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Abstract

Brain fluid transport is mediated by cerebrospinal fluid (CSF) circulation. This process plays
important roles in the function, therefore the health of brain network. For instance, it regulates
the intracerebral pressure equilibrium, dynamic distribution of energy fuels such as glucose and
lactate, and notably for the removal of waste molecules like amyloid beta. Disturbance in brain
flow transport is being recognized as a factor exacerbating neurological pathologies like

Alzheimer’s disease.

As a major type of glial cells, astrocytes are distributed throughout the brain and strategically
located between cerebral vasculature and brain parenchyma. The discovery of the critical
involvement of astrocytes in brain fluid transport has led to the emergence of the concept of the
glymphatic system. It has been suggested that astrocyte volume dynamics, via regulating the
extracellular space, shapes the brain flow transport. Water flux underlies astrocyte volume
regulation. Astrocytes express the bidirectional water channel Aquaporin 4 (AQP4) that has
been suggested to modulate astrocyte volume change. However, the exact role of AQP4 in
astrocyte volume regulation has been debated, causing unresolved controversy on the

mechanistic understanding of brain fluid transport and the glymphatic system.

My PhD study acutely discerns the role of AQP4 in astrocyte volume regulation in basal
conditions and in response to osmotic changes in brain parenchyma in mouse models.
Interdisciplinary approaches have been adopted during the PhD study, including in vivo
chemical astrocyte labeling, ex vivo cellular fluorescence imaging in acute brain slices, in vivo
fiberphotometry recording in freely moving animals and by diffusion weighted magnetic
resonance imaging (DW-MRI). The obtained results (Chapter 1) lead to the finding that AQP4
tonically sculpts astrocyte volume homeostasis, perturbing of which interferes with brain water
diffusion. My following study (Chapter I1) probed the potential mechanisms implicated in the
dysregulated astrocyte signals and volume regulations in pathological 3 amyloid conditions. A
hyper-regulation in astrocyte calcium signaling was observed that could potentially disturb the
activity-dependent astrocyte volume dynamics. The possibility that targeting astrocytes AQP4
in vivo to facilitate amyloid clearance is being tested in an Alzheimer’s disease mouse model.

These results together shed light on the fundamental role of AQP4 in tuning astrocyte volume
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and therefore the extracellular route for molecular diffusion, helping to understand brain fluid

transport and its implication in health and neurological disorders.

The scientific knowledge from my PhD study has also fostered collaborative works for
understanding I) brain astrocyte activity remodeling in obesity-associated metabolic syndromes.
The results of this part contribute to the discovery that the calcium signaling of hypothalamic
astrocytes undergoes heterogeneous remodeling in anatomically defined nuclei implicated in
systemic metabolism regulation. This work helps to delineate the important participation of
astrocytes in energy balance control; and Il) the molecular mechanisms underlying the
trafficking of calcium-permeable transient potential receptor ion channels. This work suggests
testable molecular targets for interrogating the calcium signaling mechanisms in nervous cells

including astrocytes.



Résumé (Francais)

Le transport du flux cérébral est médié par la circulation du liquide céphalo-rachidien (LCR).
Ce processus joue un réle important dans la fonction, et donc dans I’homéostasie du cérébrale.
Il régule I'équilibre de la pression intracérébrale, la distribution dynamique des carburants
énergétiques tels que le glucose et le lactate, et notamment I'élimination des déchets comme la
béta-amyloide. La perturbation du transport du flux cérébral est reconnue comme un facteur

aggravant des pathologies neurologiques comme la maladie d'Alzheimer.

Etant un type majoritaire de cellules gliales, les astrocytes sont répartis dans tout le cerveau et
stratégiquement situés entre le systéme vasculaire et le parenchyme cérébral. La découverte de
I'implication critiqgue des astrocytes dans le transport des fluides cérébraux a conduit a
I'émergence du concept de systéeme glymphatique. Il a été suggéré que la dynamique du volume
astrocytaire, via la régulation du volume de I'espace extracellulaire, fagonne le transport du flux
cérebral. Le flux d'eau cellulaire sous-tend la régulation du volume des astrocytes. Les
astrocytes expriment le canal d'eau bidirectionnel Aquaporine 4 (AQP4) qui a été suggéré
comme modulateur du changement de volume astrocytaire. Cependant, le réle exact de I'AQP4
dans la régulation du volume des astrocytes a été débattu, provoquant une controverse non
résolue sur la compréhension mécanistique du transport des fluides cérébraux et du systéme

glymphatique.

Durant mon doctorat, j’ai étudié le rdle de I'AQP4 dans la régulation du volume astrocytaire
dans des conditions basales et en réponse a des manipulations environnementales dans le
parenchyme cérébral de modéles murins. Des approches interdisciplinaires ont été développées
ou adoptées au cours de cette étude, notamment via ciblage chimiogénique in vivo des
astrocytes, d'imagerie par fluorescence cellulaire ex vivo dans des tranches de cerveau ex-vivo,
d'enregistrement in vivo par fibrophotométrie chez des animaux en mouvement libre et par
imagerie a résonance magnétique de diffusion (DW-MRI). Les résultats obtenus (chapitre 1)
conduisent a la découverte que I'AQP4 sculpte de maniere tonique I'noméostasie du volume des
astrocytes dans le parenchyme cérébral, dont la perturbation interfere de maniere significative
avec le transport du liquide cérébral. J’ai ensuite étudié (chapitre I1) a sondé les mécanismes
potentiels impliqués dans les dérégulations du volume astrocytaire dans des conditions de

pathologies & béta-amyloides. Dans ces conditions, une hyper-régulation de la signalisation
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calcique astrocytaire a été observée, ce qui pourrait perturber la dynamique du volume
astrocytaire dépendant de Il'activité. Afin de moduler et faciliter la clairance amyloide dans un
contexte murin de la maladie d’Alzheimer, I’activité¢ de I’AQP4 a ét¢ impactée in vivo afin de
moduler I’homéostasie volumique astrocytaire. Ensemble, ces résultats mettent en lumiere le
réle fondamental de I'AQP4 dans le réglage du volume des astrocytes, et donc de la voie
extracellulaire du flux cérébral, aidant ainsi a concilier les aspects jusqu'ici deébattus du systéme
glymphatique et son implication dans la santé et les troubles neurologiques.

Les connaissances scientifiques issues de mon doctorat ont également favorisé des travaux
collaboratifs pour comprendre 1) le remodelage de I'activité des astrocytes cérébraux dans les
syndromes métaboliques associés a l'obésité. Les résultats de cette partie contribuent a la
découverte que la signalisation calcique des astrocytes hypothalamiques subit un remodelage
hétérogéne dans des noyaux anatomiquement définis impliqués dans la régulation du
métabolisme systémique. Ces travaux ont permis de mettre en évidence l'importante
participation des astrocytes au contréle de la balance énergétique; et Il) les mécanismes
moléculaires sous-jacents au trafic des canaux ioniques récepteurs potentiels transitoires
perméables au calcium. Ce travail suggére des cibles moléculaires testables pour interroger les

mécanismes de signalisation du calcium dans les cellules nerveuses, y compris les astrocytes.
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Chapter |: Investigating the role of Aquaporin 4

in astrocyte volume regulation.

Water is the most prevalent molecule in living creatures, representing the major body
component from the vegetal organisms to mammalian animals. For instance ~60% of the body
mass of the adult human is made out of water (Popkin et al., 2010). Water is essential for living
organism vitality as just a few days without it will prove to be lethal. Water plays crucial roles
in physiology to maintain body internal environment. It is indispensable for thermoregulation
to sustain a narrow range of temperature highly necessary for routine metabolism and enzyme
activities. With very high heat capacity (~4184 J-kg 1-K™ at 20 °C), water excellently stores
heat, and its oscillation from one body compartment to another helps to maintain the
temperature constancy. Water is also required as a medium for chemical reactions between,
enzymes, ions and proteins due to its heat storage capacity and its stable pH neutrality of 7.0.

So water is a key resource for all metabolic features in living organisms.

Another key feature for water is to protect and lubricate tissues, from the amniotic fluid for a
pregnant woman’s baby, the pleural fluid lubricating lungs for breath, to the cerebrospinal fluid

surrounding the brain and the spinal cord.

Importantly, water serves as a transportation vehicle. lons, amino acids, vitamins, minerals, and
sugars all need be transported by water. Water circulation also appears indispensable for the

clearance of waste molecules in the body thereby preventing the build-up of potential toxicities.

I.1 - The cerebrospinal fluid is important for brain homeostasis

Water is a rudimental factor sustaining body homeostasis. Particularly, the central nervous
system (CNS) is globally surrounded with the cerebral spinal fluid (CSF). The CSF is a liquid
that is found within the tissues of the CNS of all vertebrates, filling all the ventricular spaces in

the brain, and the central canal of the brainstem and the spinal cord. Fluid presence in the brain
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was known since ancient Greece times. Hippocrates described it as “water surrounding the brain”
when studying congenital hydrocephalus, while Galen, the first anatomist, was referring to it as
an “excremental liquid” (Hajdu, 2003). But discovery of the CSF is attributed to Emmanuel
Swedenborg. In his manuscript: «The brain: considered anatomically, physiologically and
philosophically” he referred to the CSF as a “spirituous lymph” and a “highly gifted juice” that
is distributed from the roof of the fourth ventricle to the medulla oblongata (reference). We
have to wait until 1912 for a clear description of the chemical properties of the CSF by William
Metrezegat (Hajdu, 2003)

1.1.1 - Cerebrospinal fluid synthesis

The CSF is synthesized by ependymal cells located in the choroid plexus from filtrated blood
plasma. The filtrated fluid pass through fenestrated capillaries in the choroid plexus to enter the
interstitial space. And then from to the epithelial cell aligned in the choroid plexus in the
ventricles. Additional ions and molecules join the CSF from the plasma by being filtered by
ionic transporters or co-transporters in the epithelial cells. lonic transporters will filtered blood
plasma and by exchanging different ions with different co transporters and the complete CSF
will be then transported into the ventricular systems (Fig. 1) (Mitchell et al., 2019; Rasmussen
et al., 2022). The CSF is composed of all necessary physiological ions, essential proteins and
amino acids (Table 1). The CSF will then circulates within the ventricles of the brain and to
the subarachnoid space and will enter the brain parenchyma via the periarterial space and leave
it from the periveinous space, and be drained away by lymph nodes located in the subarachnoid

space, as well as the spine.
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Choroid Plexus epithelium

118 -HSD @ AZDA4017

Cortisol

Cortisone

GLP-1/
Exenatide

Acetazolamide
Topiramate HCO,

Figure 1: The major ion channels responsible for CSF secretion in the choroid plexus. The major ion
channels responsible for CSF secretion in the choroid plexus are shown with sites of action of
acetazolamide, AZD4017 and exenatide. Cortisone is converted to the active cortisol by 113-HSD1,
cortisol binds to the GR and MR receptors, which upregulate Na*/K* ATPase activity; AZD4017 inhibits
11R3-HSD1 reducing local availability of cortisol. Exenatide binds and activates GLP-1R stimulating the
conversion of ATP to cAMP by AC. cAMP activates PKA, which inhibits the Na* H* exchanger reducing
Na™ re-absorption and also inhibits the Na*/K™ ATPase reducing Na* excretion. Carbonic anhydrase
catalyzes the conversion of H.° and CO, to H* and HCOj3, which is important in the establishment of
the osmotic gradient. Both acetazolamide and topiramate inhibit carbonic anhydrase function. AC,

adenylate cyclase; AE2, anion exchange protein 2; cAMP, cyclic adenosine monophosphate; CSF,
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cerebrospinal fluid; CTFR, cystic fibrosis transmembrane conductance. Figure and legends from
(Mitchell et al., 2019).

The composition of the CSF and plasma®

Plasma CSF
Na“(mM) 155 151
K (M) 46 30
Me™ (mM) 0.7 10
Ca’"(mM) 29 14
Cl{(mM) 121 133
HCO; (M) 262 25.8
Glucose (mM) 6.3 42
Amino acids (sM) 23 0.8
pH 74 74
Osmolality (mosmol Kg HyO by 300 305
Protein (mg 100 ') 6300 25

The concentrations of the components in bold type are regulated by the choroid plexuses.
Y alues are for dog CSF, except

*
from rabbit, and are taken from the review by Davson et al. (1987).

Table 1: CSF and blood plasma composition (Brown et al., 2004)

1.1.2 - Cerebrospinal fluid functions

The CSF serves fundamental functions underpinning the function, integrity and waste clearance
of the central nervous system (Cousins et al., 2022). As a delicately filtrated fluid, CSF sets the
total ionic environment of the neural circuits, being extremely crucial for the operation of
information processing in the nerve system (Sakka et al., 2011). Equally essential for the CNS
function is the efficient diffusion of metabolic molecules throughout the neuron-glia networks
(Magistretti and Allaman, 2018). For instance, as a highly energy-consuming organ, the brain
relies exclusively on circulating glucose as an energy fuel, where the normal functionality of
CSF tightly mediates the extracellular diffusion of glucose and its metabolic derivatives
including the lactate (Magistretti and Allaman, 2018). Furthermore, as a wide spread liquid
buffer, CSF critically protects the very complex yet super fragile nerve tissues (Spector et al.,
2015). By being submerged by CSF, the brain exists in a neutral buoyancy enabling the brain
to maintain its density and therefore its function during daily behaviors.

