. 

However, it is not known if fast rearrangement of ER-mitochondrial Ca2+ 

transfer exists to modulate ER and/or mitochondrial Ca2+ signalling events. In 

this contribution we shown that 20 nm ER-OMM distance optimizes ER-MIT 

Ca2+ transfer allowing enrichment of MERCS with IP3R-Grp75-VDAC1 Ca2+ 

transferring complexes. 

Further, we uncover a novel rout of signalling through which MERCS are 

�U�D�S�L�G�O�\�� �V�H�W�� �D�W�� �����Q�P�� �W�K�U�R�X�J�K�� �*�3�&�5���*�.�V�:�F�$�0�3�:�(�3�$�&�:�0�(�5�&�6��

signalling. Interestingly, this rout is separated from 

�*�3�&�5���*�.�T�������:�,�3���:�,�3���5-mediated Ca2+ release from the ER. However, 
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when co-stimulated, simultaneous Ca2+ release from the ER and increase of 

20nm MERCS lead to enhanced Ca2+ transient 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 between ER membrane and OMM 

for Ca2+ transfer, we employed synthetic ER-mitochondrial linkers (EMLs) 

designed to maintain the distance between membranes at 5-6nm (denominated 

as 5nm-EML), 10-12nm (10nm-EML), 15nm, 20nm and 30nm (15nm-EML, 

20nm-EML and 30nm-EML, respectively). 5nm-EML and 10nm-EML (a kind 

gift from Georgy Hajnoczky, Jefferson University) were published elsewhere 

14 12. 15, 20 and 30nm-EMLs were designed de novo (Fig. 1B). EMLs are 

�F�R�P�S�R�V�H�G���R�I���P�R�Q�R�P�H�U�L�F���U�H�G���I�O�X�R�U�H�V�F�H�Q�W���S�U�R�W�H�L�Q���I�O�D�Q�N�H�G���E�\���U�L�J�L�G�� �.-helical 

spacer of a defined length 15. At N- and C-terminal ends of the construct, 

sequences targeting the OMM and the ER membrane, were, respectively 

attached. (Fig. 1B). 5nm, 10nm and 20nm-EMLs were validated by electron 

microscopy, and their ability to impose the defined distance has been 

confirmed (Fig. 1C-D). Moreover, all linkers significantly increased the length 

of interaction between the two organelles (Fig. 1D �± Interface extension). 

Importantly, none of EMLs affected neither cell viability up to 72 h post-

transfection in HeLa cells nor protein levels of proteins implicated in 

mitochondrial dynamics such as dynamin-related protein (DRP), p-DRP, 

mitofusin 1 (MFN1) and MFN2 (Fig. 1E-F). After that, the effect of EMLs 

expression in HeLa cells on ATP induced ER-MIT Ca2+ transfer was assessed. 

20nm between ER and OMM is the optimal distance ER-MIT Ca2+ transfer. 

Mitochondrial calcium uptake was accessed, using a genetically encoded 

calcium indicator (GECI), 4mtD3cpv targeted to the mitochondrial matrix 16. 

48 h after co-transfection of EMLs with 4mtD3cpv, cells were stimulated with 

a purinergic agonist ATP and ATP-evoked Ca2+ signals in the mitochondrial 
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matrix [Ca2+]m were recorded. The amplitude of ATP-induced [Ca2+]m in 5- 

and 10-EML-expressing cells was significantly reduced compared with control 

ER-RFP-expressing cells (p=0.0002). 15nm-EML had no effect (p=0.4601), 

while 20nm-EML strongly enhanced ATP-evoked [Ca2+]m transient 

(p<0,0001). Overexpression of 30nm-EML resulted in a drastic reduction of 

ATP-evoked [Ca2+]m transient (p<0,0001) (Fig. 2A). These results confirm 

previous observations and predictions that at too short (5nm-EML) and too 

long (30nm-EML) ER-OMM distance Ca2+ transfer is inefficient 10 14. 

However, surprisingly, 10nm-EML exerted negative effect, while 15nm-EML 

was inefficient in changing ER-MIT Ca2+ transfer compared with control cells 

in spite of strong increase of the interface length between the membranes. 

Instead, our data suggest that 20nm is the optimal distance between ER and 

MIT for Ca2+ transfer. 

Potentially, overexpression of EMLs could affect ER Ca2+ capacity and/or the 

efficiency of Ca2+ release from the ER. To investigate if there were alteration 

in ER Ca2+ handling and release upon EMLs overexpression, we, first assessed 

ATP-induced IP3R-mediatd cytosolic Ca2+ dynamics [Ca2+]c using Fura-2 

probe. As shown in Fig. 2B, there were no differences in ATP-evoked [Ca2+]c 

transient upon overexpression of either EMLs apart from 10nm-EML, whose 

overexpression resulted in an enhanced [Ca2+]C. Resting steady state luminal 

ER Ca2+ levels ([Ca2+]L) and the ER releasable Ca2+ �S�R�R�O�����û�>�&�D2+]L) were 

evaluated using a ratiometric genetically encoded green fluorescent protein 

(GFP)-aequorin fusion protein (GAP3) low affinity Ca2+ sensor targeted to the 

ER lumen 17. The GAP3-transduced HeLa cells were stimulated with a 

cocktail, containing ATP (100 µM) and tert-butyl hydroquinone (tBHQ, 100 

µM) in a Ca2+-free KRB solution supplemented with 500 µM EGTA, to induce 

rapid and complete ER depletion. No significant differences in [Ca2+]L and 
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�û�>�&�D2+]L were observed upon EMLs overexpression, with an exception of 

20nm-EML which resulted in a modest by significant reduction of the steady-

state [Ca2+]L compared with control cells expressing ER-RFP. Nevertheless, 

�W�K�H���û�>�&�D2+]L in 20nm-EML-expressing HeLa was not different from control 

(Fig. 2C). These results suggest that the changes of ATP-evoked [Ca2+]m 

transients in EMLs-expressing cells were not due to differences in ER Ca2+ 

content and/or Ca2+ release capacity. 

To check if, in 20nm-EML-expressing cells, Ca2+ flow follows 

�,�3���5�:�9�'�$�&���:�P�L�W�R�F�K�R�Q�G�U�L�D�O�� �L�Q�W�H�U-membrane space 

���0�,�0�6���:�0�&�8�:�P�D�W�U�L�[�� �U�R�X�W���� �Z�H���H�P�S�O�R�\�H�G���U�H�F�H�Q�W�O�\���G�H�Y�H�O�R�S�H�G���U�D�W�L�R�P�H�W�U�L�F��

GECI targeted to cristae lumen of mitochondrial intermembrane space 

(MIMS) exploiting a targeting sequence from Reactive Oxygen Species 

Modulator 1 protein (denominated as ROMO-GemGeCO) 18. Fig. 2D shows 

that ROMO-GemGeCO detect a significant decrease of MIMS Ca2+ signals 

upon ATP stimulation in 5nm-EML and 10nm-EML-expressing cells 

(p<0,0001). Expression of 15nm-EML did not have any effect, while 20nm-

EML significantly potentiated Ca2+ transients in MIMS (p<0,0001). Lastly, 

30nm-EML resulted in strong inhibition of MIMS Ca2+ transient (p<0,0001).  

IP3R, Grp75 and VDAC1 are enriched in 20nm MERCS  

It is postulated that IP3R-VDAC1 complex is responsible for direct Ca2+ 

transfer between ER and MIT 19 20. Therefore, we used a proximity ligation 

assay (PLA)21 and immunolabelling of IP3Rs to investigate if the increase of 

Ca2+ transfer in 20nm-EML-expressing cells was due to major formation of 

IP3R-VDAC1 complexes at 20nm MERCS. As shown on Fig. 3A, in control 

ER-RFP-expressing cells, PLA signal shows diffuse dotty pattern 

�F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���M�X�[�W�D�S�R�V�H�G�����”�����Q�P�����,�3���5���D�Q�G���9�'�$�&�����S�U�R�W�Hins, indicating 
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putative IP3R-VDAC1-interacting sites. Overexpression of 5nm-EML 

completely suppressed PLA signal (p= 0.0056), suggesting that at this distance 

juxtaposition of IP3R and VDAC1 is prevented. Overexpression of 10nm-

EML resulted in a significant increase of PLA signal suggesting a juxtaposition 

of IP3R and VDAC1 (p<0.0001). However, a higher magnification 

examination shows only partial co-localization of PLA signal with 10nm-

EML. Considering a reduced ATP-induced [Ca2+]m transient (Fig. 2A), this 

result indicates that, although juxtaposed, IP3R and VDAC1 do not form 

functional Ca2+-transferring complexes. Contrarily, overexpression of 20nm-

EML resulted in a drastic increase of PLA signal (p<0.0001) with a complete 

co-localization between PLA signal and 20nm-EML, suggesting an 

enrichment of 20nm MERCS with IP3R-VDAC complexes. 

Immunocytochemical analysis, using anti-pan-IP3R antibody, confirms 

enrichment of IP3R in 20nm MERCS showing a complete co-localization of 

IP3R signal with 20nm-EML (Pearson Coefficient=0.9368; ER-RFP vs. 20nm-

EM: p<0.0001). Confirming PLA data, 10nm-EML resulted in a re-

localization of IP3R, but with poor co-localization with 10nm-EML (Fig. 2B).  

 Western blot analysis of total lysates showed that the enrichment of IP3R in 

20nm MERCS was not due to increased expression of IP3Rs, but rather due to 

its re-localization to 20nm MERCS. VDAC1 and Grp75 proteins, implicated 

in the formation of the Ca2+-transferring complex, were either unchanged in 

whole cell lysate of 20nm-EML expressing Hela (Fig. 4A). 

