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1. Summary

Alzheimer’s disease (AD) is a chronic incurable neurodegenerative disease,
characterized by severe and progressive memory loss and cognitive dysfunctions.
The molecular and cellular mechanisms of AD pathogenesis and the early events
that anticipate the cognitive decline remain poorly understood. Over the last
decades research on neurodegenerative diseases has always been conducted by
starting from the aetiology of the disease and proceeding then by looking at the
effect of the different hallmarks mainly on neuronal physiology.

Noteworthy, a fundamental albeit neglected aspect is the accumulating evidence
of the existence in the brain of dynamic interactions between neurons and
astrocytes. Astrocytes are the most abundant type of glial cells in the central
nervous system, they are electrically unexcitable but express a form of
excitability based on variations of the intracellular concentration of Ca** ions.
It is now largely recognized that astrocytes play crucial roles in brain function,
from the control of tissue homeostasis to the modulation of both neurovascular
coupling and synaptic transmission. Considering the variety of functions
exerted by astrocytes in the brain, it is reasonable to hypothesize an involvement
of this cell type in the pathogenesis of brain disorders, including AD.

The main goal of my PhD project is to shed light onto the relationship between
astrocytic Ca** signaling and AD. We focused on astrocytic Ca** dysfunctions
in mouse models of AD along the progression of the disease, by clarifying
whether astrocytic Ca** signal dysfunctions precede or follow AB plaque
deposition. We evaluated the nature of these alterations in terms of signaling
pathways, astrocytic compartments, ze. soma, proximal processes and
microdomains, and brain areas involved. To this aim, we employed three FAD

mouse models, PS2.30H and APPSwe, which express the human PS2-N1411



mutation and the human APP Swedish mutation alone respectively, and the
PS2APP (B6.152H) model that expresses both mutants.

All the experiments were carried out in mice at 3 and 6 months of age, before
and after, respectively, the onset of plaque deposition in the PS2APP model. To
investigate astrocytic activity, I carried out Ca** imaging experiments in brain
slice and in wivo preparations from somato-sensory cortex (SSCx) and
hippocampal brain slices by using the genetically encoded Ca** indicator
(GECI) GCaMP6f which allows to study Ca’* signals with high spatial
resolution at different astrocytic compartments, including Ca** microdomains
at the thin processes in close contact with the synapses. We found that along
with the progression of AD, astrocyte Ca** activity in the SSCx exhibits a
sequence of changes: in 3-month-old PS2APP mice, spontancous activity is
significantly increased, while in 6-month-old PS2APP mice, ie. after the
appearance of amyloid plaques, both spontaneous activity and the
responsiveness to different metabotropic agonists are drastically reduced in all
astrocytic territories. The decrease in evoked responses is likely due to a general
IP3-dependent mechanism. Moreover, we verified that these alterations are not
present in APPSwe and PS2.30H mice, demonstrating that the expression of
APP or PS2 mutant alone is not sufficient to fully recapitulate the astrocytic
Ca** defects observed in PS2APP mice. Although these defects start in
concomitance with Af3 plaque deposition, astrocytic hypoactivity is unrelated
to plaque proximity. We are currently investigating whether these alterations
are maintained in the real iz vivo context. Preliminary experiments reveal that,
as in brain slices, spontaneous activity is drastically reduced in the SSCx of
anesthetized mice. In conclusion, astrocytic Ca** activity is strongly affected in

AD. Additional experiments are currently under development, to assess the



relevance of these astrocytic Ca** defects in the disturbances of synaptic

plasticity and learning/memory functions characterizing AD.



2. Riassunto

Il morbo di Alzheimer ¢ una malattia neurodegenerativa, ancora oggi incurabile,
che rappresenta circa il 60% dei casi di demenza. I pazienti AD mostrano un
lento e progressivo declino delle funzioni cognitive. I meccanismi molecolari e
cellulari alla base del morbo di Alzheimer sono ancora largamente ignoti. Negli
ultimi anni la ricerca scientifica si ¢ focalizzata sullo studio degli effetti dei
principali marcatori della malattia, 7.e. placche amiloidi e grovigli neurofibrillari,
sulla fisiologia neuronale. Un aspetto cruciale, sebbene a lungo trascurato, ¢
esistenza di complesse interazioni fra i neuroni e gli astrociti, le cellule gliali
pitt abbondanti del nostro cervello. Al contrario dei neuroni, gli astrociti sono
cellule elettricamente non eccitabili, che tuttavia posseggono una forma diversa
di eccitabilita basata su variazioni della concentrazione intracellulare dello ione
Ca*. Gli astrociti svolgono una grande varietd di funzioni che vanno dal
controllo dell’omeostasi cerebrale alla modulazione del coupling neurovascolare
¢ della trasmissione sinaptica. L’obiettivo della mia tesi di dottorato ¢ quello di
esplorare il possibile ruolo di queste cellule nel morbo di Alzheimer. In
particolare, la nostra attenzione si ¢ focalizzata sullo studio di possibili
disfunzioni del segnale Ca’* astrocitario in modelli murini del morbo di
Alzheimer, studiando i cambiamenti dell’attivitd Ca®* negli astrociti durante la
progressione della malattia, verificando quindi se le disfunzioni astrocitarie
siano precedenti o successive alla deposizione delle placche amiloidi. Abbiamo
caratterizzato queste disfunzioni in termini di vie di segnale, compartimenti
astrocitari, ze. soma, processi prossimali e microdomini, e aree cerebrali
coinvolte. Nello specifico, abbiamo usato tre modelli murini che presentano
mutazioni correlate con le forme familiari di morbo di Alzheimer. I modelli

PS2.30H e APPSwe esprimono rispettivamente una forma umana mutata di



PS2 (PS2-N1411) e di APP (APPSwe). Il terzo modello, PS2APP (B6.152H),
esprime entrambe le proteine mutate. Gli esperimenti sono stati condottia 3 e
6 mesi, rispettivamente prima e dopo la comparsa delle placche amiloidi nel
modello PS2APP. Per studiare [lattivitd astrocitaria abbiamo condotto
esperimenti di Ca* imaging in preparazioni ex vivo ed in vivo di corteccia
somato-sensoriale e in fettine ippocampali. Per studiare il segnale Ca**
astrocitario a livello del soma e dei processi, inclusi quelli piti a contatto con le
sinapsi, abbiamo usato un indicatore genetico per il Ca®', il GCaMP6f. Dai
nostri risultati si evince che durante la progressione della patologia nei topi
PS2APP Pattivita degli astrociti subisce diversi cambiamenti: a 3 mesi activita
spontanea ¢ significativamente aumentata, mentre a 6 mesi, dopo la comparsa
delle placche amiloidi, sia 'attivita spontanea che quella evocata dall’attivazione
di diversi recettori metabotropici sono drasticamente ridotte in tutti i
compartimenti astrocitari. La riduzione della risposta evocata sembra essere
dovuta ad un meccanismo generale dipendente dal segnale IPs. Queste
alterazioni non sono presenti negli altri due modelli murini di Alzheimer usati,
dimostrando che lespressione dellAPP o della PS2 mutata da sola non ¢
sufficiente a ricapitolare i difetti astrocitari del segnale Ca®* presenti nel modello
PS2APP. Sebbene nel modello PS2APP le alterazioni si presentino in
concomitanza con le placche amiloidi, 'ipoattivita astrocitaria non ¢ influenzata
dalla vicinanza delle placche. Inoltre, esperimenti preliminari in wvivo
confermano che nei topi PS2APP Pattivita astrocitaria a 6 mesi ¢ drasticamente
ridotta. In conclusione, nel modello PS2APP Tattivitd Ca** degli astrociti ¢
severamente alterata. Ulteriori esperimenti, anche di tipo comportamentale, atti
ad investigare le conseguenze di queste alterazioni del segnale Ca*" astrocitario

sono attualmente in sviluppo.



3. Introduction

AD, Parkinson disease, amyotrophic lateral sclerosis and Huntington’s disease
are among the most severe brain disorders and represent a major threat for
human health. They differ in their pathophysiology; indeed, some cause
memory impairments and other affect the ability to speak or move. Several
attempts have been made to find therapeutic targets to stop or delay the
progression of these pathologies. Over the last decades, this research has always
been conducted by starting from the aetiology of the disease and proceeding
then by looking at the effect of the different hallmarks on neuronal physiology.
AD makes no exception to this rule. Basic and clinical research have been,
indeed, focused mainly on main hallmarks of AD, i.e. amyloid- (AB) plaques
and neurofibrillary tangles, and their detrimental effects on neuronal
physiology. In this “searching for a cure”, a fundamental albeit neglected aspect
is that brain function depends on dynamic interactions between neurons and
different cell types among which a prominent role is played by astrocytes, a
rather heterogenous type of glial cells [3].

Astrocytes are the most abundant class of glial cells in the brain. Their
importance has been restricted for long time to a merely passive role as
mechanical and metabolic supporters of neurons. Nowadays, astrocytes are
considered active cellular elements in brain circuits that through dynamic
bidirectional signaling with neurons contribute to the regulation of
fundamental phenomena in brain function. Astrocytes detect synaptic activity
through activation of neurotransmitter receptors which induce distinct
intracellular Ca?* elevations. In turn, these astrocytic Ca** changes trigger the

release of gliotransmitters that modulate neuronal transmission and synaptic



plasticity. Despite the growing interest on astrocytic role in brain physiology,
much less information is available on a possible contribution of astrocytes to
AD. Deeply understanding the link between AD and astrocytes could help to
find new therapeutic strategies to contrast this lethal brain disease.

The aim of this thesis is to shed light onto the relationship between astrocytic
Ca* signaling and AD. We aim to clarify whether astrocytic Ca** dysfunctions
are present in a mouse model of AD and, if so, to dissect out the nature of these
alterations in terms of signaling pathway, astrocytic structures involved, and
brain areas implicated. Our main purpose is to clarify whether astrocytic Ca**
activity changes along AD progression, and possibly precedes or follows A
plaque deposition.

This study will also open the possibility to dissect the role of astrocytic Ca®*
signaling in connection with neuronal activity and, more important, in

behavioural functions and dysfunctions.

3.1 Alzheimer’s Disease

AD is a common and incurable neurodegenerative disease. It has been identified
in 1979 from Robert Katzman as the most common form of dementia and
possibly contributing to 60-80% of cases.

World Health Organization considers dementia as a public health priority and
in May 2017, the World Health Assembly endorsed the Global action plan on
the public health response to dementia 2017-2025. The goal of this plan is to
improve how we face this extremely diffuse disease, both in terms of increasing
awareness about dementia, support to patients and of funding research projects
that could help to identify new therapeutic targets. Current treatments are

unable to halt AD progression, they can only slow down the worsening of



dementia symptoms. The greatest known risk factor is increasing age, the
majority of people with AD being over 65 years. However, AD is not just a
discase of the old age. According to Alzheimer’s Association, indeed,
approximately 200,000 Americans under 65 are affected by early-onset AD.

As to the clinical manifestations of the disease, the most common early sign is
the difficulty remembering of newly learned information. Later on with the
pathology, the symptoms become more severe, including disorientation, mood
and behavioural changes and more serious memory loss.

From the anatomical and structural point of view, the two main hallmarks of

AD are A plaques and neurofibrillary tangles, although their role in AD is still
hotly debated.

3.1.1 Historical Background

“I have lost myself”

With these few words, pronounced at the beginning of the last century by
Auguste Deter, Alzheimer’s history begins.

In 1906, based on the observation of Auguste’s symptoms, Alois Alzheimer
described for the first time a form of dementia, which subsequently became
known as AD, at suggestion of Emily Kraepelin. [4]

Among the symptoms, Auguste D. showed profound and increasingly
memory impairments, unfounded suspicions about her family, hallucinations
and other worsening psychological changes. Alzheimer characterized the
histopathological features of this disease, performing post-mortem analysis on the
brain of Auguste D. through the reduced silver staining methods described by
Max Bielschowsky [5].



About neurofibrillary tangles (Fig.1) he said:

“In the centre of an otherwise almost normal cell there stands out one or several

fibrils due to their characteristic thickness and peculiar impregnability”. [6]

Figure 1. Neurofibrillary Tangles from Auguste D., drawn by Alzheimer. [7]

At the same time, he described also senile plaques as:

“Numerous small military foci are found in the superior layers. They are

determined by the storage of a peculiar material in the cortex”.[6]

It was not until the late 1980s that it was discovered that neurofibrillary tangles
are due to intracellular aggregation of tau proteins [8] and that senile plaques

were derived from the extracellular deposition and aggregation of AP peptides

[9].

3.1.2 Genetics

AD can be divided in two main groups: sporadic AD and familial AD (FAD).
FAD results from a mutation in one of the following genes: APP, PSEN1 and
PSEN2.

The APP gene, identified in 1987 [10], is located on chromosome 21 and

encodes for amyloid precursor protein (APP), the protein from which AP is



formed. Families presenting APP mutations undergo an early onset disorder,
often in their 50s. Beside APP mutations, also the overexpression of normal
APP, as in the case of elevated gene dosage in trisomy 21 (Down’s syndrome),
can lead to an early development of AD [11].

PSENI gene, located on chromosome 14, was discovered in 1995 [12]. It
encodes for presenilin-1 (PS1), one of the catalytic components of y-secretase,
an enzyme involved in the cleavage of APP. PSENI mutations lead to the
carliest and most aggressive form of AD, with onset around 40s. In the same
year, the third gene involved in FAD was discovered, PSEN2 [13]. This gene is
an homologous of PSENI, it is located on chromosome 1 and encodes for
presenilin-2 (PS2), that, as PS1, is involved in the amyloidogenic cleavage of
APP. Beside these three genes, other genes can influence the probability to
develop AD. Various studies have assessed the role of the Apolipoprotein E
epsilon allele 4 (ApoFE4) [14], that can be considered the strongest genetic risk
factor associated with late-onset AD.

APOE has three common isoforms in humans: APOE2, APOE3, and APOEA4.
They are products of alleles at a single gene locus. APOE3 is the most common
isoform and mediates intermediate risk for AD. Conversely, the ApoE4 allele is
significantly overrepresented in late-onset AD patients and has a dose-
dependent effect on the risk and age of onset of AD, whereas ApoE2 is protective
[15]. Another gene that has been recently linked to AD is triggering receptor
expressed on myeloid cells 2 (TREM2), which is almost exclusively expressed
by microglia in the brain. It is involved in all phases of A phagocytosis [10]
and increasing TREM?2 gene dosage reduces plaque area and associated toxicity

[17].



Apparently, there is a sharp distinction between FAD and sporadic AD, but it
is important to notice that subjects presenting FAD-related mutations
sometimes develop the disease after 65 years, and that early onset AD can affect
also patients without FAD-related mutations. Hence, while these categories are
useful for research and clinical purposes, it is important to clarify that AD is a
complex disease: real life of patients often represents an exception to our
attempts to make clear distinctions in the manifestations of an unclear

pathology.

3.1.3 Pathogenesis

The pathogenesis of AD is still object of debate in the scientific community. In
1992 John Hardy and Gerald Higgins proposed the amyloid cascade hypothesis
[18], which remains nowadays the most widely accepted. According to this
hypothesis, an imbalance in AB production and/or clearance leads to its
accumulation in the brain and this should represent the starting point of a
process that ultimately causes AD. A production involves all the three genes
implicated in FAD. Indeed, while a non-amyloidogenic product is released if
APP is cleaved by a-secretase, A peptides are released from APP after the
sequential cleavage of two different secretases, [(-secretase and y-secretase
(Fig.2).

Most of the AP produced by y-secretase in physiological conditions is the 40-
residue form (AP4), while the 42-residue variant (Afs) is less common.
However, the major A species deposited in the plaques is the A4z, the most
prone to aggregate. Noteworthy, in the presence of FAD mutations the ratio

AB4s2/ Ao is significantly increased [19].
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Figure 2. APP processing. The scheme shows the two different pathways that are
involved in the APP cleavage. The a-secretase activity (left) leads to the production
of a non-amyloidogenic product. Instead, the sequential cleavage mediated by B-
and y-secretase leads to the production of AB-peptides that possibly culminate in

the production of aggregates and senile plaques. Image adapted from [2].

Several lines of evidence have recently challenged this relatively simple and clear
picture that poses AP plaques at the centre of the story. As a matter of fact,
other players are likely involved in determining the conversion of the disease
from preclinical AD to overt AD.

Noteworthy, the attention now focused from large insoluble aggregates, i.c.
plaques, to small soluble oligomeric intermediates, AB oligomers (ABo). They
are increased in AD patients and represent the earliest component of amyloid
plaques [20]. Moreover, it has been demonstrated that Ao affect synaptic
plasticity, dendritic spine density and memory [21, 22].

In light of these changes, amyloid cascade hypothesis has been readapted,
introducing the role of ABo. Indeed, it has been stated that soluble Ao cause a
variety of alterations such as gliosis, oxidative stress and Ca®* dysregulations

ultimately leading to synaptic loss and neuronal death. It is noteworthy that the



link between AD and Ca®* homeostasis is older with respect to amyloid cascade
hypothesis, as it was suggested by Khachaturian in 1987 [23]. The role of Ca**
alterations in AD is supported also from the importance of presenilins in
regulating Ca** homeostasis at the level of plasma membrane, endoplasmic
reticulum (ER) and mitochondria [24].

The amyloid cascade hypothesis is not, however, completely accepted. In 2015,
Karl Herrup examined the case of rejecting amyloid cascade hypothesis [25].
For instance, he highlighted that I) overexpression of human APP in mouse
produces plaques, but it is not sufficient to have AD, II) tangles correlate better
with neurodegeneration with respect to plaques, III) immunoclearing of plaques
does not improve cognition, IV) no phase 3 clinical trials based on amyloid
cascade hypothesis have been successful. Remarkably, at the time of Herrupp’s
analysis the study related to the human monoclonal antibody aducanumab was
not published yet. This antibody reduces soluble and insoluble Af3, and phase 3
clinical trial reports showed that it also slows cognitive decline [26]. Recent
findings pointed out also a new role for AP peptide as antimicrobial peptide,
suggesting that AP deposition is a protective immune response to infection.
This is named the antimicrobial hypothesis of AD, and this aspect may have
some importance in the actiology of AD [27]. Altogether, many aspects are still
unclear about the pathogenesis of AD and probably A is not the only basis of
AD. Beside AP deposition there are other alterations concerning different
aspects of brain function and beside neurons, different cell types, such as

microglia and astrocytes, are involved in the disease.



3.1.4 Biomarkers

A biomarker generally refers to a measurable indicator of some biological state
or condition. Biomarkers are often measured and evaluated to examine both
physiological and pathological processes. Classical AD biomarkers are A
plaques and neurofibrillary tangles.

In the past, AD was defined with certainty only at autopsy. In the last year, a
paradigm shift has characterized the approach related to AD diagnosis.
Nowadays, diagnosis of either prodromal or overt AD is exclusively based on
progressive biomarkers that are independent of the clinical state of the subject
[28, 29]. This is possible thanks to 7 vive identification of AP plaques and
neurofibrillary tangles by positron emission tomography (PET), hippocampal
atrophy and cortex thinning as well as hypometabolism by anatomic and
functional magnetic resonance imaging (fMRI) (see below).

Yet, there is an ever-growing need to find biomarkers for the early diagnosis of
AD at the occurrence of mild cognitive impairment (MCI) or even before and
to follow the progression of the disease. Clinically accepted and validated
biomarkers are the assessment of AB42 decrease combined with phosphor-tau
increase at the level of cerebrospinal fluid (CSF) and plasma, but also brain A3
deposition measurements by Pittsburgh compound B positron emission
tomography (PiB-PET). CSF measurements are based on the concept that A3
accumulation in the brain, due to overproduction or lower extrusion through
the blood-brain barrier (BBB), leads to a reduction of ABs in CSF [30].
Interestingly, it has been evaluated the diagnostic potential of AB4/AB4o ratio
in CSF [31]. Its accuracy is similar with respect to the measurements of A4

allowing to discriminate between AD and non-AD subjects.



Surprisingly, the use of AB4/AB4 ratio reduces the number of indeterminate
CSF profiles, thus it is reasonable to hypothesize that it will be preferred to A4
measurement alone.

Sampling CSF requires a lumbar puncture and it is considered to be invasive
also because it may cause post-lumbar puncture headache (PLPH) [32]. PiB-
PET (Fig.3) is a less invasive procedure;
it is performed by using PiB, a
radioactive analogue of thioflavin-T, to
bind AB4o and ABs4 fibrils and insoluble
plaques [33]. Neuroimaging techniques,
because of their minimally invasive

nature and sensitivity to the earliest

changes within the brain substrate, are PiB PET SCANS

University of Pittsburgh
PET Amyloid Imaging Group

hopefully the more adequate techniques

to disclose subjects with a higher risk to
Figure 3. PiB-PET scan of a patient with

develop AD. Among the negative aspects AD compared with an elderly person

with normal memory. Arcas of red and

of ncuroimaging, it must be considered yellow show high concentrations of PiB in

. . the brain and suggest high amounts of
that these techniques are very expensive , o
amyloid deposits in these areas.

in terms of cost of the radioligands, structural facilities and analytical tools.
Noteworthy, both in the case of CSF measurements and PiB-PET, information
related to in vivo amyloid plaque presence in elderly subjects remains to be
adequately correlated with preclinical (asymptomatic) stages of AD.

One important aspect that must be considered in preclinical diagnosis of AD is
the importance to discriminate between AD and MCI. This latter is a condition

characterized by measurable cognitive decline that doesn’t satisfy the criteria for

AD. It does not always precede - or progress to - AD, but when it involves



memory dysfunctions there is more risk of developing AD. Therefore, to
accurately predict conversion from MCI to AD it is fundamental to integrate
the analysis of different biomarkers [34]. Finally, the detection of brain atrophy
and hypo-metabolism, especially at the hippocampal level, further confirms the
progression of the disease, becoming a valuable tool in different clinical trials.
Large scale studies with both FAD and SAD patients, support the idea that the
two forms of the disease share very similar stages, only with decades of
anticipation for FAD patients. Moreover, given the debated role of Af plaques
and the general complexity of AD pathogenesis, a crucial aspect is to move our
attention from the classical biomarkers of AD to new ones that are as much as
possible specific features of AD, allowing to perform an early diagnosis. Indeed,
an explanation for the failure of clinical trials based on amyloid cascade
hypothesis is that the drugs are given at the wrong point in the progression of
AD [35].

“The general view is these are the right drugs, but they re too late,
it’s like taking statins when you're having a heart attack.”

John Hardy



3.2 Astrocytes

The concept of Nervenkirt, later
defined as  neuroglia, was
introduced in 1856 by Rudolph
Virchow. He conceived neuroglia
as a kind of connective tissue that
contained also cellular elements.
Camillo Golgi disclosed glia as a

cellular population, he identified
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R 7 glial cells as round cells with
Figure 4. Cajal's drawing showing a “neuroglia”
of the pyramidal layer and stratum radiatum of different fine processes extended in
the Ammon horn from an adult man autopsied 3
h after death. [1] all directions and recognized glial
endfeet contacting blood vessels (Fig. 4) [36]. The term astrocyre was introduced
in 1893 by Michael von Lenhossék [37] and popularized by Ramén y Cajal,
awarded the Nobel Prize in 1906 for his work on neuronal structures and
connections. As a result of his work on astrocytes, Cajal confirmed some of the
astrocytic features by using an astroglia-specific staining technique and
proposed also pioneering concepts regarding their functions (Fig. 5).
Unfortunately, at the end of the nineteenth century it was impossible to confirm
those concepts. Indeed, Cajal in 1899 wrote:
“What functional significance can be attributed to the neuroglia?
Unfortunately, the present state of science does not allow to answer this important

question but through more or less rational conjectures. When facing this problem,

the physiologist is totally disarmed for lack of methods.”
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One century after, the technological
advancements allowed to confirm
different Cajal’s theories.