13



Pial-glial barrier Ependymal layer Blood-CSF barrier

Figure 2: The classic model of cerebrospinal fluid (CSF) dynamics. Ventricular CSF is produced from
the blood via the choroid plexuses in the walls of each of the four ventricles (red arrows). CSF flows
(black arrows) from the lateral into the third ventricle (1), then flows into the fourth ventricle (2) via the
cerebral aqueduct. From the fourth ventricle CSF flow is either into the central canal of the spine (3)
or into the subarachnoid space at the cisterna magna (4). CSF flows within the subarachnoid space and
is cleared via the arachnoid villi into the dural venous sinuses (5). (Figure and legend from (Cousins et
al., 2022).

1.2 - Astrocytes, a key component in the Central nervous system

In the CNS, two type of cell are prevalent: the neurons and the glial cells. Neurons are
electrically excitable cells, while glial cells are electrically non-excitable (\Verkhratsky and
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Nedergaard, 2018). The glial cells include oligodendrocytes, ependymal cells, microglia and
astrocytes. They represent ~50 % of the cell population in the mammalian CNS, with an
approximate of ~100 billion glial cells in the human brain (von Bartheld et al., 2016). Among
glial cells, astrocytes play important functions in regulating the development, function
and homeostasis of the brain. My current study has been focused on brain astrocytes in

mouse models.

1.2.1 - Historic

The initial description on glial cells neuroglia was from the pathologist Rudolf Virshow (1821-
1902). In 1856, he introduced the term “Nervenkitt” (neuroglia) as a connective substance
which forms in the brain, in the spinal cord and in the higher sensory nerve, in which the
component of the nervous system are embedded. (Fig. 3). They were first thought of being mere
structural cells, hence got their name from the word “glue”, being referred as neuroglia. They
were then considered as a mere glue holding neurons together. Astrocytes were found to be a
major type of glial cells and initially observed in the 19th century along neurons (\Verkhasky
and Butt, 2013). The name astrocyte was introduced by Michaél von Lenhossék in 1895,
coming from the greek astron and kytos, astron meaning star and kytos hollow vessel, later cell,

so all together a star like cell.

A) %@
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FIGURE 3: Virchow’s illustrations of neuroglia. (A) Ependyma and neuroglia in the floor of the
fourth ventricle. Between the ependyma and the nerve fibers is “the fiee portion of the neuroglia with
numerous connective tissue corpuscles and nuclei.” Numerous corpora amylacea are also visible,
shown enlarged below the main illustration (ca). E, ependymal epithelium; N, nerve fibers; v, blood
vessels. (B) Elements of neuroglia from white matter of the human cerebral hemispheres. A, free nuclei
with nucleoli; b, nuclei with partially destroyed cell bodies; ¢, complete cells. Source: Reproduced with
permission from Verkhratsky A, Butt AM. Glial physiology and pathophysiology. Oxford, UK: Wiley-
Blackwell; 2013 (Figure 1.14). (Figure and legends from astrocyte and epilepsy Hubbard et al Science
2016)

1.2.2 - Morphology, localisation and organization

They Astrocytes represent from ~20 to ~40% of the cell population of the brain and the most
abundant type of glial cells in the CNS (Verkhratsky and Butt, 2013). Astrocyte are organized
as individual domains and are interconnected via gap junctions between them as forming a
syncytia network that help for involved in information propagation. Astrocytes are very
heterogeneous in terms of following their functions, or their localization and molecular profiles.
By general localization, they can be divided in two main subtypes: protoplasmic astrocytes, or
fibrous astrocytes (Fig. 4). Protoplasmic astrocytes are found in the grey matter. They exhibit
stem branches that give rise to many fine branch process. Fibrous astrocytes are found in the

white matter and show a long fiber like processes morphology (Sofroniew and Vinters, 2010).
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Protoplasmic astrocyte . Fibrous astrocytes

Figure 4: Two main type of astrocytes. (A) Images of astrocytes drawn by Michael von Lenhossek
(Lenhossek, 1895). (B) rotoplasmic and fibrous astrocytes drawn by William Andriezen (Andriezen,
1893).Both preparations were stained with Golgi technique. Figure and legends from (Verkhratsky and
Butt, 2013)

Astrocytes are widely distributed in the CNS, present in both grey and white matter. They are
organized in non-overlapping domains (Fig. 5). Protoplasmic astrocytes tend to have non
overlapping domain in gray matter, so that only the most distal tips of their process are in
contact to each other. Astrocytes communicate between each other by gap junctions expressed
at the extremity of each domain (Wilhelmsson et al., 2006). Similar domains seem to exist in
white matter but have not been reported extensively. Astrocyte are also aligned along blood

vessels and part of the brain blood barrier (BBB) (Daneman and Prat, 2015).
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Figure 5: Astrocytes in the adult brain typically do not reach into domains of their astrocyte neighbors.
Interdigitation of fine cellular processes between adjacent astrocytes is shown here in a three-
dimensional reconstruction of astrocytes in the dentate gyrus of the hippocampus of a mouse. Note the

relatively limited overlap zone between adjacent astrocytes (shown in yellow) (Wilhelmsson et al., 2006).

1.2.3 - Functions

As one of the major glial cells, astrocytes have very important functions crucial for the
homeostasis and the well-being of the CNS. Astrocytes are at close proximity with neuronal
synapses and help for neurotransmission and ions and transmitter homeostasis at the synaptic
level (Dallérac et al., 2018). Astrocytes also provide metabolic support to neurons. Indeed
they provide to neurons the necessary nutrients (e.g., glucose, lactate) for the survival and
function of neurons (Magistretti and Allaman, 2018). They also act as repairing cells to
safeguard the microenvironment of neuropil and respond to pathological injuries. Indeed upon
neuronal injury astrocytes are recruited and contribute to the neuronal repair by secreting
neurotropic factors (O’Shea et al., 2017).

Hence, by occupying the strategic position in brain circuits, at the interface between blood
vessels and neurons, astrocyte can regulate synaptic activity, blood flow as well as energy
metabolism. Unlike neurons, astrocytes do not exhibit action potentials, but they display

intracellular calcium (Ca?") signaling, thought to represent their dynamic activity (Khakh and
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McCarthy, 2015) . They are part of the tripartite synapse, where their fine perisynaptic
processes are adjoin the pre- and post-synaptic elements. This strategic position enables them
to regulate synaptic activity; the local concentration of synaptic neurotransmitters is
dynamically controlled by astrocytes, via either or both the transmitter uptake/recycling and the
intracellular Ca?* signaling by ion channels, neurotransmitter receptors and transporters. In turn
astrocyte modulation of neuronal activity occurs via multiple mechanisms. For instance,
neuroactive molecules (ATP, glutamate, lactate, peptides...) have been suggested to be released
by astrocytic Ca®* signaling to regulate neuronal excitability and synaptic transmission.
Astrocytes also display changes in their morphology and synapse coverage, which set their
proximity to synapses, and thus determine astroglial uptake capacity, released molecules
availability and contact-mediated signaling (Pannasch et al., 2011; Kim et al., 2014).
Intercellular astroglial networks are mediated by gap junction channels (GJ) composed of
connexin (Cx) subunits, Cx30 and Cx43, which enable long-range exchange of ions,
neuromodulators and metabolites mediating network- wide signaling and synchronization
(Pannasch and Rouach, 2013; Chever et al., 2016). Cx also form channels, such as Cx43
hemichannels (HC), pannexinl (Px1) or P2X7 (Chever et al., 2014; Abudara et al., 2018)
channels, instrumental for the release of neuroactive molecules (Fig. 6). These molecules may
also be released via vesicular exocytosis, although this remains controversial (Fiacco and
McCarthy, 2018; Savichouk and Volterra, 2018).. It is noteworthy that these astroglial
molecules can be locally produced in the direct vicinity of neighboring synapses or alternatively
they can originate from distal site of the astroglial network and be trafficked via GJ towards

neuronal activity hotspots to fuel synapses, as shown for glucose and lactate delivery
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Figure 6: Astrocyte function in the CNS (Sofroniew and Vinters, 2010)

1.3 - Water transport by the Aquaporin 4 in astrocytes

Aquaporin (AQP) also called water channels, are a class of membrane protein part of the large

family of channel proteins. Their main function is to facilitate water transport through cell

membrane by forming pores enabling water molecules to pass. They play a crucial role in

maintaining cell water homeostasis and by extension all body water homeostasis.
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1.3.1 - A brief historic on aquaporin research

Water is the most prevalent molecule in a cell, around 70% of the intracellular composition
being water. Cells membrane delimits the interior cytoplasm from the outside of the cells. Cell
membrane is made of lipid bilayer that is crucial for the cell integrity, and a strict control of

how water can diffuse through a cell membrane is necessary to maintain this cell integrity.

Water can diffuse through plasma membrane by 2 different mechanisms. First by passive

diffusion, and secondly via transporters or channels.

For long researchers hypothesized that passive diffusion was not the only mechanism enabling
water molecule to cross cell membrane. As some type of cells were exhibiting higher water

permeability than others. But for a long time these mechanisms remained unknown.

In 1957 Sidel and Solomon studied the hypothesis that maybe specialized proteins may exit in
order to facilitate water diffusion though biological membrane (Sidel and Solomon, 1957). In
1984 Macey et al were able to block water selectivity of red blood cell, and revert it by applying
a reducing agent (Macey, 1984). But it was until 1992 that the first water permeable channel
could be isolated by Peter Agre’s lab, which awarded him the Nobel Prize in 2003. The isolated
protein was then first named CHIP 28 for channel forming integral protein, and later renamed
Aquaporin 1 (Agre, 2006).

1.3.2 - Aquaporin classification

The AQP are divided in 13 families from aquaporin 0 to aquaporin 12. They are all expressed
ubiquitously in mammalian tissues (Table 2). They can be subdivided in three different
subgroup, first the Aquaporins “purely water channel family” (AQPO, 1, 2, 4, 5, 6 and 8);
second, the Aquaglyceroporins (AQP3, 7, 9 and 10); and last and relatively new group of
aquaporins the Super-aqua-porins (AQP11, 12) (Badaut et al., 2014).

21



AQP Subtypes

Transport molecules

Tissue distribution

AQPO
AQP1

AQP2

AQP3

AQP4

AQP5

AQP6

AQP7

AQP8

AQP9

AQP10

AQP11

AQP12

Water, anion

Water, gas, and possibly cations

Water

Water, urea, glycerol, ammonia,H,0;

Water, CO,, amonia

Water, CO,

Water, urea, anions, glycerol, nitrate

Water, urea, glycerol, ammonia,
arsenite

Water, ammonia, H,0,
Water,urea, glycerol, lactate,
H,0, mannitol, purines, pyramidines

Water, urea, glycerol

Water

Undertermined

Fiber cells of the crystalline lens

Erythrocytes, eye, choroid plexuses,
kidneys, heart, lungs, vascular
endothelium, skin, gastrointestinal
tract, salivary gland, liver, testes,
ovaries, and uterus.

Renal collecting duct, ears, ductus
deferens

Kidneys, leukocytes, erythrocytes,
skin,

eyes, respiratory tract,
gastrointestinal

tract, ovaries

Brain, retinas, salivary and lacrimal
glands, olfactory and auditory
epithelium, gastrointestinal tract,
kidneys, lungs, and skeletal muscle
Epithelia of lacrimal, sweat, and
salivary glands, alveolar, bronchial,
and tracheal mucosa, ovaries, kidneys,
and skin

ntracellular vesicles of the renal
collector tubule and brain

Adipose tissue, carotid body, testes,
kidneys, heart, skeletal muscle, and
ovaries

Liver, pancreas, gastrointestinal tract,
salivary glands, kidneys, lungs and
trachea, testes, and ovaries

Liver, leukocytes, erythrocytes, testes,
ovaries, brain, kidneys, and splee
Small intestine, specifically in the
duodenum and jejunum

Testes, heart, kidneys, ovaries,
muscles,

gastrointestinal  tract, leukocytes,
liver,

brain

Acinar cells of the pancreas

Table 2: Distribution and molecule transport of the different type of aquaporin in the CNS.
Adapted from (Trillo-contreras et al 2022)
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1.3.3 - The Aquaporin 4 is the major aquaporin in the CNS

The AQP4 is one of the main AQP present in the CNS, expressed mainly on astrocytes.
The AQP-4 is enriched in astrocyte processes in close contact with blood vessels, being a main
component of the glymphatic system. AQP4 was first discovered in 1994 in the rat brain (Jung
et al., 1994). Verkman’s and Agre’s group independently reported that rat brain expresses a
specific AQP cDNA. First named mercury insensitive water channel (MIWC) by Verkman’s
group but later named AQP4 (Nagelhus and Ottersen, 2013) (Morton et al., 2007) The polarized

localization of AQP4 pool in astrocytes is maintained by anchoring proteins such as syntrophin
(Fig. 7).
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Figure 7: Distribution of AQP4 in the brain. There is evidence accumulated to suggest that AQP4 is

involved in such diverse functions as regulation of extracellular space volume, potassium buffering

(references), cerebrospinal fluid circulation (references), interstitial fluid resorption, waste clearance,
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neuroinflammation, osmosensation, cell migration, and Ca** signaling. AQP4 is also required for

normal function of the retina, inner ear, and olfactory system. From (Nagelhus and Ottersen, 2013)

1.4 - Glymphatic system, a recent concept for brain fluid circulation

The glymphatic system (GS) concept has emerged over the last decade. This concept is part of
the theory of the intracerebral drainage system, and was first proposed by Iliff in 2012 (Iliff et
al., 2012). Glymphatic system leans on the principle of fast pathway for inflow of CSF from
the periarteriole space, and the outflow of interstitial fluid to the perivenous space (Fig. 8). This
system is featured by three dynamically interlinked aspects: (1) there exists a convective
flow wide-spread in brain parenchyma (interstitial flow); (2) this flow is driven by the
pulsation of infiltrated arterioles; (3) astrocyte AQP4 modulates the Kkinetics of
glymphatic system. Traditionally, it is known that the pulsation of arteriole creates a local
convective flow in perivascular space (i.e., the VirchowRobin space). Glymphatic concept
extends this scenario to the parenchyma, which is however still in debate (Smith and VVerkman,
2019; Mestre et al., 2020b).