To strengthen the IP3R re-localization hypothesis, MERCS were isolated from 

ER-RFP and 20nm-EML-expressing cells using an established protocol 22, and 

abundance of IP3R, VDAC1 and Grp75 was assessed. IP3R protein was 

significantly increased in 20nm MERCS (p=0,0002), while VDAC1 and 
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Grp75 were not different from control cells (Fig. 4B). However, when IP3R 

was immunoprecipitated from whole cell lysate of HeLa-IP3R1-GFP 23 cells 

using anti-GFP resin, its amount was significantly higher in cells expressing 

20nm-EML as compared with ER-RFP or with 5nm-EML-expressing cells. 

Importantly, Grp75 protein amount was also significantly increased 

(p=0,00905) in IP3R-immunoprecipitates from cells expressing 20nm-EML 

(Fig. 4C). 

Collectively, these data suggest that IP3R is localized specifically at 20nm ER-

OMM distance MERCS where it interacts with MERCS-located VDAC1 and 

Grp75.  

20nm MERCS are physiologically present in cells. 

The data, obtained using overexpression of artificial ER-OMM tethers, suggest 

that 20nm distance specifically promotes Ca2+ transfer between ER and 

mitochondria. This poses the question of 20nm MERCS are present in 

physiological conditions, and if yes, of what is their physiological role. To 

address these questions, we took advantage of a recently designed split-GFP 

contact site sensors (SPLICS) 24, which we adapted to reconstitute bright GFP 

fluorescence specifically at 20nm between ER and OMM (Fig. 5A). Fig. 5A 

shows the scheme of 20nm-SPLICS design and activation. Briefly, N-terminal 

GFP fragment containing 1-��������-barrels (denominated as GFP����-10) was fused 

with a rigid �.-helical spacer and a sequence targeted to the OMM, while N-

terminal part containing the last 11th ��-barrel (denominated as GFP������) was 

�I�X�V�H�G���Z�L�W�K���D�Q���.-helical spacer and a targeting sequence to the ER membrane. 

To construct 20nm-�6�3�/�,�&�6�����.-helical spacers, identical to those used in 20nm-

EML, were used. Transfection of 20nm-SPLICS results in appearance of bright 

fluorescent dots distributed throughout the cell and enriched in sites of a higher 
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mitochondrial density (Fig. 5B). Co-expression of 20nm-SPLICS probe with 

20nm-EML resulted in a drastic increase of SPLICS signal and its complete 

co-localization 20nm-EML (Fig. 5C). Immunodecoration of IP3Rs shows 

close juxtaposition of 20nm-SPLICS with a fraction of IP3Rs, although, 

expectedly, SPLICS-free IP3Rs were also detected.  

The next question was what the percentage of 20nm MERCS of all MERCS in 

the cell is. We therefore used TEM images of control HeLa cells to quantify 

the physiological abundance of MERCS in range of 18-22nm. Fig. 1C shows 

that 18-22nm MERCS account for ~18% of all MERCS ranging from 5 to 

80nm, although this percentage is likely to differ between cell types and 

conditions 10.    

�����Q�P�� �0�(�5�&�6�� �D�U�H�� �G�\�Q�D�P�L�F�D�O�O�\�� �U�H�J�X�O�D�W�H�G�� �W�K�U�R�X�J�K�� �*�.�V�:�F�$�0�3�:�(�3�$�&��

axis.  

ER-mitochondrial contacts are dynamic structures and are shown to undergo 

remodelling following mitochondrial dynamics, in response to stimuli and in 

pathological conditions 11,24. However, the mechanisms of MERCS 

remodelling remain unexplored, and it is not known if MERCS dynamics are 

involved in regulation of ER-MIT Ca2+ flux. To assess a possible involvement 

of 20nm-MERCS in mitochondrial calcium signalling we capitalized on our 

�S�U�H�Y�L�R�X�V�� �I�L�Q�G�L�Q�J�� �W�K�D�W�� �W�K�H�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �D�� �*�.�V-coupled G-protein coupled 

receptor (GPCR) hTAS2R46 with its natural agonist absinthin, results in a 

potentiation of histamine-induced mitochondrial Ca2+ uptake in airway smooth 

muscle cells ASM 25. To investigate if this effect may involve 20nm MERCS 

remodelling to enhance ER-mitochondria Ca2+ transfer, we co-expressed 

hTAS2R46 together with 20nm-SPLICS in Hela cells (Fig. 6A). The changes 

in the intensity of GFP signal was monitored in live time-lapse imaging upon 
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stimulation with absinthin and/or histamine. As shown in Fig. 6A (light blue), 

stimulation with absinthin along produced a rapid (~2.5 sec) transient increase 

of 20nm-SPLICS fluorescence which returned to background in ~20-40 sec. 

Such transient was not observed in either of control conditions (in the absence 

of hTAS2R46 or in hTAS2R46-expressing cells stimulated with vehicle or 

histamine alone). Interestingly, when the cells were transfected with 8-10nm 

SPLICS (SPLICS-Short 24), a decrease of SPLICS fluorescence was observed 

upon stimulation with absinthin (Fig. 6A graph in blue). This suggests that 

upon stimulation with absinthin, MERCS undergo a rapid remodelling towards 

20nm ER-OMM distance. To investigate this remodelling enhances Ca2+ flow 

through IP3R-VDAC1 complex, we repeated the experiment with HeLa cells 

transduced with ROMO-GemGeCO Ca2+ probe to follow Ca2+ dynamics in the 

MIMS compartment. As shown in Fig. 6C, co-stimulation with absithin 

significantly potentiated histamine-induced Ca2+ transient in the cristae lumen 

(p=0,0002). 

Assessment of 20nm SPLICS dynamics in primary ASM cells, endogenously 

expressing hTAS2R46 25, corroborated the finding and confirmed that rapid 

20nm MERCS remodelling is a physiological phenomenon (Fig.6D). 

To investigate the mechanism of 20nm MERCS remodelling we checked if it 

could be mediated by a previously described 

�K�7�$�6���5�����:�*�.�V�:�F�$�0�3�:�(�3�$�&���D�[�L�V��25. Fig.6B shows that rapid increase 

of 20nm-SPLICS fluorescence was completely abolished by specific inhibitors 

of hTAS2R46 (3HDC, 10 µM) 26 and EPAC1 (ESI-09, 10 µM), but was 

insensitive to a PKA inhibitor H89 (10 µM).  

To further investigate if EPAC-dependent 20nm MERCS remodelling could 

�E�H���L�Q�V�W�L�J�D�W�H�G���X�S�R�Q���D�F�W�L�Y�D�W�L�R�Q���R�I���R�W�K�H�U���*�.�V-coupled receptors, we co-expressed 
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20nm-�6�3�/�,�&�6�� �L�Q�� �+�H�/�D�� �F�H�O�O�V�� �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �H�L�W�K�H�U�� ����- �R�U�� ������ �D�G�U�H�Q�H�U�J�L�F��

�U�H�F�H�S�W�R�U�V�� ���$�5������ �D�Q�G�� �$�5�������� �U�H�V�S�H�F�W�L�Y�H�O�\������ �8�S�R�Q�� �V�W�L�P�X�O�D�W�L�R�Q���Z�L�W�K�� �D�Q��

adrenergic stimulator isoproterenol, a rapid increase of 20nm-SPLICS was 

observed similar to that induced by absinthin in hTAS2R46-expressing cells 

(Fig.6E).  

EMLs expression modulates astrocytes calcium signaling and cellular 

function. 

We and others have described altered calcium signalling in AD cells. In 

particular we demonstrated, in AD immortalized astrocytes (Tg iAstro, here 

referred as Tg), reduced mitochondrial calcium uptake, and increased 

interaction between ER and MIT at 8-10 nm 27. To investigate the role of ER-

OMM distances in astrocytes, and in particular in AD, we expressed 10nm-

EML in WT astrocytes (WT 10nm-EML), and 20nm-EML in Tg (Tg 20nm-

EML). As shown in Fig. 7A, we monitored mitochondrial calcium uptake with 

4mtD3cpv 16. 48 h after co-transfection of EMLs with 4mtD3cpv, cells were 

stimulated with a purinergic agonist ATP and ATP-evoked Ca2+ signals in the 

mitochondrial matrix [Ca2+]m were recorded. ATP-induced [Ca2+]m increases 

in WT iAstro expressing 10nm-EML was significantly reduced compared to 

ER-RFP-expressing WT cells (p<0,0001). On the other hand, Tg iAstro 

expressing 20nm-EML displayed a significative increase in mitochondrial 

calcium uptake, compared to ER-RFP-expressing Tg cells (p<0,0001), 

completely rescuing the defect described in AD astrocytes (Fig. 7B).  

Previously we also described reduced protein synthesis rate and impaired 

ability of Tg iAstro to support Pericytes/Editorial cells tubulogenesis28. 

Moreover, we already demonstrated that WT 10nm-EML completely 

recapitulate Tg iAstro dysfunction. Indeed, we investigated the effect of the 
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expression of 20nm-EML on Tg iAstro dysfunction. We accessed protein 

synthesis rate, via the SUnSET method, we found a significative increase of 

protein synthesis in Tg 20-EML, compared to Tg ER-RFP (p < 0,001), 

restoring normal protein synthesis rate (3Tg-20nm EML vs WT ER-RFP ns 

p=0,8541).  We also assessed the effect of 3Tg-iAstro cells on a three-cell 

pericyte/EC/astrocyte 3D co-culture. When WT-iAstro or 3Tg-iAstro cells 

were added as a component of pericyte/EC/astrocyte 3D co-culture, WT-

iAstro, but not 3Tg-iAstro, supported formation of vessel-like tubules by 

pericyte and EC. Strikingly, the effect of 3Tg-iAstro was reproduced by co-

culture with 10nm-EML-overexpressing WT-iAstro cells (n= 3 independent 

experiments, p < 0.001). On the other hand, as presented in the figure, the Tg 

astrocytes expressing 20nm EML, rescue the ability to support tubulogenesis, 

reaching the level of WT astrocytes (n=3; 3Tg 20nm-EML vs 3Tg ER-RFP 

p<0,001; 3Tg-20nm EML vs WT ER-RFP ns p=0,3) (Fig. 7C).  These results 

underline how, normalizing mitochondrial calcium signalling, acting on ER-

OMM distances, may be an effective strategy for rescuing AD related 

astrocytes disfunction. 