Indeed, from a variety of studies, it
is now well established that

astrocytes are star-shaped glial cells

involved in brain information

processing, which actively E

communicate with neurons,

regulate neurovascular coupling and | Plockoty {Mm/- o Ldin &)
5 pHung i W e RS

are implicated in brain superior Figure 5. Cajal’s drawing. Original labels: A,

large astrocyte embracing a Pyramidal neuron; B,

functions [38]. twin astrocytes forming a nest around a cell, C,
while one of them sends two branches forming
another nest, D; E, cell with signs of “autolysis™;
F, capillary vessel. Sublimated gold chloride
method.

3.2.1 Star-shaped, omnipresent, always different: astrocytes

Astrocytes are highly heterogenous and, at present, a marker capable to label all
astroglial cell types does not exist. As an example, recently Lin and colleagues
identified a subset of astrocytes that exhibits an enhanced capacity to support
synapse formation and demonstrated differential migratory and proliferative
properties among different astrocytes [39]. Beyond (and perhaps as a result of)
this heterogeneity, astrocytes have fundamental roles in all aspects of physiology,
ranging from neurotransmission and synaptogenesis to metabolic support and
blood-brain barrier formation [40, 41].

To better understand how astrocytes can exert such a plethora of functions in

the brain, it is worth looking at their morphology and distribution. Astrocytes
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are star-shaped cells that are present in all brain regions. Their morphology hides
a huge complexity both in terms of anatomical appearance and functionality.
They are characterized by a central soma, a variable number of principal
processes that depart from the soma and a huge number of thin processes, i.e.
microdomains. Microinjection of hippocampal astrocytes with fluorescent dyes
demonstrated that each astrocyte covers a discrete area that is free of processes
from adjacent astrocytes. A contact between different astrocytes might occur
only at the level of microdomains (Fig. 6A) [42].

Microdomains are also in close contact with the synapses. They enwrap the pre-
and postsynaptic neuronal elements, creating a structural and functional entity
that represents the information transfer unit of the brain (Fig. 6B) [43]. This
special organization leads to the concept of tripartite synapse, in which
astrocytes eavesdrop neuronal chatting and actively modulate it. The effects of
astrocyte neuromodulation depend firstly on which and where the
gliotransmitter targets are located. In the CAI1-CA3 hippocampal region,

astrocytic glutamate has been reported to potentiate excitatory transmission by

Figure 6. Astrocytic morphology. (A) Astrocytes in the stracum radiatum of CA1 filled

with a green fluorescent dye (Alexa 488) and a red fluorescent dye (Alexa 568). Astrocyte
territories are non-overlapping, except for peripheral microdomains [42]. (B) Electron
microscopy image of astrocyte process at the axon-spine interface revealing the presence of
tripartite synapse [43]. (C) Cajal’s drawing showing the contact between astrocytes and
blood vessels.



acting on postsynaptic N-methyl-D-aspartate receptors (NMDARs) favouring
neuronal synchrony [44, 45]. On the other hand, in the hippocampal dentate
gyrus (DG) the same gliotransmitter glutamate can activate presynaptic
NMDARs to transiently potentiate excitatory transmission [46]. The astrocytic
release of gliotransmitters is also associated to the modulation of long-term
potentiation (L'TP) and long-term depression (LTD) of synaptic transmission.
For instance, astrocytic glutamate mediates a form of spike-timing dependent
depression of excitatory transmission in the neocortex [47], as well as a form of
mGluR-dependent and NMDA-independent form of LTP in hippocampal
CAl region. This form of plasticity was demonstrated to require the
coincidence between postsynaptic activity and astrocyte Ca** signaling [46].
Noteworthy, the concept of tripartite synapse in the last few years has been
updated, also microglial cells seem to be involved in neuron-glia conversation.
Beth Stevens proposed the hypothesis of quad-partite synapse, which is based
on several findings suggesting that microglia play dynamic roles at developing
and mature synapses [48].

Last but not least, it is worth underlining that astrocytes are implicated in
neurovascular coupling. As already highlighted in Cajal’s drawing, the
intraparenchymal vasculature is extensively covered by astrocytic endfeet (Fig.
6C). Astrocytes are part of the neurovascular unit (NVU) and can act as a bridge
between neuronal elements and blood vessels. The close contacts of astrocytes
with both synapses and blood vessels make astrocytes the ideal cells for
preserving the balance between the high energy demand of active neurons and
the supply of oxygen and nutrients from the blood by maintaining both resting

blood flow and activity-evoked changes in vascular tone [49]. These findings



confirm an active role of astrocytes both in synaptic transmission and

neurovascular coupling.

3.2.2 Mechanisms of Ca** excitability

Astrocytes unlike neurons, are not electrically excitable cells. Their excitability
is based on variations of the intracellular Ca?* concentration, therefore
astrocytes encode information as Ca®* signals at the cytoplasmic and organelle
level. The development of ion-sensitive fluorescent indicators together with the
advancement of imaging techniques provided the necessary tools to study
astrocytes excitability. In the early 90s, for the first time, Cornell Bell showed
that transmitters released from neurons induce transient elevations of astrocytic
Ca** levels [50]. Two main forms of astrocyte excitation are well documented:
one is neuron-dependent, thus generated by chemical signals released from
neuronal circuits, and the other occurs spontancously, thus independently of
neuronal input [51]. Astrocytes can finely tune the intracellular Ca*
concentrations because they express a huge variety of molecules involved in Ca**
flows, such as metabotropic receptors coupled to intracellular Ca** stores via G
proteins and Ca®* permeable ligand-gated channels. Stimulation of these
signalling pathways leads to phospholipase C (PLC) activation and formation
of inositol (1,4,5)-triphosphate (IP3), which increases the intracellular Ca*
concentration through Ca** release from IPs-sensitive Ca®* stores and through
store-operated Ca®* influx [52, 53]. Ca** release is a fundamental event in
astrocytic physiology, indeed both G4 and G, G-Protein Coupled Receptors
(GPCRs) signaling pathways have been shown to regulate gliotransmitter release
[54]. The intracellular Ca** concentration is re-established to its basal values by

the sarco/endoplasmic reticulum Ca*-ATPase (SERCA) that transports Ca**



ions from the cytosol into the ER and the plasma membrane Ca?*-ATPase
(PMCA) that pumps Ca** out into the extracellular space. In addition, also the
Na'/Ca** exchanger cooperates to extrude Ca** outside the cell [55].
Historically, Ca®* signal dynamics and significance have been studied in
astrocytic somata. Somatic Ca** elevations are characterized by slow dynamics

(1-10 second timescale) and occur mainly in response to an intense neuronal

firing [56]. In 2011, Rusakov concluded that:

“In striking contrast to the rapid and highly space- and time-constrained
machinery of neuronal spike propagation and synaptic release,

astroglia appear slow and imprecise.” [57]

Over the last few years, researchers have focused their attention on Ca*
signaling at the level of astrocytic processes. Indeed, astrocytes enwrap synapses
with their tiny processes, thus it is reasonable to hypothesize that synaptic
activity is detected by astrocytes at the level of microdomains and that
microdomains are crucial for the astrocytic modulatory function. In 2011, two
different laboratories demonstrated that physiological synaptic activity is
sufficient to activate Ca** signals in astrocytic processes and that this activation
is sufficient for astrocytes to modulate synaptic transmission [58, 59]. The
advent of GCaMP-based GEClIs allowed to overcome limitations of existing
methods, and their use revealed unexpectedly high numbers of localized Ca**
microdomains in entire astrocyte territories, allowing to study the relevance of
these Ca** signals in brain pathophysiology [60]. The possibility to study Ca**
signals at astrocytic microdomains sheds light on the spontanecous activity of
astrocytes. At the level of thin astrocytic processes, the spatio-temporal
dynamics are completely different with respect to the somatic ones. Indeed, Ca**

events are more frequent and transient compared with somatic activity. The



mechanisms that govern spontaneous astrocytic activity are still under debate

(Fig. 7).
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Figure 7. Mechanisms of Ca?* activity at astrocytic thin processes. 1. [Ca*']; transients in
the processes of astrocytes (1a) differ from those in the soma (1b) in terms of frequency,
kinetics and spatial spread. 2. [Ca*]; transients in the processes of astrocytes depend roughly
equally on Ca** entry (2a) from the extracellular space through ion channels (40%) and on
Ca* release from intracellular stores (60%), while those in the soma (2b) depend largely
(90%) on Ca?' release from the intracellular stores. 3. [Ca?']; transients can be generated by
Ca* entry through spontaneously opening TRPA1 channels or neurotransmitter-gated
channels (3a), by mGIluR2 or mGluR3 (3b), and by neurotransmitter uptake raising [Na'];
and reversing Na'/Ca®* exchange (3c). 4. [Ca®']; rises may release transmitters via ion channels
as well as via exocytosis. 5. [Ca*]; rises alter the surface expression of neurotransmitter
transporters. 6. Activation of Na'/Ca?' exchange by a [Ca?']; rise can raise [Na']; and activate
the sodium pump, lowering [K'], and hyperpolarizing nearby neurons. This increases the
release probability for action potential-driven vesicle release and thus decreases synaptic
failure rate. 7. ATDP released by a [Ca®']; rise may act on P2X or P2Y receptors to raise [Ca*'];
farther along the cell, propagating a Ca** wave along the cell (7a), or be converted to
adenosine, which acts on presynaptic receptors to increase (Az) or decrease (A;) transmitter
release (7b). 8. Noradrenaline (NA) released from locus coeruleus neurons and acetylcholine
released from nucleus basalis neurons produce large [Ca®']; rises in astrocytes. Adapted from

[65].
Different works corroborated the idea that spontancous activity depends mainly
on Ca** influx from the extracellular matrix and it seems to be independent from

IP; related pathway [61]. In particular, it has been recognized a role in



regulating spontaneous Ca** activity for transient receptor potential ankyrin 1
(TRPA1) channels, that seem also to regulate D-serine constitutive release and
GABA uptake [62, 63]. In 2017, Agarwal and colleagues instead suggested that
during periods of high oxidative phosphorylation the “cell-intrinsic”
spontaneous Ca®* transients that persist in astrocytic processes reflect stochastic
opening of the mitochondrial Permeability Transition Pore (mPTP) [64]. All
in all, much work is needed to arrive to a full comprehension of the mechanisms
that govern Ca** signaling in astrocytes. Over the last decades a lot of studies
focused their attention on somatic Ca™ signaling unveiling fundamental
astrocytic properties in brain function, but now the astrocyte field is focused on
the significance of Ca?* signaling at thin processes, thus composing the third
wave, as it has been defined by Bazargani in 2016 [65]. Indeed, the first wave
disclosed the role of astrocytes as active players in synaptic transmission, with
somatic Ca?* elevations as crucial mediators, while the second wave arose doubts
about the possibility that the slow Ca* signals at astrocytic somata could
effectively be responsible of astrocytic modulation of synaptic transmission.
Nowadays, the third wave pointed out the role of Ca®" activity at astrocytic thin
processes as possible fast mediator of astrocytic response to synaptic
transmission. Astrocytic Ca®* signaling has thus acquired a multi-faceted
identity, with a complex spatial-temporal profile ranging from small, local fast
responses that can modulate synaptic transmission, to larger, global, albeit
slower responses of all astrocytic territories that result from the integration of

multiple signals at fine astrocytic processes.



3.2.3 Reactive astrocytes

Pathological conditions such as brain injury, ischemia or exposure to toxic
materials (in AD identified as A oligomers, fibrils and plaques) induce the
formation of reactive astrocytes. The process, known as astrogliosis, involves a
wide range of both molecular and functional changes. Astrogliosis varies from
subtle changes to gross morphological alterations, and differs between brain
diseases [66]. Non-reactive astrocytes are highly ramified cells with spongiform
processes that extend from main processes arising from the soma. In reactive
astrocytes the main processes are characterized by hypertrophy and upregulation
of different proteins such as Glial Fibrillary Acidic Protein (GFAP) (Fig. 8) and
vimentin [67]. Reactive astrocytes release a huge variety of molecules, including
neurotrophic factors, inflammatory modulators, chemokines and cytokines.
These factors can be either neuroprotective or neurotoxic [66]. Among the
neuroprotective signaling pathways, one is related to the signal transducer and
activator of transcription 3 (STAT3), indeed astrocyte-specific deletion of
STAT3 increases inflammation and tissue damage [68]. In AD, astrocytes
undergo differential pathological alterations along the progression of the disease.
Reactive astrocytes are found at the site of AB deposits in post-mortem human
AD brains and in animal models of AD [69-71]. In the early stages of the
disease, activated astrocytes have neuroprotective action by internalizing and
degrading A3, whereas in the later stages amyloid plaque deposits cause
astrocytic death [72]. The atrophic changes of astrocytes appear with a different
timing in different brain areas. For instance, in the 3xTG-AD mouse model,
the entorhinal cortex presents atrophic astrocytes by 1 month of age, but in

hippocampus atrophic astrocytes appear only by 6 months [73].



Astroglial atrophy and degeneration most likely lead to a decrease in the
astroglial envelope of cerebral vessels and synapses, thus contributing to
dysfunctions in the NVU and tripartite synapses. Given the evidences of a

fundamental role of astrocytes in brain physiology, in the latest years researchers

tried to better classify astrocytic changes when they become reactive.

Figure 8. Reactive astrocytes. On the left, non-reactive astrocytes expressing GFAP, which
forms bundles of intermediate filaments. On the right, astrocytes expressing GFAP with main

processes that show reactive hypertrophy, 4 days after entorhinal cortex lesion. From

Wilhelmsson et al. [74]

In 2017 Barres’s laboratory classified reactive astrocytes in two main subgroups,
Al and A2. Al astrocytes are induced by microglia and gain neurotoxic
functions, thereby releasing an unidentified neurotoxin that induces neuronal
death. A1 astrocytes are also present in human brain tissues of patients affected
by AD. On the opposite, A2 astrocytes up-regulate neurotrophic factors, thus
they are protective [75]. On the same line, Chun and co-workers investigated
the different role of hypertrophic astrocytes in different contexts. Hypertrophy
has always been considered a feature of reactive astrocytes, a condition that

implies either positive or detrimental effects on neurons and brain functions in



general. Chun and colleagues [76] in their work made a distinction between
hypertrophic reactive astrocytes and hypertrophic active astrocytes. More in
detail, brain injury that induces hypertrophy in astrocytes is accompanied by
increased y-aminobutyric acid (GABA) expression and GABA tonic release
causing an abnormal inhibition of neuronal activity. Astrocytes that show these
GABA-related alterations are defined hypertrophic reactive astrocytes.
Noteworthy, increase in GABA expression and GABA tonic release are present
also in different mouse models of AD [77], and PET studies reported that
reactive astrocytes are present in patients at early stages of AD [78]. On the
contrary, hypertrophic active astrocytes are characterized by activation in the
presence of physiological and environmental beneficial stimulation and show
enhanced expression of pro-brain derived neurotrophic factor (BDNF) which,
once released, may result in brain plasticity and enhanced cognition [17, 79].
All together these findings claim out the importance of considering astrocytes
not as a unique type of cell but as a big category that contains functionally and
morphologically different subtypes. Pursuing in studying astrocytes in
pathogenic conditions both in terms of protective and neurotoxic roles, thus
investigating possible astrocytic multi-faceted roles in brain pathology, could
open new possibilities to understand the complex pathogenesis of brain diseases

and to reveal new therapeutic targets.

3.3 Calcium and AD

3.3.1 Presenilins and Ca** homeostasis

PS1 and PS2 were initially recognized for their role in APP processing, as

catalytic component of y-secretase. Their mutations are related to FAD and lead



to an increase in the AB4s/ABy ratio [80]. In addition to APP processing, the
PS1 y-secretase activity is also involved in Notch signaling pathway, however
Notch processing is not affected by FAD-linked PS1 mutations. PS1 and PS2
have also independent roles in different processes, not requiring the catalytic
activity, such as signal transduction and Ca** homeostasis [81, 82], and recently
it has been recognized a role for PS2 in mediating ER-mitochondria coupling
[24, 83]. Presenilins have been reported to function as ER Ca?*-leak channels
[84]. These findings were however questioned by different groups [24, 85, 86].
PS1 and PS2 when overexpressed in cell lines are able to alter ER Ca?* handling
[87]. To date there has been little agreement on the exact role of presenilins in
the context of AD and Ca?* alterations. Indeed, on one side the extensive work
of Bezprozvanny led to the “Ca®* overload” hypothesis of AD, sustaining that
in the presence of FAD mutations, presenilins lose their Ca®*-leak function
leading to abnormal increase of Ca®* in the ER and to increased Ca®* release
under IP;Rs or ryanodine receptors (RyR) stimulation [84]. On the other side,
this hypothesis it is not completely accepted. In fact, by using organelle-targeted
Ca** probes, it has been shown that PS2 mutants reduce the ER Ca** content
not only in cell lines but also in neurons from hippocampal brain slices. PS1
mutants have no effect or partially mimic the effects of PS2 mutants [82, 88,
89]. Both PS2 an PS1 mutations, instead, seem to have the same effect on

activating RyRs [90, 91].

3.3.2 Astrocytic Ca* signaling and AD

For a long time, researchers have focused their attention on studying the effect
of the different hallmarks of AD on neuronal cells. A8 may damage synapses

and kill neurons by a mechanism involving oxidative stress and disruption of



cellular-Ca** homeostasis [92]. The multi-faceted role of astrocytic Ca®*
signaling in brain physiology led to a growing interest of the scientific
community on its role in brain diseases. Nowadays, a growing body of literature

recognizes the role of astrocytic Ca®* signaling in AD.

The first pioneering work that explored the influence of AB4 in astrocytic cell
cultures has been published in 2003 by Haughey and Mattson [93]. They
reported that rat cortical astrocytes exposed to AB42 showed altered Ca** wave
signaling. Indeed, by using Fura-2 to measure cytosolic Ca** variations, they
showed that Ca** waves were increased and also the propagation was faster with
respect to untreated astrocyte cell cultures. In 2009, Kuchibhotla and co-
workers confirmed astrocytic hyperactivity by using multiphoton fluorescence
lifetime imaging 7 vivo in the APPswePS1dE9 mouse model of AD. Imaging
of cortical astrocytic somata by using Oregon-Green BAPTA1 (OGB) revealed
that astrocyte hyperactivity was independent of A plaques proximity and
neuronal hyperactivity [94].

Different studies tried to unveil the signaling pathway at the basis of the
astrocyte hyperactivity. One of the first hypothesis was related to an
involvement of the adenosine triphosphate (ATP)-related pathway. It has been
shown that suramin, an antagonist of P2Y receptors, is able to prevent the ability
of synthetic AB to induce astrocytic Ca®* waves in cell cultures [93]. This
hypothesis has been corroborated in the last few years thanks to the iz vivo work
of Petzold’s laboratory, in which the role of the P2Y1 receptor has been
extensively studied in the SSCx of APPPS1-21 mouse model of AD, that
presents a more aggressive form of AD [95]. P2Y1 expression is higher in
astrocytes surrounding A} plaques as also astrocytic hyperactivity, measured by

using OGB. Selective P2Y1 receptor blockade completely normalized astroglial



network dysfunctions [96]. P2Y1 receptor activity is involved in different
functions — such as learning and memory [97], inflammation [98], synaptic
transmission [99] — that are impaired in AD. Accordingly, chronic treatment
with the P2Y1 receptor inhibitor MRS2179 restored synaptic integrity and
attenuated cognitive decline without affecting A3 load and size [100]. Recently,
researchers have examined the contribution of TRPA1 channels on astrocytic
hyperactivity in APPswePS1dE9 mouse model of AD. It was already known
that TRPA1 expression is higher in hippocampal astrocytes of APPswePS1dE9
with respect to wild- type (WT) mice. Ablation of TRPA1 in APPswePS1dE9
mice reduced both behavioural deficits and AB deposition [101]. In
hippocampal brain slices it has been shown that, after exposure to Af.,
astrocytic Ca®" activity is higher in both soma and proximal processes and
depends on Ca?* influx through TRPA1 channels. The same authors showed
that in hippocampal brain slices from APPPS1-21 mouse model, a similar
pattern of TRPA1-dependent Ca** hyperactivity is present at the beginning of
Ao accumulation [102].

Overall, overwhelming evidence supports a prominent role of astrocytic Ca**
signaling in AD pathogenesis. In particular, it seems clear that in APPPS1
models astrocytes are characterized by a strong hyperactivity. Astrocytic
hyperactivity is related to the acute phase of the disease, because it is present
together with AP plaques. It involves different mechanisms, but the effects of
astrocyte altered activity on synaptic plasticity and cognitive functions are still
not fully understood. Noteworthy, a large part of these studies has been
performed upon cell exposure to synthetic AP (see [103] for comments on A3
toxicity) and only few studies use AD mouse models expressing FAD-linked

mutations also in astrocytes (3xT'g AD and APPswePS1dE9). Regarding this, a



fundamental aspect that has been neglected is that in AD-patients FAD-linked
mutations are present also in astrocytes. How does the astrocytic Ca®* activity
change in the presence of a FAD mutation also in astrocytes? Does it always

result in astrocyte hyperactivity? Is it mediated by the same signaling pathway?

4, Materials and Methods

4.1 Animal strains

All procedures were conducted in accordance with the Italian and European
Communities Council Directive on Animal Care and were approved by the
Italian Ministry of Health. Only female mice were used for all the experiments
because in the human pathology women are most affected (Alzheimer's
Association, 2015; [104]), and PS2APP mice follow this trend [105]. Mice were
used at 3 and 6 months of age. C57BL/6] mice were used as WT controls.

Instrumental to this project have been three transgenic lines:

1. The single homozygous line expressing PS2-N1411 under the
prion protein promoter (line PS2.30H) [106] was obtained by embryo
revitalization from Charles River Laboratories (Lecco, Italy). We assessed
no plaque deposition neither at 3 months nor at 6 months. Cognitive

impairments have not been assessed.;

2. The single homozygous line expressing human APP carrying the
Swedish mutation under the Thyl promoter (APPSwe, line
BD.AD147.72H) was kindly donated by Hoffmann-La Roche Ltd
(Basel Switzerland) [106]. Because of the lack of a mutant presenilin,

these mice do not show plaques up to 6 months [107]. They start to



accumulate A at 1 year, with plaque deposition occurring around 18

months (L. Ozmen, personal communication).

3. The double homozygous line expressing the same mutated form
of PS2 and the hAPPSwe (PS2APP, line B6.152H) was kindly donated
by Hoffmann-La Roche. They present no plaque at 3 months of age,
clear amyloid seeding at 6 months and heavy plaque deposition at 10
months. Cognitive impairments have been detected by Morris Water
Maze at 8 months [105]. Importantly, PS2APP and APPSwe mice

express similar amounts of hAPP [107].

In whisker stimulation experiments we took advantage of CAG-GCaMP3 mice
which constitutively express GCaMP3 in different brain cells, mainly in

ncurons.