24



Skull
Subarachnoid space

Glymphatic hm

periarterial . =

e

CSF influx

Periarterial
space of
glymphatic
pathway

Periarterial
space of
perivascular
drainage
pathway

Smooth
muscle cells

Endothelium 0 | .
Astrocytic Uralnage

endfeet
processes,

5 P, . Glymphatic
clggi E“ V. f perivenous
CSF-ISF efflux

2 ISF bulk flow

Perivenous
space

ISF'  Astro Waste
Neuron

Figure 8: Outline of the glymphatic system. This figure illustrates that perivascular clearance
comprises perivascular drainage and glymphatic pathways. (1) Cerebrospinal fluid flows into the brain
parenchyma via the periarterial space, which is the perivascular space surrounding the parenchymal
arteries. From this perivascular space surrounding the artery, cerebrospinal fluid enters the interstitium
of the brain tissue via aquaporin 4 (AQP4)-controlled water channels. These are distributed in the end
feet of astrocytes that constitute the outer wall of the perivascular space. (2) Cerebrospinal fluid
entering the interstitial fluid flows by convection, and the cerebral spinal fluid (CSF)-interstitial fluid
(ISF) exchange within the brain parenchyma. (3) After washing the waste proteins from the tissue, it
flows into the perivenous space, which is the perivascular space around the deep-draining vein, and is
subsequently discharged outside the brain. (Reprinted by permission from Macmillan Publishers Ltd:
Nat Rev Neurol [11:457-470], copyright [2015]). Figure and legend from (Nedergaard, 2013).

1.4.1 - Brain fluid study to glymphatic system
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Study of brain fluid transport go along with the study of the brain itself. And the study of brain
fluid transport is as old as the later. The earliest notions for brain fluid transport were found in
ancient Greece. But those works were descriptive and often contained arbitrary postulates. It
was until the renaissance, which is a period that saw the revival of science that led to many
discoveries in many key component of the nervous system. Since then, the understanding for

the brain fluid transport has been boosted by the all along scientific discoveries (Fig. 9).
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Figure 9. Timeline of significant events and discoveries pertaining to brain fluid transport. The black
arrow superimposed over the cerebral artery illustrates the passage of time. The timeline spans over
millenniums and includes the first clinical description of cerebral spinal fluid (CSF) in ancient Egypt
found in the Edwin Smith papyrus scroll from 1500 BC, the first morphologically correct drawing of the
ventricular system by Leonardo da Vinci in 15th century, and the description of CSF flow as the third
circulation by Harvey Cushing in the 20th century. Many other substantial discoveries extending beyond
those illus- trated in the figure established the foundation to our modern understanding of brain fluid
transport but due to space limitations cannot be included in the fig- ure (see FIGURE 3). Images are
courtesy of The New York Academy of Medicine Library (Edwin Smith Papyrus scroll) and from Ref. 31
(Da Vinci drawings; with permission from Springer International), (schematic by Harvey Cushing; with
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permission from The Archives of Surgery), (Arachnoid granulations drawing by Key and
Retzius))(Rasmussen et al., 2022)

The dynamics of glymphatic flow was first described in 2012 using bi-photon microscopy in
mice by injecting fluorescent tracers into the cisterna magna in order to visualize CSF diffusion
in real time (Iliff et al., 2012). Following injection, the tracers quickly flowed along the
perivascular space of the cortical surface arteries and the penetrating arterioles, and from there
entered the brain parenchyma. Brain fluid flow pathway in the parenchyma was defined by
fluorescence imaging of fixed brain slices. A longer-time observation showed that the tracers
have accumulated along capillaries and parenchymal venules. This imples that the interstitial
fluid (ISF) were drained along the perivenous space surrounding large caliber draining veins.
AQP-4 being localized near periarterial and periveinous space, it was then also hypothesized

that AQP4 may play a role in CSF and ISF exchange flux.

Glymphatic system was proposed for the removal of the solute and protein wastes in the brain,
sustained by the convective exchange between the CSF and ISF (Fig. 10) (Iliff et al., 2012;
Louveau et al., 2015). As aforementioned, the CSF penetrates the astrocytes end-feet to reach
the brain interstitial space through a water channel membrane composed with AQP-4, (Iliff et
al., 2012). In the interstitial space, this CSF bulk flow can move brain metabolites and clear
them through other perivascular spaces adjacent the cerebral veins. Then, the flow could travel
through the cranial nerves, and in the recently described cerebral lymphatic vessels in the dura
mater alongside the sinus veins (Aspelund et al., 2015; Louveau et al., 2015). Interestingly, the
glymphatic activity is dramatically increased during sleep, which may have a role for brain
waste clearance, a mechanism seemingly underlying the refreshing effect of sleep (Xie et al.,
2013).
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Transcellular
routes

Figure 10: Plausible fluid transport routes and their dependence on the polarized expression of
aquaporin 4 (AQP4) at perivascular astrocytic end- feet. Directional fluid transport from arterial to
venous vasculature would require differential conditions at the site of influx (left) and efflux (right ) of
fluid. Possible flow pathways can be largely divided into transcellular or paracellular transport routes.
Transcellular routes (top row) would consist of direct entry of fluid through AQP4 channels, and could
be subdivided into the following: 1: trans-astrocytic fluid transport, where fluid enters the astrocyte at
the endfoot and continues through the soma and the greater glial syncytium following a largely
intracellular pathway, or 2: trans-endfoot fluid transport, where fluid enters into the endfoot and rapidly
exits into the extracellular space (ECS) without entering the soma, thus following a largely extracellular
pathway interspersed with short segments of intracellular transport. Alternatively, fluid may also follow
paracellular routes (bottom row), which would consist of fluid transport through the clefts formed by
neighboring endfeet. This primarily extracellular transport route would rely indirectly on AQP4 water
channel expression. 3: Hydrostatic pressure gradients, between the arterial and venous sides of the
extracellular space could drive directional fluid flow toward the region of lower pressure (P artery > P
ECS > P vein). 4: osmotic pressure gradients could be generated by astrocytic ionic fluxes (e.g., K1
spatial buffering) that in part depend on AQP4 polarization. Directional transport of extracellular
osmoles could potentially drive fluid entry between endfeet toward efflux sites (rpvein > rpECS >

rpartery). PVS, perivascular space. Figure and legends from (Rasmussen et al., 2022)
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1.4.2 - Physiological functions of the glymphatic system

The glymphatic system plays roles in brain fluid circulation, metabolite clearance, delivery
of nutrient and in volume neurotransmission. Glymphatic system thus helps the brain to get

rid of excess of extracellular fluid, metabolite and protein waste products (Fig. 11).
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Figure 11. Glymphatic system and its role in clearance, nourishment, and volume transmission. The
glymphatic system serves various physiological functions. By establishing extracellular fluid efflux, the
glymphatic system clears the brain parenchyma of extracellular metabolites and waste products.
Furthermore, the influx of cerebrospinal fluid (CSF) to the brain along periarterial spaces also provides
nourishment to the brain, whereby the glymphatic system distributes glucose to neurons and astrocytes,
and delivers lipids and apolipoprotein E arising in the choroid plexus throughout the brain. Certain
vitamins like folate and ascorbate are exclusively delivered to the brain parenchyma by CSF. Finally,
the glymphatic sys- tem may play a role in local volume transmission, which refers to the transport of
“spill-over” neurotransmitter from a synapse to neighboring non-post- synaptic cells. Glymphatic flow
in the extracellular space would theoretically increase local volume transmission, as may occur during
nonrapid eye movement (NREM) sleep, when large volumes of CSF wash through the neuropil.

Interesting, NREM sleep is characterized physiologically by large scale synchrony of neuronal activity,
29



which fits with the notion of widespread humoral action supported volume transmission, as opposed to
the tight spatiotemporal coupling of neurotransmission during wakefulness. Global volume transmission
refers to the brain-wide delivery of neuropeptides or hormones with CSF, arising in circumventricular
organs or from the choroid plexus. CVO, circumventricular organs; AQP4, aquaporin 4. Figure and

legend from (Rasmussen et al., 2022)

In this context, dynamic flowing of CSF plays critical roles in regulating brain function and in
controlling diffusion of neurotransmitters and metabolic substrates, such as glucose and lactate,
thereby shaping synaptic transmission and plasticity (Mestre et al.,2020.; Kessler, 2013;
Rangroo Thrane et al., 2013; Xie et al., 2013; Lundgaard et al., 2015, 2017)

1.5 - Scientific question and technical challenges

Brain flow transport plays an important role in regulating extracellular molecular diffusion,
therefore the health of brain network (Brinker et al., 2014; Mesquita et al., 2018). As a recently
proposed concept, the glymphatic system extends an active brain flow transport across the
parenchyma for physiological homeostasis maintenance as afore summarized. It controls the
intracerebral pressure equilibrium, extracellular neurotransmitter diffusion and the dynamic
distribution of energy fuels such as glucose and lactate in the brain. Disturbance in brain
flow/fluid transport is being recognized as a severe factor exacerbating neurological pathologies
like edema development and Alzheimer’s disease (Tait et al., 2008; Louveau et al., 2015). As
a major type of glial cells, astrocytes are distributed throughout the brain and strategically
located between cerebral vasculature and brain parenchyma (Barres, 2008). Astrocyte volume
dynamics is implicated in regulating the extracellular architecture thereby brain flow
transport (Plog and Nedergaard, 2018). Water flux underlies astrocyte volume regulation.
Aquaporins (AQP) represent a family of bidirectional water transport channels, with AQP4
being the major subtype expressed in brain astrocytes (Nagelhus and Ottersen, 2013;

Papadopoulos and Verkman, 2013).
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Figure 12: AQP4 is bidirectionally implicated in astrocyte volume regulation (Simard and
Nedergaard, 2004; Lafrenaye and Simard, 2019) and modulation of extracellular space

thereby brain fluid transport.

AQOP4 has been implicated in brain fluid homeostasis, however its role in astrocyte volume

reqgulation_remains_controversial. At the cellular level, early reports show controversial

effects of AQP4 genetic inhibition on astrocyte swelling activity at cellular level; for instance,
knocking out of AQP4 reduces astrocyte swelling as shown by (Benfenati et al., 2011),while in
contrast Murphy et al. showed that AQP4 knocking out facilitated astrocyte swelling (Murphy
et al., 2017). Also, reduced extracellular space was observed in AQP4-deficient mouse model
(Binder et al., 2004; Zhang and Verkman, 2010), and in mouse model delocating AQP4 by
knocking out its anchor protein syntrophin, implying that AQP4 deficiency may swell astrocytic
endfeet (Amiry-Moghaddam et al., 2004). Not only being involved in astrocyte volume

regulation, astrocyte AQP4 is implicated in brain pathologies such as the edema development.
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Nevertheless, while AQP4 knock out ameliorates cytosolic brain edema that reflects the water
accumulation in intact cells, deficiency of AQP4 exacerbates the brain swelling in vasogenic
edema and hydrocephalus mouse model, which are observed during brain blood barrier
disruption and the elevation of intraventricular pressures, respectively. (Bloch et al., 2006; Tait
et al., 2008; Verkman et al., 2017). The presence of AQP4 has also been reported to alleviate
perihematomal edema in intracerebral hemorrhage (Jeon et al., 2021)

Recently, dynamic exchange of brain fluid between CSF and parenchyma ISF is suggested to
be important for clearing brain environment, leading to the emergence of the concept of
glymphatic system (Mestre et al., 2020a). The importance of glymphatic system has been
manifested by the removal of waste metabolites and harmful proteins (e.g., B amyloid) from the
brain parenchyma. However, controversies exit about the operating mechanisms of glymphatic
system (Smith and Verkman, 2019), with a major debate raised on the role of AQP4 water
channel. Several lines of experiments utilizing different types of AQP4 KO mice and diffusible
tracer imaging suggest an indispensable involvement of AQP4 in brain fluid transport (Mestre
et al., 2018), However, it was also observed in AQP4 null mice that brain fluid transport is
unafected (Smith et al., 2017a). In addition, selectively perturbing astrocyte AQP4 has led to
distinct effects on water diffusion in the brain parenchyma as determined by the apparent
diffusion coefficient using diffusion-weighted magnetic resonance imaging (DW-MRI)
(Badaut et al., 2011; Debacker et al., 2020).