 

DISCUSSION 

MERCS are dynamic structures with a transversal distance between ER and 

�2�0�0���U�D�Q�J�L�Q�J���I�U�R�P���������W�R���•�������Q�P�����)�R�U���&�D2+ transfer, a range from ~10 to ~25 

nm was hypothesized. However, it was not known if this broad range equally 

warrants an efficient Ca2+ flux or there could be a narrow range of distances 

with a maximal ER-mitochondrial Ca2+ transfer and if it could be dynamically 

regulated. 
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Here we show that the optimal distance for Ca2+ transfer is about 20 nm 

between ER and OMM. At 20nm-MERCS there is a spontaneous assembly of 

IP3R-VDAC1. Furthermore, we show that MERCS transversal distance 

�X�Q�G�H�U�J�R�H�V���D���I�D�V�W���U�H�P�R�G�H�O�O�L�Q�J���W�K�U�R�X�J�K���*�3�&�5���*�.�V�:�F�$�0�3�:�(�3�$�&���V�L�J�Q�D�O�O�L�Q�J��

cascade leading to facilitatio�Q���R�I���W�K�H���F�R�Q�F�R�P�L�W�D�Q�W���*�.�T���D�J�R�Q�L�V�W-induced Ca2+ 

transfer through IP3R-VDAC1 complex.  

20nm is the optimal distance between ER and OMM for Ca2+ transfer: role 

of IP3R-Grp75-VDAC1 complex. 

Since the discovery of the closed opposition between ER and mitochondrial 

membranes to warrant a low affinity mitochondrial Ca2+ uptake19,20, several 

attempts have been made over the last three decades to determine the ER-

mitochondria distance for the Ca2+ transfer. Such a distance should not be less 

than 10-12 nm which is the size of the cytosolic part of the Ca2+-releasing 

channel IP3R 29, but it should also not be too wide due to a quick dissipation 

of [Ca2+] gradient following the lows of diffusion 10,12. The distance of 10-15 

nm has been considered to design ER-mitochondrial to quantify [Ca2+] in the 

ER-OMM cleft during IP3-mediated Ca2+ release 12. Based on the analysis of 

TEM images, a distance between 10 and 15 nm has been considered as an 

average distance between two organelles and has been considered adequate for 

Ca2+ transfer. Our results compellingly suggest that mitochondrial Ca2+ 

uptake is strongly inhibited at the distances up to 15 nm, while ~20 nm strongly 

potentiate mitochondrial Ca2+ uptake compared to control and to 15 nm 

distance. 

Given that the 10-12 nm steric hindrance of the IP3R at the cytosolic side of 

the ER membrane 29 and considering 3-4.5 nm height of the VDAC1 barrel, 

which is completely embedded into the lipid bilayer, there is a space of about 
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8-10 nm between IP3R and VDAC1 which is likely to be occupied by tethering 

and/or regulatory protein(s). At the current state of the art, the best candidate 

to fill this space is a known IP3R-VDAC1 interactor Grp75 (HSPA9) 8. Other 

proteins which have been shown to interact with IP3R, VDAC1 or IP3R-

VDAC1 complex or proteins, known to activate IP3R, include DJ-1, CIB1, 

�&�D�%�3������ �*������9. In silico modelling shows that all these proteins are small 

proteins unable to fill 8-10 nm gap. Instead modelling of an Hsp70 from E. coli 

(DnaK) suggest that a dimer of Hsp70 fits the 8-10 nm space between IP3R 

and VDAC1 in ~20 nm intermembrane space. Support for Grp75 and a IP3R-

VDAC1 interactor comes from the results of immunoprecipitation 

experiments, suggesting that at 20nm-MERCS IP3R-Grp75 interaction is 

increased. 

EPAC-dependent fast remodelling of 20nm-MERCS  

Another key result of our work is the discovery of the fast remodelling of 

�0�(�5�&�6�� �W�K�U�R�X�J�K���*�3�&�5���*�.�V�:�F�$�0�3�:�(�3�$�&�� �V�L�J�Q�D�O�O�L�Q�J���Z�K�L�F�K���G�\�Q�D�P�L�F�D�O�O�\��

augments the amounts of 20nm-MERCS. Comparison of the dynamics with 

20nm-SPLICS and 8-10nm-SPLICS 24 suggest that the increase of 20nm-

MERCS occurs at the expensed of shorter contact sites, i.e., the average ER-

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

MERCS remodelling almost parallels that of the dynamics of Ca2+ transient 

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

followed by slower decay lasting about 30-50 sec. EPAC-dependent 20nm-

MERCS remodelling occurs independently of the Ca2+ release. However, when 

co-�V�W�L�P�X�O�D�W�H�G���� �*�.�V�:�F�$�0�3�:�(�3�$�&-�0�(�5�&�6�� �D�Q�G�� �*�.�T�:�,�3���:�,�3���5�:�&�D2+ 

routs significantly potentiate Ca2+ transients in the mitochondrial matrix 25(Fig. 

6F). Importantly, 20nm-�0�(�5�&�6���U�H�P�R�G�H�O�O�L�Q�J���R�F�F�X�U�V���G�R�Z�Q�V�W�U�H�D�P���R�I���D�O�O���*�.�V-

coupled GPCRs tested, including hTAS2R46, AR-�������D�Q�G���$�5-���������V�X�J�J�H�V�W�L�Q�J��
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broad translational and therapeutic potential of this phenomenon which links 

EPAC to mitochondrial Ca2+ signalling and bioenergetics. To the best of our 

knowledge, this is the first report on fast and signalling-dependent MERCS 

remodelling. There is a continuously growing interest to EPAC as a therapeutic 

target in heart diseases and cancer 30, which are the most frequent causes of 

disability and death. We believe that the newly discovered EPAC-dependent 

MERCS remodelling may find applications in drug development and therapy 

of these and other diseases.  

Modulating ER-Mit distances is a valuable approach to restore AD 

astrocytes functionalities. 

Once demonstrated that 20nm-EML is able to increase MIT Ca2+ uptake in 

Hela cells, we shown that the expression of this linker is also able to rescue 

mitochondrial calcium uptake deficit, in Tg-iAstro27,31, while the expression of 

10nm-EML in WT-iAstro strongly reduce calcium uptake in the Mit, 

recapitulating AD astrocytes behaviour (Fig.7A). These results demonstrate 

causal role of shortening the distance between ER and Mit for the impairment 

of mitochondrial calcium uptake. moreover, we also demonstrated that 20nm-

EML expressed in Tg-iAstro can restore protein synthesis rate and 

tubulogenesis support, when added as a component of pericyte/EC/astrocyte 

3D co-culture (Fig.7B-C). All in all, these results point out the modulation of 

ER-Mit distances as a valuable strategy to address AD related astrocytic 

cellular dysfunction, that are strongly associated with early phases of the 

disease32,33.  
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MATERIALS AND METHODS 

DNA constructs 

- Plasmids 

NAME PROVENIENCE REFERENCE 

4mtD3cpv Addgene #36324 34 

ROMO-GemGeCO Kind gift from 

Wolfgang Graier, 

Medical University 

of Graz, Austria 

18 

ER-GAP3 Addgene #78118 17 

hTAS2R46 GenScript plasmid 

#OHu30358 

NA 

�$�5���� Addgene #14698 35 

�$�5���� Addgene # 14697 35 

pDsRed-Mito Clontech plasmid # 

632421 

36 

Table 1. Plasmids used in this contribution. Name, provenience and reference 

are here reported.  

- ER-mitochondrial linkers 

5nm-EML and 10nm-EML were a kind gift from Georgy Hajnoczky, Jefferson 

University, USA).  

15nm-EML amino acid sequence is: 

MAIQLRSLFPLALPGLLALLGWWWFFSRKKDPTRSANMEKERKRRE

EDEQRRRKEEEERRMKLEMEAKRKQEEEERKKREDDEKRIQAERNS
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DPPVATLASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGT

QTAKLKVTKGGPLPFAWDILSPQFQYGSKAYVKHPADIPDYLKLSFP

EGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGP

VMQKKTMGWEASTERMYPEDGALKGEIKMRLKLKDGGHYDAEVK

TTYMAKKPVQLPGAYKTDIKLDITSHNEDYTIVEQYERAEGRHSTGA

SGLRSRAQASNSMEKERKRREEDEQRRRKEEEERRMKLEMEAKRKQ

EEEERKKREDDEKRIQAESRAQASNSRVMVYIGIAIFLFVGLF MK. 

20nm-EML amino acid sequence is: 

MAIQLRSLFPLALPGLLALLGWWWFFSRKKDPTRSANKQQEEEAERL

RRIQEEMEKERKRREEDEQRRRKEEEERRMKLEMEAKRKQEEEERK

KREDDEKRIQAERNSDPPVATLASSEDVIKEFMRFKVRMEGSVNGHE

FEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFQYGSKAYV

KHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIY

KVKLRGTNFPSDGPVMQKKTMGWEASTERMYPEDGALKGEIKMRL

KLKDGGHYDAEVKTTYMAKKPVQLPGAYKTDIKLDITSHNEDYTIV

EQYERAEGRHSTGASGLRSRAQASNSKQQEEEAERLRRIQEEMEKER

KRREEDEQRRRKEEEERRMKLEMEAKRKQEEEERKKREDDEKRIQA

ESRAQASNSRVMVYIGIAIFLFVGLF MK; 

30nm-EML amino acid sequence: 

MAIQLRSLFPLALPGLLALLGWWWFFSRKKDPTRSANKQQEEEAERL

RRIQEEMEKERKRREEDEQRRRKEEEERRMKLEMEAKRKQEEEERK

KREDDEKRIQAEKQQEEEAERLRRIQEEMEKERKRREEDEQRRRKEE

EERRMKLEMEAKRKQEEEERKKREDDEKRIQAERNSDPPVATLASSE

DVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGG

PLPFAWDILSPQFQYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNF

EDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEA
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STERMYPEDGALKGEIKMRLKLKDGGHYDAEVKTTYMAKKPVQLP

GAYKTDIKLDITSHNEDYTIVEQYERAEGRHSTGASGLRSRAQASNSK

QQEEEAERLRRIQEEMEKERKRREEDEQRRRKEEEERRMKLEMEAK

RKQEEEERKKREDDEKRIQAESRAQASNSRVMVYIGIAIFLFVGLF MK 

Linkers are composed of targeting sequences of Tom20 (OMM targeting 

sequence) and UBC6 ER localization sequence (blue); flexible linkers (green), 

�U�L�J�L�G�� �.-helical spacers (yellow), and mRFP1 sequence 

(https://www.fpbase.org/protein/mrfp1/). EMLs were synthetized by 

GenScript (https://www.genscript.com/). 