4.2 Adeno-associated virus injections

Injections of viral vectors AAV5.GfaABCID.cyto-tdTomato.SV40 (Penn
Vector Core, Addgene 44332) and AAV5.GfaABC1DcytoGCaMP6£.5V40
(Penn Vector Core, Addgene 52925), both carrying the astrocytic promoter
GfaABCI1D, which induces a sparse expression of the red marker tdTomato and
the Ca** indicator GCaMP6f at the cytosolic level in astrocytes, were performed
into the SSCx of P75 or P165 WT, PS2APP, PS2.30H and APPSwe mice. Viral
injections were performed under general anesthesia using continuous isoflurane
(induction: 4%, maintenance: 1.5%). After inducing anesthesia, mice were
injected subcutaneously with Carprofen (5 mg Kg') to reduce pain and
inflammation following surgery. Depth of anesthesia was assured by

monitoring respiration rate, eyelid reflex, vibrissa movements, and reactions to



pinching the tail and toe. Briefly, the skin over the skull was disinfected with
lodopovidone and cut along the sagittal line to expose the bone. Injections of
the two viral vectors (60% of the one encoding for GCaMP6f and 40% of the
one encoding for tdTomato) were performed after drilling one or two holes (0.5
mm diameter, separated by a distance of 1.5 mm, 1 pl of viral mix into each
hole) into the skull over the SSCx (0-1.5 mm posterior to Bregma, 1.5mm
lateral to sagittal sinus, and 0.8 mm depth) using a pulled glass pipette in
conjunction with a custom-made pressure injection system. Virus injections
were performed over a period of 2 to 5 minutes. At the end, the pipette was left
in place for 5 more minutes and then gently withdrawn. After injections, the
skin was sutured, and mice were revitalized under a heat lamp and returned to
their cage. Animals were carefully monitored in the following days for recovery
and used for experiments two or three weeks after injections, to give cells enough

time to express the fluorescent proteins.

4.3 Brain slice preparation

Coronal SSCx or hippocampal slices of 350 um were obtained from mice at
postnatal days P90-P97 or P180-P187. Animals were anaesthetized with
isoflurane and the brain was removed and transferred into an ice-cold artificial
cerebrospinal fluid (ACSF, in mM: 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 25
glucose, pH 7.4 with 95% O2 and 5% CO2). Coronal slices were cut with a
vibratome (Leica Vibratome VT1000S Mannheim, Germany) in the solution
described in [108]. Then, slices were transferred for 1 minute in a solution at
room temperature (RT, in mM: 225 D-mannitol, 2.5 KCI, 1.25 NaH2PO4,
26 NaHCO3, 25 glucose, 0.8 CaCl2, 8 MgCl2, 2 kynurenic acid with 95%



02 and 5% CO2). Finally, slices were transferred in sACSF at 32°C for 20 min

and then maintained at RT for the entire experiment.

4.4  Drug applications

Drugs applied to the slice perfusion solution were ATP 100pM (Abcam,
Cambridge, UK), Tetrodotoxin (TTX) 1uM (Abcam, Cambridge, UK),
Noradrenaline (NA) 10uM (SIGMA Aldrich, Milano, IT).

4.5 Ca’ imaging

To image Ca** dynamics in GCaMP6f-astrocytes in both iz vive and brain slice
preparations, we used a two-photon (2P) laser scanning microscope
(Multiphoton Imaging System, Scientifica Ltd., UK) equipped with a pulsed
IR laser (Chameleon Ultra 2, Coherent, USA) tuned at 920 nm. Power at the
sample was kept in the range 5-10 mW to avoid photostimulation and
photobleaching. The excitation wavelength used was 920 nm for both
GCaMPo6f and tdTomato. Images were acquired at 1.53 Hz acquisition frame
rate, for 2 minutes in basal conditions or 3 minutes during drug perfusion in
brain slices, through a water-immersion objective (Olympus, LUMPlan FI/IR
20x, 1.05 NA). The field of view ranged between 700 x 700 pm and 120 x 120
um depending on the zoom factor. Ca** signal recordings were performed in
cortical layers II/III in SSCx brain slices or in the CA1 region for hippocampal
brain slices. In iz vivo imaging experiments WT', PS2APP or CAG-GCaMP3
mice were anesthetized with urethane (20% urethane 2 gr Kg™', ethylcarbamate;
SIGMA Aldrich). Animal pinch withdrawal and eyelid reflex were tested to

assay the depth of anesthesia. Both eyes were covered with an eye ointment to



prevent corneal desiccation during the experiment and respiration rate, heart
rate, and core body temperature were monitored throughout the experiment.
The mouse was head-fixed and a craniotomy of 3 mm in diameter was drilled
over the SSCx. Craniotomy was covered with a 5 mm diameter coverslip and
surrounded by a metal head-post glued to the skull. Mice were mounted under
the microscope trough the metal head-post. Imaging was performed in cortical
layers II/III (200- 250 um below the cortical surface) and acquired always at
1.53 Hz. In a subset of experiments performed to investigate astrocytic activity
with respect to Af3 plaque proximity mice received an intraperitoneal injection
of Methoxy-X04 (5 mg kg'; 50mM solubilized in DMSO; TOCRIS) 12 h
before experiment. Methoxy-X04 was visualized at 920 nm under the 2P

microscope.

4.6 Inurinsic optical imaging and whisker stimulation

The specific barrel area activated by single whisker stimulation in the right SSCx
was identified by intrinsic optical signal (IOS) imaging through the cranial
window (before 2P imaging). A 630 nm led-ring was placed around the
objective and images were acquired under 630 nm illumination using a 12-bit
CCD camera (Hamamatsu) focused 400 pm below the cortical surface. A single
whisker was thread into a needle affixed to a piezo element (Multilayer Piezo
Bender Actuator, PI, Milano, IT) and the rostro-caudal whisker stimulus was
presented by applying a piezo deflection at 90 Hz for 1s, repeated twice over
20s. The brain region activated by a single whisker deflection was identified by

increased light reflection at 630 nm. [109]



4.7 Immunohistochemistry

Three weeks after AAVs injection, mice were deeply anesthetized with Zoletil
(30 mg Kg') and perfused transcardially with phosphate saline buffer (PBS),
followed by 4% PFA in 0.1M PBS, pH 7.4. Brains were PFA fixed overnight,
washed and cut in 60-70 um coronal sections in PBS by vibratome (Leica
Vibratome VT1000S). First, floating sections were incubated for 1 h in the
Blocking Serum (BS: 1% BSA, 2% goat serum and 1% horse serum in PBS)
and 0.2% TritonX-100. Then, primary antibodies were diluted in BS and
0,02% TriconX-100 (16 h at 4°C). Primary antibodies used were: anti-GLT1
antibody (RRID: AB_90949, 1:300 in guinea pig, Millipore AB1783); anti-
GFAP (RRID:AB_10013382, 1:300 in rabbit, Dako, Denmark, Z0334); anti
B-Amyloid 17-24 (4G8 clone, RRID: AB_2734548 monoclonal in mouse,
Biolegend, SanDiego CA, 800712); anti-GFP Alexa Fluo-488 conjugated
(RRID: AB_221477, 1:200 rabbit, Invitrogen Thermo Fisher Scientific,
A21311). The anti-GFP antibody was used to enhance the GCaMP6f
fluorescence which identify infected astrocytes. After washing with PBS, slices
were incubated for 2 h at RT with specific secondary antibodies conjugated with
Alexa Fluor-488, Alexa Fluor-546 or Cy5 (Invitrogen Thermo Fisher
Scientific). Moreover, in 488-546 double staining, nuclei were contrastained by
TopRo-3 (1:1000, Invitrogen, Thermo Fisher Scientific). Floating sections
were then washed and mounted on glass slides with an Elvanol mounting
medium. Negative controls were performed in the absence of the primary
antibodies. Immunofluorescence images were obtained with a Leica SP5
confocal microscope with a 20x objective. Single images were taken with an

optical thickness of 1 pum and a resolution of 1024x1024. GLT1



immunofluorescence was evaluated on 7 pm z-stacks using an open source
Image] plugin (GEClquant) and by measuring the Corrected Total Cell
Fluorescence (CTCF = Integrated Density — (Total GLT1 ROI Area x Mean

Fluorescence of Background)).

4.8  Western Blot analysis

Mouse brains from 6-month-old WT and PS2APP mice were rapidly frozen in
liquid nitrogen, minced by cryostat sectioning at -25°C and dissolved in lysis
buffer (in mM: 250 sucrose, 10 KCI, 1.5MgCl, 1IEDTA, 1 EGTA, 20 HEPES
pH 7.5, 0.2% SDS) [110] supplemented with protease inhibitor cocktail
(Sigma-Aldrich). In particular, 25 cortical slices of 40 pm were cut and dissolved
in 150 pl of lysis buffer; they were vortex and then centrifugated at 14,000 rpm
at 4°C for 10 min; supernatants were collected. Protein concentration was
evaluated by the BCA method (Pierce BCA Protein Assay kit, # 23227 Thermo
Fisher Scientific). Protein samples were treated with 2x sample buffer (20%
glycerol, 1mM DTT, 4% SDS, 0.001% bromophenol blue and 125mM Tris-
HCI, pH 6.8) for 10 min at 70°C before loading 20 pg onto 4-12% precast gels
(Invitrogen, Thermo Fisher Scientific). For immunoblotting proteins were
transferred onto nitrocellulose membrane (Aurogene #11306-41BL) using a
wet Invitrogen Trans-Blot equipment (90 min at 400 mA, in ice bath) with
transfer buffer (192 mM glycine, 25 mM Tris-HCI pH 8.3 and 20% methanol).
After AdvanStain-Ponceau staining (Advansta # R-03021-D50), membranes
were blocked in 5% (w/v) milk in T-TBS buffer (150 mM NaCl, 50 mM Tris-
HCI pH 7.4, 0.5% Tween20). Filters were then incubated overnight with the
guinea-pig antibody anti-GLT1 (1:1000, Millipore Merk) and proteins were

visualized with peroxidase-conjugated secondary antibody (1:20,000, Jackson



ImmunoResearch Europe Ltd., Cambridge, UK)) using Clarity Western ECL
Substrate (Biorad #1705061) in a UVITEC Mini HD9 system (Cambridge,
UK).

4.9  Data Analysis

Detection of astrocyte Region Of Interests (ROIs) displaying Ca** elevations
was performed with Image] in a semi-automated manner using the GEClquant
plugin [111]. The software was used to identify ROIs corresponding first to the
soma (> 30 um?; confirmed by visual inspection), then to the proximal processes
(> 20 um? and not corresponding to the soma) and finally to the microdomains
(between 2 and 20 um? corresponding to neither the soma nor the proximal
processes). All pixels within each ROI were averaged to give a single time course
of fluorescence values, F(t). Analysis of Ca®* signals was performed with Image]
(NIH) and a custom software developed in MATLAB 7.6.0 R2008 A
(Mathworks, Natick, MA, USA) [112]. To compare relative changes in
fluorescence between different cells, we expressed the Ca®* signal for each ROI
as AF/Fy = (F(t) - Fo)/(Fy). Fo was defined as the 15" percentile of the whole
fluorescent trace for each ROI and considered as a global baseline. For each ROI
we then defined as baseline trace the points of the AF/Fy trace with absolute
values smaller than twice the standard deviation of the overall signal. Significant
Ca** events were then selected with a supervised algorithm as follows. Firstly, a
new standard deviation was calculated on the baseline trace, and all local
maxima with absolute values exceeding twice this new standard deviation were
identified. Secondly, among these events, we considered significant only those
associated with local Ca®* dynamics with amplitude larger than fourfold the new

standard deviation. The amplitude of each Ca** event was measured from the



20™ percentile of the fluorescent trace interposed between its maximum and the
previous significant one. Essentially, this procedure combines a threshold
measured from the global baseline with a stricter threshold computed from a
local baseline. We adopted this method to reduce artefacts from the recording
noise superimposed on the slow astrocytic dynamics and from slow changes in
baseline due to physiological or imaging drifts. All Ca** traces were visually
inspected to exclude the ROIs dominated by noise. In the analysis of
spontancous microdomain activity, for each astrocyte we calculated the number
of active ROIs, defined as the ROIs displaying at least one significant Ca**
event, the frequency, i.e. the total number of Ca®* events per minute and the
mean amplitude of the Ca** events. For each parameter, we then calculated the
mean value among all analyzed astrocytes. In the analysis of evoked responses,
for each astrocyte we calculated the amplitude of the Ca** response for soma
and the mean amplitude for its proximal processes and microdomains, the mean
percentage of responsive proximal processes and the number of active
microdomains. We then calculated the percentage of responsive somata and for
the other parameters, 7.e. amplitude, percentage of proximal processes and

number of active microdomains, the mean value among all analyzed astrocytes.

4.10 Statistical analysis

Data were tested for normality before statistical analysis, by using Shapiro-Wilk
test. For the amplitude, the number of ROIs and the frequency of astrocytic
Ca®* events, paired Student’s #-test was applied on normally distributed data sets
and Mann-Whitney test on data sets that were not normally distributed. For
comparison between percentages we used Fisher’s exact test. Correlation index

were computed by using Pearson’s (on normal data distribution) and



Spearman’s (on non-normal data distribution) correlation coefficient.  All

results are presented as mean + SEM. Results were considered statistically

significant at p < 0.05. * p £ 0.05, ** p < 0.01, *** p < 0.001.



5. Results

5.1 Astrocytic Ca** activity in PS2APP mice

To characterize astrocytic activity during the progression of AD, we performed
experiments in 3-month-old and 6-month-old PS2APP mice, before and after
the appearance of A plaques respectively.

Astrocytic Ca®* signals were evaluated in WT and PS2APP mice, after Adeno-
Associated Virus (AAV) injections which induce in astrocytes the selective
expression of cytosolic GCaMP6f and tdTomato. Given that GCaMP6f is not
fluorescent under basal conditions, injection of tdTomato is performed to help
the identification of the infected area and the visualization of infected astrocytes
(Fig. 9A). Two weeks after injections, 2P laser-scanning microscopy was used
for Ca®* imaging experiments in SSCx brain slices. We studied Ca** signals in
all astrocytic compartments, i.e. soma, proximal and thin processes. All the
experiments reported below were performed in ACSF (in mM: 125 NaCl, 2.5
KCl, 2 CaCl2, 1 MgCl2, 25 glucose, pH 7.4 with 95% O2 and 5% CO2 at
RT) and in the presence of TTX (1 uM) to block voltage-gated Na* channels

thus avoiding the contribution of activity-dependent neuronal signaling,.

5.1.1 The amplitude of spontaneous Ca** microdomain

activity is increased in 3-month-old PS2APP mice

We were interested to possible differences in the spontaneous activity of
astrocytes from the SSCx of WT and PS2APP mice. We observed a weak
spontancous activity at the level of soma and proximal processes in both WT
and PS2APP mice. We then focused our attention on the Ca®* elevations

associated to the thin astrocytic processes, the so-called Ca** microdomains.



These events are spatially confined, often recurrent and exhibit a shorter
duration with respect to the global Ca** signals involving also the thick processes

and somata that are typically triggered by GPCRs activation. Examples of Ca**

microdomain activity are represented in Fig. 9.

2 AF/F,

| !
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Figure 9. 2P images of tdTomato and GCaMPOf co-infected astrocytes displaying
spontaneous Ca’" activity in thin processes. First picture on the left represents the tdTomato
signal, whereas the other pictures represent GCaMPO6f signal. Arrowheads indicate
microdomains of Ca?' clevations while representative traces are shown below. Pseudocolor
bar shows LUT applied. Kinetics are reported as AF/Fo. Acquisition frame rate is 1.53 Hz.
Scale bar, 10 pm.

To quantify spontaneous microdomain activity, in light of the above mentioned
features, we measured three different parameters, 7.e. amplitude, number of
active ROIs, and frequency: i) the amplitude of a microdomain represents its
change in fluorescence intensity and it is measured as AF/Fo; ii) the number of
active ROIs, 7.e. ROIs displaying at least one significant Ca®* event, gives us an
indication about the active portion of the astrocyte and iii) the frequency
expresses the total number of Ca®* events per minute per astrocyte. Astrocytic
Ca** dynamics at the level of microdomains are frequently characterized by a

low signal-to-noise ratio (Fig. 10B), that requires a multistep analysis extensively



explained in the Material and Methods section of this thesis. This analysis
revealed that microdomain Ca?* activity shows a significant increase in terms of
amplitude in PS2APP with respect to WT mice (p < 0.05, Student’s #-test) (Fig.
10C). Noteworthy, the other two parameters that we analysed, 7.e. the number
of active ROIs and the event frequency, are unchanged in PS2APP mice (Fig.
10D, E).
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Figure 10. Spontaneous astrocytic microdomain activity in SSCx slices from 3-month-
old WT and PS2APP mice. (A) Z-projection of td-Tomato infected astrocytes from the
SSCx, scale bar 25 pm. (B) Representative traces of microdomain activity from different
astrocytes (WT astrocytes, green traces; PS2APP astrocytes, red traces). Asterisks mark
significant Ca** events. (C, D, E) Quantification of spontancous microdomain Ca*' activity
in WT (green) and PS2APP (red) mice at 3 months of age (9 astrocytes from 5 W' mice
and 8 astrocytes from 5 PS2APP mice). (C) Bar histogram reporting the mean amplitude in
terms of variation of fluorescence intensity expressed as AF/F, (mean + SEM, *p < 0.05,
Student’s #-test). (D) Scatter plot reporting both the average number of active ROIs (mean
+ SEM) for WT and PS2APP astrocytes (full squares) and the number of active ROIs for
cach single astrocyte (empty squares). (E) Bar histogram reporting the mean frequency (mean
+ SEM) of microdomain Ca** activity measured as the total number of events per minute per

astrocyte.



5.1.2 Evoked astrocytic Ca** activity is unchanged in
3-month-old PS2APP mice

To further define the astrocyte Ca** signaling in 3-month-old PS2APP mice,
we studied the Ca* response to purinergic signaling. This is an important
signaling pathway in brain circuits and the release of ATP from both neurons
and astrocytes is involved in the modulation of many physiological processes.
Furthermore, dysregulations of purinergic signaling have also been suggested to
contribute to a variety of brain disorders including AD [113]. To verify whether
Ca** elevations evoked in astrocytes by purinergic signaling are altered in AD,
we bath-applied ATP (100 uM), in the presence of TTX (1 uM), and evaluated
the amplitude of the Ca®* response — at soma, proximal and thin processes — the
number of active ROlIs, the mean percentage of active proximal processes and

the percentage of active somata. We found no significant differences in 3-

month-old PS2APP compared to WT mice (Fig. 11).
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Figure 11. Evoked astrocytic activity in 3-month-old WT and PS2APP mice.
Quantification of ATP-evoked Ca*" activity at microdomains, proximal processes and somata
from WT (green) and PS2APP (red) mice (8 astrocytes from 5 WT mice and 8 astrocytes
from 5 PS2APP mice). (A) Representative traces of astrocytic ATP response in the different
compartments (WT astrocytes, green traces; PS2APP astrocytes, red traces). (B) Bar
histograms reporting the Ca** variation in terms of fluorescence intensity reported as AF/F.
C) On the top, scatter plot reporting both the mean values + S.E.M. of active ROIs for WT
and PS2APP astrocytes (full circles) and the number of active ROIs for each single astrocyte
(empty circles); in the middle 3D-pie charts reporting the mean percentage of responsive
proximal processes, WT (green) and PS2APP (red) mice, respectively, and unresponsive
proximal processes (white); on the bottom 3D-pie charts reporting the percentage of
responsive somata.
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5.1.3 Spontaneous microdomain activity is reduced in

6-month-old PS2APP mice

We also characterized the spontaneous Ca** activity in astrocytes from 6-
month-old mice. In the PS2APP mouse model this time-point corresponds to
the onset of plaque deposition. We found that the amplitude of Ca*
microdomains — that was increased in 3-month-old PS2APP mice — is reduced
(p < 0.05, Student’s r-test; Fig.12A). We also observed a statistically significant
reduction in both the number of active ROIs (p < 0.01, Student’s 7-test) and

the Ca®* event frequency (p < 0.05, Student’s #-test).
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Figure 12. Spontaneous astrocytic activity in 6-month-old WT and PS2APP mice. (A)
Quantification of spontaneous microdomain activity in WT (green) and PS2APP (red) mice
at 6 months of age (14 astrocytes from 6 WT mice and 21 astrocytes from 7 PS2APP mice).
Left panel: *p < 0.05 Student’s #-test. Middle and right panel: **p < 0.01 and *p < 0.05
Mann-Whitney test. (B) Representative traces of microdomain activity from WT astrocytes,
green traces and PS2APP astrocytes, red traces. Asterisks mark significant Ca?* events.



Noteworthy, in WT control mice the number of active ROIs and the Ca?* event
frequency is also reduced in 6 with respect to 3-month-old mice, indicating that

with increasing age the spontaneous activity in astrocytes decreases.

5.1.4 Evoked astrocytic Ca* activity is reduced in 6-month-
old PS2APP mice

In WT mice, all astrocytes respond to ATP challenge (100 pM) with large
amplitude Ca®" elevations at soma, proximal processes and microdomains (Fig.
13A, B). In contrast, in PS2APP mice about 40% of the astrocytes respond to
ATP at all compartments, with significantly reduced Ca* elevations (p < 0.001
Student’s z-test). Furthermore, the mean number of active ROIs was also
reduced and 60% of the astrocytes were totally unresponsive (Fig. 13C). The

overall Ca®* responsiveness of astrocytes is therefore, dramatically impaired in

PS2APP mice.
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Figure 13. Evoked astrocytic activity in 6-month-old WT and PS2APP mice.
Quantification of ATP-evoked Ca* activity at microdomains, proximal processes and somata
from WT (green) and PS2APP (red) mice (14 astrocytes from 6 WT mice and 21 astrocytes
from 7 PS2APP mice). (A) Representative traces of astrocytic ATP response in the different
compartments (W' astrocytes, green traces; PS2APP astrocytes, red traces). (B) Bar
histograms reporting the Ca*' variation in terms of fluorescence intensity reported as AF/Fo,
Upper and bottom panel: ***p < 0.001, Student’s #-test. Middle panel: ** p < 0.01, Mann-
Whitney test. (C) On the top, scatter plot reporting both the mean values + S.E.M. of active
ROIs for WT and PS2APP astrocytes (full circles) and the number of active ROIs for each
single astrocyte (empty circles); in the middle 3D-pie charts reporting the mean percentage
of responsive proximal processes, WT (green) and PS2APP (red) mice, respectively, and
unresponsive proximal processes (white), ***p < 0.001, Mann-Whitney test; on the bottom
3D-pie charts reporting the percentage of responsive somata, ***p < 0.001 Fisher’s exact test.
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5.2 Expression of APP or PS2 mutants alone is insufficient to

fully replicate astrocytic Ca** defects

As described in the Material and Methods section of this thesis, the PS2APP
mouse model expresses the FAD-linked mutated forms of the human PS2 (PS2-
N141I) and the APP carrying the Swedish mutation (APPSwe). To verify
whether the alterations present in PS2APP mice were specifically due to one of
the two mutants, we took advantage of two single homozygous transgenic lines
that express either the PS2 mutant (line PS2.30H) or the APP mutant (APPSwe,
line BD.AD147.72H) alone, under the same promoters used for PS2APP mice.
In PS2.30H mice, we failed to detect AB plaques in SSCx at 6 months of age
[107], this is compatible with the fact that murine APP is much less
amyloidogenic than human APP. On the other hand, because of the lack of a
mutant presenilin and despite the expression of similar amounts of human APP
as PS2APP mice, APPSwe mice start to accumulate A3 at one year of age, with
plaque deposition occurring at around 18 months (L. Ozmen, personal

communication). Of note, APPSwe and PS2APP mice express similar amounts

of hAPP [107].