One reason underlying the aforementioned controversial observations (at the cellular, network
and MR level) on the role of astrocyte AQP4 in brain fluid transport, might be that chronically
inactivating astroctye AQP4 by genetic interventions have caused variable alterations in
cerebral water environment, or induced unexpected cellular adaptation. Indeed, it has been
observed that in AQP4 KO mice, the water content in the brain parenchyma is significantly
altered compared to intact animals (Haj-yasein et al., 2011); Fig. 13). This, likely have rendered
it difficult to clarify the function of astrocyte AQP4 in brain fluid circulation. Hence, acutely
targeting AQP4 water channel is necessary to pinpoint its role in astrocyte volume

regulation in brain physio- and pathology.
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Figure 13: Water content in mouse brain in conditional AQP4 KO mice (Haj-Yasein et al., 2011).

The synthetic compound 2-(nicotinamido)-1,3,4-thiadiazole (TGN-020) is derived from the
condensation of nicotinamide and thiadiazole derivatives (Burnett et al., 2015). TGN-020 has
been identified as a selective and potent inhibitor of AQP4 water channel as testified using
either the heterologous expression system (Toft-bertelsen and Larsen, 2020) or the AQP4
knockout mouse model (lgarashi et al., 2013.; Huber et al., 2009). Application of TGN-020 in
vivo reduced ischemia-associated edema in mouse models as revealed by MRI (Igarashi et al.,
2011). Using AQP4 knockout mice, TGN-020 has been engineered as an AQP4 selective ligand
for preclinical positron emission tomography imaging to map brain AQP4 distribution
(Nakamura et al., 2011). Blocking of AQP4 by TGN application augments the local cerebral
blood flow, with effect of TGN-020 was absent in AQP4 knockout mice, indicating the specific
targeting of AQP4 (lgarashi et al., 2013.).

Using mouse model and combining the selective targeting of AQP4 with TGNO0-020, |
developed ex vivo and in vivo fluorescent intensity-translated astrocyte volume imaging
methodology and resorted to diffusion MRI to assess brain water diffusion. The results of my
PhD study show that AQP4 water channel plays a tonic role in inhibiting astrocyte swelling,
suggesting AQP4 mediating a constitutive water efflux from astrocytes. Acutely blocking

AQP4 by TGN-020 caused astrocyte swelling in mouse somatosensory cortex. Accordingly,
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AQP4 inhibition facilitated osmotically evoked astrocyte swelling while delayed the shrinking
responses. | then observed that manipulating astrocyte AQP4 in vivo altered global water
diffusion in mouse brain using diffusion-weighted MRI. Together, my study proposes an
asymmetric engagement of AQP4 in homeostatic astrocyte water flux which helps to
maintain the brain water diffusion. This finding provides an updated mechanism for
understanding the cellular basis of astrocyte AQP4 in brain fluid transport and helps to better

understand its involvement in brain glymphatic system.

1.6 - Material and methods

Brain slices preparation, and in vivo preparation

Experiments were undertaken in accordance with European Community guiding principles on
the care and use of animals (86/609/CEE), and the rules of the host institute. Coronal slices
comprising somatosensory cortex and hypothalamus were acutely prepared from C57BL/6
mice of both sexes at ages as indicated. Mice were deeply anesthetized by isoflurane (Axcience)
evaporation in a closed plexiglass box. For mice less than 4 weeks old, the brain was taken out
and placed in ice-cold artificial cerebrospinal fluid (aCSF, mM: 124 NaCl, 4.5 KCI, 1.2
NaH2PO4, 1 MgCI2, 2 CaCl2, 26 NaHCO3, and 10 D-Glucose), and cut into 300-pum thick
slices by a vibratome (Leica VT1200S). For mice older than 4 weeks, the brain was placed in a
modified aCSF for slicing (in mM: 30 NaCl, 4.5 KCI, 1.2 NaH2PO4, 1 MgCl2, 26 NaHCO3,
10 D-Glucose, and 194 sucrose) (Jiang et al., 2016) maintained at 4 °C during sectioning. Brain
slices were recovered in normal aCSF at 37 °C for about 1 h. Mice of similar age were used
also for in vivo labeling of astrocytes, sulforhodamine B (10 mg/ml, Sigma) was
intraperitoneally injected into awake mice at a dose of10 pL/g (Appaix et al., 2012).

Fiberphotometry

4-6 week-old WT mice were implanted with optical fibers (200 mm core, NA = 0.37,
Neurophotometrics) coupled to a stainless-steel ferule (1.25 mm) at S1 cortex coordinates, and
fixed to the skull with dental cement (SuperBond, Sun medical). Mice were habituated to the
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cage and fiber setup for 30 minutes, then fluorescence was recorded for 120 min (5 min of
baseline, before SRB injection, saline solution or TGN-020 solution were injected by
intraperitoneal injection 1 h after SRB injection). Fluorescence measurements of fluorescence
volume translated intensity and calcium signals were recorded using a Neurophotometrics fiber
photometry system (FP3002). A branched fiber optic patch cord (BFP_200/230/900-0.37_FC-
MF1.25, Doric Lenses) connected to the fiber photometry apparatus was attached to the
implanted fiber optic cannula using a cubic zirconia sleeve. To record fluorescence signals from
SRB, light from 560-nm LED; for GCaMP6f, light from a 470-nm LED was band-pass filtered,
collimated, reflected by a dichroic mirror and focused by a x20 objective. LED light was
delivered at a power that resulted in 50 pW of 560- and 470-nm light at the tip of the patch cord.
Emitted SRB and GCaMP6f fluorescence was band-pass filtered and focused on the sensor of
a CCD camera. To account for auto-fluorescence and possible motion artifacts during testing,
a 410-nm light stimulation corresponding to isosbestic GCaMP6f signal was used. This signal
was similarly directed into the brain and subsequently measured with the CCD camera.
Simultaneous recording of -560 470- and 410-nm channels was achieved through an integrated
camera and image splitter (Flir Blackfly S series). Signals were collected at a rate of 1 Hz for
SRB and 16 Hz for GCaMP6f and visualized using the open-source software Bonsai 2.4
(http://bonsai-rx.org). Results of SRB recording were analyzed in Igor software (Wavemetrics),
and results from GCaMP6f mice recording were analyzed using pMAT (Bruno et al., 2021).

Mice preparation and genotyping

The genetically encoded Ca?" indicator GCaMP6 was expressed in astrocytes in vivo by
crossing a Cre-dependent GCaMP6f mouse line (Ai95, The Jackson Laboratory) with an
astrocyte-specific Glast-CreERT2 mouse line (Slezak et al., 2007). Tamoxifen (T5648, Sigma)
was dissolved in ethanol 100 % (at 1 mg/250uL) and vortexed until tamoxifen is fully dissolved.
Corn oil (sigma) were then added to have a final solution at 10% ethanol and 90% oil. Solution
is then heated at 37°c for 15 min and vortexed, and put in sonicator for 15 min and then
aliquoted. All procedures were made under light-proof protocols. Aliquots were stored at -20 °C
until use. GCaMP6f/Glast-CreERT2 mice were injected at ~3—4 weeks of age, once a day (1
mg) for two consecutive days. Genotyping of the Cre-dependent GCaMP6f mouse line (Ai95,

The Jackson Lab) used the standard primers and polymerase chain reaction protocols provided
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by the supplier. Genotyping of GLAST-CreERT2 mouse line was performed using the primers
for Cre recombinase (TK139/141) as reported (Slezak et al., 2007).

Imaging set up and procedures

Epifluorescence illumination was provided by a monochromator light source (Polychrome 11,
TILL Photonics, Germany) directly coupled to the imaging objective via an optical fiber. We
used three water immersion imaging objectives: x10 NAOQ.3, x20 NAO0.5 and x40 NA 0.8
(ZEISS). The green fluorescence of GCaMP6 was separated from the red fluorescence of SRB,
by spectrally exclusive double-band filters (Di03-R488/561-t3 and FF01- 523/610, Semrock).
Fluorescence signal was collected using a digital electron-multiplying charge-coupled device
(EMCCD Cascade 512B, Photometrics). The imaging chamber (20 x 30 x 46 mm width, height
and length) was custom- designed using 3D modeling software (Trimble SketchUP), produced
by a Mojo 3D printer (Stratasys). The chamber was mounted on a motorized PI stage (Physik
Instrumente GmbH, Germany) for axial micro-manipulation. Laser excitation and image

acquisition were controlled by MetaMorph (Molecular Devices).

In vivo diffusion MRI

Supported by an international exchange program JSPS-CNRS, I got the opportunity to go to the
lab of Dr. Tomokazu Tsurugizawa in National Institute of Advanced Industrial Science and
Technologies in Tsukuba, to carry out in vivo diffusion MRI experiments to test the effect of
astrocyte AQP4 acute inhibition on the rate of brain fluid transport, where apparent diffusion

coefficient (ADC) of cerebral water molecule was used.

Ten C57BL6 mice were used for the experiment. MRI experiment was performed with
medetomidine anesthesia (0.6 mg/kg/h, i.v.). The mice were injected with TGN020 and saline
at 4 weeks interval. For crossover test, the order of injection of TGN020 or saline was randomly
determined. The respiration was monitored, and the body temperature was maintained at 36 °C

by circulating hot water during the measurement.

The MRI experiments were conducted on a Bruker 7T scanner using a cryo-cooled mouse brain
coil. After 10 min from the start of the scanning, TGN-020 (250 mg/kg body weight) or Saline
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was injected. Then, scanning was continued for 60 min. The body temperature was maintained
at 36 °C via the circulating hot water. The respiration rate was monitored and was confirmed
within the range of 130-140 /min throughout the experiment. Mice were injected with 250mg/kg
of TGN-020. We used a standard diffusion-weighted spin echo EPI sequence, with the
following parameters: spatial resolution = 175 x 175 x 500 um?, 3 b-values (b = 0, 250 and
1800 s/mm?), 6 directions, 1 segment, TE = 37.1 ms / TR = 5769 ms, bandwidth = 300 kHz, &
=3 ms, A =24 ms, total scan time = 5 min. The DWI scan was continued for 70 min (total 14

scans).

The ADC at each time point was calculated from DWI data using DSlistudio (https://dsi-
studio.labsolver.org/). The percent change of ADC was then calculated following equation,
AADC; = (ADCi/ ADC; - 1) x 100 (%). The ADC; is the ADC at the i-th timepoint. We define
the ADC at 2" time-point as the baseline because saline injection was performed after 2" DWI
scan. The averaged ADC changes within the region of interests (ROIs) were calculated using a
homemade program. The ROIs of the cortex, the hippocampus, and the striatum were created

with reference to Allen mouse brain atlas.

Statistics

Experimental data are expressed as mean + standard error unless otherwise mentioned. The t-
test was performed for two-group comparisons, and significant difference was determined by p
values less than 0.05. Mann-Whitney U test was also used to ascertain the significance level, in
considering the deviation of the experimental data from the theoretical symmetrical distribution.
In the present study, these two test methods yielded consistent results on statistical significance.
Statistical tests were carried out in Matlab (The MathWorks). The significance levels are shown
in figures by *p < 0.05, **p < 0.01, ***p < 0.001.
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1.7 - Technical development establishing light sheet microscopy for

high quality imaging of mouse brain astrocytes

To achieve high-quality dynamic imaging of astrocyte in situ, | first established light-sheet
fluorescence microscope to image astrocytes in mouse acute brain slices. As a basis for
astrocyte volume dynamics imaging, | took astrocyte morphology as an example to demonstrate
the superior imaging performance of light-sheet microscope. In addition, as astrocytes Ca®*
represents a highly dynamic signaling underlying their physiology, | also showed that light-
sheet microscopy is suitable to imaging astrocyte Ca?* signals, which sets the basis for the
following physiological experiments of activity-associated astrocyte volume adaptation and the
physiopathological alterations. This part of the study has been published (Pham et al., 2020).
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ARTICLE INFO ABSTRACT

Keywords: Astrocytes are a major type of glial cell in the mammalian brain, essentially regulating neuronal development and
Fll‘“f““n‘e function. Quantitative imaging represents an important approach to study astrocytic signaling in neural circuits.
Calcium Focusing on astrocytic Ca®" activity, a key pathway implicated in astrocye-neuron interaction, we here report a
GCaMP . . . . . . . .

Brat strategy combining fast light sheet fluorescence microscopy (LSFM) and correlative screening-based time series

analysis, to map activity domains in astrocytes in living mammalian nerve tissue. Light sheet of micron-scale
thickness enables wide-field optical sectioning to image astrocytes in acute mouse brain slices. Using both
chemical and genetically encoded Ca®* indicators, we demonstrate the complementary advantages of LSFM in
mapping Ca" domains in astrocyte populations as compared to epifluorescence and two-photon microscopy. Our
approach then revealed distinct kinetics of Ca®! signals between cortical and hypothalamic astrocytes in resting
conditions and following the activation of adrenergic G protein coupled receptor (GPCR). This observation
highlights the activity heterogeneity across regionally distinct astrocyte populations, and indicates the potential of
our method for investigating dynamic signals in astrocytes.

1. Introduction

As a major type of glial cell, astrocytes form interconnected networks
in mammalian central nervous system (Giaume et al., 2010). Long
thought as solely supportive elements in nervous tissue, astrocytes are
now being revealed as critical players in brain development and function
(Dallerac et al., 2018). Astrocyte activity is encoded by dynamic intra-
and intercellular signals that regulate synaptic microenvironment, com-
munications within neural circuits and cognition (Santello et al., 2019).
Spatio-temporal characterization of astrocytic signals in situ is the
premise to understand their contribution to central information pro-
cessing. With the continuous development of fluorescent indicators for
specific signaling pathways (Deo and Lavis, 2018; Lin and Schnitzer,
2016; Lobas et al., 2019), dynamic imaging stands as an important
approach to investigate astrocyte function.