Split-GFP contact site sensors (SPLICS) 

Generation of SPLICS-Short (8-10nm-SPLICS) was described elsewhere (doi: 

10.1038/s41418-017-0033-z; doi: 10.1038/s41467-020-19892-6; doi: 

10.1038/s41596-021-00614-1). 

20nm-SPLICS-GFP����-10 sequence is: 

MAIQLRSLFPLALPGLLALLGWWWFFSRKKDPTRSANKQQEEEAERL

RRIQEEMEKERKRREEDEQRRRKEEEERRMKLEMEAKRKQEEEERK

KREDDEKRIQAERNSDPPVATLMSKGEELFTGVVPILVELDGDVNGH

KFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR

YPDHMKRHDFFKSAMPEGYVQERTISFKDDGKYKTRAVVKFEGDTL

VNRIELKGTDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFT

VRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPN

EKGT. 

20nm-SPLICS-GFP������ is: 
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MRDHMVLHEYVNAAGIT GGDGGSGGGSKLKQQEEEAERLRRIQEEM
EKERKRREEDEQRRRKEEEERRMKLEMEAKRKQEEEERKKREDDEK
RIQAESRAQASNSRVMVYIGIAIFLFVGLF MK. 

Linkers are composed of targeting sequences of Tom20 (OMM targeting 

sequence) and UBC6 ER localization sequence (blue); flexible linkers (red), 

�U�L�J�L�G�� �.-helical spacers (yellow), and GFP sequence (green). EMLs were 

synthetized by GenScript (https://www.genscript.com/). 

 

Cell lines. Hela cells, human immortalized pericytes (CL 05008-CLTH) and 

endothelial cells EA.hy926 (CRL-2922�Œ) were maintained in complete 

�F�X�O�W�X�U�H�� �P�H�G�L�D�� �F�R�Q�W�D�L�Q�L�Q�J�� �'�X�O�E�H�F�F�R�¶�V���P�R�G�L�I�L�H�G���(�D�J�O�H�¶�V�� �P�H�G�L�X�P�� ���'�0�(�0����

Sigma-Aldrich, Cat. D5671) supplemented with 10% fetal bovine serum 

(Gibco, Cat. 10270) (FBS), 2 mM L-glutamine (Sigma-Aldrich), and 1% 

penicillin/streptomycin solution (Sigma-Aldrich).  

Human primary lung ASM cells were obtained from ATCC (Cat. PCS-130-

010). ASM cells were maintained in Vascular Cell Basal Medium (ATCC, at. 

PCS-100-030) supplemented with 5% heat-inactivated fetal bovine serum 

(FBS), 5% l-glutamine, 0.5% antibiotic-antimycotic (all Thermo Fisher), 5 

ng/ml of basic fibroblasts growth factor and 5 ng/ml epidermal growth factor 

���,�P�P�X�Q�R�7�R�R�O�V������ ������ ���J���P�O�� �R�I�� �D�V�F�R�U�E�Lc acid, 10 ng/ml of insulin (Sigma-

Aldrich).  

Immortalized hippocampal astrocytes from WT and 3xTg-AD mice. 

Generation of immortalized astrocytes from hippocampi of WT and 3xTg-AD 

mice (WT- and 3Tg-iAstro cells) was described elsewhere31. iAstro lines were 

�P�D�L�Q�W�D�L�Q�H�G���L�Q���F�R�P�S�O�H�W�H���F�X�O�W�X�U�H���P�H�G�L�D���F�R�Q�W�D�L�Q�L�Q�J���'�X�O�E�H�F�F�R�¶�V���P�R�G�L�I�L�H�G���(�D�J�O�H�¶�V��

medium (DMEM; Sigma-Aldrich, Cat. D5671) supplemented with 10% fetal 
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bovine serum (Gibco, Cat. 10270) (FBS), 2 mM L-glutamine (Sigma-Aldrich), 

and 1% penicillin/streptomycin solution (Sigma-Aldrich).  

Cell transfection. 3x104 cells/well were resuspended in 250 µl of complete 

DMEM and 250 µl of transfection mix, and plated onto 13 mm glass coverslips 

in 24 well plates. For the transfection mix Lipofectamine 2000 (Thermo Fisher 

Scientific, Cat. 11668-019) and plasmid, in ratio 1:1, were mixed in Optimem 

(Gibco, Cat. 11058-021); after 3 h, transfection medium was replaced with 

complete medium. After 24 or 48 h, cells were used for experiments. A 10 nm 

ER-mitochondrial linker, which fixes the ER-mitochondrial distance at 10-12 

nm, a modification of a 5 nm ER-mitochondrial linker 14, was a kind gift from 

Drs György Csordás and György Hajnóczky (Thomas Jefferson University). 

Generation of SPLIt-GFP Contact Sites sensor (SPLICS) was described 

elsewhere 13,24 

Cell viability assay: Crystal violet is a viability assay that discriminates 

between alive and dead cells in culture by employing a blue/violet dye 

exclusively binding to DNA and proteins in well-adherent, viable cells. HeLa 

and Huh-7 were seeded, respectively at a density of 7.5×103 and 15×103 

cell/well, and transfected with 5nm-EML, 20nm-EML and ER-RFP on 96 

wells plates. 48h post-transfection, media was removed, and cells were fixed 

in methanol at 4°C. After incubation for 10-20 minutes with 50 µl/well of 

crystal violet 0.1%, the dye was carefully removed, and each well was washed 

with phosphate buffered saline solution (PBS). Then, plates were allowed to 

dry for 12h, and crystal violet was solubilized in 50 µl/well of acetic acid at 

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

Transmission electron microscopy: for transmission electron microscopy 

(TEM) analysis, following trypsinization 1x106 cells were centrifuged at 900 
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rpm for 5 min and then fixed with 2.5% glutaraldehyde in culture medium, for 

2 h at room temperature. The pellet was then rinsed in PBS, post-fixed in 1% 

aqueous OsO4 for 2 h at room temperature and rinsed in H2O. Cells were pre-

embedded in 2% agarose in water, dehydrated in a graded acetone scale and 

then embedded in epoxy resin (Electron Microscopy Sciences, EM-bed812). 

Ultrathin sections (60�±80 nm) were cut on a Reichert OM-U3 ultramicrotome, 

collected on nickel grids and then stained with uranyl acetate and lead citrate. 

The specimens were observed with a JEM 1200 EX II (JEOL, Peabody, MA, 

USA) electron microscope operating at 100 kV and equipped with a 

MegaView G2 CCD camera (Olympus OSIS, Tokyo, Japan). Images were 

analysed with Fiji ImageJ 1.52p software.  

Western Blot. 48h post transfection, cells were lysed with lysis buffer (50mM 

Tris-HCl (pH 7.4), sodium dodecyl sulphate (SDS) 0.5%, 5mM EDTA, 

complemented with protease inhibitors cocktail (PIC, Millipore, Cat. 539133) 

and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Cat. 78428) and 

collected in a 1.5 ml tube. Lysates were quantified with QuantiPro BCA Assay 

Kit (Sigma, Cat. SLBF3463). 20 - 40 µg (according to the relative abundance 

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

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

on a 6-12% polyacrylamide-sodium dodecyl sulphate gel for SDS-PAGE. 

Proteins were transferred onto nitrocellulose membrane, using Mini Transfer 

Packs or Midi Transfer Packs, with Trans-Blot® Turbo TM (Bio-Rad) 

�D�F�F�R�U�G�L�Q�J���W�R�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�����%�L�R-Rad). The membranes were 

�E�O�R�F�N�H�G���L�Q���������V�N�L�P���P�L�O�N�����6�L�J�P�D���� �&�D�W���� ���������������I�R�U�������¶���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H����

Subsequently membranes were incubated with indicated primary antibody, 

overnight at 4°C. Primary antibodies used are listed in Table 1, anti- ��-Actin 

was used to normalize protein loading.  
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Primary antibody 
protein/modification 

target 

Animal 
specificity 

Dilution Catalog n° Supplier 

Anti-IP3R1 Rabbit 1:500 AB108517 Abcam 

Anti-Grp75 Rabbit 1:500 
14887-1-

AP 
Proteintech 

Anti-VDAC1 Mouse 1:1000 AB14734 Abcam 

Anti-Mfn1  Rabbit 1:200 SC-50330 Santa Cruz 
Biotechnology 

Anti-Mfn2 Rabbit 1:100 SC-
515647 

Santa Cruz 
Biotechnology 

Anti-Drp1 Rabbit 1:1000 AB-83896 
Immunological 

Sciences 

Anti-p-Drp1 
(Ser637) Rabbit 1:500 ABP-0812 

Immunological 
Sciences 

Anti-��-actin Mouse 1:2000 A1978 Sigma Aldrich 

�7�D�E�O�H������ �&�R�P�S�O�H�W�H�� �O�L�V�W�� �R�I�� �S�U�L�P�D�U�\�� �D�Q�W�L�E�R�G�L�H�V�� �H�P�S�O�R�\�H�G���I�R�U�� �Z�H�V�W�H�U�Q�� �E�O�R�W��
�D�Q�D�O�\�V�L�V�� 

Goat anti-mouse IgG (H+L) horseradish peroxidase-conjugated secondary 

antibody (Bio-Rad, 1:5000; Cat. 170-6516,) and Goat anti-rabbit Igg (H+L) 

horseradish peroxidase-conjugated secondary antibody (Bio-Rad, 1:5000; Cat. 