We carried out experiments in SSCx brain slices of 6-month-old PS2.30H and
APPSwe mice and evaluated both spontaneous and evoked activity. No
significant differences are present in spontancous microdomain activity,
between the two single transgenic lines compared to WT mice (Fig. 14),
although a tendency to a reduction in the microdomain mean frequency is

present.



wT I

PS2.30H [
APPSwe Il
n.s.

- 7 n.s. - 0105_.

& 6 80_- -.Ubj 90—- n.s.

T 5 w ] ® 75.] n.s.

S (@) 60 n.s = |

o 4 @ i n.s. é 60

S 3 240 - @ 4%

= 21 B.o.1 L . © 30

o < 20— * . @ oo Q

11 1 0% o > 157
£ 1 - T
< 0 0’ 0

Figure 14. Spontancous astrocytic activity in 6-month-old WT, PS230.H and APPSwe
mice. Quantification of spontaneous microdomain activity in WT (green), PS2.30H
(orange) and APPSwe (blue) mice (14 astrocytes from 6 WT mice, 19 astrocytes from 6
PS2.30H mice and 10 astrocytes from 3 APPSwe mice).

As regards the ATP challenge, the amplitude of the response at all
compartments was unchanged, but a reduction, albeit not statistically
significant, in the microdomain response is present. The percentage of
responsive astrocytes also shows a clear tendency to reduction (Fig. 15). We
suggest that the expression of PS2 or APP mutants alone is insufficient to cause

the full spectrum of astrocytic Ca** defects.
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Figure 15. Evoked astrocytic activity in 6-month-old WT, PS2.30H and APPSwe mice.
Quantification of ATP-evoked Ca** activity in all astrocytic compartments: microdomains,
proximal processes and somata from WT (green) and PS2.30H (orange) and APPSwe (blue)
mice (14 astrocytes from 6 WT mice, 19 astrocytes from 6 PS2.30H mice and 10 astrocytes
from 3 APPSwe mice).



5.3 Astrocytic Ca* alterations are not restricted to purinergic

receptor stimulation

The data described above indicate that the co-expression of PS2 and APP
mutants, as in the PS2APP model, is required for the astrocytic Ca®* alterations
that are observed during AD progression in the PS2APP model. We next asked
whether the drastic reduction in the evoked ATP response, that we highlighted
in astrocytes from PS2AAP mice, is restricted to purinergic signaling or it rather
represents a general mechanism. We thus hypothesized that this dysregulation
of astrocytic Ca** signals is due to a marked reduction in store Ca** content. To
obtain an indirect measurement of ER Ca®* content, we challenged astrocytes
with cyclopiazonic acid (CPA, 50uM), an inhibitor of the ER Ca*-ATPase.
Unfortunately, upon CPA perfusion, we failed to observe in both WT (Fig.16)
and PS2APP mice, the typical changes of intracellular Ca** following Ca*
release from the ER.

This failure could be due

CPA
} to a poor penetration of
/\/\’\/\’VW CPA in brain slices of
0.5 AF/F, adult mice that are
5min

enriched of myelinated
Figure 16. Representative Ca*" trace of typical astrocytic

kinetics observed in somata upon CPA perfusion of a slice fibers with respect to

g 6-month-old WT .
rom a O-month-o mouse those obtained from

juvenile mice. As a consequence, Ca’* ions are slowly released from ER and
probably immediately extruded from the astrocytes through plasmalemmal
pumps, thus hampering the detection of possible differences between ER Ca®*

content in WT and AD mice. Noteworthy, even though we failed to detect



proper cytosolic Ca”* kinetics, the ATP response of astrocytes is abrogated after
the CPA treatment, suggesting that the prolonged CPA treatment was efficient.
To obtain an alternative indication that the defective Ca** signaling in astrocytes
from PS2APP mice was due to a more general mechanism, we employed
another IP3-generating agonist to increase astrocytic Ca** concentration. It was
previously shown that NA promotes a near synchronous Ca’* rise at the level of
microdomains, which then results in a global Ca** response [64]. Experiments
in SSCx slice preparations from PS2APP mice with NA (10 pM) were thus
conducted in the presence of TTX (1 pM). As observed with ATP stimulation,
the response to NA is drastically impaired in PS2APP mice both in terms of
amplitude in all astrocytic compartments and percentage of responsive

astrocytes (Fig. 17).
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Figure 17. Evoked astrocytic Ca®* activity upon NA perfusion in 6-month-old WT and
PS2APP mice. Quantification of NA-evoked Ca?®* activity in microdomains and somata
from WT (green) and PS2APP (red) mice (15 astrocytes from 3 W'T mice, 25 astrocytes from
5 PS2APP mice). For microdomains: ***p < 0.001 Mann-Whitney test, **p < 0.01 Student’s
t-test. For somata: 3D pie-charts, ***p < 0.001 Fisher’s exact test; bar histogram, *p < 0.05
Mann-Whitney test.

Given that both NA and ATP responses mainly involve ER Ca** release, the
reduced response can be reasonably caused by either a significant decrease of the
ER Ca** content or a reduced IP3-R sensitivity. Of note, this impaired Ca**

response requires the co-expression of APPSwe and PS2-N1411 and it is timely



defined as it occurs at 6 months of age in concomitance with the surge of ABs

production, the appearance of AP plaques and gliosis in PS2APP mice [107].

5.4 Astrocytic hypoactivity is overall independent of Af3
plaque proximity

Once understood that major astrocytic Ca** defects are present only in 6-
month-old PS2APP mice and that these alterations are reasonably related to a
general mechanism involving the IP5-mediated signaling pathway, we wondered
whether astrocytic hypoactivity is also influenced from the proximity to AB
plaques. AP plaque deposition appears in PS2APP mice at 6 months of age
[107], therefore we investigated whether AB plaques appear at the same time-
point in SSCx. We assessed AP plaque presence through immunohistochemical
analysis by using an anti-Af3 antibody (4G8) that recognizes both A3 deposition
and also intracellular APP accumulation. We found that plaques are clearly
detectable also in the SSCx of in 6-month-old PS2APP mice (Fig. 18),
suggesting a possible link between astrocytic Ca** defects and A plaque
proximity. Noteworthy, Af plaque deposition is associated to an increase in
GFAP expression in astrocytes nearby plaques, suggesting that the presence of
AP plaques causes astrocytic reactivity. Interestingly, astrocytic processes come

in close contact also with the plaques as showed in Fig. 18C.



Figure 18. AP plaque

appearance and gliosis in
SSCx from 6-month-old
1 PS2APP mice. (A, B)
{ Confocal representative
images of the SSCx layers
from a 6-month-old WT
M (A) and PS2APP (B) mouse
N stained with anti-GFAD
(green), anti-GLT-1 (red)
and anti-AB (white), scale
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bar 75 pm (C) Higher magnification image of the SSCx from a 6-month-old PS2APP mouse
stained with anti-GFAP (green), anti-GLT1 (red) and anti-Af (white), scale bar 32 pm.

To verify in PS2APP mice whether and how astrocytic Ca®* alterations are
related to A plaque proximity, 6-month-old PS2APP mice were 7.p. injected
with the AB plaque marker methoxy-X04 12 hours before Ca** imaging
experiments. In the analysis, we firstly visualized A plaques and subsequently
dichotomized astrocytes in less and more distant than 50 um from methoxy-
X04-positive plaques, as previously described [94, 96] (Fig.19A). Noteworthy,
since in brain slices somatic spontaneous activity is almost absent in both WT
and AD mice, we essentially evaluated the Ca** microdomain activity with
respect to Af3 plaque proximity. As shown in Fig. 19B, by applying Pearson’s
correlation analysis we found a negative correlation between the frequency of
Ca** events and the distance from A plaques and a positive correlation when

the amplitude of Ca®* events was considered. Therefore, to clarify better if these



differences were statistically significant, we used the Student’s z-test to
y Sig

quantitively evaluate the difference in two groups of astrocytes, i.e. within or

outside a distance of 50pum from the border of the plaque, and no statistically

significant differences were found (Fig.19C).
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Figure 19. Spontaneous microdomain Ca* activity in 6-month-old PS2APP mice with
respect to AP plaque proximity. (A) 2P representative image with an AP plaque marked
with methoxy-X04 on the right corner. The dashed line divide astrocytes located within or
above 50 pm from the plaque. (B) Raster plots showing the results of Person’s correlation
analysis. Left, the frequency of microdomain Ca?* activity shows a negative correlation with
respect to AP plaque proximity (r = -0.40). Right, the amplitude of microdomain Ca*
activity shows a positive correlation with respect to A plaque proximity. (C) Bar histograms
reporting the results of Student’s #-test analysis. Astrocytes that are within (n = 8) or above
(n =8) 50 um from AP plaques exhibit similar Ca** activity in terms of both frequency (left)
and amplitude (right) (N=4 PS2APP mice).

The evoked responses were also not significantly different between the two
groups using the Student’s #-test (data not shown). However, similarly to the
spontancous activity, the correlation analysis between the amplitude of the
evoked response and the distance of the responsive astrocytes from plaques
revealed a negative correlation, specifically, = -0.13 for ATP r = -0.34 for NA
(data not shown). We concluded that, at the microdomain level, astrocytic Ca**

hypoactivity is poorly influenced from the proximity to Af3 plaques.



5.5 GLT-1 is reduced in PS2APP mice at 6 months of age

To analyze AB plaque expression, in a subset of experiments we used as
astrocytic marker the antibody against GLT-1. As shown in Fig. 20 in the SSCx
from PS2APP mice the total GLT-1 fluorescence in the imaged field is strongly
reduced compared to that in the SSCx from WT mice. The reduction in the
area covered by the GLT-1 signal is statistically significant, however the loss is
mainly due to a reduction in the area covered by the GLT-1 signal even when
expressed as corrected total fluorescence (Fig. 20C, left, middle panels), with no

change in signal density (Fig. 20C, right panel).
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Figure 20. Immunohistochemical analysis showing GLT-1 expression n in the SSCx
from WT and PS2APP mice. (A, B) Confocal representative images of the SSCx (L2/3)
from a 6-month-old WT (A) and a PS2APP (B) mouse stained with anti-GLT-1 (red signal)
and TO-PRO®-3 (blue signal). Scalebar, 40 pm. The two images are captured exactly with



the same parameters. (C) GLT-1 immunostaining quantification (n= 29 slices from 3 WT
mice, 32 slices from 3 PS2APP mice) *p < 0.05, **p < 0.01 Student’s z-test. CTFC, Corrected
Total Cell Fluorescence.

An additional important feature is the sparse distribution of GLT-1 in PS2APP

mice that is revealed at single astrocytes visualized at higher magnification (Fig.

21).

Figure 21. GLT-1 distribution in 6-month-old W'T and PS2APP mice. (A,B) Confocal
representative images of invidual GCaMPO6f expressing astrocytes from SSCx (L.2/3) of a WT
(A) and a PS2APP (B) mouse after immunostaining with anti-GLT-1 (red signal) and anti-
GEFP (green signal) that binds to the GFP domain of GCaMPOf. Scale bar, 6 pm). Insets
show at high magnification astrocytic proximal processes exhibiting sparse GLT-1
distribution. Scale bar, 4 pm.

Western blot analysis further confirmed the reduced expression of GLT-1 in 6-
month-old PS2APP mice (Fig.22). GLT-1 protein appeared as a monomer (62
kD) and multimer (120 kD).
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Figure 22. GLT-1 protein
expression  assessed by
western  blot analysis. (A)
Ponceau and (B) GLT-1
western blot of the 4-12% gel;
line 1 WT and line 2 PS2APP
cortical extracts (20pg/line).

5.6 Spontaneous microdomain Ca** activity is strongly
reduced in SSCx astrocytes from the living intact brain in

6-month-old PS2APP mice

Our results from SSCx brain slices show that astrocytic Ca®* activity is
drastically reduced at 6 months of age in PS2APP mice. This reduction is
present for both spontaneous and neurotransmitter-evoked activity. Next, we
sought to validate in /7 vivo experiments the results obtained in 6-month-old
WT and PS2APP mice. Two weeks after GCaMP6f and tdTomato injections,
in isoflurane anesthetized mice, we performed 2P Ca’** imaging experiments,
focusing on SSCx layer II/IIT astrocytes. We confirmed that the drastic
reduction in microdomain spontaneous activity that we observed in brain slices

of PS2APP with respect to WT mice is maintained also in vivo (Fig. 23).
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Figure 23. In vivo spontaneous microdomain Ca?* activity in the SSCx of 6-month-old
WT and PS2APP mice. Quantification of spontaneous microdomain activity in the living
intact brain from WT (green) and PS2APP (red) mice (10 astrocytes from 3 WT mice and
10 astrocytes from 3 PS2APP mice), ***p < 0.001 Mann-Whitney test.

5.7  Hippocampal astrocytic Ca®* activity in 3-month-old
PS2APP mice follows the same dynamics of cortical

astrocytes

Our work is mainly focused on exploring the role of astrocytic Ca** signaling in
the SSCx of AD mice. However, it is well recognized that AD-related
dysfunctions affect both cortical and hippocampal-dependent functions
including learning and memory processes. Accordingly, we next asked whether
the astrocytes of CAl region from PS2APP mice exhibit the same defects that
we observed in cortical astrocytes and, in such a case, whether these astrocytic
alterations appear in the hippocampus at an earlier time point with respect to
those detected in the SSCx. To address these questions, we first performed Ca?*
imaging experiments in hippocampal slices from 3-month-old WT and
PS2APP mice. In the hippocampus of PS2APP mice, similarly to what observed
in the SSCx, we found a significant increase in the amplitude of spontaneous
astrocytic Ca®" activity at the level of microdomains, but also a significant

increase in the number of active ROIs (Fig. 24).



Similarly to SSCx astrocytes, in PS2APP mice the evoked ATP response of
hippocampal astrocytes is overall unchanged with respect to that in WT

astrocytes in all astrocytic compartments (Fig. 25).
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Figure 24. Spontancous microdomain Ca?' activity in the CAl of 3-month-old WT
and PS2APP mice. Quantification of spontaneous microdomain Ca** activity in
hippocampal astrocytes from WT (green) and PS2APP (red) mice at 3 months of age (25
astrocytes from 3 WT mice and 21 astrocytes from 3 PS2APP mice). Bar histogram on the
left reports the Ca?" variations in terms of fluorescence intensity reported as AF/Fy, *p < 0.05,
Student’s 7-test. Scatter plot reports both the mean values of active ROIs for W and PS2APP
astrocytes (full squares) and the number of active ROIs for each single astrocyte (empty
squares), **p < 0.01, Mann-Whitney test. Bar histogram on the right reports the mean
frequency of microdomain Ca*" activity measured as total number of events per minute per

astrocyte.
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In the next future, we plan to investigate if hippocampal astrocytic activity is
altered in 6-month-old AD mice and, in such a case, to assess the consequences

on hippocampal-dependent functions.

5.8 Ongoing experiments: astrocytic response to physiological

sensory stimulation

To evaluate the astrocytic response to a physiological stimulus, we are currently
investigating the response of neurons and astrocytes to whisker stimulation in
6-month-old WT and PS2APP mice co-injected with GCaMPO6f, selectively
delivered to astrocytes, and RCaMP1.07, selectively delivered to neurons. This
approach allows us to evaluate in vivo the Ca®* responses in astrocytes and
neurons simultaneously [109]. To this aim a single whisker is threaded into a
needle fixed to a piezo actuator and stimulated at a specific frequency. An
important feature of the SSCx is that each whisker elicits responses only in a
specific area, named “barrel” [114]. Therefore, to identify specific whisker
barrels, we monitored the 10S. Specifically, we used a 630 nm led ring placed
around the bottom of the objective and acquired images with a 16-bit CCD
camera focused 400pm below the cortical surface. In preliminary experiments,
we took advantage of CAG-GCaMP3 mice that genetically express GCaMP3
mainly in neurons. We combined IOS imaging with manual whisker
stimulation (Fig. 26A) or single whisker deflection (90 Hz, 1s; Fig. 26B) to
identify the right whisker area by increased light reflectance (due to the decrease
in deoxy-haemoglobin accompanying blood flow increase). Interestingly, 2P
microscopy allowed to identify the border of each barrel (Fig. 26C). Upon

replication of the protocol of single whisker stimulation (see Fig.26B), we



performed Ca’* imaging in neurons of layer II/III in the identified barrel cortex

area, and recorded Ca** increases that are strictly correlated with the stimulus

(Fig.26C). In the next future, we will accurately characterize 1OS responses and

A

the kinetics of Ca®* impaired in AD with respect to WT mice.

Figure 26. Whisker stimulation: changes in IOS and Ca?' imaging. (A) Representative
changes in the IOS after manual whisker stimulations. Left panel, grey scale images of the
field. Middle panel, basal intrinsic optic signal imaged at 630nm. Right panel, intrinsic optic
signal after manual whisker stimulation. Scale bar, 50 pm. Pseudocolor bar shows the LUT
applied. On the right, representative trace showing the change in tissue reflection (R),
depicted as AR/Rq. Arrowheads mark whisker stimulation time. (B) Same as in (A) but after
piezo-mediated single whisker stimulation (90Hz, 1s). Dashed box represents the field
analysed with 2P microscopy in (C). (C) 2P images of GCaMP3 fluorescence in the area
corresponding to the dashed box in (B). Arrowheads indicate barrel borders. Scale bar, 100
um. On the right, higher magnification of the boxed area in the left panel. The nuclei of
neuronal cells expressing GCaMP3 are visible as black holes (scale bar, 25 pm). On the

bottom, representative traces of Ca** changes in neuronal cells (blue, dashed circles in blue

[ 69




on the left) and in putative astrocytes (red, dashed circles in red on the left). Arrowheads
mark whisker stimulation time.

6. Discussion and Conclusions

In the present study, we demonstrated that astrocytic Ca** signaling in the SSCx
undergoes a sequence of changes along AD progression, which encompasses
both spontaneous and evoked activity. Specifically, with respect to age-matched
controls, in 3-month-old PS2APP mice spontaneous Ca?* microdomains are of
larger amplitude and shows a general trend for an increased frequency, whereas
in 6-month-old PS2APP mice, 7.e. after the appearance of amyloid plaques, the
spontaneous microdomain activity is drastically reduced. As regards the evoked
activity, in 3-month-old WT and PS2APP mice all astrocytes respond to ATP
and NA with Ca** elevations at both soma and processes, whereas in 6-month-

old PS2APP mice the evoked response is drastically impaired.

6.1 Astrocytic Ca** activity in PS2APP mice

In the two different AD mouse models based on APP and PS1, the APPPS1-21
[96, 102] and the APPSwe/PSIAE9 mouse lines [94] an astrocytic

hyperactivity has been observed in relationship to the acute phase of the disease,
in concomitance with A plaque deposition. In contrast, in the PS2APP mice
we detected an astrocytic tendency to hyperactivity when A plaques are still
absent at an early phase of the disease, 7.e. at 3 months of mouse age.

The molecular mechanisms of the astrocyte hyperactivity are unclear. In the
APPPS1-21 model, it has been suggested to involve activation of TRPAI

channels [102] or P2Y1Rs [96]. A dysregulation of the astrocyte signaling



mediated by purinergic receptors has been, indeed, proposed to contribute to
AD and to possibly represent a therapeutic target [100]. Taking into account
this hypothesis and the emerging role of purinergic signaling in neurons and
microglia [113], we tested whether the Ca®* responses mediated by purinergic
receptor activation are also altered in astrocytes from PS2APP mice. We found
no significant differences in ATP-evoked Ca®* responses of SSCx astrocytes
between PS2APP and WT mice at 3 months of age, whereas a severe reduction
in both the evoked ATP response and the spontancous activity was recorded at
the different compartments of astrocytes in 6-month-old PS2APP mice with
respect to age-matched controls. To our knowledge, this is the first study
reporting an astrocyte hypoactivity (both spontancous and evoked) in an AD
mouse model which develops in concomitance with A deposition and
astrocytic gliosis [107], two phenomena that we confirmed to be present also in
the SSCx of 6-month-old PS2APP mice. These data suggest a temporal
evolution in astrocytic Ca®* signal changes that is strictly related to the
progression of the discase.

Whether and how this defective signaling of astrocytes impacts brain function
in PS2APP mice remains to be evaluated. Accumulating evidence supports a
direct involvement of astrocytic Ca** activity in fundamental phenomena in the
brain, from the modulation of local synaptic circuitries and neurovascular
coupling [58, 115-118] up to behaviour [119-121]. More recently, the
consequences of astrocytic Ca®* signaling attenuation have been studied in the
striatum, where it causes changes in the functional expression of different genes.
For instance, astrocytic Ca** hypoactivity increases the expression of the
astrocytic GABA transporter type 3 (GAT3), leading to increased GABA uptake

and a consequent reduction of both ambient GABA level and tonic inhibition



[122]. As reviewed in [123], several studies confirmed the existence of a
relationship between GABA and astrocytes in different AD mouse models and
describe, conversely, the consequences of abnormal GABA release from
astrocytes. These findings raise intriguing questions about the consequence of
astrocytic hypoactivity on synaptic transmission in PS2APP mice, which are
characterized by hippocampal neuronal hyperexcitability [107]. The role of an
astrocytic-mediated mechanism in the excitation/inhibition balance, possibly
involving alterations of GABAergic signaling, ought to have proper

investigation in the future.

6.2 Expression of APP or PS2 mutants alone is insufficient to

fully replicate astrocytic Ca®* defects

We took advantage of APPSwe and PS2.30H mice to clarify whether APP or
PS2 mutants alone were sufficient to cause the astrocytic Ca** deficits that we
unveiled in 6-month-old PS2APP mice. Prior studies suggested a prominent
role of PS2 on ER Ca** handling, which leads to a clear reduction of neuronal
Ca** stores and IPs responses already in neuronal cultures and hippocampal
slices from two-week-old PS2.30H and PS2APP mice [24, 89]. Contrary to the
expectations, our analysis failed to reveal a significant difference between
astrocytic Ca®* activity in WT and PS2.30H mice, indicating that astrocytic
alterations are not caused by PS2 mutant per se. Remarkably, these alterations
occur in concomitance not only with the appearance of A3 plaques, but also
with astrocytic reactivity. We can speculate that astrocytic Ca** dysfunctions are
linked also to a gliotic condition, influenced by the extracellular environment,
and to a consequent global astrocytic rearrangement. The absence of astrocytic

Ca** defects also in APPSwe mice further corroborates the hypothesis that



astrocytic Ca®" alterations in the PS2APP model are not just a matter of human
APP overexpression. Of note, a strong relationship between Ca®* dysfunctions
and prolonged incubation period of AP, has been reported in the literature [103,
124, 125]. In the study by Lazzari and co-workers [126], the incubation of
mouse cortical neurons with soluble A, is reported to disrupt Ca** dynamics
at the store level, decreasing the response to different IP; generating agonists.
This mechanism could explain the temporal relationship between the reduced

ATP response and a pathological stage in which Af3, are abundantly present in

PS2APP mice.