As a highly dynamic signal, intracellular Ca>" oscillation represents

* Corresponding author.
E-mail address: dongdong.li@inserm.fr (D. Li).

https://doi.org/10.1016/j.neuroimage.2020.117069

an important aspect of astrocyte activity that occurs spontaneously or
downstream of GPCR activation by neurotransmitters (Agulhon et al.,
2008; Khakh and McCarthy, 2015). Such Ca®" signaling has been
implicated in gliotransmitter release, neurotransmitter and ion homeo-
stasis, neurovascular coupling and perisynaptic structural remodeling
(Bazargani and Attwell, 2015; Cauli and Hamel, 2018; Khakh and
MecCarthy, 2015; Nedergaard and Verkhratsky, 2012). Recent evidence
suggests the involvement of astrocyte Ca®" signal in the central control of
animal behaviors (Covelo and Araque, 2018; Robin et al., 2018).
Furthermore, departing from the conventional view that astrocytes form
a homogeneous cohort, recent studies also start to notice their hetero-
geneities in terms of gene expression, morphology and functional inter-
action with local neural circuits (Chai et al., 2017; Lanjakornsiripan et al.,
2018; Martin-Fernandez et al., 2017). Nevertheless, both the cellular
mechanism and the functional consequence of astrocytic Ca?" signal still
remain debated (Bazargani and Attwell, 2015; Fiacco and McCarthy,
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2018; Savtchouk and Volterra, 2018). A better understanding of the
spatial and temporal features of astrocytic Ca?* signals in situ will help to
dissect their functions in the nervous system.

Optical microscopes combined with high-affinity Ca®* sensors have
enabled dynamic imaging of astrocytic Ca®" in various contexts (Otsu
et al., 2015; Perez-Alvarez et al., 2014; Reeves et al., 2011). Epifluor-
escence (EPI) microscopy coupled with digital cameras allows fast
wide-field imaging, whereas the image contrast is degraded by
out-of-focus fluorescence due to the lack of optical sectioning. This
problem could be ameliorated by computational deconvolution using
theoretical or empiric point spread function (Li et al., 2004; Swedlow,
2013), yet this method usually requires off-line and time-consuming
iterative computations. Direct optical sectioning has been achieved by
laser scanning confocal and two-photon microscopy, which evidently
improves the image quality (Otsu et al., 2015; Shigetomi et al., 2013), yet
also imposes limitations on imaging speed due to the spatial scanning
(Keller and Ahrens, 2015; Svoboda and Yasuda, 2006). Also, during laser
scanning, the high local energy of the focused beam may disturb astro-
cyte Ca®" homeostasis (Kuga et al., 2011; Schmidt and Oheim, 2018;
Zhao et al., 2009). Moreover, the relatively high cost of the femtosecond
pulsed lasers required for two-photon microscopy limits its wide appli-
cation. It is therefore desirable to achieve optical sectioning in a scanless
manner for in situ astrocyte Ca?* imaging.

Light sheet of micron-scale thickness can be generated from contin-
uous wave lasers by objectives of long focal depth (Keller and Dodt, 2012;
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Ritter et al., 2010). Aligning light sheet orthogonally to the focal plane of
an imaging objective enables scanless wide-field optical sectioning and
ultrafast image acquisition by digital cameras (Ahrens et al., 2013;
Jemielita et al., 2013; Power and Huisken, 2017). Here, we adopted light
sheet imaging to characterize astrocyte Ca®t dynamics in acute mouse
brain slices. In parallel, a computational principle based on
spatio-temporal correlation screening was introduced to map active Ca**
domains. Using chemical and genetically encoded indicators, we
demonstrated the ability of light sheet imaging to resolve astrocyte Ca**
activity. Video rate acquisition was achieved over wide field up to hun-
dreds of microns with adapted objectives. Using this method, we
observed distinct Ca®* kinetics between cortical and hypothalamic as-
trocytes in resting condition and in response to GPCR activation, lending
support to the activity heterogeneities associated with local astrocyte
populations. Light sheet imaging therefore represents a useful tool to
study astrocyte activity and its diversity in mammalian nerve tissues, and
will complement the methods to investigate glial functions.

2. Materials and methods
2.1. Preparation of mouse brain slices
Experiments were undertaken in accordance with European Com-

munity guiding principles on the care and use of animals (86/609/CEE),
and the rules of the host institute. Coronal slices comprising

Agarose gel
/ ¥ ¥

-

Cut the agarose gel
at the border of the brain slice

Fill in agarose gel
cool down for 1 minute

Drop of glue >

Coverslip

—— Coverslips

473 nm

Fig. 1. Procedures and setup for light-sheet imaging. (A) lllustration of the placement of brain slices. (B) A light sheet optical module was orthogonally conjugated
to an existing upright microscope. Two laser lines were coupled to the optical module via a fiber combiner. An air objective of long-working distance ( x 10, 0.25 NA)
was used to generate a thin and elongated light sheet for in-focus excitation. (C) The holding chamber designed for lateral light sheet excitation. From left to right:

side, top and iso view.
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somatosensory cortex and hypothalamus were acutely prepared from
C57BL/6 mice of both sexes at ages as indicated. Mice were deeply
anesthetized by isoflurane (Axcience) evaporation in a closed plexiglass
box. For mice less than 4 weeks old, the brain was taken out and placed in
ice-cold artificial cerebrospinal fluid (aCSF, mM: 124 NaCl, 4.5 KCl, 1.2
NaH,PO4, 1 MgCl,, 2 CaCl,, 26 NaHCO3, and 10 D-Glucose), and cut into
300-pm thick slices by a vibratome (Leica VT1200S). For mice older than
4 weeks, the brain was placed in a modified aCSF for slicing (in mM: 30
NaCl, 4.5 KCI, 1.2 NaHPO4, 1 MgCly, 26 NaHCOs3, 10 D-Glucose, and
194 sucrose) (Jiang et al., 2016) maintained at 4 °C during sectioning.
Brain slices were recovered in normal aCSF at 37 °C for about 1 h. Prior to
imaging, one single slice was mounted on a block of liquid-state trans-
parent agarose (2% low melting agarose, Thermo Scientific). When
cooled, the sample-containing agarose block was glued on 10-mm glass
coverslip and then together placed in the light sheet imaging chamber
(Fig. 1A). Fluorescent beads (#1851011, Thermo Fisher Scientific) were
diluted 10-fold in distilled water and dispersed directly into a drop of
agarose. Imaging was carried out at room temperature (21-23 °C) under
constant perfusion (~3 ml/min) with aCSF. Solutions were saturated
with a mixture of 95% O, and 5% CO».

2.2. Ex vivo and in vivo labeling of astrocytes

For ex vivo labeling, astrocytes were vitally stained by the red fluo-
rescent dye sulforhodamine 101 (SR101) (Sigma-Aldrich) (Appaix et al.,
2012; Nimmerjahn et al., 2004). Brain slices were incubated in aCSF
containing 5 pM SR101 for 1 h in the dark and continuously bubbled with
a mixture of 95% O and 5% CO,. After labeling, the slices were thor-
oughly washed in dye-free aCSF for at least 15 min prior to imaging. A
similar procedure was used to load the Ca®*-sensitive dye Fluo2 AM (TEF
Labs; 5 pM, 1 h) in astrocytes in slices of ~3-4 weeks old mice. Mice of
similar age were used also for in vivo labeling of astrocytes, sulforhod-
amine B (10 mg/ml, Sigma) was intraperitoneally injected into awake
mice at a dose of 10 pL/g (Appaix et al., 2012; Perez-Alvarez et al., 2013).
The genetically encoded Ca®" indicator GCaMP6 was expressed in as-
trocytes in vivo by crossing a Cre-dependent GCaMP6f mouse line (Ai95,
The Jackson Laboratory) with an astrocyte-specific Glast-CreER™ mouse
line (Slezak et al., 2007). Tamoxifen (T5648, Sigma-Aldrich) or its active
metabolite 4-Hydroxytamoxifen (4-OHT) (Sigma-Aldrich or Tocris) were
first dissolved in ethanol and aliquoted at 1 mg/50 pL. Corn oil (Sig-
ma-Aldrich) was then added to each aliquot to reconstitute at 1 mg/250
pL, which was then warmed at 37 °C for 15 min and sonicated for 15 min
until the solution was clear. Aliquots were stored at —20 °C until use. For
4-OHT, one dose of 1 mg was intraperitoneally injected in GCaMP6f/-
Glast-CreER" bigenic mice at ~3-4 weeks of age. When using tamoxifer,
mice were injected once a day (1 mg) for two consecutive days. Imaging
experiments were carried out about two weeks after the last injection.

2.3. Imaging setups and procedures

Light sheet imaging was performed using a custom-built setup based
on a wide-field upright microscope (Zeiss Axioskop 50, Germany)
equipped with water-immersion objectives (Fig. 1B). EPI illumination
was provided by a monochromator light source (Polychrome II, TILL
Photonics, Germany) directly coupled to the imaging objective via an
optical fiber. We used three water immersion imaging objectives: x 10
NAOQ.3, x 20 NAO.5 and x 40 NAO.8 (ZEISS). The green fluorescence of
Fluo2 and GCaMP6 was separated from the red fluorescence of SR101, by
spectrally exclusive double-band filters (Di03-R488/561-t3 and FFO1-
523/610, Semrock). Fluorescence signal was collected using a digital
electron-multiplying charge-coupled device (EMCCD Cascade 512B,
Photometrics).

The in-focus light sheet was generated from an independent optical
module (Alpha3 light sheet add-on, Phaseview, France) equipped with an
air objective (Zeiss EC EPIPlan x 10, 0.25NA). This optical module was
orthogonal to the upright imaging pathway and coupled via a wavelength
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combiner (Thorlabs) to two continuous wave lasers (473-nm and 561-
nm, CNI) (Fig. 1A). The center thickness (w) of the generated light
sheet was in the order of ~1-2 pm (Power and Huisken, 2017):

W= (1)

where A denotes laser wavelength, NA the numerical aperture of exci-
tation objective and x the Archimede’s constant. The center of light sheet
was orthogonally aligned to the focus of the imaging objective, so as to
achieve wide-field optical sectioning (Fig. 1B). A chamber for light sheet
imaging (20 x 30 x 46 mm width, height and length) was custom-
designed using 3D modeling software (Trimble SketchUP; Fig. 1C), and
produced by a Mojo 3D printer (Stratasys). Two 22 x 22 mm glass cov-
erslips (#1, Erie Science Company, USA) were glued (Dow Corning
GmbH, Germany) to each side of the chamber, thereby enabling the
lateral illumination. The chamber was mounted on a motorized PI stage
(Physik Instrumente GmbH, Germany) for axial micro-manipulation.
Laser excitation and image acquisition were controlled by MetaMorph
(Molecular Devices).

Two-photon imaging was performed using a custom-built setup as
reported previously (Bonnot et al., 2014). It was based on an upright
microscope (BX51WI, Olympus) equipped with a x 40 NA0.8 water
immersion objective (Olympus) and a tunable femtosecond Ti:sapphire
pulsed laser (MaiTai HP; Spectra Physics, Ellicot City, MD, USA). For
SR101 and GCaMP6 imaging, two-photon excitation was set at 850 nm
and at 880 nm, respectively (Appaix et al., 2012; Mutze et al., 2012).
Fluorescence emitted by SR101 and GCaMP6 was split by a dichroic
mirror at 590 nm, filtered subsequently by either a 535/50 nm or a
615/45 nm bandpass filter, respectively and collected by two indepen-
dent photomultipliers (PMT H9305-03, Hamamatsu). Image acquisition
was performed using the Matlab routine Scanlmage (Pologruto et al.,
2003). When x 40 NAO.8 water immersion objective was used, the
lateral pixel size of two-photon imaging was set to 0.34 ym, comparable
to EPI/LSFM CCD imaging (0.4 pm). To obtain fluorescence profiles
along the z-axis, the sample was moved vertically in a step size of 0.5 pm.

2.4, Fluorescent immunohistochemistry and genotyping

Bigenic mice expressing GCaMP6 in astrocytes were anesthetized by
intraperitoneal injection of pentobarbital at lethal dose (200 pl, Euthasol
Vet, Dechra), and then subjected to intracardiac perfusion of phosphate
buffer solution (PBS) for blood removal followed by infusion of 4%
paraformaldehyde (PFA, Sigma-Aldrich). Harvested brains were fixed in
4% PFA overnight, prior to being washed in PBS containing 30% sucrose
and 0.09% NaNs. Tissues were next embedded in optimal cutting tem-
perature compound (VWR, Fontenay-sous-bois, France) and quickly
frozen at —50 °C in isopentane. Thirty pm thick floating coronal slices
were cut using a cryostat (Leica, Wetzlar, Germany), washed in PBS and
then incubated for 1 h in a blocking solution (0.25% fish gelatin with
0.4% Triton X-100 in PBS). Primary antibodies were diluted in the same
solution, and added to slices overnight at 4 °C (rabbit monoclonal anti-
S100p, ab52642, Abcam, Cambridge, UK, diluted at 1/500; chicken
polyclonal anti-GFP, Aves Labs, Davis, CA, USA, diluted at 1/1000). After
being washed in PBS, brain slices were incubated at room temperature
for 2 h with the secondary antibodies diluted in the blocking solution
(Alexa fluor 488- and 594-conjugated antibodies, Thermofisher, Wal-
tham, MA, USA), to detect rabbit monoclonal and chicken polyclonal
primary antibodies, respectively. After thorough washing, brain slices
were dried and mounted in Mowiol medium (Millipore, Darmstadt,
Germany). Fluorescent images of dual-color immunostaining were ob-
tained using a standard confocal microscope (Zeiss LSM 800, Germany).