170-6515,) were used as secondary antibodies. Detection was carried out with 

SuperSignalTM West Pico/femto PLUS Chemiluminescent Substrate (Thermo 

Scientific), based on the chemiluminescence of luminol and developed using 

ChemiDocTM Imaging System (Bio-Rad).  

Time-lapse ratiometric fluorescent imaging: Imaging of Fura-2, GAP3, 

4mtD3cpv, ROMO-GemGeCO and MICU-GemGeCO Ca2+ probes was 
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performed using an epifluorescent Leica DMI6000B microscope equipped 

with an S Fluor 40×/1.3 objective, a Polychrome V monochromator (Till 

Photonics, Munich, Germany), a Photometrics DV2 dual imager (Teledyne 

Photometrics, Tucson, US ). For imaging of mitochondria, an internal lens with 

a 1.6 optical increment was used. Images were acquired by a Hamamatsu 

cooled CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan) and 

registered using MetaFluor software (Molecular Devices, Sunnyvale, CA, 

USA). Microsoft excel and GraphPad Prism were used for offline analysis and 

figure preparation. 

Mitochondria Ca2+ imaging: mitochondrial Ca2+ dynamics was monitored 

with 4mtD3cpv-plasmids (referred to as D3-plasmid), a genetically encoded 

Ca2+ indicator belonging to the class of cameleons, in which Ca2+-responsive 

elements, such as calmodulin, alter the efficiency of fluorescence resonance 

energy transfer (FRET) between two fluorescent proteins16. 48h post 

transfection, expression of mitD3 was checked and mitochondrial matrix 

calcium dynamics were monitored. Coverslips were washed with KRB 

solution (125 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM 

glucose, 20 mM HEPES, pH 7.4) and transferred to a suitable imaging the 

acquisition chamber and mounted on the stage of  the microscope. Samples 

were illuminated at 420nm and simultaneously acquired at 475nm (donor, 

ECFP) and 530nm (acceptor, circularly permuted (cp) Venus). CpVenus/ECFP 

ratio was calculated online using MetaFluor software. After acquisition of a 

basal Ca2+ levels (first 30s of acquisition), and the cells were stimulated 

subsequently �Z�L�W�K�� �������� ���0�� �$�7�3���� �,�P�D�J�L�Q�J�� �Z�D�V��performed using a Leica 

epifluorescence microscope equipped with a S Fluor 40×/1.3 objective.  

Regions of interest (ROIs) were defined around individual mitochondria to 

measure changes in fluorescence intensity representing Ca2+ transients.  
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Fura-2 Ca2+ imaging: cells were plated onto 24 mm round coverslips (3x104 

�F�H�O�O���F�R�Y�H�U�V�O�L�S�������D�Q�G���O�R�D�G�H�G���Z�L�W�K�� �������� ���0�� �)�X�U�D-2/AM (Cat. No. F1201, Life 

Technologies, Milan, Italy) in the presence of 0.005% Pluronic F-127 (Cat. 

�1�R�����3�������������/�L�I�H���7�H�F�K�Q�R�O�R�J�L�H�V�����D�Q�G�����������0���V�X�O�I�L�Q�S�\�U�D�]�R�Q�H����Cat. S9509, Sigma) 

in KRB solution. After loading (30 min in the dark) cells were washed once 

with KRB solution and allowed to de-esterify for 30 min. After this, the 

coverslips were mounted in an acquisition chamber and placed on the stage of 

the microscope and cells were alternately excited at 340 and 380 nm ; the 

fluorescent signal was collected through a bandpass 510/20 nm filter. The cells 

�Z�H�U�H���V�W�L�P�X�O�D�W�H�G���Z�L�W�K�������������0���$�7�3�����W�R���G�H�W�H�F�W���F�\�W�R�V�R�O�L�F���&�D���������%�D�V�H�O�L�Q�H���Y�D�O�X�H�V��

are expressed as mean±SEM of 340/380 Fura-2 ratio values (referred to as Fura 

ratio). For comparison of Ca2+ dynamics, measured as an amplitude of Ca2+ 

increase from the baseline level, Fura-2 ratio values were normalized using 

formula (Fi-F0)/F0 (referred to as Normalized (Norm.) Fura Ratio). 

Endoplasmic reticulum Ca2+ imaging. ER Ca2+ dynamics was monitored 

with ER-GAP3, a genetically encoded Ca2+ sensor, targeted to the ER lumen 

(referred to as GAP3) 17. 48h post transfection, expression of GAP3 was 

checked and ER calcium dynamics were monitored. Coverslips were mounted 

in a chamber in KRB solution and placed on the stage of the microscope. Cells 

were alternately excited at 405 and 470 nm, and the fluorescent signal acquired 

using 510/20 nm bandpass filter. After recording basal signal for 30 s, KRB 

solution was removed and replaced with a Ca2+-free solution (KRB + 500 µM 

EGTA). After allowing the signal to stabilize for additional 30 s, cells were 

stimulated with 100 µM ATP and 50 µM Tert-butylhydroquinone (tBHQ), and 

the response was recorded for 300 s. 
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Mitochondrial inter membrane space Ca2+ imaging: Ca2+ dynamics in the 

space between the two mitochondrial membrane (MIMS) was monitored with 

ROMO-GemGeCO (referred to as ROMO), a genetically encoded Ca2+ 

indicator localized to the cristae lumen space18. 48h post transfection, 

expression of ROMO was checked and mitochondrial matrix calcium 

dynamics were monitored. Coverslips were washed with KRB solution and 

transferred to the acquisition chamber and mounted on the stage of the 

microscope. Samples were illuminated at 420 nm using and simultaneously 

acquired at 475 nm and 530 nm. 530/475 nm ratio was calculated online using 

MetaFluor software. After acquisition of a basal Ca2+ levels (first 30s of 

�D�F�T�X�L�V�L�W�L�R�Q�������D�Q�G���W�K�H���F�H�O�O�V���Z�H�U�H���V�W�L�P�X�O�D�W�H�G���V�X�E�V�H�T�X�H�Q�W�O�\���Z�L�W�K�������������0�� �$�7�3����

Regions of interest (ROIs) were defined around individual mitochondria to 

measure changes in fluorescence intensity representing Ca2+ transients. 

Pharmacological treatment. Drugs used in this work are reported and 

described in Table 2.  

  

Drug name Solvent 
Worck 

concentration Catalog n° Supplier 

Absintin DMSO 10µM n.d. 
Kindly gift 
of prof. F. 
Pollasto 

ESI09 DMSO 10µM SML0814 
Sigma 
Aldrich 

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

Isoproterenol H2O 100µM 420355 Sigma 
Aldrich 

�7�D�E�O�H�������&�R�P�S�O�H�W�H���O�L�V�W���R�I���F�R�P�S�R�X�Q�G�V���H�P�S�O�R�\�H�G���L�Q���W�K�L�V���Z�R�U�N�� 

Immunofluorescence. Cells, transfect or not according to the experimental 

design, were grown on 13 mm glass coverslips, were fixed with 4% 

formaldehyde, permeabilized (7 min in 0.1% Triton X-100 in phosphate-

buffered saline (PBS)), blocked in 1% gelatine, and immunoprobed with an 

appropriate primary antibody (diluted in PBS supplemented with 1% gelatine) 

over night at 4°C. After 3 times washing in PBS, an Alexa-conjugated 

secondary antibody (1:300 in PBS supplemented with 1% gelatine) was 

applied for 1 h at room temperature (RT). The following primary antibodies 

were used: anti-IP3R (rabbit, 1:500, Abcam, Cat. AB108517), anti-Flag 

(rabbit, 1:500, Millipore, Cat. F7425), anti-Htas46 (rabbit, 1:500, Thermo 

Fisher, Cat. OSR00173W). Secondary antibodies were as follows: Alexa Fluor 

488 anti-mouse IgG, Alexa Fluor 555 anti-rabbit IgG (all secondary antibodies 

were from Molecular Probes, Life Technologies, Monza, Italy). Nuclei were 

counter-�V�W�D�L�Q�H�G�� �Z�L�W�K�� ���•����-diamidino-2-phenylindole (DAPI). Images were 

acquired by Zeiss 710 confocal laser scanning microscope equipped with EC 

Plan-Neofluar 40×/1.30 Oil DIC M27 objective and Zen software or with a 

Leica SP8 LSCM equipped with a white light laser, and HCX 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, Cat: 80806) and transfected with ER-RFP, 5nm-EML, 10nm-

eml and 20nm-eml. After 40h PLA was performed according to datasheet and 

Paper 21. Briefly, Cells were fixed in 4% paraformaldehyde, and incubated with 
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primary antibodies anti-IP3R (1:500) and anti-VDAC (1:100) for 16h at 4°C. 

Duolink PLA probe incubation, according to the primary antibody species, was 

carried on for 1h at 37°C, and then the development of the signal was obtained 

by Duolink green fluorescence detection reagent by ligation and amplification 

reactions. Duolink in situ mounting media with Dapi was used to stain nuclei 

and mount. Images were acquired by Zeiss 710 laser scanning confocal 

microscope (LSCM) equipped with EC Plan-Neofluar 40×/1.30 Oil DIC M27 

objective and Zen software.  Images were acquired under non-saturating 

conditions and analysed with Fiji ImageJ 1.52p software. Fluorescence was 

measured for the entire cell area (CTCF) = Integrated Density �²  (Area of 

selected cell X Mean background fluorescence). 

Generation of stable lines expressing ER-RFP and 20nm-EML. To perform 

isolation of MERCS enriched cellular fraction, stable line expressing ER-RFP 

and 20nm-EML, were generated. The details of generation of production of 

lentiviral vectors expressing ER-RFP and 20nm-EML is described elsewhere 

37. 24 hours after plating (10E4 cell/well in 24 well plate), Hela cells were 

infected with lentiviral particles expressing ER-RFP and 20nm-EML at MOI 

from 5 to 20. The dilution of virus that gave more than 50% of infected cells, 

as was detected by fluorescence of reporter proteins, were further processed. 