6.3 Ca’ alterations affect astrocytic responses to different IPs

generating agonists

We provided evidence that in 6-month-old PS2APP mice the astrocytic Ca*'
response is altered following activation of both purinergic and noradrenergic
receptors. These data further support the hypothesis that at the basis of this
defective astrocytic response is a general mechanism involving the disruption of
intracellular Ca?* signal dynamics at the Ca®* store level. In such a case,
astrocytic Ca*"-dependent functions can be critically compromised. Among the
different processes that involve Ca** signaling, a prominent position is occupied
by the astrocyte modulation of synaptic transmission. Indeed, astrocytes display
intracellular Ca** elevations in response to synaptic activity and, in a variety of
cases, signal back to neurons by releasing gliotransmitters via a Ca?* dependent
mechanism [38]. Further research should be undertaken to investigate the
consequence of these astrocytic Ca** signal alterations on astrocyte-to-neuron

commuanication.



6.4 AP plaque deposition and astrocytic Ca** activity

Taking in account the temporal correlation between A plaque appearance and
astrocytic Ca** alterations, we investigated whether AP plaque proximity
influences astrocytic Ca** activity. In APPPS1 mouse models, this relationship
has been investigated at the i vivo level in anesthetized mice by two different
groups with contrasting results, possibly linked to different mouse models and
analytic strategies used in these studies. In 6-8-month-old APPswe-PS1AE9
mice, Kuchibhotla and co-workers found that cortical astrocytic hyperactivity
is independent of AP plaque proximity [94]. In this work, the authors analysed
the differences between astrocytes positioned at less, or more, than 20 pm from
plaques and they concluded that astrocytic activity was independent from
plaque proximity. However, in the same mouse strain, they also reported an
increase in intercellular Ca®* waves and synchrony between distant astrocytes.
In contrast, by using Pearson’s correlation analysis Delekate and colleagues
found that the relative fraction of hyperactive astrocytes in the SSCx of
APPPS1-21 mice closer to plaques (< 50 um) was significantly larger than those
farther away [96]. Considering these controversial results, we decided to apply
two different types of analytical approaches on our data. Specifically, by using
Pearson’s correlation analysis, we obtained different types and degrees of
correlation for the different parameters that we analysed, thus preventing to
drive from our data a clear conclusion. Conversely, by comparing the two
groups of astrocytes with Student’s #-test we obtained no significant differences
between astrocytes with respect to proximity to Af plaques. This controversy
will probably be resolved by performing more experiments in order to clarify

whether or not the absence of significant differences is only a matter of number



of experiments. Altogether, our data can only suggest that Af plaque proximity

poorly influences astrocytic Ca?* activity in the SSCx of PS2APP mice.

6.5 GLT-1 reduction in 6-month-old PS2APP astrocytes

The activity of the astrocyte-specific glutamate transporter GLT-1 provides a
fundamental contribution to the excitatory/inhibitory balance in brain circuits.
To characterize the expression and distribution of GLT-1, we carried out
immunohistochemical experiments in the mouse SSCx. We found that in 6-
month-old PS2APP mice GLT-1 is significantly reduced. Furthermore, the
distribution of GLT-1 in the astrocytic membrane appears fragmented in
PS2APP mice and this is in marked contrast with the homogeneous GLT-1
expression in astrocytes from WT mice. Chen and co-workers proposed that
IP;R-mediated increases in the cytosolic Ca’* may contribute to GLT-1
trafficking [127]. Therefore, astrocytic Ca?* alterations and GLT-1 alterations,
unexpectedly, could be unexpectedly related. GLT-1 action assures a rapid
glutamate uptake at the synaptic cleft, contributing to a precise and fast synaptic
transmission. On the other hand, the impairment of glutamate clearance could
strongly impact brain network excitability favouring excitotoxicity and
ultimately cell death. Noteworthy, in human patients the excitatory amino-acid
transporter 2 (the human homologue of GLT-1) is significantly reduced in early
stages of AD [128]. At variance with the contrasting results obtained in Ca**

imaging experiments, GLT-1 alterations are a shared feature between PS2APP

and APPP/S1-21 model [129].



6.6 Whisker stimulation, IOS and Ca** imaging: joining
different techniques to deeply understand the brain

“Life is like a jigsaw puzzle, you have to see the whole picture then put it together
piece by piece”

Terry McMillan, A day late and a dollar short (2000)
Brain, as life, is a puzzle and neuroscientists give it their best shots to fix the
pieces in the right position. As for a puzzle, also for the brain it is important to
see the whole picture, so that, by understanding how the brain works in
physiological conditions, we can infer which are the consequences of
pathological states on brain concerted actions. We took in account only a few
pieces of the puzzle, i.e. the astrocytic Ca®* alterations and their different features
along the progression of the disease, but at this point we want to look at a wider
picture that comprises brain response to physiological stimuli. In this way we
can clarify whether also a physiological sensory stimulation fails to evoke a
proper astrocytic Ca®" response. As explained in the results section, to address
this point we set up an approach that takes advantage of different techniques.
We combined single whisker stimulation, IOS and Ca®* imaging to perform
experiments in mice expressing GCaMP3 in different brain cells. Different
interesting questions emerged from the results obtained in these preliminary
experiments. For example, using different modes of whisker stimulation we
noticed different kinetics in the IOS changes after single whisker deflection and
after repetitive manual whisker displacement. IOS kinetics after single whisker
stimulation are slow similarly to those reported in different studies [130-132],
whereas the kinetics of manual whisker stimulation are extremely fast. This
aspect could depend on the unprecise type of stimulus that we presented, being

it larger and less precise, or to other collateral mechanisms that shapes this type



of kinetics. Further investigations are needed to clarify this issue. More relevant
for the aims of this study, Ca’* imaging 77 vivo experiments inspired a variety
of possible meaningful pieces. We identified clear responses of the neuropil, but
also of different neuronal bodies, which were in some cases highly correlated
with the stimulus onset and in others were more delayed. Furthermore, we
distinguished other types of cellular elements, possibly astrocytes, responding
with a clear Ca?* increase correlated with the onset of the stimulus. In future
experiments we will combine RCaMP1.07 expression in neurons with
GCaMPo6f expression in astrocytes in order to simultaneously monitor Ca**
responses in neurons and astrocytes. Our final goal is to verify whether astrocytic

responses to whisker stimulation are impaired in PS2APP mice.

6.7 Conclusions

In this thesis we shed light, for the first time, onto astrocytic Ca** signaling in
an AD mouse model based on PS2, unveiling an opposite tendency with respect
to the Ca** dynamics observed in astrocytes from PS1-based AD models.
Whereas in APPPS1 mice astrocytic Ca** activity is characterized by a marked
hyperactivity [94, 96], in PS2APP mice we found a strong reduction of
astrocytic Ca?* activity. An additional innovative and significant aspect in this
thesis is the evaluation of astrocytic Ca** signaling not only at the level of the
soma, as reported in previous works related to Ca’* signaling in AD, but also at
the level of the processes, including Ca®* microdomains, accordingly to the
emerging role of these structures as fundamental elements in astrocytic
contribution to different physiological processes [65]. A natural progression of
this work is to clarify the mechanisms responsible of the alterations in

spontaneous Ca** microdomain activity and the consequences of astrocytic



hypoactivity on synaptic transmission and, ultimately, behavior. Considering
the crucial roles of astrocytes in synaptic transmission and behavioural
functions, as reviewed by Araque ez 2/. [38] and Oliveira ez al. [133] respectively,
it is reasonably to hypothesize that the consequences of astrocytic hypoactivity
can be highly relevant for AD pathogenesis. Hopefully, future research will

benefit of astrocytic Ca** signaling rescue as a possible therapeutic approach.
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nhibition is a fundamental operational mechanism in the
brain that is governed by GABAergic interneurons’?. A
large diversity of interneurons in terms of morphology, con-
nectivity, molecular and functional properties ensures a signaling
specificity to surrounding neurons. These unique features
allow the different GABAergic interneurons to strictly
control local network excitability and modulate synaptic
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transmission>. Among key interneurons in the neocortex are
parvalbumin (PV)- and somatostatin (SST)-expressing inter-
neurons. The former regulate the spike-timing and the gain of
pyramidal neurons by targeting soma and proximal
dendrites, while the latter control signal integration and
synaptic plasticity by targeting the distal dendrites of pyramidal
neurons
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The glial cells astrocytes are additional modulatory elements of
local network excitability and synaptic transmission®®. In vivo
studies revealed that different neurotransmitter systems, includ-
ing glutamatergic, acetylcholinergic, and noradrenergic path-
ways’ 10, signal to astrocytes inducing in these cells complex
cytosolic Ca=" changes that represent a key event in the action of
astrocytes in local brain circuits>®!1=1%, Astrocytes have been
proposed  to  crucially affect = GABAergic  synaptic
transmission!4~1%, but whether the various interneuron classes,
which warrant the specificity of GABAergic signaling to post-
synaptic neurons, also specifically signal to astrocytes is a ques-
tion that remains completely unexplored. We here address this
issue in the mouse somatosensory cortex (SSCx) and study the
signaling to astrocytes of PV and SST interneurons by combining
optogenetics with 2-photon Ca?* imaging in in vivo and in situ
slice experiments.

Results

Experimental set-up. To selectively stimulate PV or SST inter-
neurons and evaluate potential Ca** responses of astrocytes, we
used an adeno-associated virus (AAV)-based strategy (Fig. la).
Through this approach, we induced in PV interneurons of adult
PV-Cre mice or SST interneurons of adult SST-Cre mice, the
selective expression of the light-gated cation channel
channelrhodopsin-2 (ChR2)'7 (Supplementary Fig. la—d) and in
astrocytes the sparse expression of GCaMP6f (Supplementary
Fig. 2a, b), a genetically encoded Ca?" indicator (GECI)'#2"
(ChR2-PV-GCaMP6f or ChR2-SST-GCaMP6f mice, see
Methods).

Parvalbumin interneurons evoke depressing Ca?" responses.
We first studied Ca?* signal dynamics in different compartments
of GCaMP6f-expressing astrocytes including the soma, the
proximal processes and the fine processes exhibitin§ spatially
restricted Ca®* transients, i.e., Ca** microdomains'>?"?> in the
SSCx of ChR2-PV-GCaMP6f mice (Fig. 1) and quantified their
basic properties (Fig. 2). We applied 10 light pulses (=473 nm,
150 ms duration, 1Hz) that induced in ChR2-expressing PV
interneurons firing activity (mean firing rate, 40.8 +5.75 Hz;
Supplementary Fig. 3) comparable to that exhibited by these
interneurons in awake mice’. No Ca?" elevations were observed
in GCaMPé6f-astrocytes either during (Supplementary Fig. 4a, b)
or after (Fig. 1b, c¢) the 10 pulse stimulation. Equally ineffective
was a second episode of this type of PV interneuron stimulation
applied with a 5-min interval. Only a more prolonged activation
by 30 pulses induced at both proximal processes and micro-
domains, an increase in the mean number of active sites (regions
of interest, ROIs) and the frequency of Ca?* transients, whereas
Ca®* event amplitude was increased in the proximal processes
and remained unchanged in the microdomains (Fig. 1b—d;
Fig. 2b, ¢, open bars, Supplementary Movie 1). As revealed by
both the raster plots reporting the Ca’' events from all the
monitored GCaMP6f-astrocytes (Fig. 1c) and the quantification
of Ca®* response properties (Fig. 2), a second 30 pulse stimulation
evoked reduced Ca®* elevations suggesting a depression of the

astrocyte response to successive episodes of PV interneuron
activity.

Somatostatin interneurons evoke potentiating Ca?* responses.
We then studied the Ca?* dynamics in GCaMP6f-expressing
astrocytes from ChR2-SST-GCaMP6f mice. Optogenetic stimu-
lation by 10 light pulses (150 ms duration, 1 Hz) induced in
ChR2-expressing SST interneurons in vivo a firing activity (mean
firing rate, 13.4 +2.4 Hz; Supplementary Fig. 3) comparable to
that exhibited by these interneurons in awake mice’>*%. To
support this finding, we performed fluorescence-guided juxtaso-
mal recordings in layer 2 of the somatosensory cortex of awake
head-fixed mice, trained to remain still under the microscope
(Supplementary Fig. 5a). Compatibly with previous studies, SST
interneurons exhibited periods of spontaneous firing containing
brief bursts of high instantaneous activity (Supplementary
Fig. 5b—d) similar to that induced in these neurons by our
optogenetic stimulation. In contrast to PV interneurons, 10 light
pulse stimulation of SST interneurons was sufficient to activate
GCaMPé6f-astrocytes (Fig. le, f) inducing an increase in the mean
number of active ROIs and the mean frequency of Ca®* events in
both proximal processes and microdomains (Fig. 2b, ¢, closed
bars; Supplementary Movie 2). As in the astrocyte response to PV
stimulation, the amplitude of Ca?" events increased only in the
proximal processes. These data indicate that astrocytes are more
sensitive to SST than PV interneuron activity. Interestingly, with
respect to the first, a second episode of SST interneuron activation
by 10 pulses applied with a 5-min interval induced a greater Ca®*
response in astrocytes and a similar potentiation was observed
following the two successive 30 pulse stimulations. The raster
plots (Fig. 1f) and the quantification of Ca®" response in the
proximal processes and microdomains (Fig. 2b, ¢) confirm that,
with respect to the first, a second episode of SST interneuron
stimulation (by either 10 or 30 pulses) was significantly more
effective, rather than less effective as in the case of PV inter-
neuron stimulation, indicating a potentiation of the astrocyte
response to SST interneuron signaling. The response depression
to PV interneurons and the response potentiation to SST inter-
neurons are confirmed by the significant leftward and ri§htward
shift, respectively, in the cumulative distributions of Ca** event
frequency (Fig. 2d). These in vivo results were fully replicated in
SSCx slices obtained from young ChR2-PV- and ChR2-SST-
GCaMP6f mice (Supplementary Figs. 6 and 7).

Integration of Ca’** microdomain responses. With respect to
spontaneous events, the mean amplitude of evoked Ca®* eleva-
tions in the proximal processes was significantly increased in
response to activation of PV or SST interneurons (Fig. 1d, g, red
traces and Fig. 2b, right panel), whereas that of evoked Ca?*
microdomains was unchanged (Fig. 1d, g, blue traces; Fig. 2c,
right panel; see also Supplementary Figs. 6 and 7). These data
suggest that the interneuron signaling is essentially encoded into
an increased microdomain frequency in the astrocytic fine pro-
cesses and subsequently integrated in the proximal processes into
larger amplitude Ca?* elevations. Whether this signal integration

Fig. 1 Calcium signal dynamics reveal differential astrocyte responses to PV and SST interneuron activation. a Schematic of the in vivo experimental

approach (left) and of the optogenetic stimulation of ChR2-PV or ChR2-SST interneurons (right). b Top, images of a representative GCaMP6f-astrocyte in
layer 2/3 SSCx from an adult ChR2-PV-GCaMP6f mouse with the ROIs defined by GEClquant software for the Ca%* response to the first 30 light pulse
stimulation (blue lines) of PV interneurons at the soma (yellow), proximal processes (red), and microdomains (blue), scale bar, 20 pm (see Supplementary
Movie 3). Bottom, Ca2* signal dynamics at different astrocytic compartments before and after successive 10 and 30 light pulse PV interneuron activations.
Scale bars, 50's, 20% dF/Fo. ¢, d Raster plots of Ca?" peaks (¢) and mean time course of Ca2* transients (d) from all in vivo monitored GCaMP6f-

astrocytes, at rest and following PV interneuron stimulations. Scale bar, 5s, 20% df/Fo. e-g Same as in b-d, but for ChR2-SST-GCaMP6f mice and SST

interneuron stimulation
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Fig. 2 Properties of the astrocyte response to PV and SST interneurons in vivo. a-¢ Average data of Ca2" signal dynamics at different compartments of
GCaMPé6f-astrocytes from ChR2-PV- or ChR2-SST-GCaMP6f mice in response to PV interneuron (14 astrocytes, 7 mice) and SST interneuron signaling
(20 astrocytes, 8 mice). d, f Cumulative distributions of astrocytic Ca2* events confirming significant response depression to successive PV interneuron
stimulations and significant response potentiation to successive SST interneuron stimulations. *p <0.05, **p < 0.01; ***p < 0.001, Kolmogorov-Smirnov
test. Exact p-values for the data reported in this as well as all the other figures are reported in the Supplementary Table 4e. Mean percentage of
responsive astrocytes, mean frequency and amplitude of somatic Ca2* events in response to PV interneuron (white bars, 100 astrocytes, 6 ChR2-PV mice)
or SST interneuron (black bars, 90 astrocytes, 7 ChR2-SST mice) optogenetic activation in the SSCx in vivo after loading with OGB-1 and the specific
astrocytic marker SR101. Data are represented as mean + SEM

that the integration of microdomain Ca?" signals involve, in
addition to the proximal processes, also the astrocytic soma. The
cumulative distributions of event frequency also revealed a sig-
nificant potentiation of somatic Ca®" signals in response to SST
interneurons and a tendency to depression in response to PV
interneurons (Fig. 2f; Supplementary Fig. 9f).

Altogether, these data demonstrate that astrocytes
differently respond to PV and SST interneurons and change

involves also the astrocytic soma is, however, unclear. Indeed, due
to the documented sparse nature of GCaMP6f expression in
astrocytes®’, somatic Ca®* events in ChR2-PV- and ChR2-SST-
GCaMP6f mice were analyzed from a limited number of cells. We
therefore addressed this issue in ChR2-PV or ChR2-SST mice
after loading a large number of astrocytes with chemical Ca?*
indicators, such as Oregon Green BAPTA 1 or Fluo-4-AM, and
SR101, a specific astrocytic marker?”. By evaluatlng Ca" signals

in vivo (Fig. 2e; Supplementary Fig. 8) and in shce preparatlons
(Supplementary Fig. 9), we observed somatic Ca®* response of
astrocytes to both PV and SST interneurons. These results suggest

4 NATURE COMMUNICATIONS| (2018)9:82

their Ca*" response as a function of the previous history of
activity in the surrounding GABAergic interneuron type-specific
network.
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Fig. 3 Astrocyte response to SST interneurons does not depend on glutamatergic transmission. a Representative traces and b-d quantitative evaluation of
GCaMPéf-astrocyte responses to SST interneuron activation (10 or 30 light pulses) in SSCx slice preparations (9 astrocytes, 9 slices, 3 mice) in the
presence of NBQX (10 uM), D-AP5 (50 uM), and MPEP (50 uM). Scale bars, 20's, 50% dFf/Fq. Data are means + SEM

We next performed additional in vivo and brain slice
experiments to obtain further insights into PV and SST
interneuron signaling and to control the specificity of the
astrocyte response. In SSCx slice preparations, we found that
the increased Ca?* elevations induced by interneuron signaling in
the different astrocytic compartments, including microdomains,
were mediated by activation of GABAp receptors (GABAgRs)
because they were abolished by the specific GABAgR antagonist
SCH50911 (Supplementary Figs. 7 and 9). These responses were
independent on TRPAI channel activation (Supplementary
Fig. 10), a channel that has been previously proposed to modulate
spontaneous microdomain  activit The microdomain
responses were detected with a delay of 14.93 +1.34 s from the
onset of 10 pulse activation of SST interneurons and with longer
delays in the proximal processes and soma, which may reflect
slow intracellular GABAgR-mediated signaling pathways. A
similar delay (14.97 +1.30s; p=0.949) of the microdomain
response was measured following the onset of 30 pulse activation
of SST interneurons (Supplementary Fig. 4c, d) suggesting that
the duration of interneuron stimulation does not affect the delay
of the astrocyte response. Altogether, these results suggest that
astrocytes do not respond rapidly to synaptically released GABA
and accompany a sustained interneuron activity with multiple,
slowly developing GABAgR-mediated Ca®* elevations.

We also evaluated the time window of the astrocyte response
potentiation to SST interneuron signaling by increasing the
interval between the first and the second SST interneuron
stimulation. We found that the potentiation is a transient
phenomenon as it was absent with 20-min intervals (p=0.688)
and observed with 10-min intervals only as a small, albeit
significant (p=0.031), increase in the mean number of active
microdomains (Supplementary Fig. 11).

To rule out the possibility of unspecific effects produced on
astrocytes by prolonged illumination with the imaging laser?’, we

NATURE COMMUNICATIONS | (2018)9:82
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monitored Ca’" signals in astrocytes from ChR2-SST- or ChR2-
PV-GCaMP6f mice without optogenetic stimulation. We failed to
detect during the imaging sessions any significant change in the
frequency or the amplitude of Ca** peaks in the different
astrocytic compartments, in both in vivo (Supplementary
Fig. 12a—c) and SSCx slice experiments (Supplementary
Fig. 12d-f).

The results obtained with the specific GABAgR antagonist
SCH50911 indicate a direct effect of synaptic GABA on
astrocytes. The astrocyte response to interneurons might,
however, be due, at least in part, to an increased local network
excitability deriving from the inhibition exerted by SST
interneurons on PV interneuron firing that, in turn, reduces the
inhibition of PV interneurons to ggramidal neurons, ultimately
enhancing glutamatergic signaling®?°. To address this hypoth-
esis, we stimulated SST interneurons in the presence of
different glutamate receptor selective blockers, i.e., NBQX (10
uM, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline) for
AMPARs, D-AP5 (50 pM, D-2-amino-5-phosphonopentanoate)
for NMDARs and MPEP (50 pM, Methyl-6-(phenylethynyl)
pyridine) for the metabotropic glutamate type 5 receptor. Under
these conditions, the overall Ca®" response of astrocytes to SST
interneuron signaling was unchanged (Fig. 3) suggesting that
glutamatergic signaling does not contribute to the astrocyte
response to SST interneuron activity.

The depression of astrocytic Ca®* elevations in response to PV
interneurons and the potentiation in response to SST interneur-
ons could be due to a change in the synaptic release of GABA
rather than to an intrinsic astrocytic property. To address this
hypothesis, we measured the firing rate from PV and SST
interneurons and the amplitude of evoked inhibitory post-
synaptic currents (IPSCs) from pyramidal neurons, at each light
pulse in the two sets of 10 and in the two sets of 30 light pulses
applied with a 5-min interval. In the case of PV interneurons,
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Fig. 4 GABAergic signaling from individual PV or SST interneurons in SSCx slices is sufficient to recruit neighboring astrocytes. a, b Top, schematics of
patch-clamp experiments and representative AP firing induced by intracellular depolarizing current pulse injections into a PV (mean firing rate, 11.8 + 2.1
Hz) or a SST interneuron (mean firing rate 9.0 + 1.44 Hz; burst firing rate, 30 + 4.8 Hz). Scale bars, 100 ms, 20 mV, 200 pA. Bottom: somatic Ca?* signal
dynamics from representative astrocytes before and after two sequences of 30 current pulses (red lines) delivered to PV or SST interneurons in absence or
presence of SCH50911 (SCH, 50 uM). Astrocytes from an area within 100 pm from the patched interneuron were considered. Scale bars, 50's, 20% dF/Fo.
¢ Mean percentage of responsive astrocytes and mean Ca%* oscillation frequency in response to individual PV (65 astrocytes, 4 slices, 4 mice) or SST
interneuron (62 astrocytes, 4 slices, 4 mice) stimulation. Data are represented as mean + SEM. d Cumulative distributions of Ca2* event frequency after
two subsequent 30 current pulse injections. With respect to the first stimulation, the astrocyte response to the second PV interneuron stimulation was
significantly depressed, whereas that to the second SST interneuron stimulation was significantly potentiated (Kolmogorov-Smirnov test, *p < 0.05, **p <

0.01, ***p < 0.001)

besides an unchanged firing rate during each set of light pulses,
we observed a reduction in IPSC amplitude (Supplementary
Fig. 13e) that can be indicative of a GABA, receptor
desensitization®? and/or a decrease in synaptic GABA release.
The IPSC reduction during the two sets of 30 pulse PV
interneuron stimulation was, however, similar, in terms of both
its time course (p=0.66 and p=0.83 for the fast and the slow
time decay component, respectively) and amplitude (p=0.55;
Supplementary Fig. 13e, f) suggesting that a decrease in GABA
release cannot explain the impairment of the astrocyte response
to the second PV interneuron stimulation. In the case of SST
interneurons, both the firing rate (Supplementary Fig. 13g—i) and
the evoked IPSC amplitude (Supplementary Fig. 13j-1) were
unchanged suggesting that the astrocyte response potentiation to
SST interneurons is unlikely due to an increase in the amount of
synaptically released GABA. However, direct measurements of
GABA concentrations would be necessary to validate this
conclusion.