Genotyping of the Cre-dependent GCaMP6f mouse line (Ai95, The
Jackson Lab) used the standard primers and polymerase chain reaction
protocols provided by the supplier. Genotyping of GLAST-CreER"® mouse
line was performed using the primers for Cre recombinase (TK139/141)
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Fig. 2. Mapping astrocytic Ca>* domains by screening locally correlated temporal signals. (A) Spatio-temporal correlation screening. Time-lapse image stack

was obtained by acquiring consecutively the focal plane image of living nerve tissue. Time courses of contiguous pixels in Ca®*

-active domains (shaded in green) show

higher correlation level than those of inactive domains and background regions. (B) Principal steps for C-Screen mapping. (C) Spatial and temporal parameters can be

extracted following the identification of Ca?*-active domains. For instance, the

binations of active domains. Its distribution offers a global estimation on the synchronization degree of Ca®"

distances (d;;) can also be derived from their centroid coordinates.

as reported (Slezak et al., 2007).

2.5. Detection of Ca>" domains by spatio-temporal correlation screening

Astrocyte Ca®* signals acquired with current technology appear as

temporal correlation (rj;) can be derived for Ca®* signals between all paired com-

signals. In parallel, corresponding domain-domain

local bursts or as wide-spread increases of fluorescence intensity over
multiple pixels as previously observed (Otsu et al., 2015; Reeves et al.,
2011; Shigetomi et al., 2010). Given that the time-dependent intensity
changes of contiguous pixels within a defined Ca?* domain are highly
synchronized, we devised a computational method to screen for
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temporally correlated Ca®" signals so as to detect discrete Ca®* domains.
The Pearson’s correlation coefficient ri5 between time courses of
half-overlapping mini-squares (2 x 2 pixel?) was calculated in a running
manner across the x-y image plane (Fig. 2A):

= i 1A = F)(R() - F)
VIR ) - TS (Ra) - )

(2)

where F; and F; representing the time courses derived from the two mini-
squares and n representing the total number of image frames contained in
a single movie. The time axis designates the third dimension in the movie
(i.e., the time-lapse image stack). As expected, the 112 value between
running mini-squares appeared higher in Ca®*-active domains than areas
showing no evident Ca®’ rises as dominated by background noises
(exemplified in Fig. 2A). This approach enabled the detection of Ca®"
domains in time series images. Prior to analysis, we subtracted from the
raw images the background signal as determined by the minimal in-
tensity projection of the entire stack.

Computing temporal 172 correlation values of the overlapping mini-
squares in a running manner across the x-y image plane (z as the time
axis) gave rise to a 2D correlation map (Fig. 2B). This map was then
segmented by an empirically determined correlation threshold
(0.14-0.2) based on the match to the visual inspection of original movies.
Subsequently, a low-pass median filter (3 - 5 pixel size) was applied to
remove scattered solitary pixels. A signal threshold was further applied to
determine Ca®" domains, with their mean fluorescence time course
comprising at least three consecutive data points exceeding three times
standard deviation of the baseline. The baseline was searched by running
a temporal segment (20 data points in length) across the full time course
of single domains to find a period showing minimum mean intensity. The
Ca®" signal of single domains was then normalized as dF/Fy, with Fg
representing the mean baseline intensity (Fig. 2B). To quantify the signal
strength, we calculated the temporal integral for normalized Ca?* re-
sponses over a unitary time period (/minute). The detection of Ca®'-
active domains enables the further extraction of spatio-temporal infor-
mation on astrocyte activity. This included the temporal correlations
between Ca’t signals across all combined detected domains (Fig. 2C),
which indicates the degree of global signal synchronization. In addition,
domain-domain distances could also be derived by their centroid co-
ordinates (Fig. 2C). Since this method is based on correlation screening,
we abbreviate it as C-Screen.

2.6. Fluorescent object analysis

The apparent size of fluorescent objects was derived from their center
linescan profile obtained with ImageJ (NIH). The linescan profile was
fitted with a Gaussian curve in Igor Pro (WaveMetrics), and the full width
at half maximum (FWHM) served as size estimate. The minimal intensity
of the image or the minimum projection of a temporal stack was used as
background signal and subtracted from the raw images. Signal-to-
background ratios (SBRs) of fluorescent objects were also derived from
their linescan profile, calculated as the ratio of the peak against the basal
level intensity.

2.7. Statistics

Experimental data are expressed as mean + standard error unless
otherwise mentioned. The t-test was performed for two-group compari-
sons, and significant difference was determined by p values less than
0.05. Mann-Whitney U test was also used to ascertain the significance
level, in considering the deviation of the experimental data from the
theoretical symmetrical distribution. In the present study, these two test
methods yielded consistent results on statistic significance. Statistical
tests were carried out in Matlab (The MathWorks). The significance levels
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3. Results
3.1. Spatial performance of LSFM imaging

Prior to imaging astrocytes in brain tissue, we validated the perfor-
mance of LSFM using micron-scale green fluorescent beads (core size,
~0.5 pm). Dispersed fluorescent puncta were observed in both LSFM and
EPI images. Whereas EPI images appeared blurred due to out-of-focus
fluorescence (Fig. 3A), LSFM images revealed single fluorescence beads
at much higher contrast due to the optical sectioning (Fig. 3A). Linescan
profiles confirmed the sharper fluorescence distribution obtained with
LSFM (Fig. 3B). We next examined the fluorescence distribution of single
beads along z-axis. An appreciable elongation along the z-axis was
observed in EPI images, reflecting the low effective resolution along this
axis (Li et al., 2004). This distortion was reduced by light sheet sectioning
that revealed significantly shorter z profiles for single beads (Fig. 3C-D).
To gain a comparative clue between our one-photon light sheet system
and two-photon microscopy, we used both approaches to image the
fluorescent beads. While two-photon microscope yielded the most con-
trasted image, the improvement provided by LSFM lied in the compa-
rable range particularly along the z-axis (Fig. S1A-B). The out-of-focus
fluorescence was further investigated using fluorescent beads (core
size, ~4 pm) of similar size as astrocytic somata and their main branches
(Shigetomi et al., 2013). In the y-z projection plane, the lateral (i.e., along
y-axis) intensity was analyzed at both the focal and out-of-focus posi-
tions. Out-of-focus fluorescence at 10 pm above and below the focal plane
was high in EPI images, but greatly reduced by LSFM (Fig. 3E). Hence,
wide-field optical sectioning using LSFM ensures high spatial imaging
performance.

3.2. Imaging astrocytes in acute brain tissues

Essential in regulating neural circuit function, astrocytes are widely
distributed across brain regions (Giaume et al., 2010; Santello et al.,
2019). They bear satellite branches and processes sitting in close contact
to neuronal synapses and blood vessels, setting an architectural compo-
sition for neuroglial communication (Cauli and Hamel, 2018; Giaume
et al., 2010). We then used LSFM to visualize astrocytes in acute mouse
cortical slices after ex vivo labeling with astrocyte-specific fluorescent
dye SR101 (Appaix et al., 2012; Nimmerjahn et al., 2004). Selective la-
beling was confirmed by colocalization with EGFP-positive astrocytes in
the ALDHILI1-EGFP transgenic mouse line (Cahoy et al., 2008)
(Fig. S2A). SR101-labeled astrocytes were well resolved by LSFM,
whereas corresponding EPI images were blurred by out-of-focus signals
(Fig. 4A and B). The signal-to-background ratio (SBR) was about three
times higher with LSFM compared to EPI (Fig. 4C; p < 0.01). LSFM
revealed SR101-labeled astrocytic branches (Fig. 4D), as observed also by
two-photon microscopy in brain slices (Fig. S1C) and in vivo (Nimmer-
jahn et al., 2004), which however were barely visible in EPI images
(Fig. 4D). The superior performance of LSFM was also evident when
using a low-magnification objective to extend the field of view (Fig. 4E
and F). To corroborate these observation, we also performed in vivo la-
beling of astrocytes through injection of the red fluorescent dye sulfo-
rhodamine B in awake mice, as reported previously (Appaix et al., 2012;
Perez-Alvarez et al., 2013). The labeled astrocytes and their branches
were also resolved by LSFM in the acute brain slice (Fig. S2B).

3.3. Light sheet imaging of astrocytic Ca®* signal

We then used LSFM to image Ca?* signals in astrocytes in acute
mouse cortical slices. Chemical fluorescent Ca®* indicators are conve-
nient to use and allow sensitive optical detection of subcellular Ca®"
events (Lock et al., 2015). We used a green-fluorescent chemical indi-
cator Fluo2 AM, a member of the membrane-permeable acetoxymethyl
ester (AM) Ca%* dyes that label astrocytes in slice preparations (Fiacco
et al., 2007; Reeves et al., 2011). Indeed, Fluo2 labeling colocalized with
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SR101-positive astrocytes (Fig. S2C). In the absence of stimulus, the
combination of LSFM and C-Screen revealed discrete active Ca?" do-
mains in astrocytes (Fig. 5A-B). LSFM-recorded Ca®* signals displayed
higher dynamic range and were twice as large on average relative to
those detected by EPI imaging (Fig. 5C-D). The temporal correlations
between Ca>" signals of all active domains from light sheet imaging

showed a broad distribution, suggesting a low-level of global synchro-
nization (r12 = 0.2 + 0.014; Fig. 5E). Thanks to the wide-field configu-
ration coupled with a digital camera, LSFM permitted astrocyte Ca?*
signals to be recorded at high acquisition rate (e.g., 20 Hz, Fig. 5F).
Complementary to chemical sensor, genetically encoded Ca®" in-
dicators enable calcium measurements in specific cell types (Akerboom
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et al.,, 2013) and are thought to influence less the intrinsic signals in
targeted cells (Smith et al., 2018). We here used GCaMP6 that comprises
circularly permuted GFP, the Ca®*-sensitive protein calmodulin and the
M13 fragment of the myosin light chain kinase (Baird et al., 1999; Nakai
et al.,, 2001) (Chen et al., 2013). We expressed GCaMP6 selectively in
astrocytes by crossing a Cre-dependent GCaMP6f mouse line (Madisen
etal., 2015) with an inducible Glast-CreER"™ line where Cre recombinase
is present in astrocytes (Slezak et al., 2007) (Fig. S3A). In bigenic
GCaMP6/Glast-CreER™ mice (Fig. S3B), tamoxifen induced apparent
GCaMP6 expression in astrocyte-like cells (Fig. S3C). Dual-color fluo-
rescent immunohistochemical statinging confirmed the colocalization of
GCaMP6 with the astrocyte marker S100p (Fig. S3D).

Spontaneous Ca®* dynamics in GCaMP6-expressing astrocytes were
then imaged by LSFM. Compared to EPI illumination, light sheet exci-
tation improved the dynamic range of Ca®" signals and revealed more
Ca®"-active domains (Fig. 6A-C), echoing the observation with the
chemical indicator. The global temporal correlation between Ca*-active
domains was 0.16 + 0.0073 (Fig. 6D), comparable to that derived from
Fluo2 imaging (rj2 = 0.2 + 0.014), confirming that spontaneous Ca®"
signals are weakly correlated. Inhibition of neuronal activity with
tetrodotoxin (TTX, 1 pM) failed to block the Ca®* signals in astrocytes
(Fig S4). For all combinations of Ca®! domains, plotting domain-to-
domain temporal Ca?" correlations against their corresponding dis-
tances showed no dependence on distance (Fig. 6E). We also manually
drew Ca®" responsive domains by inspecting time-lapse images, which
gave similar time courses as derived from C-Screen analysis (Fig S5).
Finally, the wide-field optical sectioning of LSFM allowed to record
GCaMP6 signal at high frame rates (e.g., 10 Hz, Fig. 6F), whereas the
conventional two-photon setup reached only acquisition rate around 1
Hz using similar settings (pixel size 0.34 pm over a field of view —~170 x
170 pm) (Fig. S1D). High frequency LSFM imaging would help to observe
Ca?" events occurring at near-/sub-second levels, as exemplified in
Fig. S6 (30 Hz) and reported previously (Di Castro et al., 2011; Gu et al.,
2018; Panatier et al., 2011; Stobart et al., 2018). Together, these data
show that LSFM enables high-sensitivity and high-speed imaging of
astrocytic Ca®* dynamics over a wide field of view.