Upon reaching confluence, the cells were expanded, and ER-RFP and 20nm-

EML expressing cells were enriched using fluorescence-activated cell sorting 

(S3e Cell Sorter, Bio-Rad, Segrate, Milano). Sorted cells were expanded and 

frozen until needed. 

MERCS enriched fraction isolation. Hela stably expressing ER-RFP and 

20nm-EML were plated at concentration of 0.5 x10^6 cells/dish in 10 cm Petri 

dishes (50 dishes per line). 48h later cells the cells were washed twice with 
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PBS, detached with trypsin, and then collected in 50ml centrifuge tube. Cells 

were pelleted, and the pellets were processes according to the protocol 

described elsewhere22, using an Eppendorf CR30NX ultracentrifuge equipped 

with a R25ST rotor. 

Immunoprecipitation (IP): Cell lysates in Co-IP buffer containing 50 mM Tris 

HCl, 75 mM NaCl, 0,5%NP-40 plus protease and phosphatase inhibitors were 

quantified by BCA and 1,5 mg of proteins in each sample were subjected to IP 

with or without anti-GFP. Briefly, sepharose beads (sc-2003; Santa-Crutz) 

were incubated with or without anti-GFP antibodies 1,5 h at 4°C, Anti-GFP-

beads were incubated with cell lysates o/n at 4°C and LMSB elution was 

performed. Wash buffer containing 50mM trisHCl, 150mM NaCl and 

Tween20 0,5% was used for washes. WB analysis of IP samples was done 

loading ½ of total IP samples.  

Pericytes/EC/astrocyte co-culture. For tubulogenesis assay, a Matrigel 

synthetic extracellular matrix (Corning, Cat. 356234) was used. 96 well plates 

were coated with 50 �Pl of Matrigel, gelatinized at 37°C for 30 min. Pericytes, 

EA.hy926 and WT-iAstro or 3Tg-iAstro cells, in ratio 1:1:1 were resuspended 

in 100 �Pl of complete DMEM and plate on the matrix at the density of 1x104 

cells/well, and incubated for 8 h. Phase contrast images were acquired with a 

Zeiss 710 confocal laser scanning microscope. 

SUnSET for assessment of protein synthesis. Global protein synthesis rate 

was assessed using the Surface Sensing of Translation (SUnSET) method, as 

previously published 38. Briefly, cells were incubated with ���×�—�0���S�X�U�R�P�\�F�L�Q��

�G�L�K�\�G�U�R�F�K�O�R�U�L�G�H�����6�L�J�P�D�����&�D�W�����3�������������V�X�S�S�O�H�P�H�Q�W�H�G���L�Q���Q�R�U�P�D�O���P�H�G�L�X�P���D�W�������×�ƒ�&��

with 5% CO2 for 1�×�K�����6�X�E�V�H�T�X�H�Q�W�O�\�����F�H�O�O���O�\�V�D�W�H�V���Z�H�U�H��lysate for western blot 

analysis 27,39. 
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Figures and legends  

 

Figure1. design and characterization of ER-Mitochondria linkers (EMLs) 
pallet. (B) Schematic representation of EMLs structure, in light blue ER and Mit 
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targeting sequences, are reported, flanked by a flexible region (FL here reported in 
green), followed by the spacer regions, that via fine modulation of its length can spam 
the distance from 5 to 30nm (RS in orange); in the middle alle the EMLs present a 
mRFP in other to visualize their localization and expression. (C) Representative 
images of cells expressing ER-RFP, 5nm-EML, 10nm-EML and 20nm-EML acquired 
via electron microscopy; MERCs are indicated with arrows, scale bar = 500nm (D) 
box plot of ER-OMM distances (ER-RFP: n=162, mean= 43.08nm; 5nm-EML: n=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 images. (E) 
quantification of cell viability assay in cells expressing our palette of EMLs, data are 
expressed as % of control (ER-RFP) (ER-RFP: n=12, mean= 98; 5nm-EML: n=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) Representative blots and 
corresponding quantification of the integrated density of protein bands. Protein levels 
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= 100; nm 5nm-
EML: mean=101; 10nm-EML: mean=92; 20nm-EML: mean=113), well described 
ER-Mit tethers, and DRP (n=6; ER-RFP: mean= 100; nm 5nm-EML: mean=99; 
10nm-EML: mean=95; 20nm-EML: mean=98) and its phosphorylated form (p-DRP) 
(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 lysates 48h upon 
expression of EMLs. Data are normalized on actin levels and expressed as % of 
control. Data are reported as mean ± SEM from 3 to 6 independent experiments. 
*, p < 0.05, **, p < 0.01 and ***, p < 0.001 by one-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V��
multiple comparison. 
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Figure2. 20nm is the optimal distance for efficient ER-Mit Ca2+ transfer. 
(A) Representative curves of mitochondrial matrix Ca2+ uptake, upon ATP 
100µM stimulation, and box plot of the peak of the response, in Hela cells 
expressing EMLs  (ER-RFP: n=132, mean=100; 5nm-EML: n=88, 
mean=69.49; 10nm-EML: n=92, mean=70.59; 15nm-EML: n=110, 
mean=92.7; 20nm-EML: n=104, mean=130.4; 30nm-EML: n=150, 
mean=42.94). (B) Representative curves of cytosolic Ca2+ uptake, upon ATP 
100µM stimulation, and box plot of the peak of the response, in Hela cells 
expressing EMLs  (ER-RFP: n=492, mean=100; 5nm-EML: n=168, mean=92.12; 
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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). (C) Representative curves 
of ER Ca2+ release, upon ATP 100µM + TBHQ 50 µM stimulation, and box 
plot of ER basal Ca2+ 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=101.8) and of  the 
delta of the response (basal-minimum) (ER-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=105.8), in 
Hela cells expressing EMLs. (D) Representative curves of mitochondrial inter 
membrane space (MIMS) Ca2+ uptake, upon ATP 100µM stimulation, and box plot of 
the peak of the response, in Hela cells expressing EMLs  (ER-RFP: n=212, mean=100; 
5nm-EML: n=162, mean=67.55; 10nm-EML: n=131, mean=71.7; 15nm-EML: n=95, 
mean=100.7; 20nm-EML: n=128, mean=115; 30nm-EML: n=98, mean=74.3). Data 
are expressed as % of control. Data are reported as mean ± SD from 3 to 6 independent 
coverslip. *, p < 0.05, **, p < 0.01 and ***, p < 0.001 by one-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V��
multiple comparison. 
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Figure3. EMLs expression modulates IP3R-VDAC1 complexes formation and 
IP3R localization. (A) representative images of Proximity Ligation Assay (PLA) for 
IP3R and VDAC1 performed in Hela cells expressing ER-RFP, 5nm-EML, 10nm-
EML and 20nm-EML, assay in absence of IP3R antibody have been performed as 
control of the experiment (No Ab). Intensity of PLA (green) signal has been quantified 
and expressed as % of integrated density of ER-RFP and normalized on cell area (No 
Ab: n=73, mean=22.92; ER-RFP: n=106, mean=100; 5nm-EML: n=63, mean=52.23; 
10nm-EML: n=54, mean=181.5; 20nm-EML: n=61, mean=336.5). The colocalization 
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between EMLs signal (red) and PLA one (green) has been evaluated via Pearson-s 
coefficient measurement (ER-RFP: n=32, mean=0.399; 5nm-EML: n=32, 
mean=0.112; 10nm-EML: n=30, mean=0,619; 20nm-EML: n=34, mean=0.884). (B) 
representative images of immunocytochemistry of IP3Rs (green) in Hela cells 
expressing ER-RFP, 5nm-EML, 10nm-EML and 20nm-EML. The colocalization 
between EMLs signal (red) and IP3Rs one (green) has been evaluated via Pearson-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. *, p < 0.05, **, p < 
0.01, ***, p < 0.001 and ****, p<0.0001 by one-�Z�D�\���$�1�2�9�$���� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H��
comparison. Scale bar = 20µm.  

 