Individual PV or SST interneurons recruit nearby astrocytes.
The optogenetic activation induces synaptic GABA release from a
large number of ChR2-expressing interneurons. We asked

6 NATURE COMMUNICATIONS| (2018)9:82

whether a more restricted release of GABA, such as that deriving
from activation of a single interneuron, also recruits neighboring
astrocytes. To address this question, we used SSCx slices from
tdTomato-floxed::PV- and SST-Cre mice as well as G42 and GIN
mice expressing the enhanced green fluorescence protein (GFP)
in a subset of PV- or SST-positive interneurons, respectively, after
astrocyte loading with Fluo-4-AM and SR101. We found that
astrocytes from an area within 100 pm from the patched inter-
neuron were effectively recruited by individual PV or SST
interneuron activation (30 depolarizing current gulses, 300-ms
duration, 1 Hz) and they exhibited potentiated Ca** elevations in
response to SST interneuron and depressed Ca’* elevations in
response to PV interneuron stimulation (Fig. 4d). Both responses
were sensitive to the GABAgR antagonist SCH50911 (Fig. 4a—c).
A localized synaptic GABA release from a single interneuron is,
therefore, sufficient to recruit nearby astrocytes evoking a
response with the same properties as those of the response
observed in the optogenetic experiments.

Crucial role of the neuropeptide somatostatin. To clarify
whether the mechanism of the higher sensitivity of astrocytes to
SST than PV interneurons derives from a closer position of

| DOI: 10.1038/541467-017-02642-6 | www.nature.com/naturecommunications
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astrocytic processes to SST than PV interneuron synapses, we
performed electron microscope (EM) immunocytochemical
experiments. Obtained data revealed, however, similar structural
relationships between astrocytic processes and PV/SST inter-
neuron synapses (Supplementary Fig. 14; Table 1).

The different astrocytic response to PV and SST interneurons
may be due to a different molecular signaling between these
interneuron classes and astrocytes. To address this hypothesis, we
studied whether the neuropeptide SST, that is released in addition
to GABA by SST interneurons®!, contributes to the response of
astrocytes. In double-immunogold EM experiments, we first
investigated whether astrocytes express SST receptors, focusing
on the SST type 4 receptor (SSTR4), which was previously
described in astrocytes from cell culture and hippocampal slice
preparations®>>. Post-embedding EM experiments revealed that
astrocytic processes express both GABAp, and SSTR4 with
similar densities at perisynaptic astrocytic processes (PAPs) and
at processes not contacting symmetric synapses (nPAPs;
Fig. 5a, b). Most interestingly, pairs of GABAg,-SSTR4 gold
particles exhibiting an edge-to-edge separation distance within 50
nm, were found almost exclusively at nPAPs (Fig. 5¢) suggesting
functional interactions between the two receptors. Notably, the
GABAg,-SSTR4 couples (<50 nm) were found at nPAPs at a
mean distance of 1.79+0.10pm from symmetric synapses
(Fig. 5d).

The specificity of the anti-GABAg, and anti-SSTR4 antibodies
used in our EM immunocytochemical study was validated in
experiments on GABAp,>* and SSTR4%> knockout mice (Supple-
mentary Figs. 15 and 16; Supplementary Tables 2 and 3).

We then asked whether activation of astrocytic SSTRs could
induce per se Ca®* signal changes. We found that application of
the neuropeptlde SST (1-2 pM) induced a weak, albeit significant,
increase of Ca®" event frequency in GCaMP6f-astrocytes from
SSCx slices (Fig. 6a, b). In the presence of tetrodotoxin (TTX, 1
pM) and a cocktail of different neurotransmitter receptor

NATURE COMMUNICATIONS | (2018)9:82

antagonists, such as SCH (50 pM, for GABAgR), MPEP (50 pM,
for mGluR5), and PPADS (100 pM, for P2YR), the response of
astrocytes to SST was unchanged suggesting a direct action of SST
on astrocytic SSTRs (Fig. 6¢).

These observations prompted us to directly investigate whether
a synergistic action of SST may occur on GABA-mediated Ca?*
response of astrocytes to SST interneuron signaling. First, we
found that in the presence of CYN 154806 (20 pM), a SSTR
antagonist, SST interneuron activation by 10 light 2pulses was
ineffective and only following 30 pulses were Ca“* changes
observed (Fig. 6d; Supplementary Movie 3). Second, in the
presence of CYN 154806, the astrocyte Ca®* response induced by
a second episode of 30 pulse stimulation was not potentiated and
it rather exhibited a significant reduction in the mean number of
microdomains (p=0.007) and the mean event frequency (p=
0.003, Fig. 6d, e, lower panels). Therefore, astrocytic Ca?*
responses to SST interneurons in the presence of CYN 154806
become comparable to those evoked by PV interneurons. We
next asked whether bath perfusion of the neuropeptide SST (1-2
uM) could result in an astrocyte response to PV interneurons
similar to that induced by SST interneurons. We found that under
these conditions, astrocytes did not exhibit the response
depression upon the second episode of 30 pulse activation of
PV interneurons, albeit they failed to respond to 10 pulse
stimulation (Fig. 7a—d). It appears, therefore, that PV interneuron
activation coupled with exogenous SST peptide can mimic, at
least in part, the astrocyte response to SST interneurons.

The results reported above suggest an important role of the
neuropeptide SST in the astrocyte response to SST interneurons.
To evaluate the degree of astrocytic response facilitation or
depression, we calculated the mean ratio of the second to the first
response of the astrocytes to the two successive activations of SST
interneurons (RR, see Methods), comprehensive of both Ca?t
elevations at proximal processes and microdomains, in the
absence or presence of the SSTR blocker, and of PV interneurons

| DOI: 10.1038/541467-017-02642-6 | www.nature.com/naturecommunications 7
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Fig. 6 SST interneuron signaling specificity to astrocytes depends on the neuropeptide somastostatin. a Representative traces and b, ¢ quantitative
evaluation of GCaMPéf-astrocyte responses to the neuropeptide SST in SSCx slices in the absence (28 astrocytes, 8 slices, 3 mice) or the presence (9
astrocytes, 9 slices, 3 mice) of antagonists of GABAg (SCH50911, 50 uM), mGlu5 (MPEP, 50 uM) and purinergic (PPADS, 100 uM) receptor antagonists
and in the continuous presence of TTX (1uM). Scale bars, 50's, 20% df/Fo. The response of GCaMP6f-astrocytes is not affected by the mix of receptor
antagonists. d Representative Ca" traces of a GCaMP6f-astrocyte before and after subsequent 10 and 30 pulse SST interneuron activations in the
presence of 20 pM CYN 154806. Scale bars, 50 s, 20% df/F,. @ Mean number of active ROls, event frequency and amplitude at soma, proximal processes
and microdomains of GCaMP6f-astrocytes (57 astrocytes, 10 slices, 5 mice). Data are represented as mean + SEM

in the presence or absence of the neuropeptide SST (Fig. 8a).
Obtained values confirmed that the astrocyte response was
significantly depressed upon the 30 pulse successive stimulations
of PV interneurons and it was significantly facilitated upon both
10 and 30 pulse successive stimulations of SST interneurons.
When the activation of SSTRs was prevented, the astrocyte
response to SST interneuron stimulations was depressed and
became undistinguishable from that to PV interneurons.
Furthermore, when the PV interneuron stimulations were applied
in the presence of the neuropeptide SST, no depression of the
astrocyte response was observed (Fig. 8a).

Discussion

We analyzed the GABAergic signaling to astrocytes of PV- and
SST-expressing interneurons in the mouse somatosensory cortex
in vivo and in situ. Our work provides evidence for the following
main findings. First, astrocytes are more sensitive to SST than PV
interneuron signaling. Second, astrocytic Ca?* responses weaken

8 NATURE COMMUNICATIONS| (2018)9:82

or strengthen upon successive episodes of activity in PV and SST
interneuron circuit, respectively. Third, both the high sensitivity
and the potentiated Ca** response to SST interneurons crucially
depend on the neuropeptide Somastostatin, released by these
interneurons, and the following activation of SST receptors
expressed at astrocytic processes in close association with GABAp
receptors.

The higher sensitivity of astrocytes to SST than PV interneuron
signaling was revealed by the observation that a prolonged
activity in the PV interneuron circuit was necessary to evoke
astrocytic GABAgR-mediated Ca®" elevations, whereas a short
episode of activity in the SST interneuron circuit was sufficient to
activate astrocytes. These results provide indication of a signaling
specificity to the astrocytic network of GABAergic interneuron
subtypes. As a further support to this, we observed that astrocytes
activated by a first episode of activity in the PV interneuron
circuit, either failed to respond or exhibited a response depression
upon a successive episode of similar activity, both in terms of
frequency and amplitude of evoked Ca?" elevations. In contrast,

| DOI: 10.1038/541467-017-02642-6 | www.nature.com/naturecommunications
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Fig. 7 The neuropeptide somatostatin prevents the depression of the astrocyte response to PV interneurons. a-¢ Average data of GCaMP6f-astrocyte Ca%*
response to PV interneuron activation (10 or 30 light pulses) from SSCx slice preparations (8 astrocytes, 8 slices, 3 mice) in the presence of somatostatin
(1-2 pM). d Cumulative distributions of Ca?* events show no response depression to successive 30 pulse stimulations of PV interneurons (for proximal
processes, p = 0.694; for microdomains, p=0.957, Kolmogorov-Smirnov test)

the robust long-lasting astrocytic Ca* oscillations evoked by an
initial SST interneuron activation were further strengthened by
successive episodes of activity and almost all astrocytes from the
SSCx layer 2—3 were ultimately recruited indicating that a sus-
tained activity in the SST interneuron circuit is complemented by
a sustained activity in the astrocytic network. Notably, evoked
GABAgR-mediated Ca®* elevations in astrocytes weaken or
strengthen when surrounding PV or SST interneurons are repe-
titively activated demonstrating a distinguished plasticity of the
astrocyte response to these two interneuron subtypes.

Clues for a modulation of the astrocytic Ca?* elevations evoked
by neuronal signals have been previously obtained in cell cul-
tures®® and slice preparations®” =, but totally unexplored was
this property of astrocytes in the real functioning in vivo context.
Our study unveils that astrocytes in the adult mouse somato-
sensory cortex modulate their Ca?" responses as a function of
previous states of activity in the surrounding interneuronal net-
work suggesting the existence in these glial cells of a form of
cellular memory. This remarkable plasticity of the astrocyte
response and the signaling specificity of GABAergic interneuron
subtypes suggest that astrocytes are functionally associated to

NATURE COMMUNICATIONS | (2018)9:82

inhibitory circuits. Accordingly, the sustained recruitment of a
large astrocytic network to SST interneuron circuit, coupled with
the typically slow neuromodulatory action of gliotransmission®,
may contribute to the homeostatic regulation of dendritic inputs
and signal integration in pyramidal neurons that is a primary role
of SST interneurons®*>*'~*3. Consistent with this hypothesis,
GABAgR-mediated Ca?* elevations in astrocytes has been
recently reported to evoke a release of the gliotransmitter gluta-
mate®* that siﬁgniﬁcantly potentiates synaptic transmission in the
hippocampus™.

The differential properties of the astrocyte response to PV and
SST interneurons were observed following both optogenetic light
pulses, that activate a large number of ChR2-expressing inter-
neurons, and intracellular current pulse activation of individual
interneurons. A synaptic GABA release from a single interneuron
is, therefore, sufficient to recruit neighboring astrocytes indicating
that each interneuron is in extensive and efficient functional
contacts with the surrounding astrocytic network.

The mechanism governing the dynamics of Ca®* micro-
domains is poorly defined. We here report that Ca®* elevations
evoked by synaptic GABA in different astrocytic compartments,

| DOI: 10.1038/541467-017-02642-6 | www.nature.com/naturecommunications 9
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including microdomains, were mediated by activation of the
GABAgR that prev1ous studies reported to be functionally
expressed in astrocytes’™°. We also evaluated the possible
contribution of Ca®* influx through TRPAI channels that a
recent study using plasma membrane-targeted GCaMP3 pro-
posed to modulate spontaneous microdomain activity?®. In our
study, we found that both spontaneous and evoked micro-
domains were not affected in the presence of the TRPAI
antagonist HC030031 (Supplementary Fig. 8). These findings
should, however, be interpreted with caution as cytosohc
GCaMP6f signal may understate near plasma membrane Ca®*
microdomain activity. The signaling pathways mediating the Ca?
* microdomain activity remain, therefore, to be clarlﬁed The
contribution of IP3 signaling pathway in the Ca’' elevations
induced by PV and SST 1nterneur0n 31gnahng also remains to be
defined. Future analyses on IP;R2”" mice expressing ChR2 on PV
or SST interneurons and GCaMP6f on astrocytes will help clar-
ifying this important issue. It will be also important to validate the
GABAergic interneuron type-specific response of astrocytes in
awake non-anesthetized animals, given that astrocyte Ca®* sig-
naling can be affected by anesthetics®*>!,

The unique properties of the astrocyte response to SST inter-
neurons, i.e., the high sensitivity to synaptic GABA and the
potentiated Ca®* elevations, were mediated by the neuropeptide
somatostatin that is co-released with GABA by SST, but not PV
interneurons®!. Consistently, the astrocyte response was observed
after an intense activation of Somatostatin interneurons that
triggers somatostatin release®>>>. As a further support to this
signaling mode of SST interneurons, our immunogold experi-
ments revealed a close association between SSTRs and GABAgRs
at astrocytic processes that is consistent with functional interac-
tions occurring between the two receptors. GABApR-SSTR4
couples (<50 nm) were fundamentally found at processes not
contacting symmetric synapses, rather than at perisynaptic
astrocytic processes suggesting that once released from SST
interneurons, GABA and SST travel a certain distance before
reaching GABAg-SSTR4R couples. Therefore, a possible syner-
gistic action between the two astrocytlc receptors, which may
account for the enhanced Ca®* elevations in response to SST
interneurons, would eventually occur with a certain delay after
intense firing in these interneurons, as we observed in our
experiments. All together, our results suggest that astrocytes do
not respond rapidly to synaptically released GABA. Rather, they
sense GABA tonic elevations and accompany a sustained inter-
neuron activity with multiple, slowly developing Ca?* elevations.
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The mechanism of the Ca®* response depression induced by
PV interneuron signaling to astrocytes remains to be defined.
Desensitization and internalization of GABAjp receptors have
been reported to occur in neurons’®>*, but whether similar
mechanisms also occur in astrocytes and account for the reduc-
tion of the astrocytic response to PV interneurons is unknown. If
this were the case, a prevention of GABAp receptor desensitiza-
tion or internalization by a concomitant activation of astrocytic
SST and GABAp receptors might account for the powerful
recruitment of astrocytes by SST interneuron signaling. Con-
sistent with this hypothesis, we found that exogeneous neuro-
peptide SST applications prevented the depression of the
astrocyte response, otherwise, occurring after the second episode
of PV interneuron stimulation, whereas it was not sufficient to
induce a response potentiation. A low SST concentration, possibly
due to poor penetration of the neuropeptide into the brain tissue,
might account for such a partial effect.

Subtypes of SSTRs have been reported to interact and form
heterodimers with other G-protein-coupled receptors generating
receptor oligomers that can have different desensitization and
internalization properties as well as unique pharmacological
profiles®*>>=8_ In support of this view, SSTR activation in cul-
tured astrocytes has been reported to synergistically potentiate the
Ca®" response to al adrenergic receptor-mediated signaling™

Different SSTRs are also expressed on neuronal axon terminals
and they are proposed to cooperate with pre-synaptic GABARs in
the control of glutamate release’!. We cannot, therefore, exclude
that a change in the network activity mediated by neuronal SSTR
activation may contribute to modulate the astrocyte response to
SST interneuron signaling.

Besides SST, various neuropeptides, such as neuropeptide Y
(NPY), vasointestinal polypeptide (VIP), colecystokinin (CCK),
neurokinin B and enkephalins, are synthesized with GABA by
distinct interneuron classes and their release has been proposed to

ontrlbute to interneuron-specific actions by targeting neuronal
receptors®!. Our results suggest that neuropeptides are also used
by interneurons to target astrocytic receptors. Besides SSTRs,
astrocytes express, indeed, different receptors for neuropeptides
that are released by interneurons including NPY, VIP, CCK, and
opioids®137>°9, Based on these observations, we postulate that
the mode of the SST interneuron signaling that we describe here
may represent a general mechanism in brain networks by which
neuropeptide-releasing interneurons recruit to their specific cir-
cuits neighboring astrocytes inducing Ca?* elevations with unique
spatial-temporal properties (Fig. 8b).

| DOI: 10.1038/541467-017-02642-6 | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02642-6

ARTICLE

In the somatosensory cortex of adult mice, we identified a
novel signaling mode of GABAergic interneurons that revealed
the presence of cell-specific interneuronal-astrocytic networks.
Our study opens a new perspective into the role of astrocytes as
distinct functional components of interneuron type-specific
neocortical circuits.

Methods

Mouse strains and adeno-associated virus injections. We used C57BL/6 wild
type (WT) mice and the following transgenic mice: Tg(GadGFP)45704Swn (GIN),
(CB6-Tg(Gadl-EGFP)G42Zjh/]) (G42), Pvalb<tmI(cre)Arbr>(PV-Cre) and Sst <
tm2.1(cre)Zjh>(SST-Cre), and tdTomato reporter line B6;129S6-Gt(ROSA)
26Sorm14(CAG-tdTomato)Hze y - A1) procedures were conducted in accordance with
the Italian and European Community Council Directive on Animal Care and
approved by the Italian Ministry of Health. Injections of viral vectors AAV2/1.EF1.
dflox. hChR2(H134R)-mCherry. WPRE.hGH (Penn Vector Core, Addgene 20297)
or AAV1.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH, Addgene 20298), carrying
the doublefloxed ChR2 sequence, and AAV5.GfaABC1DcytoGCaMP6£.SV40,
carrying the astrocytic promoter GfaABC1D, which induces a sparse expression of
the Ca*" indicator GCaMP6f in astrocytes, were performed into the SSCx of
postnatal day 35-50 (P35-P50) PV-Cre or SST-Cre mice anesthetized with Zoletil
(30 mg/kg) and Xylazine (20 mg/kg). Depth of anesthesia was assured by mon-
itoring respiration rate, eyelid reflex, vibrissae movements, and reactions to
pinching the tail and toe. Injections of the two viral vectors were performed after
drilling one or two holes (0.5 mm dia) into the skull over the SSCx at a distance of
1.5mm (1.5 pl to each hole, 0-1.5 mm posterior to Bregma, 1.5 mm lateral to
sagittal sinus, and 150 pm depth) using a pulled glass pipette in conjunction with a
custom-made pressure injection system. After injections, the skin was sutured and
mice were revitalized under a heat lamp and returned to their cage. Optogenetic
and imaging in vivo experiments were performed in P50-P65 mice, 2 weeks after
injections. For slice experiments, PV-Cre and SST-Cre pups (P0-P2) anesthetized
by hypothermia and secured into a modeled platform were injected. Optogenetic
and imaging experiments were carried out on SSCx slices from P15-P25 mice.

Slice preparation, dye loading and patch-clamp recordings. Coronal SSCx slices
of 350 pm were obtained from mice at postnatal days P15-25. Animals were
anesthetized as reported above, the brain removed and transferred into an ice-cold
solution (ACSF, in mM: 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 25 glucose, pH 7.4
with 95% O,, and 5% CO,). Slices were cut in the solution reported in Dugue

et al.% and then kept for 1 min in the solution (in mM): 225 p-mannitol, 2.5 KCI,
1.25 NaH,POy,, 26 NaHCOj3, 25 glucose, 0.8 CaCl,, 8 MgCl,, 2 kynurenic acid with
95% O,, and 5% CO,. Finally, slices were kept in ACSF at 30 °C for 20 min and
then maintained between 19 and 22 °C for the entire experiment. In a set of
experiments, SSCx slices were incubated with the Ca?* sensitive dye Fluo-4 AM
(10 pM; Life Technologies) and the selective astrocyte dye Sulforhodamine 101%°
(SR101, 0.2 pM, Sigma Aldrich, Italy), as previously described**. For the in vivo
experiments, the bulk loading of cortical astrocytes was performed with the dye
OGB-1 AM (final concentration 1 mM, Thermo Fisher Scientific, USA) and SR101
(final concentration 0.5 mM). For whole-cell patch-clamp recordings, slices were
perfused in a submerged chamber at a rate of 3-4 ml/min with (in mM): 120 NaCl,
2.5 KCl, 1 NaH,POy,, 26 NaHCO3, 1 MgCl,, 2 CaCl,, 10 glucose, pH 7.4 (with 95%
0, and 5% CO,). Neurons were visualized under a confocal microscope (TCS-SP5-
RS, Leica Microsystems, Germany) or a Multiphoton Imaging System (Scientifica
Ltd, UK) equipped with a CCD camera for differential interference contrast (DIC)
image acquisition. Single-cell recordings were performed in voltage- or current-
clamp configuration using a multiclamp 700B amplifier (Molecular Devices, USA).
Signals were filtered at 1kHz and sampled at 10 kHz with a Digidata 1440 s
interface and pClamp 10 software (Molecular Devices). The pipette resistance was
3—4 MQ). Access resistance was monitored throughout the recordings and was
between 8.4 and 24.2 MQ. Neurons that had a >15% change in access resistance
were discarded. Whole-cell intracellular pipette solution was (in mM): 145 K-
gluconate, 5 MgCl,, 0.5 EGTA, 2 Na,ATP, 0.2 Na,GTP, 10 HEPES, to pH 7.2 with
KOH, osmolarity, 280 + 290 mOsm. Data were not corrected for the liquid junction
potential. Recordings were analyzed with Clampfit 10.3.

Drug applications. Drugs applied to the slice perfusion solution were: SCH50911
(20-50 pM), CYN 154806 (20 pM), and somatostatin (SST, 1-2 uM) from Tocris
(UK), Tetrodotoxin (1 pM), CGP52432 (20 pM), HC030031 (80 pM), NBQX (10
pM), APV (50 uM), MPEP (50 pM), PPADS (100 uM) from Abcam (UK).