3.4. Heterogeneous activity for cortical and hypothalamic astrocytes

Long considered as a homogeneous cellular population, astrocytes are
being recognized to display heterogeneous properties across brain areas
so as to coordinate the specific actions of local neural circuits (Chai et al.,
2017; Covelo and Araque, 2018; Gourine et al., 2010). To gain insights
into the functional heterogeneity of regionally defined astrocyte pop-
ulations, we used LSFM to examine Ca®" activities of astrocytes located in
mouse somatosensory cortex and the paraventricular zone of hypothal-
amus, which are respectively engaged in the processing of sensory inputs
and body metabolism signals (Clasadonte and Prevot, 2018; Giaume
et al., 2009). Spontaneous Ga’' signals were readily detected in
GCaMP6-expressing astrocytes in acute brain slices (Fig. 7A), whereas
signals in hypothalamic astrocytes showed more oscillatory changes than
cortical astrocytes (Fig. 7B). Astrocytes respond to synaptically released
neurontransmitters by GPCR signaling (Agulhon et al., 2008; Khakh and
McCarthy, 2015). We then evoked astrocyte Ca2* elevation by activating
a Gq type GPCR, the a1 adrenergic receptor that is functionally expressed
in astrocytes (Ding et al., 2013; Paukert et al., 2014). Application of o1
adrenergic receptor agonist phenylephrine (50 pM) to brain slices evoked
distinct Ca* signals in cortical and hypothalamic astrocytes: the former
responded with rises of few oscillations, whereas the latter showed more
frequent transients during the evoked Ca®t rise (Fig. 7C and E).
Phenylephrine-evoked ca’t responses in astrocytes were inhibited by the
ol adrenergic receptor antagonist terazosin (Paukert et al, 2014)
(Fig. 57), validating the involvement of this GPCR pathway. Ca®* signals
could be detected in both astrocytic somata and processes with LSFM
(Fig. S8), as monitored by confocal and two-photon microscopy (Shige-
tomi et al.,, 2013; Srinivasan et al., 2015). While GCPR activation
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elevated astrocytic Ca®" in both areas, hypothalamic astrocytes respon-
ded more strongly than cortical astrocytes (signal integral, 27.5 + 2.3 vs.
21.5 £+ 1.25 dF/Fy*s, p < 0.01; Fig. 7D). Furthermore, adrenergic GPCR
activation increased the temporal correlation of Ca®* signals for both
cortical and hypothalamic astrocytes, indicating a higher degree of syn-
chronization for evoked Ca”" signals relative to spontaneous conditions
(Fig. 7F). Together, these results show distinct Ca®* kinetics between
cortical and hypothalamic astrocytes.

4. Discussion

Here, we show that LSFM via wide-field optical sectioning allows for
sensitive imaging of astrocyte Ca®" signals in acute mouse brain slices.
This approach revealed distinct Ca®* signals between cortical and hy-
pothalamic astrocytes, highlighting their activity heterogeneity. The
light sheet configuration of two objectives separates the excitation and
emission pathway, thereby facilitating the adjustment of the respective
optical axes. For instance, imaging objectives of different magnifications
and/or NA allow to select the field of view and the spatial resolution,
while changing the excitation objective allows to tune the thickness and
extent of the light sheet (Power and Huisken, 2017; Tian et al., 2019).
Alternatively, LSFM can be also achieved by a single objective (Bouchard
et al., 2015; Meddens et al., 2016), which facilitates imaging in condi-
tions with limited spatial accessibility, but complicates the separate
adjustment of the excitation and imaging pathway. Nevertheless,
single-objective LSFM would facilitate in vivo recording to study astro-
cytes in a more native state (Zamanian et al., 2012). Since the light sheet
plane can be digitally scanned (e.g., with a galvo mirror) along the z-axis
(Bouchard et al., 2015; Power and Huisken, 2017; Tomer et al., 2015),
LSFM will helpful for fast 3D imaging of astrocyte Ca’" signals thus
supporting on-going efforts to understand their physiological functions
(Bindocci et al., 2017).

The continuous wave lasers used in the present study achieved
penetration up to ~200 pm from the slice surface along the excitation
direction. Nevertheless, the light sheet convergence within living
mammalian tissues is inevitably affected by light scattering (Jacques,
2013). The use of pulsed infrared two-photon lasers and tunable acoustic
gradient devices have increased tissue penetration of light sheet excita-
tion (Wolf et al., 2015; Zong et al., 2015), at the expense of setup
complexity and costs. LSFM can be coupled to different types of digital
cameras to allow fast acquisition over a wide field of view (Keller and
Dodt, 2012; Ritter et al., 2010). Moreover, the recent development of
bright and ultrafast Ca®" indicator (Dana et al., 2019) will help to reduce
the exposure time for single images thus allow for higher acquisition
rates. In this regard, light sheet imaging will help to follow over a wide
field of view the fast Ca®* events in astrocytes (Di Castro et al., 2011; Gu
etal., 2018; Panatier et al., 2011; Stobart et al., 2018). On the other hand,
the reliance on point-to-point scanning of conventional two-photon mi-
croscopy limits its use for fast image acquisition and may introduce ar-
tifacts in reconstituted images due to the desynchronized pixel sampling.
Two-photon microscopes integrating newly designed scanning systems
have improved the acquisition rate (Bindocci et al., 2017; Zong et al.,
2017), though the additional components exacerbate the setup burden.
Nevertheless, the digital scanning mode of two-photon microscope al-
lows to zoom in regions of interest such as neuronal dendrites or single
astrocytic processes for high speed acquisition, which is not provided by
our LSFM approach. Considering the respective advantages of light sheet
and two-photon excitation, the current study extends the method of
choice for brain astrocyte activity imaging in specific experimental
conditions.

Parallel to improving the quality of dynamic imaging, unbiased
computational detection of Ca®" domains in astrocyte networks is
required. Maximal intensity projection of time-lapse images has been
used as a rapid way to search astrocytic Ca®* signals, where Ca®" active
domains in principle would imprint higher intensity in the projection
image relative to inactive regions. Due to the uneven intracellular
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distribution of Ca* indicator, certain constantly bright areas showing no
Ca?" rises could also be registered that may mask the Ca®*-active regions
of lower intensity. We introduced here the principle of spatio-temporal
correlation screening to detect locally correlated temporal signals.
Clustered pixels showing synchronizing time courses were defined as
responsive domains. Fluorescently visible structures that in fact showed
no dynamic changes were excluded, while initially dim pixels that dis-
played later on fluorescence augmentation (i.e., Ca®" rise) were picked
up. Pearson’s correlation coefficient relies mainly on the similarity of
signal trends, while being relatively independent of the absolute intensity
(Oheim and Li, 2007). Thus, screening of locally correlated signals helps
to identify Ca®* rises and improves their signal-to-noise ratio (Savtchouk
et al.,, 2018; Wang et al., 2017). Ca%" domains surrounding adjacent
astrocytic structures may be merged together, which is due to the
diffraction-limited fluorescence detection and the diffusion of Ca®"
bursts to nearby domains. A further step will be to incorporate temporal
segmentation to isolate functional domains displaying activities at
different time points. The computational time for C-Screen is in the order
of tens of seconds and thus slower than the very rapid maximal intensity
projection. Since imaging condition and quantification requirements
vary in different contexts, a combination or an evaluation per se of
different computational methods will help to improve the detection of
astrocytic Ca®" signals (Agarwal et al., 2017; Srinivasan et al., 2015)
(Wang et al., 2019).

Astrocytes display Ca®" activities spontaneously and in response to
GPCR activation, as observed in brain slices (Di Castro et al., 2011;
Shigetomi et al., 2018) and in vivo (Agarwal et al., 2017; Bindocci et al.,
2017; Hirase et al., 2004; Paukert et al., 2014), Light sheet imaging un-
veiled distinct features in Ca®* activities between cortical and hypotha-
lamic astrocytes, thus reinforcing the evidence for heterogeneous
astrocyte subpopulations that show different molecular, morphological
and functional properties (Ben Haim and Rowitch, 2017; Chai et al.,
2017; Lanjakornsiripan et al., 2018; Martin-Fernandez et al., 2017).
Astrocyte heterogeneity appears necessary to coordinate the action of
local neural circuits that are adapted to specific physiological inputs and
outputs. Considering that astrocyte spontaneous Ca>* activity is modu-
lated by Caz+-permeable channels (Shigetomi et al., 2011) and the in-
ternal stores (Wang et al., 2006), the different spontaneous Ca?* kinetics
observed between cortical and hypothalamic astrocytes likely reflect the
distinct recruitment of Ca®" handling pathways. Accordingly, we
observed that astrocytes of both regions differ also in their response to a1l
adrenergic receptor activation in terms of kinetics and signal strength.
Astrocyte Ca>' kinetics is shaped by the intercellular communication of
astrocyte populations (Gu et al., 2018), as well as the Ca* level in in-
ternal stores and their Ca®" buffering capacity (Bazargani and Attwell,
2015; Li et al., 2012). Moreover, the distinct organization of local
neuronal circuits may shape the astrocytic Ca®* responses (Chai et al.,
2017). To fully resolve the mechanisms underlying the heterogeneities in
astrocyte Ca®* signals will require further investigations. In view of the
on-going challenge on understanding the function of astrocyte Ca®"
signaling in neurophysiology (Bazargani and Attwell, 2015; Fiacco and
McCarthy, 2018; Savtchouk and Volterra, 2018), quantitative light sheet
imaging represents a complementary strategy for mechanistic in-
vestigations. Moreover, beyond Ca®* signals, this methodology will also
helps to measure other dynamics signals by adopting pathway-specific
fluorescent sensors.
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Figure S1.  Comparison with two-photon microscopy. (A) Fluorescence images (x-y plane)
of fluorescent beads of submicron size (core size, ~0.5 pm) acquired by EPI, LSFM and two-
photon microscopy (Al). The apparent size of the beads in the fluorescent images was
estimated by their FWHM (n = 5 for each, A2). (B) Representative z-axis profile of single
bead imaged by two-photon microscopy (B1). The size of the z profile was evaluated by
FWHM and compared to that obtained with EPI and LSFM (n = 5 per condition, B2). (C)
Examples of SR101-labeled astrocytes in slices imaged by EPI and two-photon microscopy,
respectively. The linescan profiles (along the dashed lines) show intersectional fluorescence
intensity of astrocytic processes. (D) Left, representative time course of two-photon imaging
at 1 Hz of astrocytic spontaneous GCaMP6 signal, across a field of view of 174 x 174 um? at
the pixel size of 0.34 pm. Right, 10 Hz LSFM recording at similar settings. Scale bars: 5 pm
for A-B, and 50 pm for C.
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Figure S2. (A) Ex vivo labeling of astrocytes in acute mouse cortical slices. SR101
labeling colocalized with EGFP-positive astrocytes in slices prepared from ALDH1L1-EGFP
transgenic mice. In this mouse line, EGFP is expressed under the astrocytic lineage promoter
ALDHILI1 (Cahoy et al., 2008). Scale bars: 10 pm. (B) In vivo labeling of astrocytes via IP
injection of Sulforhodamine B in awake mice (Appaix et al., 2012). Images were taken from
acute slices with LSFM using x20 (left) and x63 objective (right), respectively. Scale bars: 50
um for the left and 20 um right. (C) The chemical Ca** indicator Fluo2 AM labels SR101-
positive astrocytes, in line with early reports that the AM form of chemical Ca®* dyes labels
astrocytes in brain tissue (Fiacco et al., 2007; Reeves et al., 2011; Wang et al., 2006).
Experiments were done in mice 3 - 4 weeks of age. Images in A and C were collected by
epifluorescence imaging to integrate in-depth signals. Scale bars: 10 pm.
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Figure S3. In vivo expression of GCaMP6 in astrocytes. (A) The Cre-dependent
GCaMP6f (i.e., Loxp-GCaMP6f-Loxp) mouse line was crossed with the tamoxifen—inducible
astrocyte-specific Glast-CreER™ line. Intraperitoneal injection of tamoxifen into bigenic mice
enabled selective expression of GCaMP6 in astrocytes. (B) Loxp-GCaMP6f-Loxp and Glast-
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CreER™ mutant was recognized at 450 bp and 350 bp band, respectively. (C) GCaMP6-
expressing astrocytes visualized by EPI and LSFM in acute brain slices by a x20 NAO.5
objective. (D) Astrocytic GCaMP6 expression validated by dual-color immunostaining.
Colocalization was observed between GCaMP6 labeling identified by an anti-GFP antibody
(green) and the astrcoytic marker S100pB (red), as confirmed by the representative linescan
profiles (E). Scale bars: 50 pum.
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Figure S4. TTX failed to inhibit Ca?* signals in astrocytes recorded in resting
conditions. Representative Ca** time courses of light sheet imaging from both cortical (A)
and hypothalamic (B) astrocytes genetically expressing the fluorescent indicator GCaMP6.