Figure4. IP3R is enriched in 20nm MERCs. (A) Representative blots and 
corresponding quantification of the integrated density of protein bands. Protein levels 
of  GRP75 (n=6; ER-RFP: mean= 100; nm 5nm-EML: mean=85; 10nm-EML: 
mean=86; 20nm-EML: mean=101) VDAC1 (n=4-11; ER-RFP: mean= 100; nm 5nm-
EML: mean=95; 10nm-EML: mean=96; 20nm-EML: mean=94), and IP3R (n=3; ER-
RFP: mean= 100; nm 5nm-EML: mean=104; 10nm-EML: mean=95; 20nm-EML: 
mean=102) have been accessed in whole cell lysates 48h upon expression of EMLs. 
Data are normalized on actin levels of ponceux staining and expressed as % of control. 
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(B) Representative blots and corresponding quantification of the integrated density of 
protein bands. Protein levels of  GRP75 (n=3; ER-RFP: mean= 100; 20nm-EML: 
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 been accessed 
MERCs cell fraction, obtained from stable Hela cell lines expressing ER-RFP and 
20nm-EML. Data are normalized on the corresponding protein level in the total lysate 
(Tot) and expressed as % of control. (C) Immunoprecipitation of IP3R-EGFP 
representative blots and quantification. Immunoprecipitation of GRP75 with IP3R has 
been accessed in ER-RFP, 5nm-EML or 20nm-EML expressing cells, 48h upon 
transfection (n=3; ER-RFP: mean= 100; nm 5nm-EML: mean=61.28; 20nm-EML: 
mean=178.9). Data are normalized on the input protein level and expressed as % of 
control. Data are reported as mean ± SEM from 3 to 6 independent experiments. *, p 
< 0.05, **, p < 0.01, ***, p < 0.001 and ****, p<0.0001 by one-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V��
multiple comparison. 
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Figure5. characterization of 20nm- Split GFP Contact Sites sensor (SPLICS-
20nm). (A) Schematic representation of the structure and of how the sensor works. 
The sensor is composed by two components, targeted to the two organelles (ER and 
Mit). In light blue ER and Mit targeting sequences, are reported, flanked by a flexible 
region (FL here reported in green), followed by the spacer regions (RS in orange) that 
fix the reconstitution of the GFP signal at 20nm. The RS is flanked by 1-10 GFP or 
11GFP, that can reconstitute the GFP signal only when the two components are 
exactly at 20nm of distance. (B) SPLICS-20nm localization at MERCs has been 
validated via the co-expression of ER-RFP and Mit-RFP plasmids. (C) SPLIC-20nm 
ability to reconstruct the GFP signal at 20nm has been confirmed via co-expression 
of 20nm-EML. (D) representative images of immunocytochemistry for IP3R, in 
SPLICS-20nm expressing cells. Scale bar = 10µm.  
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Figure6. 20nm MERCS are dynamically regulated through 
�*�.�V�:�F�$�0�3�:�(�3�$�&�� �D�[�L�V����(A) Representative curves of SPLCS signal 
(GFP), in Hela cells overexpressing hTAS2R46, and expressing SPLICS-
20nm (Light blue) or SPLICS-Short (Blue); in black is reported a 
representative curve of Hela cells not expressing hTAS2R46. Violin plot of 
delta of the GFP signal from SPLICS-20nm, upon stimulation with vehicle 
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(KRB) (-hTAS2R46: n=43, mean=-18.80; + hTAS2R46: n=38, mean=-14.67), 
absintin (ABS) (-hTAS2R46: n=39, mean=-34.4; + hTAS2R46: n=50, 
mean=127.5), histamine (Hist) (-hTAS2R46: n=54, mean=-14.4; + 
hTAS2R46: n=66, mean=-2.34) and both histamine and absintin (-hTAS2R46: 
n=32, mean=-20.4; + hTAS2R46: n=43, mean=124.2). Violin plot of delta of 
the GFP signal from SPLICS-short (in blue) upon stimulation with vehicle 
(n=48, mean=-30.5) or ABS (n=45, mean=-213.1), of Hela cells 
overexpressing hTAS2R46. (B) Violin plot of ABS induced SPLICS-20nm 
response in presence of hTAS2R46 inhibitor (3HDC 10µM) (-3HDC: n=43, 
mean=124.2; +3HDC: n=34, mean=12.08); EPAC inhibitor (ESI09 10µM) (-
ESI09: n=44, mean=124; +ESI09: n=32, mean=-60.5) and PKA inhibitor (H89 
10µM) (-H89: n=43, mean=124.2; +H89: n=40, mean=209.2). (C) 
representative curves and histograms of Ca2+ dynamics in the MIMS, in cells 
overexpressing hTAS2R46, stimulated with histamine +/- ABS (-ABS (in 
black): n=132, mean=0.057; +ABS (in light blue): n=153, mean=0.074). (D) 
representative curves and violin plot of SPLICS-20nm dynamics in ASM cells 
in response stimulated with or without ABS (-ABS: n=37, mean=-3,7; +ABS: 
n=35, mean=111.9). (E) SPLICS-20nm signal has been monitored along 
stimulation with or without isoproterenol (ISO 100µM) in Hela cells 
transfected with vector plasmid (in black) (-ISO: n=46, mean=3.15; +ISO: 
n=62, mean=-14.5), or plasmid encoding for AR-��1 (in pink) (-ISO: n=48, 
mean=-7.2; +ISO: n=70, mean=81.7) or AR-������ ���L�Q�� �S�X�U�S�O�H�� (-ISO: n=45, 
mean=8.92; +ISO: n=82, mean=112,8). Here are reported representative 
curves and violin plot of the delta of the response. (F) Schematic representation 
of the here demonstrated pathway. Data are reported as mean ± SD from 3 to 6 
independent coverslips. *, p < 0.05, **, p < 0.01, ***, p < 0.001 and ****, p<0.0001 
by one-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�� Scale bar = 20µm. 
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Figure7. EMLs expression impacts on astrocytes function. (A) Representative 
curves of mitochondrial matrix Ca2+ uptake, upon ATP 100µM stimulation, and box 
plot of the peak of the response, in iAstro cells expressing EMLs (WT ER-RFP: n=58, 
mean=0.083; WT 10nm-EML: n=52, mean=0.010; Tg ER-RFP: n=59, mean=0.058; 
Tg 20nm-EML: n=64, mean=0.119). Data are reported as mean ± SD from 4 
independent coverslips. ***, p < 0.001 by one-�Z�D�\�� �$�1�2�9�$���� �6�L�G�D�N�¶�V��multiple 
comparison. (B) representative WB with anti-puromycin antibody and actin on lysates 
of iAstro cells treated with 4 µM puromycin (n=5 WT ER-RFP: mean=100; WT 
10nm-EML: mean=66.41; Tg ER-RFP: mean=64.60; Tg 20nm-EML: mean=103.4); 
data are expressed as mean ± SD of 5 independent experiments; ***, p<0.001 by one- 
�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q. Data are normalized on actin levels and 
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expressed as % of control. (C) Co-culture of pericytes and endothelial cells (EC) with 
either WT-iAstro ER-RFP (P/EC/WT ER-RFP) or Tg-iAstro ER-RFP (P/EC/Tg ER-
RFP) or WT-iAstro expressing 10nm-EML (P/EC/WT EML-10nm) or Tg-iAstro 
expressing 20nm-EML (P/EC/Tg 20nm-EML) cells on a layer of Matrigel (n=3; WT 
ER-RFP: mean=100; WT 10nm-EML: mean=68.11; Tg ER-RFP: mean=34.5; Tg 
20nm-EML: mean=115.3), scale bar = 500�…m. Images were acquired by Zeiss 710 
�F�R�Q�I�R�F�D�O���O�D�V�H�U���V�F�D�Q�Q�L�Q�J���P�L�F�U�R�V�F�R�S�H�����V�F�D�O�H���E�D�U��� �����������P�����'�D�W�D���Dre expressed as mean 
± SEM of 3 independent experiments;*, p < 0.05, **, p < 0.01, ***, p < 0.001 by one-
�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�� 
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DISCUSSION 

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

cellular processes including mitochondrial (Mit) bioenergetics and 

proteostasis�����E�R�W�K���D�O�W�H�U�H�G���L�Q���$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H�����$�'�������,�Q���P�\���3�K�'�� �S�U�R�M�H�F�W���,��

have studied the cause-effect relationships between calcium dishonesties and 

cellular dysfunction in astrocytes. 

In this context I demonstrated that, the regulation of astrocytic calcium 

homeostasis is linked to many of the pathological features of AD astrocytes. 

This dysfunction includes bioenergetic deficit, profound deregulation of 

cellular proteostasis, including both protein synthesis and degradation, 

alteration of cellular secretome, and defect of homeostatic support to other 

cells. In particular, emerged a defect of protein degradation mechanisms 

related to both autophagic and proteasomal degradation, with strong 

downregulation of constitutive proteasome components, with consequent 

increased expression of the component of immune proteasome.  

Among all these alterations, I focused my efforts on the alteration of 

mitochondrial calcium homeostasis, in particular on the discrepancy between 

deficient mitochondrial calcium uptake and increased interaction between ER 

and mitochondria, which in principle should augment the juxtaposition of the 

two membrane e consequently promote ER-mitochondrial calcium transfer. To 

solve this issue, I undertaken a comprehensive study of the correlation between 

ER-mitochondria distances and efficiency of calcium transfer. To do this I 

designed a palette of ER-mitochondria linkers (EMLs), and I discovery that 

ER-mitochondria calcium transfer is strongly inhibited at the distances of 5 to 
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10nm, and is strongly potentiated at 20nm, explaining why upon increased ER-

mitochondria interaction at 8-10nm, in AD astrocytes, results in reduced 

mitochondrial calcium uptake.  

Then I focused my interest on the characterization of assembly of ER-

mitochondria calcium transfer units, composed of IP3R-GRP75-VDAC1, and 

described an enhanced presence of functional complexes at the distance of 20 

nm.  

In the third year of my PhD, I characterized a fluorescence reporter for 

measuring distances between ER and mitochondria at 20nm (SPLICS-20nm). 

I demonstrated that 20nm distances are dynamically modulated through 

GPCR�:�*�.�V�:�F�$�0�3�:�(�3�$�&�� �D�[�L�V. The fast dynamics of the report (GFP 

signal), resembles the GPCR mediated ER-mitochondria calcium transfer. To 

the best of our knowledge this is the first report of fast dynamic cAMP-

mediated response.  

To demonstrate the translational potential of modulation of ER-mitochondrial 

distances I expressed 20nm-EML in AD hippocampal astrocytes, rescuing cell, 

and non-cell, autonomous AD related dysfunction.  

Another aspect of my PhD thesis is the investigation of Calcineurin role in both 

physiology of astrocytes and AD related astrocytes dysfunction.  

In this context, I �I�R�X�Q�G���W�K�D�W���� �L�Q�� �D�V�W�U�R�F�\�W�H�V���� �E�R�W�K�� �H�,�)���.-mediated protein 

synthesis and proteasomal degradation are under control of calcineurin, a 

Ca2+/calmodulin-activated phosphatase: astrocyte-specific calcineurin 

�G�H�O�H�W�L�R�Q���G�L�V�U�X�S�W�V���H�,�)���.-mediated protein synthesis in vitro and, in vivo. This 

result indicates that, in physiological conditions CaN regulates cellular 

proteostasis. On the other hand, in and AD mice model, the deletion of 
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astroglial CaN, at 10 months of age, displayed a protective effect, reducing 

memory impairment and well described AD hallmarks, a�� plaques deposition 

and tau hyper-phosphorylation. These results indicate that CaN, under 

pathological conditions can drive and regulate pathology progression. In a 

wider prospective, our findings points out astroglial cells as crucial regulators 

of CNS pathology.   