Ca2* imaging. To image Ca?* dynamics in GCaMP6f-astrocytes, we used 2-photon
laser scanning microscope in both in vivo (Ultima IV, Bruker) and brain slice

(Multiphoton Imaging System, Scientifica Ltd., UK) preparations equipped with a
pulsed red laser (Chameleon Ultra 2, Coherent, USA) tuned at 920 nm. Power at
sample was controlled in the range 5-10 mW. The excitation wavelengths used

were 920 nm for GCaMPéf, 740 nm for Fluo-4 and 830 nm for OGB-1. SR101 is
visible at both 740 and 920 nm. Images were acquired with a water-immersion lens
(Olympus, LUMPIlan FI/IR 20x%, 1.05 NA), with a field of view between 700 x 700
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pm and 120 x 120 pm at 1-3.5 Hz acquisition frame rate. Each Ca** signal
recording was performed in cortical layers 2—3 for about 2 min and 30 s with 5 min
interval between the first and the second stimulation of interneurons by 10 or 30
light pulses, whereas a longer interval of about 10 min was applied before initiating
the first 30 pulse stimulation. In control experiments, the same imaging protocol
was applied without optogenetic stimulation. A confocal laser scanning microscope
(TCS-SP5-RS, Leica Microsystems, Germany) equipped with two lasers tuned at
488 nm and 543 nm was used only in a subset of experiments to continuously
monitor Ca?* signals from GCaMP6f-astrocytes during optogenetic light activation
of PV or SST interneurons in SSCx slices (Supplementary Fig. 4), an unfeasible
condition in our 2-photon experiments. In in vivo imaging experiments, P55-P65
ChR2-PV-GCaMP6f or ChR2-SST-GCaMP6f mice were anesthetized with ure-
thane (20% urethane, ethylcarbamate; SIGMA Aldrich). Animal pinch withdrawal
and eyelid reflex were tested to assay the depth of anesthesia. Dexamethasone
sodium phosphate (2 mg/kg body weight) was injected intramuscularly to reduce
cortical stress response during surgery and prevent cerebral edema. Atropine (0.05
mg/kg body weight) was injected subcutaneously to avoid saliva accumulation.
Both eyes were covered with an eye ointment to prevent corneal desiccation during
the experiment. We monitored the respiration rate, heart rate, and core body
temperature throughout the experiment. The mouse was head-fixed and a cra-
niotomy of 2-3 mm in diameter was drilled over the SSCx. Mice were mounted
under the microscope with a metal head-post glued to the skull. Imaging was
performed through a water-immersion lens (Olympus, LUMPlan FL/N 20x, 1.05
NA) at a resolution of 512 x 512 pixels with zoom 4, leading to a field of 50.7 x
50.7 pm in superficial layers (50—150 pm below the cortical surface) and acquired at
1-2 Hz. Imaging session lasted up to 2 h.

Optogenetic stimulation. Full-field photo-stimulation of ChR2-expressing inter-
neurons consisted of 150 ms light pulses (A=473 nm) delivered by a blue module
laser diode (MLD, COBOLT, Solna, SE), which was collimated and coupled under
the objective with an optic fiber (ThorLabs, NJ, USA) held at 26° angle above the
brain tissue. The optic fiber was 300 pm in diameter with a 0.22 NA. The resulting
illuminated ellipse was 550 pm long and 150 pm wide.

Two-photon-targeted juxtasomal recordings in vivo. Experimental procedures
followed what previously described®!. In brief, for recordings in anesthetized mice,
PV-Cre/tdTomato and SST-Cre/tdTomato double-transgenic mice were injected at
PO with AV2/1.EF1.dflox hChR2(H134R)-mCherry. WPRE hGH (Addgene 20297).
Four to five weeks after virus injections mice were anesthetized with urethane (2 g/
kg) and a small craniotomy (~1 mm x 1 mm) was opened onto the mouse skull.
The patch pipette (resistance: 4-9 MQ) was filled with ACSF solution mixed with
Alexa Fluor-488 (20 pM, Invitrogen Thermo Fisher, USA) and lowered to cortical
layer 2/3 (110-300 pm from the brain surface). tdTomato-positive neurons were
targeted by imaging their fluorescence with the two-photon microscope (1 =920
nm or 730 nm). Full-field optogenetic stimulation of interneurons was performed
as in Zucca et al.%! Light intensity was 0.2-6 mW at the fiber tip. For recordings in
non-anesthetized mice, 2 weeks before the experiment mice were anesthetized with
2% isoflurane/0.8% oxygen and a custom metal plate was mounted with dental
cement on the skull. Habituation sessions were performed on each day (starting
2-3 days after plate implantation) with a gradually increasing duration (from 15 to
60 min, for 7-10 days). The day of the recording, mice were anesthetized with
isofluorane and a small craniotomy was opened on the somatosensory cortex as
described above. After the surgery, mice recovered for at least 30 min before the
beginning of the experimental session. Electrical signals were amplified by a
Multiclamp 700B, low-pass filtered at 10 kHz, digitized at 50 kHz with a Digidata
1440 and acquired with pClamp 10 (Axon instruments, USA). Electrophysiological
traces were analyzed using Clampfit 10 software.

Pre-embedding electron microscopy. Three C57BL/6 (P21) mice were anesthe-
tized with chloral hydrate (12% i.p., 300 mg/kg) and perfused through the
ascending aorta with physiological saline solution followed by a mixture of 4%
paraformaldehyde (PFA) and 0.2% glutaraldheyde in PBS. Brains were post-fixed
in the same fixative used for perfusion for 3 days and parietal cortex was cut serially
in the coronal plane (40 pm sections) with a vibratome and immediately processed
for immunoperoxidase according to previous pre-embedding electron microscopy
protocols®?. For antibody specificity on the SSTR4, two 9-month-old mice (WT
and SSTR4 KO*) were perfused through the ascending aorta with a flush of
physiological saline solution followed by 4% PFA in PBS. Brains were post-fixed in
the same fixative for 1h, cryopreserved and then frozen until cutting by a vibra-
tome. For antibody specificity on the GABAg, two 7-week-old WT BALB/c JR1
mice and two GABAg, KO BALB/c JR1 mice** were perfused through the
ascending aorta with physiological saline solution followed by 4% PFA in PBS.
Brains were post-fixed in the same fixative used for perfusion for 7 days until
cutting by a vibratome. For PV and SST visualization sections were incubated in a
solution containing rabbit polyclonal anti-PV (1:500; raised against rat muscle PV;
PV28, RRID:AB_10013386, Swant, Switzerland) or rat monoclonal anti-SST pri-
mary antibodies (1:80; raised against synthetic 1-14 cyclic SST, MAB 354; RRID:
AB_2255365 EMD Millipore, Germany; 2 h at room temperature and overnight at
4°C)%. The following day, sections were incubated in a solution containing the
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appropriate biotinylated secondary antibodies (1:200; Jackson ImmunoResearch,
USA; 1 h at room temperature). Antibody bindings sites were visualized by
avidin—biotin peroxidase complex, 3,3 diaminobenzidinetetrahydrochloride and
H,0,%% Method specificity was verified by substituting primary antibodies with
phosphate buffer (PB) or non immune serum. Subsequently, embeddin% procedure
of immunoperoxidase processed sections was performed as described®’. Small
blocks of embedded tissue containing layers 2/3 of the SSCx were selected, glued to
blank epoxy and sectioned with an ultramicrotome (MTX; Research and Manu-
facturing Company Inc., USA). The most superficial ultrathin sections (60 nm)
were collected and mounted on 200 mesh copper grids, stained with Sato’s lead and
examined with a Philips EM 208 and CM10 electron microscope (Eindhoven, The
Netherlands) coupled to a MegaView-II high resolution CCD camera (Soft Imaging
System, Germany). Identification of labeled and unlabeled profiles was based on
established morphological criteria®:. Microscopic fields were selected and captured
at original magnifications of 30,000 or x50,000. According to the different post-
synaptic targets of PV and SST interneurons, PV interneuron immunopositive
terminals were sampled at axo-somatic, proximal axo-dendritic, and axo-axonic
synapses, and SST interneuron immunopositive terminals at axo-dendritic shaft
and axo-spinous synapses PAPs were then identified and quantification at sym-
metric synapses of PV and SST interneurons performed.

Post-embedding electron microscopy. Three C57BL/6 (P21) were anesthetized
with chloral hydrate (12% i.p.; 300 mg/kg) and perfused through the ascending
aorta with a flush of physiological saline solution followed by 4% PFA in PBS.
Brains were post-fixed in the same fixative for 7 days and parietal cortex was cut
serially in the coronal plane in 50 pm thick sections with a vibratome. Sections were
processed for an osmium-free embedding method®>%>, Chips including layers 2/
3 of SSCx, were selected, glued to blank resin blocks and sectioned with an
ultramicrotome. Thin sections (60-80 nm) were cut and mounted on 300 mesh
nickel grids and processed for immunogold post-embedding labeling®>®>%. For
GABAg, and SSTR4 visualization, grids were incubated overnight (26 °C) in a
solution containing anti-GABAg, mouse monoclonal antibody (1:50; raised against
amino acids 183—482 mapping within an extracellular domain of GABAg, of
human origin, specific for detection of GABAg, of mouse, rat and human; H10; sc-
393270, Santa Cruz Biotechnology Inc., USA) and anti-SSTR4 rabbit polyclonal
antibody (1:50; raised against amino acids 171-220 of SSTR4 of human origin,
specific for detection of SSTR4 of mouse, rat and human; H50; sc-25678, RRID:
AB_2196360, Santa Cruz Biotechnology), and then incubated for 2h (26 °C) in a
solution containing anti-mouse and anti-rabbit secondary antibodies conjugated to
18 and 12 nm gold particles (1:20; 115-215-068, 111-205-144, Jackson Immu-
noResearch, USA). Grids were finally stained with uranyl acetate and Sato’s lead.
The optimal concentration of antibodies to GABAg, and SSTR4 was sought by
testing several dilutions; the concentration yielding the lowest level of background
labeling and still immunopositive elements was used to perform the final studies.
Gold particles were not detected when primary antiserum was omitted. When
normal serum was substituted for immune serum, sparse and scattered gold par-
ticles were observed, but they did not show any specific relationship to subcellular
compartments. Ultrathin sections (15 ultrathin sections/animal) were examined at
%50,000-85,000 and fields that included at least 1 immunolabeled astrocytic profile
and/or perisynaptic astrocytic process associated with a symmetric synapse exhi-
biting a clear pre-synaptic (AZ) and post-synaptic specialization were selected®®”.
For determining the relative density of GABAg, and SSTR4 double-labeled
astrocytic profiles, pyramidal cell nuclei were also identified: gold particles within
labeled structures counted and areas calculated using Image] (NIH, Bethesda, MD,
USA). Background was calculated by estimating labeling density over pyramidal
cell nuclei (0.54 + 0.05, n=12 for GABAp, and 0.57 + 0.02, n =12 for SSTR4)%2:08,
Particle densities were counted in perisynaptic (PAPs; 42.43 +7.27 for GABAg,
and 44.02 + 10.66, n =40 for SSTR4) and non perisynaptic astrocytic processes
(nPAPs; 44.26 + 6.07 for GABAp, and 49.88 + 7.87 for SSTR4) and compared with
background labeling. Gold particles were considered associated with plasma
membrane if they were within 15 nm of the extracellular side of the membrane, and
cytoplasmic if they were 25 nm from the extracellular processes. Edge-to-edge
separation distance between GABAp, and SSTR4 membrane-associated gold par-
ticle pairs were measured and the distribution of the separation distance between
immunogold labeled GABAg, and SSTR4 pairs was determined®’’. In astrocytic
processes, pairs of immunogold labeled GABAg, and SSTR4 with an edge-to edge
distance within 50 nm, were also localized with respect to the closest AZ margin of
symmetric synapses. Lateral position of a pair was defined as the distance along the
plasma membrane from the AZ edge to the middle point between the two particles,
and measured using ImageJ. For experiments in KO mice and relative controls,
microscopical fields containing spines, axon terminals and astrocytic processes
with at least one gold particle for GABAg, analysis, proximal and distal dendrites,
axon terminals, and astrocytic processes for SSTR4 analysis were randomly
selected. For both pre- and post-embedding studies, all material from WT and KO
mice was processed in parallel. Acquisition of ultramicroscopical fields and density
analysis of WT and KO mice were performed in a blind manner.

Immohistochemistry and cell counting. For the evaluation of the number of
GCaMPéf-expressing astrocytes and neurons we prepared 100 pm thick brain slices
from young and adult animals injected with AAV-ChR2 and AAV2/5.GfaABC.
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cyto.GCaMP6. Slices were fixed in cold 4% PFA for 2 h, washed with PBS and
processed for double immunofluorescence staining. First, we incubated floating
sections for 1h in the Blocking Serum (BS: 1% BSA, 2% goat serum and 1% horse
serum in PBS) and 0.2% TritonX-100. We then performed a second incubation
with primary antibodies mixed and diluted in BS and 0,02% TritonX-100 (16 h at 4
°C). Primary antibodies used were: anti-NeuN antibody (RRID:AB_2298772, 1:400
mouse, Millipore MAB377) plus anti-GFP (RRID:AB_221477, 1:200 rabbit, Invi-
trogen Thermo-Scientific, A21311), and anti-glial fibrillary acidic protein (GFAP,
RRID:AB_10013382, 1:300 rabbit, Dako, Denmark, Z0334) plus anti-GFP (RRID:
AB_221568, 1:200 mouse, Invitrogen Thermo-Scientific, A11120). The anti-GFP
antibodies were used to enhance the GCaMP6f fluorescence. After washing with
PBS, slices were incubated for 2 h at room temperature with secondary antibodies
conjugated with Alexa Fluor-488 (for staining GFP) and with Alexa Fluor-633 (for
staining NeuN or GFAP; Invitrogen Thermo-Scientific, 1:500). Slices were then
washed and mounted on glass coverslips. Negative controls were performed in the
absence of the primary antibodies. For the evaluation of the number of PV- and
SST-interneurons expressing ChR2, PV-cre/tdTomato and SST-cre/tdTomato
double-transgenic mice were injected at PO with AAV1.EF1a.DIO.hChR2(H134R)-
eYFP.WPRE.hGH (see above for details). Four weeks after virus injection, mice
were anesthetized with urethane (2 g/kg) and perfused transcardially with 0.9%
saline solution, followed by 4% PFA in 0.1 M PB, pH 7.4. Brains were post-fixed for
6 h, cryoprotected in a 30% sucrose solution in 0.1 M PB pH 7.4 and frozen. Free-
floating coronal serial sections (40 um) from injected PV-cre/tdTomato and SST-
cre/tdTomato mice were collected and stained against parvalbumin or somatos-
tatin, respectively. The following primary antibodies were used: anti-parvalbumin
(RRID: AB_477329, 1:1000 mouse, Sigma P3088) and anti-somatostatin (RRID:
AB_2255365, 1:200 rat, Millipore MAB 354). Secondary antibodies consisted of:
goat anti-mouse 647 (RRID: AB_141725, 1:800, Molecular Probes A21236) and
goat anti-rat 647 (RRID:AB_141778, 1:800, Molecular Probes A21247). Sections
were mounted on SuperFrost slides (Molecular Probes), air dried, and coverslipped
in polyvinyl alcohol with diazabicyclo-octane (DABCO). Confocal image z-stacks
were captured through the thickness of the slice at 1 pm steps and used for double-
labeled cell count using an open source Image] plugin.

Data analysis. Detection of astrocyte ROI containing Ca®* elevations was per-
formed with ImageJ in a semi-automated manner using the GECIquant plugin’.
The software was used to identify ROIs corresponding first to the soma (>30 pm?;
confirmed by visual inspection), then to the proximal processes (>20 pm? and not
corresponding to the soma) and finally to the microdomains (between 1 and 20
pm? corresponding to neither the soma nor the proximal processes). All pixels
within each ROI were averaged to give a single time course F(t). Analysis of Ca’*
signals was performed with Image] (NIH) and a custom software developed in
MATLAB 7.6.0 R2008 A (Mathworks, Natick, MA, USA). To compare relative
changes in fluorescence between different cells, we expressed the Ca?* signal for
each ROI as dF/F, = (F(t) — Fy)/(F,). We then defined as baseline trace for each ROI
the points of the Ca?* trace with absolute values smaller than twice the standard
deviation of the overall signal. Significant Ca>* events were then selected with a
supervised algorithm as follows. Firstly, a new standard deviation was calculated on
the baseline trace, and all local maxima with absolute values exceeding twice this
new standard deviation were identified. Secondly, of these events, we considered
significant only those associated with local calcium dynamics with amplitude larger
than threefold the new standard deviation. The amplitude of each Ca’* event was
measured from the 20th percentile of the fluorescent trace interposed between its
maximum and the previous significant one (see Supplementary Fig. 17). Essentially,
this procedure combines a threshold measured from the global baseline with a
stricter threshold computed from a local baseline. We adopted this method to
reduce artefacts from the recording noise superimposed on the slow astrocytic
dynamics and from slow changes in baseline due to physiological or imaging drifts.
All the Ca®* traces were visually inspected to exclude the ROIs dominated by noise.
For all experiments, we calculated the number of active ROIs and for each ROI
corresponding to the soma, proximal processes and microdomains the frequency,
and the amplitude of the Ca®* signal. All the Ca®* peaks were aligned to their onset
to compute the average Ca>* peak (Supplementary Fig. 17). The onset of each Ca?*
event was defined as the last time point when its fluorescence trace was below one
standard deviation of the baseline. Finally, the time onset of all detected Ca®*
events was reported in raster plots and peristimuls time histograms (PSTH). These
procedures were applied for the analysis of both in vivo and brain slice data. To
provide an estimate of the change in the overall microdomain activity per astrocyte
following PV or SST interneuron stimulation, the number of individual micro-
domains (active ROIs) and the average frequency of Ca?* microdomain events per
cell were measured under the different experimental conditions. Then, these values
were averaged across all astrocytes to obtain the bar graphs reported in the figures.
A response ratio (RR; Fig. 8a) that describes the change in the response of astro-
cytic processes to successive stimuli was calculated as follows. Firstly, for each
astrocyte the response to a given interneuron stimulation was measured by the
number of active ROIs, frequency and amplitude of Ca®* peaks at proximal and
fine processes. These values were normalized to their corresponding baseline
values, pooled and averaged. Secondly, the astrocyte RR was defined as the ratio of
the second to the first response to 10 (or 30) pulse activation of PV or SST
interneurons.
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Mean IPSCs peak amplitudes in Supplementary Fig. 13 were fitted to the double
exponential equation A(t) = Al*exp(—x/t1) + A2*exp(—x/t2), where Al and A2 are
the amplitude of the fast and the slow decay component and 1 and 2 are the
corresponding decay time constants.

Statistical analysis. Data were tested for normality before statistical analysis. For
the number of ROTs and the frequency of astrocytic Ca®* events, we used paired
Student’s t-test (on normal data distribution) or paired sample Wilcoxon signed-
rank test (on non-normal data distribution). For the RR, one sample Wilcoxon
signed-rank test was used. For cumulative distribution comparisons, we applied the
Kolmogorov—Smirnov test. For EM data, normality test and statistical analysis were
performed using GraphPrism v.4.0 (GraphPad Software, San Diego, CA, USA).
Given the non-normal distribution of data, Mann—Whitney test and Kruskal Wallis
with Dunn’s multiple comparison test were used. Pairwise statistical comparisons
of each value of the astrocyte response to a given stimulation was carried out with
respect to basal values. The astrocytes response to the two successive 10 (or 30)
pulse stimulation was also similarly evaluated. All results are presented as mean +
SEM. Results were considered statistically significant at p <0.05. *p < 0.05, **p <
0.01, **p <0.001. The exact p-values for each set of data are reported in the
Supplementary Table 4.

Data availability. Data presented in this work are available from the corre-
sponding author upon reasonable request.
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Brain network activity derives from the concerted action of different cell populations. Together with inter-
neurons, astrocytes play fundamental roles in shaping the inhibition in brain circuitries and modulating neuronal
transmission. In this review, we summarize past and recent findings that reveal in neural networks the im-
portance of the interaction between GABAergic signaling and astrocytes and discuss its physiological and pa-

1. Introduction

The dynamic communication among different types of neurons in
the brain is finely tuned to achieve a fast and accurate computation of
incoming sensory signals, which ultimately governs cognitive and
motor functions. Over the last two decades, a growing body of evidence
revealed that astrocytes, a functionally heterogeneous class of glial cells
in the brain [1], are not merely passive supporters of brain function, but
they rather actively participate in information processing. The study of
neuron-astrocyte interactions has brought to the concept of the tri-
partite synapse in which astrocytic processes, which enwrap the pre-
and post-synaptic neuronal elements, contribute to synaptic transmis-
sion modulation. Astrocytes possess a wide variety of plasma membrane
receptors and respond to neurotransmitters with intracellular [Ca%™]
elevations. The consequent release of gliotransmitters, such as gluta-
mate, D-serine and ATP establishes a bidirectional communication with
neurons, which contributes to different forms of short- and long-term
plasticity of synaptic transmission [2]. The release of these molecules
from activated astrocytes can involve different pathways and mechan-
isms, some of which depend on intracellular calcium increases and
vesicular release, others - unrelated to calcium signal - on plasma
membrane transporters or channels [3].

While numerous in situ and in vivo studies explored the role of the
astrocytes in glutamatergic, cholinergic and noradrenergic signaling
pathways [4-6], the involvement of astrocytes in GABAergic pathways
has been poorly investigated. GABAergic inhibitory signals are gener-
ated by a very heterogeneous class of interneurons in terms of firing
properties, molecular markers, somatic, dendritic and axonal mor-
phology and represent a fundamental operation in brain neural net-
works [7-10]. Most importantly, the signaling diversity of the different

types of GABAergic interneurons to post-synaptic neurons is crucial to
generate the functional heterogeneity of brain circuits [11]. Two key
interneuron types are the Somatostatin-expressing (SST) and the Par-
valbumin-expressing (PV) interneurons. The former target the tuft
dendrites of principal cells providing an efficient control of dendritic
signal integration, the latter target different sub-compartments of
principal cells: the PV basket cells target the soma and the proximal
dendrites, while the PV chandelier cells target the axon initial segment.
PV interneurons are, therefore, in a privileged position to control the
timing of the action potential firing. Interneurons subtypes are also
interconnected, with SST interneurons being inhibited by vasoactive
intestinal peptide (VIP) interneurons and, in turn, inhibiting PV inter-
neurons [12]. During development, SST interneurons also exert an
important role in the synaptic maturation of PV interneurons [13].
Recent in vivo studies highlighted some distinct features of SST and PV
interneurons. In the hippocampus SST interneurons regulate the size of
neuronal memory ensembles, therefore determining the size of cellular
engram [14]. In the neocortex, the transition to active wakefulness
modulates the activity of SST interneurons in a layer-specific way, es-
sentially depending on the degree of VIP interneuron or cholinergic
innervation, with consequences on dendritic inhibition of different
principal cells [15]. In the medial entorhinal cortex, a key component
for neuronal representation of the space in mammalian brain, PV and
SST interneurons interact with distinct, spatially modulated sub-
populations of cells. Interestingly, PV interneurons are needed to spe-
cifically tune the activity of grid and speed cells, while SST interneurons
are recruited to maintain the spatial specificity in cells [16].
Understanding how interneurons - and possibly different inter-
neuron subtypes - interact with astrocytes, and whether these glial cells
integrate GABAergic communication is fundamental to widen our
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comprehension of brain circuit function. In this review, we will discuss
the following raising issues: i) the astrocytic response to GABAergic
signals; ii) the relevance of GABA-activated astrocytes (GAAs) in dis-
tinct brain circuits; iii) the astrocytic ability to influence GABAergic
transmission; iv) the physiological and pathological relevance of in-
terneuron-astrocyte interplay.