�7�D�N�H�Q���W�R�J�H�W�K�H�U���,�¶�Y�H���L�Q�Y�H�V�W�L�J�D�W�H�G���W�Z�R���L�P�S�R�U�W�D�Q�W���D�V�S�H�F�W�V���R�I���F�D�O�F�L�X�P���V�L�J�Q�D�O�L�Q�J��

dysfunction in AD astrocytes. Namely, the deregulation of ER-mitochondria 

calcium transfer in relation to ER-mitochondria interaction; and dysfunction 

of calcineurin signaling in AD astrocytes.  

My results demonstrated that both ER-mitochondria interaction and 

calcineurin represents promising therapeutic targets to mitigate AD related 

astroglial pathophysiology, given the importance of astrocytes for brain 

functions further studies are warranted to elucidate mechanisms of these 

dysfunctions.  
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Post graduated fellowship in the pharmacological 
Laboratory, led by Prof. Genazzani. Supervisor: Dmitry 
Lim.. 
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November2020-
October2023 

PhD fellowship at the Department of pharmacology of 
Università del Piemonte Orientale. Supervisor: Dmitry Lim.  

 

March-July 
2021 

Contract as tutor of physiology, at the Department of 
pharmacology of Università del Piemonte Orientale. 
Supervisor: Carla Distasi 

 

March-July 
2022 

Contract as tutor of physiology, at the Department of 
pharmacology of Università del Piemonte Orientale. 
Supervisor: Carla Distasi 

 

July September 
2022 

Short Term Fellowship, financed by EMBO foundation, at 
Achucarro Basque Canter for Neuroscience, with a project 
�H�Q�W�L�W�O�H�G�� �³Role of mitochondria-ER interaction in cellular 
�G�L�V�I�X�Q�F�W�L�R�Q���R�I���3�D�U�N�L�Q�V�R�Q�¶�V���G�L�V�H�D�V�H�� �D�V�W�U�R�F�\�W�H�V�´�����6�X�S�H�U�Y�L�V�R�U����
Fabio Cavaliere.   

 

March-July 
2023 

Contract as tutor of physiology, at the Department of 
pharmacology of Università del Piemonte Orientale. 
Supervisor: Carla Distasi 

 

Since November 
2023 

Research fellow (assegno di ricerca) at the Department of 
pharmacology of Università del Piemonte Orientale, 
entitled "generation and functional characterization of 
neuronal models of ataxia telengectasia pathology� .́ 
Supervisor: Dmity Lim.  

 

Conferences and congress  

1-2 October 
2020 

Poster presentation at the workshop of glial cell-neurons 
�F�U�R�V�V�W�D�O�N�����L�Q���7�X�U�L�Q�����R�I���D���S�R�V�W�H�U���H�Q�W�L�W�O�H�G���³�$�V�W�U�R�J�O�L�D�O���F�D�O�F�L�Q�H�X�U�L�Q��
- a novel regulator of CNS proteostasis: between physiology 
�D�Q�G���S�D�W�K�R�O�R�J�\�´�� 

10-13 March 
2021 

Poster presentation at XL SIF seminar, of a poster entitled 
�³�$�V�W�U�R�J�O�L�D�O���F�D�O�F�L�Q�H�X�U�L�Q��- a novel regulator of CNS proteostasis: 
�E�H�W�Z�H�H�Q���S�K�\�V�L�R�O�R�J�\���D�Q�G���S�D�W�K�R�O�R�J�\�´ 

23-24 October 
2021 

poster presentation at the 2nd junior European Calcium Society 
�R�Q�O�L�Q�H�� �P�H�H�W�L�Q�J���� �Z�L�W�K�� �D�� �S�R�V�W�H�U�� �H�Q�W�L�W�O�H�G�� �³�0�L�Q�G�L�Q�J�� �W�K�H�� �J�D�S����
modulation of ER mitochondria Ca2+ transfer by manipulation 
of inter-�R�U�J�D�Q�H�O�O�D�U���L�Q�W�H�U�D�F�W�L�R�Q�´�� 

11 June 2022 Oral communication at the SINS PhD meeting, in Brescia, with 
�S�U�H�V�H�Q�W�D�W�L�R�Q�� �H�Q�W�L�W�O�H�G�� �³�0�L�Q�G�� �W�K�H�� �J�D�S���� �D�� �U�R�O�H�� �I�R�U�� �(�5-
�P�L�W�R�F�K�R�Q�G�U�L�D�� �L�Q�W�H�U�D�F�W�L�R�Q���� �L�Q�� �$�O�]�K�H�L�P�H�U�¶�V�� �G�L�V�H�D�V�H�� �D�V�W�U�R�F�\�W�H�V��
�F�H�O�O�X�O�D�U���G�\�V�I�X�Q�F�W�L�R�Q�´�� 

15-22 November 
2022 

Oral communication at the SIF national congress, in Roma, 
�Z�L�W�K���D���S�U�H�V�H�Q�W�D�W�L�R�Q���H�Q�W�L�W�O�H�G���³�*�H�Q�H�W�L�F���G�H�O�H�W�L�R�Q���R�I���F�D�O�F�L�Q�H�X�U�L�Q���%����



227 
 

in astrocytes reduces amyloid burden, neuroinflammation and 
improves memory in acute and chronic mouse models of 
�$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H�´�� 

15-17 December 
2022 

Poster presentation at More than Neuron congress, in Torino, 
�Z�L�W�K�� �S�R�V�W�H�U���H�Q�W�L�W�O�H�G�� �³�3�U�R�W�H�L�Q���V�\�Q�W�K�H�V�L�V�� �L�Q�K�L�E�L�W�L�R�Q���D�Q�G���O�R�V�V�� �R�I��
�K�R�P�H�R�V�W�D�W�L�F�� �I�X�Q�F�W�L�R�Q�V�� �L�Q�� �D�V�W�U�R�F�\�W�H�V�� �I�U�R�P�� �D�Q�� �$�O�]�K�H�L�P�H�U�¶�V��
disease mouse model: a role for ER-�P�L�W�R�F�K�R�Q�G�U�L�D���L�Q�W�H�U�D�F�W�L�R�Q� �́� 

26 March - 1 
April 2023 

Student member at the international Astrocytes School, in 
�%�H�U�W�L�Q�R�U�R�����Z�L�W�K���D�� �W�D�O�N���H�Q�W�L�W�O�H�G���³�7�K�H�� �U�R�O�H���R�I���(�5-mitochondria 
�L�Q�W�H�U�D�F�W�L�R�Q�� �L�Q�� �$�O�]�K�H�L�P�H�U�¶�V�� �G�L�V�H�D�V�H�� �D�V�W�U�R�F�\�W�H�V�� �F�H�O�O�X�O�D�U��
�G�\�V�I�X�Q�F�W�L�R�Q�´�� 

7-9 September 
2023 

Oral communication at Workshop of the European Calcium 
Society on Mitochondrial Ca2+ Signalling in Health and 
�'�L�V�H�D�V�H���� �Z�L�W�K�� �D�� �S�U�H�V�H�Q�W�D�W�L�R�Q�� �H�Q�W�L�W�O�H�G�� �³Investigation of the 
interplay between endoplasmic reticulum-mitochondria 
�G�L�V�W�D�Q�F�H�V���D�Q�G���P�L�W�R�F�K�R�Q�G�U�L�D�O���&�D�������X�S�W�D�N�H�´�� 

15-17 
September 2023 

Poster presentation at the SINS national congress, in Turin, 
�Z�L�W�K���D���S�R�V�W�H�U���H�Q�W�L�W�O�H�G���³Role of mitochondria-ER interaction in 
astrocyte cellular disfunction associated with 
neurodegeneration�´�� 

Awards 

11 June 2022 Best oral communication at SINS PhD meeting. 

19 November 
2022 

Best oral communication at SIF national Congress. 

9 September 
2023 

Best oral communication at Workshop of the European 
Calcium Society on Mitochondrial Ca2+ Signaling in Health 
and Disease.  
 

17 September 
2023  

Best poster presentation at 2023 SINS national congress.  

Scientific Interest 

 Alteration in endoplasmic reticulum-mitochondria (ER-Mit) 
interaction has been reported in different pathological 
condition, including Alzheimer disease (AD) models. One of 
the most important processes that takes place at the ER-Mit site 
is the ER to mitochondria Ca2+ transfer. However, the 
mechanisms and alteration of calcium transfer in different 
diseases conditions are far from understanding. 
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In one of our publications, we have reported that the ER-Mit 
interaction is affected in an astrocytic cellular model of AD, 
and we identified alterations in intracellular Ca2+ handling, 
reduced protein synthesis and ATP production. 
To directly evaluate the effects of shortening ER-Mit distances 
on Ca2+ handling, we overexpressed in Hela cells, linkers that 
fix the ER-Mit distance at 6nm and 10nm. We observed a 
reduction of mitochondrial Ca2+ uptake both in the 
mitochondrial matrix and in the lumen of the cristae of the 
mitochondria, while ER [Ca2+] was not affected. We also 
reported reduced protein synthesis and metabolic activity, 
recapitulating alterations identified in AD astrocytes. 
Moreover, we designed a linker that fixes the ER-Mit distances 
at 20nm (20nm EML), the one supposed to promotes ER-Mit 
calcium transfer. We found that the expression of the 20nm 
EML promotes ER to mitochondria calcium transfer, 
increasing the basal calcium concentration in the lumen of the 
cristae, and ATP-induced calcium pick in the mitochondrial 
matrix.  These data correlates with an increased amount of 
calcium transfer units formed by IP3R and VDAC1, evaluated 
via proximity ligation assay. Cells expressing 20nmEML also 
display increased cellular metabolic activity, rescuing the 
alterations described in AD astrocytes. 
Indeed, our results suggest a causal role for the increased ER-
Mit interaction in AD related astroglial dysfunction, indicating 
that normalizing calcium transfer between ER-Mit could 
represent a valuable strategy for AD treatment. 
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