2. Activation of astrocytes by GABA

The expression in astrocytes of ionotropic and metabotropic GABA
(y-Aminobutyric acid) receptors (Rs) as well as of GABA transporters
(GATs) indicate that astrocytes have the potential to sense GABAergic
signals. Direct evidence that astrocytes can respond to GABA was ob-
tained in electrophysiological studies firstly in acutely isolated astro-
cytes [17,18] and later in hippocampal, retinal and cerebellar slices
[19-21], where astrocytes were shown to possess functional GABARg
similar to those observed in neurons. However, while the activation of
GABA,Rs leads to hyperpolarization in mature neurons, it drives a
depolarizing current in astrocytes. This different effect is dependent on
the high expression in astrocytes of the Na*/K*/Cl~ cotransporter
(NKCC1) that maintains in these cells a larger intracellular concentra-
tion of Cl~ ions with respect to neurons, thus inverting the trans-
membrane gradient. This event contributes to regulate extracellular
[C17] levels [22], thereby buffering extracellular chloride and ulti-
mately allowing to maintain an efficient GABAergic signaling. The
possible physiological consequence of Cl™ -mediated astrocytic depo-
larization is still a matter of debate. Unlike neurons, astrocytes are
electrically non-excitable cells and exhibit a form of excitability that
relies on intracellular Ca®* elevations. The first clue of this Ca**-based
form of excitability in astrocytes was obtained in the early 1990 s, when
the application of Ca®* imaging techniques to cultured astrocytes re-
vealed that these cells respond to neurotransmitters with intracellular
Ca?" elevations [23,24]. This property of astrocytes was confirmed in
different brain regions where astrocytes respond with Ca®* elevations
to the synaptic release of different neurotransmitters [33,34,35,25-27].
The neurotransmitter GABA makes no exception to this rule, evoking
astrocytic Ca®>* events that were mediated by the activation of iono-
tropic GABA, and/or metabotropic GABAgRs [28] (Fig.1A-B). Calcium
elevations mediated by GABAARs activation are dependent on Ca®*
influx from extracellular space through voltage-sensitive Ca®>* channels
(VOCCs), activated upon membrane depolarization. In contrast, the
mechanism of GABAgR-mediated Ca?* events has been shown to in-
volve G proteins and Ca®" release from internal stores [29,30]. Indeed,
the specific GABAgR agonist baclofen (BAC) fails to induce astrocytic
Ca®* elevations in mice lacking the IP3R type 2 (IP3R27), which in the
brain is mainly, if not exclusively, expressed in astrocytes [31,32].
Additionally, astrocytic Ca®* signaling upon GABA activation depends
also on G;,, protein activation, as it occurs in neurons [30]. Several
studies demonstrated that GABA activation of astrocytes can be also
mediated by GATs. Olfactory bulb astrocytes enwrapping GABAergic
synapses were shown to respond to synaptically released GABA with

B
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intracellular Ca®>* events that were fully prevented by GAT blockers
[33]. In a more recent study, Boddum and co-workers similarly found
that activation of GAT3 induces astrocytic Ca®* increases in the hip-
pocampus [34]. The general mechanism that drives intracellular Ca%*
increases in astrocytes upon GAT activation depends on the co-trans-
port of GABA and Na*. The increase in intracellular Na* concentration
that follows GAT activity leads to the inverse operation of the Na*/
Ca®™" exchanger (NCX) with a consequent increase in cytosolic [Ca®™]
[33] (Fig.1C).

2.1. Astrocytes activated by different GABAergic interneurons

A topic of interest concerning GABA-activated astrocytes is to
characterize the dynamics and properties of Ca** signals evoked by
GABA. Taking advantage of the genetically encoded Ca®* indicator
GCaMP3, it has been demonstrated that GABA evokes at the soma and
the processes of neocortical astrocytes oscillatory and long-lasting Ca®*
responses both in situ and in vivo [30] (Fig. 2A-C). Noteworthy, these
responses were shown to possess a form of plasticity, which depends on
the subtype of GABAergic interneurons recruiting astrocytes [35]. A
selective optogenetic light pulse activation of ChR2-expressing PV or
SST interneurons, in both slice and in vivo preparations of the mouse
somatosensory cortex (SSCx), was indeed observed to evoke weak and
robust GABAgR-mediated Ca®" elevations, respectively. Furthermore,
astrocytic Ca®* elevations were depressed after repetitive stimulation
of PV interneurons, but they were potentiated after repetitive stimula-
tion of SST interneurons. The potentiated Ca?* response was shown to
crucially depend on the neuropeptide SST, co-released with GABA by
SST interneurons, suggesting that different interneurons may avail of
the concurrent release of GABA and neuropeptides to differentially re-
cruit astrocytes to their specific circuits. Overall, this study unveils the
existence in the brain of specific interneuron type-astrocyte networks in
which astrocytes not only discriminate the GABAergic signaling from
different interneuron subtypes, but also retain memory of the previous
history of activity in the surrounding interneuron network. These
properties of astrocytes are akin to those of memory cells and define a
new context that could help to direct future studies on learning and
memory mechanisms in brain circuits, specifically with respect to the
role played in these phenomena by the neuropeptide Somatostatin and
the SST interneurons [14,36-39].

3. Can GABA-activated astrocytes modulate neuronal activity?

The effect of GABA-activated astrocytes (GAAs) on neuronal activity
has been mainly explored in the hippocampus, with the first pioneering
study published in 1998. In this paper, Kang and collaborators provided
evidence that GABA can trigger in hippocampal astrocytes a Ca" de-
pendent release of glutamate which increases the probability of GABA
release onto pyramidal neurons (PyrNs) [40]. This enhancement of
inhibitory transmission was strictly dependent on the astrocyte Ca®*
response to GABA, since it was abolished when Ca®* elevations were

Cc

Na2+

Fig. 1. (A-C) Intracellular pathways leading to Ca®>* increase in GABA-activated astrocytes.
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Fig. 2. GABAg receptor activation induces long-lasting
Ca>" oscillations in astrocytes and slow inward currents
in pyramidal neurons. (A-C) Experiments in anaesthetized
mice. (A) Schematic representation of the two-photon in vivo
set up. The excitation wavelength 910nm excites both
Dextran-TRITC and GCaMP3. (B) Maximal projection of blood
vessels filled with Dextran-TRITC and astrocytes expressing
GCaMP3 in layer I/II of SSCx (right). White arrowheads in-
dicate three representative astrocytes soma. (C) Ca®* traces
before and after a BAC application. Yellow area marks the
local BAC application (scale bars: 20% DF/F,, 50s). (D-F)
GABA-activated astrocytes evoke SICs in pyramidal neu-
rons. Representative whole cell currents from single pyr-
amidal neurons (D) or a pair (E) of adjacent pyramidal neu-
rons (90 mm apart; Pyr-1 and -2) showing the occurrence of
SICs (asterisks) after a BAC local application (black arrow-
heads) to layer V SSCx in a WT mouse and the absence of SICs
upon a similar BAC application in presence of D-AP5 (D,
bottom trace) and in IP3R2™/~ mice (F). (Scale bars: For

+D-AP5v

single recordings: 1 min, 100 pA; enlarged SIC: 500 ms; for
paired recording and D-AP5: 20s, 100 pA and 2s for the en-
larged SIC) From Mariotti et al., 2015 [30] (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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blocked by GABARR antagonists or by the insertion of the Ca®* chelator
BAPTA into the astrocytic syncytium. Less than a decade later, it was
reported that in the same CA1 region of hippocampus, glutamate re-
leased from GAAs can also act on presynaptic group II/III metabotropic
glutamate receptors (mGluRs) and cause a transient reduction in glu-
tamate release probability at glutamatergic axon terminals, a phe-
nomenon known as transient heterosynaptic depression (tHD) [41].
Beside glutamate, other gliotransmitters released by GAAs can mod-
ulate synaptic strength. The group of Robitaille reported that astrocytes
are directly involved in another form of heterosynaptic depression (HD)
in hippocampal circuits, which depends on astrocytic release of ATP, its
conversion to adenosine and activation of presynaptic AlRs, finally
decreasing glutamate release probability [42]. More relevant for the
role of GAAs, it was reported that both astrocytic Ca®>* responses and
HD were dependent on GABAgR activation. The astrocytic influence on
HD can also involve the specific astrocytic GABA transporter GAT-3. In
hippocampal astrocytes, GAT-3 activation leads to a Ca®"- dependent
release of ATP/adenosine, that acting on presynaptic A1Rs causes a
diffused inhibition of neuronal glutamate release, contributing to the
homeostatic control of network activity [34]. So far, we presented how
GAAs can contribute to “diffusion” of inhibition in hippocampal net-
works. Unexpectedly, astrocytes have also the potential to decode in-
terneuron activity and convert inhibitory into excitatory signals, as
unveiled in Perea [43]. Minimal Schaffer collateral stimulation was
paired with applications of depolarizing pulses to an individual hip-
pocampal interneuron, while assessing the response of a synaptically
connected pyramidal neuron. Depending on the strength of interneuron
activation, resulting in single APs or AP bursts, this experimental pro-
tocol resulted in inhibition or potentiation of CA3-CA1l synapses, re-
spectively. While inhibition was dependent on presynaptic GABAARs,
burst-induced potentiation relied on GABAgR activation and it was
accompanied by Ca®* elevations in astrocytes. Depletion of internal
Ca®" stores through thapsigargin perfusion and selective BAPTA
loading in the astrocytic syncytium both succeeded in abolishing not
only Ca®" elevations in astrocytes but also the synaptic potentiation.
The same downstream effects were obtained in the presence of GABAp
receptor antagonists and using an astrocyte-specific GABAgR1 knockout

mouse. As expected, the deletion of GABAgRs in astrocytes hampered
the potentiation upon interneuron bursts, while leaving intact the in-
hibitory effect of single AP induction, confirming that GAAs are ne-
cessary for this potentiation. Again, slight variations in the context and
the molecular players, in this case CA3-CA1l synapse and astrocytic
glutamate acting on presynaptic mGluRI, determine the final effect of
GAAs on the neurotransmission modulation.

The role of GAAs in tuning neuronal activity has been explored also
in the cortex in a recent paper by Mariotti [30]. In this study, the au-
thors chose to monitor, as a marker of neuronal activation by astrocytic
release of glutamate, slow inward currents (SICs), events of widely
accepted astrocytic origin. SICs are indeed preserved when synaptic
transmission is inhibited by TTX and TeNT, and can be induced by a
variety of protocols all resulting in astrocytic calcium increases, from
metabotropic receptor activation to calcium uncaging in individual
astrocytes [44]. Single and dual-cell patch clamp recordings were per-
formed from PyrNs in the presence of TTX and low frequency gluta-
matergic SICs were recorded (Fig. 2D-F). GABAgR activation with
exogenous application of BAC, beside inducing long-lasting Ca®* ele-
vations in astrocytes, increased the frequency and the synchronization
of SICs in PyrNs. When the same experiments were repeated in IP3R2 ™/
~ mice, BAC effects were abolished. These results clearly indicate that
GAAs can modulate neuronal activity also in the cortex, and report
another example of astrocytes turning a local transient inhibition in a
delayed excitation.

Overall, the above discussed studies highlight the complexity of the
astrocyte signaling and reveal that the specificities in the action of as-
trocytes are determined by the type of synaptic circuit, neuro-
transmitter system and region involved (Fig. 3A).

4. Astrocytic modulation of GABAergic transmission

After the pioneering study of Kang in 1998 [40], the ability of as-
trocytes to influence inhibitory transmission has been neglected for a
long time. Over the last decade, different studies resumed this aspect
and shed light into the potential effect of astrocytes on inhibitory
transmission (Fig. 3B). A variety of stimuli was used to induce
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Fig. 3. (A) Modulation of neuronal activity from GABA-activated astrocytes. (B) Gliotransmitter-mediated modulation of inhibitory transmission.

gliotransmitter release, from UV light flashes or optogenetic tools, to
more physiological stimulation of neuronal afferents to the brain region
of interest. It was found that astrocytic Ca®* increases triggered by UV-
light pulses induce an increase in the frequency of spontaneous IPSCs
(sIPSCs) in hippocampal CAl interneurons of the stratum radiatum.
This effect was dependent on the direct activation of kainate receptors
in interneurons following astrocytic glutamate release [45]. In the
SSCx, Lalo and colleagues conversely reported an astrocytic modulation
of both phasic and tonic inhibition affecting postsynaptic targets rather
than GABAergic presynaptic sites [46]. Astrocytes were activated
through photolysis of NP-EGTA or application of TFLLR or N-methyl-D-
aspartate receptor (NMDAR), which lead to the vesicular release of ATP
ultimately acting on neuronal P2XRs. The consequent intracellular
Ca®™ increase induced a phosphorylation-dependent downregulation of
GABARs, and reduced IPSCs amplitude. Accordingly, in a transgenic
mouse model with impaired vesicular ATP release, i.e. the dnSNARE
mice [47], both the IPSCs and the tonic GABA current were sig-
nificantly larger than in wild- type (WT) mice. These data support the
idea that astrocytic ATP release can affect both synaptic and

extrasynaptic GABAergic signaling. More recently, the use of optoge-
netic tools to directly stimulate astrocytes has allowed to further eval-
uate the potential role of astrocyte activation in the modulation of
neuronal network. Light stimulation of ChR2-expressing astrocytes in
the visual cortex induced a short-term enhancement of both excitatory
and inhibitory synaptic transmission onto PyrNs [48]. This effect de-
pends on astrocytic glutamate acting on presynaptic mGluR1a, as al-
ready described in a large variety of brain areas [49-51]. A similar
stimulation of ChR2-expressing astrocytes in the hippocampal area CA1
results in differential changes in the activity of neuronal populations,
causing a decrease in the firing frequency of hippocampal PyrNs and a
firing frequency increase in a selective population of interneurons in
this region, i.e. cholecystokinin (CCK) interneurons [52]. These effects
were mediated by the astrocytic release of ATP. ATP-derived adenosine
binds to A1Rs on PyrNs and induces hyperpolarization via activation of
GIRK channels, while the direct activation of P2YRs in CCK inter-
neurons inhibits the two-pore domain K* channels, thus leading to
membrane depolarization. This ChR2-mediated activation of astrocytes
can mimic the high levels of astrocytic activation occurring in several
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pathological conditions, such as stroke and epilepsy. In these brain
disorders, ATP released by astrocytes may differentially modulate GA-
BAergic and glutamatergic neurons finally resulting in a global reduc-
tion of hippocampal excitatory output. Optogenetic techniques were
also applied to indirectly activate hippocampal astrocytes via light sti-
mulation of septal cholinergic interneurons, as it is described in Pabst
et al. [53]. In this paper, optogenetic activation of cholinergic neurons
causes intracellular Ca®>* increases in hilar astrocytes through nicotinic
receptors. The consequent release of glutamate from astrocytes recruits
hilar inhibitory interneurons, thus leading to a slow inhibition of hip-
pocampal granule cells through astrocytic intermediates.

Beside releasing gliotransmitters that directly influence GABAergic
transmission at pre- or post-synaptic sites, astrocytes can modulate
neuronal excitability by controlling the extracellular GABA concentra-
tion via GATs. This action of astrocytes is especially relevant when
network activity is increased. In a recent paper, Jacob et al. [54] de-
monstrated that GAT1/3 activity can be negatively influenced by ATP
signaling through activation of P2Y1Rs in cortical astrocytes. The in-
tracellular signaling pathway underlying this phenomenon depends on
IP3-mediated Ca®* release from the endoplasmic reticulum. The in-
creased intracellular Ca®* concentration raises the activity of NCX
eventually leading, as previously described, to the reduction of GAT
mediated GABA uptake. Therefore, the effect on GABA transport may
be important in the generation of a negative feedback loop that in-
creases the extracellular GABA concentration to brake neuronal firing.
Importantly, GATs can even revert their direction and release GABA in
the extracellular space under conditions in which network activity may
lead to excitotoxic effects, as highlighted in Heja’s work [55]. Indeed,
during enhanced neuronal network activity the increased excitatory
amino acid transporter 2 (EAAT2) activity, leads to GABA release after
the reversal of GATs. This causes a final increase of tonic inhibition on
nearby CA1 PyrNs, demonstrating a direct conversion of glutamatergic
excitation to GABAergic inhibition in the brain.

5. Physiological and pathological relevance of GABA-Astrocytes
interplay

In the previous chapters, we explored the direct effect of GABA on
astrocytic activity and, more importantly, the influence of GAAs on
neuronal activity and synaptic transmission. In this last section, we
focus our attention on the physiological and pathological relevance of
these interactions. Indeed, it remains largely undefined whether and
how distinct GABAergic signaling to astrocytes impacts complex be-
haviors. Evidence for such a role has been provided in a study in-
vestigating in the mouse visual cortex the contribution of GABAergic
interneurons in the processing of visual stimuli [48]. In this study,
performed in anesthetized mice, optogenetic activation of ChR2-ex-
pressing astrocytes modulates the response selectivity of visual cortical
neurons. The authors evaluated the visual response to oriented drifting
gratings by recording from L2/3 excitatory and different inhibitory
neurons. After astrocyte stimulation, PV interneurons displayed an
enhancement in the baseline firing rate, a parameter independent of
spontaneous activity that measures the overall level of visually driven
responses. Such an increase in the baseline predicts a reduction in the
Orientation Selectivity Index (OSI). Indeed, after astrocyte photo-
stimulation, PV interneurons showed a robust reduction in OSI. Con-
versely, the effect of astrocyte activation on excitatory PyrNs and SST
interneurons was variable and less clear. Notably, using a specific
mGluR1la blocker (AIDA), the authors could demonstrate that the
ability of astrocytes to regulate visual tuning properties of PV cortical
interneurons is mediated by mGluR1a activation. This work comple-
ments previous in vivo results showing that the transient blockade of
astrocyte glutamate transporters prolongs the orientation-tuning re-
sponse [4] and that astrocyte-specific deletion of IP3R2-mediated Ca%*
responses abolishes adaptation-induced changes in orientation-tuning
curves [56]. To our knowledge, this work is the only one that correlates
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an astrocyte-mediated activation of inhibitory neurons with a physio-
logical response. The reciprocal interactions between GABAergic in-
terneurons and astrocytes in the healthy brain probably represent an
important phenomenon in the dynamic control of brain circuit activ-
ities. This leads to the question of whether a dysfunction in these in-
teractions is involved in brain disorders characterized by a change in
the efficacy of GABAergic transmission and brain circuit hyperexcit-
ability. Under pathological conditions, astrocytes become hypertrophic
and reactive [57]. One of the diseases in which the role of reactive
astrocytes has been extensively explored is temporal lobe epilepsy
(TLE), the most common form of focal epilepsy [58]. In this pathology,
network hyperexcitability is accompanied by neuronal loss and reactive
astrocytosis both in hippocampus and associated temporal lobe struc-
tures. In 2010, Ortinski and colleagues [59] tried to isolate the effect of
astrocytosis on network hyperexcitability in hippocampal CA1 region,
by assessing the effect on synaptic transmission of virus-induced re-
active astrocytosis. They found that an early effect of astrocytosis is a
decrease in glutamine synthesis in astrocytes, which is fundamental for
the production of both glutamate and GABA. The consequent reduction
in the pool of GABA available for synaptic release, in the region of
reactive astrocytosis, leads to a selective deficit in inhibitory, but not
excitatory, transmission. This defect leads to network hyperexcitability,
a common feature of different mouse model of TLE.

Another pathophysiological condition characterized by neuronal
hyperexcitability is the spreading depression (SD). This phenomenon
can occur in different pathological conditions, such as migraine with
aura, stroke and brain injuries [60]. Very recently, a new cellular event
that involves both astrocytes and GABA has been described in SD [61].
SD is characterized by propagating waves of neuronal and glia depo-
larization, followed by a recovery phase. After an initial astrocytic Ca®*
wave, SD was shown to promote an oscillatory Ca" activity in astro-
cytes during the recovery phase, accompanied by an increase in SICs
occurrence in nearby neurons, indicative of an increase in glia to
neuron transmission [44]. Experimental results showed that the oscil-
latory Ca®™ activity in astrocytes did not require synaptic transmission,
since it persisted in the presence of TTX or AMPA receptor antagonists,
and it was independent on purinergic and glutamatergic receptors. In-
terestingly, during SD an increase in extracellular GABA has been re-
ported [62,63] and, as previously described, long-lasting Ca®* oscil-
lations can be induced in astrocytes by activation of GABAgRs [30].
Accordingly, by using GABAgR antagonists the authors succeeded in
abolishing both the oscillatory Ca®* activity in astrocytes and the en-
hancement of SICs in neurons. The mechanisms at the basis of network
hyperexcitability reported in these two studies recapitulate two im-
portant aspects already discussed in this review. The first is the ability
of astrocytes to modulate GABA levels through different mechanisms, in
this case by controlling the availability of its precursor glutamine, the
second is the role of GAAs and gliotransmission in regulating neuronal
network excitability.

The relationship between GABA and astrocytes has been in-
vestigated in different papers also in relation with Alzheimer’s disease
(AD). AD is the most common form of dementia, characterized by fre-
quent association with extracellular deposits of AP-plaques and in-
traneuronal accumulation of neurofibrillary tangles [64]. In 2014, two
different laboratories revealed the detrimental role of GABA released
from reactive astrocytes in different mouse models of AD. Wu et al. [65]
investigated GABA effects in the dentate gyrus (DG), i.e. the gateway of
cortical input to the hippocampus that is crucially involved in learning
and memory, of 5XFAD mice as well as in brain samples from human AD
patients [66]. They found an unusual high GABA content in reactive
astrocytes of the DG only in the presence of fully developed Ap-plaques
(in 6-8 months old mice and in human brains from AD patients). This
was accompanied by an augmented expression of glutamic acid dec-
arboxylase (GAD), i.e. the enzyme involved in GABA synthesis, and of
the GABA transporter GAT3/4. In order to verify the possibility that
GATs mediate GABA release from reactive astrocytes, the authors
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focused their attention on tonic inhibition in the DG of 5xFAD mice,
where GABA released by reactive astrocytes generates a tonic GABA
current mediated by GABAR activation on nearby neurons [67]. They
found that DG cells from 6 to 8 months old 5xFAD mice showed a larger
tonic GABA current with respect to age-matched WT mice, that was
abolished by specifically blocking GAT3/4. Noteworthy, inhibitors of
GAT3/4 or GABAAR were also able to rescue behavioral memory defi-
cits in 5XxFAD mice. In the same year, Jo and colleagues [68] published
a similar study using, beside the 5xFAD mouse model, the APP/PS1 AD
model. These authors confirmed the abnormal GABA release in DG and
showed that it involves an increased extrusion of Ca®>* through the
glutamate and GABA-permeable bestrophin-1 channel (Bestl), that is
highly expressed at the astrocytic microdomains near synapses [69].
The authors previously demonstrated that this mechanism is physiolo-
gically present in the cerebellum [70] whereas in hippocampus tonic
GABA release in physiological conditions is low [71]. GABA released
from astrocytes through Best-1 channel activates both GABAAR and
GABAgR, leading to a presynaptic form of inhibition that hampers
neurotransmitter release. The main consequence is an impairment of
LTP and cognitive functions, caused by a reduction in spike probability
at the perforant-path-to-dentate-granule-cell synapse. Astrocytic GABA
release plays therefore, a central role in AD influencing both neuronal
activity and cognitive functions.

Despite the evidence of a strict relationship between GABAergic and
astrocytic networks in different brain regions, our knowledge of how
this interaction is correlated to physiological processes remains un-
satisfactory. A long way is ahead to clarify the relevance of these me-
chanisms in behavioral contexts. Exploring in vivo this crucial aspect
will open new perspectives in the comprehension of brain physiology
and, at the same time, it will help the development of new therapeutic
strategies in brain diseases.
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