Similar scenario was observed in 13 slices of 5 mice
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Figure S5. Ca?* signals derived from regions determined by manual drawing
(handpicked, A) and by C-Screen method (B). A x20 NAO.5 water immersion objective
was used for imaging GCaMP6-expressing astrocytes in mouse cortical slices. Signals were
normalized as dF/Fy. For astrocytic Ca’*-active domains, C-Screen analysis generated results
in consistency with the manual detection.
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Figure S6.  Ca’* imaging at high acquisition rate. Hypothalamic astrocytes expressing
GCaMP6 was imaged at 30 Hz with LSFM. Fast signals at near-second or sub-second scales

were observed (exemplified by black arrows).
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Figure S7.  Phenylephrine-evoked astrocyte Ca?* signals are mediated by ol
adrenergic receptor. (A) The al adrenergic receptor antagonist terazosin (Tzn, 10 pM)
inhibited phenylephrine (Pe, 50 pM)-evoked Ca®* signals in astrocytes. Signals were imaged
by light sheet microscopy and GCaMP6. (B) Comparison of mean Ca”* strength for cortical
(left) and hypothalamic (right) astrocytes. Phenylephrine stimulation significantly boosted
astrocyte Ca®* strength which was inhibited by terazosin (370 - 390 active domains for
cortical astrocytes, and 335 - 444 for hypothalamic astrocytes in the absence of terazosin; 50

active regions for cortex and 135 for hypothalamus when terazosin was present; 5-6 slices
from 4 mice per condition; ***, p <0.001).
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Figure S8.  Ca®* signals occur in both astrocytic somata and processes. Ca’" signlas
were imaged by LSFM in GCaMP6-expressing astrocytes in acute mouse cortical slices. x20
NAO.5 water immersion objective was used for imaging at 1 Hz. Phenylephrine (pe, 50 uM)
was applied by global perfusion. Localized Ca®* signals were observed in astrocyte soma
(ROI 7) and in microdomains located in ramified processes. Representative movie is provided

in Supplementary file.
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1.8 - Results investigating the role of AQP4 in astrocyte volume

regulation

In_vivo astrocyte chemical labeling enables fluorescence intensity-translated volume
imaging
To pinpoint the role of AQP4 in astrocyte volume regulation, we sought to image in situ in a

real-time manner the astrocyte volume dynamics. Astrocytes bear extended three-dimensional
morphology sitting in nanoscale distances with other cell types in the brain (Bindocci et al.,
2017) (Fig. 14). Performing video-rate three-dimensional imaging at nanoscale resolution
remains difficult. | therefore developed fluorescent intensity-translated (FIT) imaging to follow
astrocyte volume change in high temporal resolution. In this method, selective delivery of a
highly water soluble fluorescent dye in astrocytes can enable the imaging of its volume change
by following the associated fluorescence oscillation. Fluorescence increases upon transient
shrinking because it augments the astrocyte dye density in spatially limited focus depth and the

field of view, while fluorescence signal decreases during swelling (Fig. 15).

Figure 14: Complex morphology of mouse brain astrocyte (From bindocci et al 2017)
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Figure 15: The principle of FIT imaging of astrocyte volume change.

Tothisend, I adopted a rapid in vivo astrocyte chemical labeling strategy where brain astrocytes
were specifically labeled by the highly diffusible red fluorescent dye Sulforhodamine B (SRB)
following an intraperitoneal injection in awake mice. In acute cortical slices, individual SRB-
labeled astrocytes were resolved by a high numerical aperture objective (Fig. 16). This in vivo
chemical labeling method labeled indeed widedly distributed astrocyte-like cells in mouse
cortex (Fig. 16). The SRB labeling (red fluorescence) was validated to be astrocyte-specific
using the fluorescent astrocyte reporter line GFAP-GFP mice (Fig. 17), thus corroborating the
early report where an intravenous injection of another dye sulforhodamine 101 also results in
the labeling of mouse brain astrocytes (Appaix et al., 2012). In order to follow the global volume
dynamics of astrocytes, we then used the wide-file fluorescence microscopy configuration was
used to perform single-section time lapse imaging of astrocytes in acute brain slices. This which
collected not only the fluorescence signals distributed in the horizontal plane, but also the
fluorescence along the axial axis, hence enabling the dynamic imaging of the overall

fluorescence signals of single astrocytes in situ
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Figure 16: In vivo chemical labelling of astrocytes in mouse brain. (A) Hlustration of
experimental protocol for in vivo astrocyte labelling by SRB. Coronal slices were prepared
acutely for ex vivo imaging of astrocytes in S1 cortex using epifluorescence microscopy, which
enables the acquisition of the fluorescence along the z-axis, so suitable for following the global
fluorescence signals caused by volume changes. (B) Representative fluorescence images of

astrocytes in S1 cortex labelled by SRB under low (x20) and high magnification (x63).
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GFAP-EGFP

Figure 17: Validation of in vivo SRB labelling of mouse cortical astrocytes. To resolve fine
astrocytic structure dual-color, light-sheet fluoresce microscopy was used. Experiment was
performed in the GFAP-EGFP mice. Colocalization was observed between the red fluorescence dye
SRB and EGFP-positive astrocytes. Note that, in mouse cortex, just a subpopulation of astrocytes
express GFAP, while SRB labels more astrocytes, which yields a sub-regional colocalization but
meanwhile excluding any potential bleed through from the red SRB imaging channel to the EGFP

channel.

The average fluorescence intensity within defined regions of interest changes with astrocyte
volume as its alteration influences the effective concentration of the fluorescent dye (Fig. 15)
Indeed, applying hypo-osmotic solution to induce astrocyte swelling caused decreases in SRB
fluorescence signal in a strength-dependent manner (Fig. 18 A), whereas the hyper-osmotically
induced shrinking increased astrocyte fluorescence intensity (Fig. 18 B). Thus, by following
time-lapse fluorescence signal, FIT imaging provided a selective and sensitive readout for

astrocyte volume change.
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Figure 18: Experimental validation of The FIT imaging method of astrocyte volume dynamics. (A)
Top, time course of SRB fluorescence following hypo-osmotic solution application for different time
periods. Bellow quantification of swelling amplitude (maximum fluorescence drop) and speed (temporal
initial slope). (B) Top, time course of SRB fluorescence following hyper-osmotic solution application
for different time periods. Bellow quantification of shrinking amplitude (maximum fluorescence peak)

and speed (temporal initial slope). (=52 astrocytes, from 8 slice from 4 mice).
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AQP4 plays a tonic role in restricting astrocyte swelling

To examine a potential role of AQP4 in maintaining the volume homeostasis in astrocytes, |
then acutely inactivated AQP4 in basal conditions using this selective blocker TGN-020 (Huber
et al., 2009).The specificity of TGN-020 in targeting AQP4 water channel has been
demonstrated by in vitro using heterologous expression system and in vivo researches using
AQP4 knockout mice (Nakamura et al., 2011; lgarashi et al., 2013) (Fig. 19 and 20).

Specific inhibitor of AQP4 channels
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Figure 20: Selectivity of TGN-020 for AQP4 validated using oocytes expressing different type of

aquaporin channels (Toft bertelsen et al 2020).

AQP4 is a bidirectional water channel (Fig. 21A). So, if AQP4 sustains a symmetric water
influx and efflux across the astrocyte plasma membrane, acute pharmacological inhibition, in

short time window, would not disturb astrocyte volume dynamics. Surprisingly, upon the
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application of TGN-020 in acute brain slices (Fig. 21B), | observed a moderate yet significant
swelling reflected by the drop in the intracellular SRB fluorescence in astrocytes as compared
with the application of the control vehicle (Fig. 20C). This result indicates that AQP4
tonically inhibits astrocyte swelling to maintain the volume homeostasis. Intriguingly, this
observation suggests that AQP4 mediates a tonic water efflux from astrocytes (Fig. 22),
therefore exerting a net shrinking effect in basal conditions to sustain astrocyte volume stability.
Hence, this line of data implies an imbalanced involvement of AQP4 in astrocyte water

handling that facilitates the water efflux in the basal states.
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Figure 21: Acutely blocking AQP4 in astrocytes in situ in brain slices causes swelling. (A)
Acute blocking of astrocytic AQP4 should if equally bidirectional should not impact astrocytic
volume. (B) Imaging protocol for acute blocking of AQP4 by TGN-020 (20 uM) or control
(CTRL). (C) Time course of SRB fluorescence following TGN-020 application or CTRL solution
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(top). SRB fluorescence decreased following application of TGN-020, on the other hand CTRL
solution application did not impact SRB fluorescence. Mean of astrocyte swelling tendency
before and following TGN-020 application or CTRL solution (bottom). Astrocyte volume did
not change following CTRL solution application, but increased following TGN-020 application.

(n=53 astrocytes, from 10 slices from 6 mice).

Cell swelling

Water

TGN-020 accumulation

Figure 22: Potential explanation for the tonic role of AQP4 in astrocyte volume homeostasis. The
results suggest that AQP4 mediates a net water efflux in basal conditions. This supports the
observation that the acute AQP4 blocking by TGN-020 induces a transient swelling of

astrocytes (right, from dotted line changing to the solid line).

To validate the basal inhibition effect of AQP4 in astrocyte swelling, | checked the effect of
TGN-020 on evoked astrocyte swelling and shrinking. First, I induced astrocyte swelling in
acute mouse cortical slices by applying hypo-osmotic solution in the presence or absence of
TGN-020 (Fig. 23A). Acute inhibition of AQP4 was observed to facilitate the rate of swelling
reflected by a faster initiation time (namely, the shortened starting time) and the more rapid
reaching of SRB fluorescence to the peak value (Fig. 23B and C). These results validates the
basal contribution of AQP4 for water efflux, whereby (its inhibition enhances the
intracellular water accumulation thus the swelling). Meanwhile, | noted that the maximal

swelling extent was reduced (Fig. 23B and C). This observation confirms that AQP4 also
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mediates water influx, hence inhibition of AQP4 over extended time windows reduces the total

amount of water influx thereby the absolute swelling amplitude.
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Figure 23: Blocking AQP4 facilitate astrocyte swelling. (A) Imaging protocol for astrocyte swelling
when blocking AQP4 by TGN-020 (20uM) or in control conditions (ACSF solution). Astrocyte swelling

was triggered by application of a 100 mOsM solution. (B) SRB fluorescence time course following
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astrocyte swelling in presence of TGN-020 or control solution. Astrocyte swelling caused a decreased
SRB fluorescence in both conditions. (C) Comparison between different swelling conditions in presence
of TGN-020 or control solution. In presence of TGN-020 the swelling starting time (time between the
reaching of the hypo-osmotic solution and the first changing pointing fluorescence curve), the time to
swelling peak and the maximum swelling amplitude decreased compared to control. On the other hand
initial astrocyte swelling speed was increased in presence of TGN-020 compared to control. (n=12
astrocytes, from 3 slices from 2 mice).

| also imaged the effect of blocking AQP4 on the shrinking activity of astrocytes induced by
hypertonic solution in situ in brain slices (Fig. 24A). | observed shriking Kkinetics in astrocytes
was altered by the presence of AQP4 blocker TGN-020 (Fig. 24B). Quantifying the shrinking
kinetics parameters shows that AQP4 inhibition impairs astrocytes shrinking, reflected by a
slower reaching to shrinking peak, and a reduced shrinking amplitude as compared with control
conditions (Fig. 24C). Although TGN-020 tends to slow down the initiation reflected by the
prolonged starting time, the effect is not yet significant. Overall inhibition of AQP4 limits the
shrinking activities of astrocytes corroborating the preferential role of AQP4 mediating water

efflux in astrocytes.
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Figure 24: Blocking AQP4 acutely impaired astrocyte volume shrinking: (A) Imaging protocol for
astrocyte shrinking when blocking AQP4 by TGN-020 (20puM) or in control conditions (CTRL).
Astrocyte shrinking was triggered by application of a 400 mOsM solution. (B) SRB fluorescence time
course following astrocyte shrinking in presence of TGN-020 or CTRL. Astrocyte shrinking caused an
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increased SRB fluorescence in both conditions. (C) Histogram and comparison of the mean value for
starting time, between the reaching of the hyper-osmotic solution and the first changing pointing
fluorescence curve (top row), time to peak (middle row), and maximum amplitude (bottom row). (n=68

astrocytes, from 8 slice from 2 mice)

Together, these data confirm that AQP4 plays a tonic role in regulating astrocyte volume
responses. Corroboratively, these results suggest that AQP4 in basal states mediates a net water
efflux from cortical astrocytes, thereby constraining the basal swelling to maintain brain

astrocyte volume stability.

Inhibition of astrocyte AQOP4 causes swelling-associated Ca?* transients

It is known that astrocyte swelling induces intracellular Ca®* increases, likely due to the Ca?*
influx via the Ca?* permeable transient receptor potential (TRPV) ion channels (Mola et al.,
2016). Thus to furthermore validate that acute inhibition of basal AQP4 activity causes
astrocyte swelling, 1 performed functional recording of astrocyte Ca?* signaling using the
GLAST-GCaMP6 mouse line where the genetically encoded Ca?* sensor GCaMP6 is

selectively expressed in astrocytes (Pham et al., 2020).

Using light-sheet imaging, | first validated that hypo-osmotically induced swelling indeed
induced astrocyte Ca?* signal increase (Fig. 25A), consistent with previous reports (Jarand et
al., 2019). Next | checked the effect of AQP4 inhibition by TGN-020 effect on intracellular
Ca?" signals in astrocytes. | observed that application of TGN-020 induces significant Ca?*
increase in astrocytes, suggesting that acute blocking of AQP4 causes astrocyte swelling (Fig.
25B). This observation thus further supports the tonic inhibition role of AQP4 in astrocytes

swelling (Fig. 26).

75



2+
A Ca” signal 3.0
107 = Pre-stim ) Prestim
1.0 - Evoked swelling Poststim 2.5 ®  Post-stim
0.8 H
0.6 4
LLD
L 0.4
=]
0.2 H
0.0
-0.2
0 50 100 150 200 0 52+ 10 15 20
Time (s) Ca" intergral
10 —
®  Pre-TGN-020
B ®  Post TGN-020
107 m Pre-TGN-020
25— E1 Post-TGN-020
8 — *%
2.0 1 .
© 8
o 1.5 2 6 E
W TGN-020 £ 2
% 1.0 5 & 4 —
8
0.5 ‘
R 2 -
] ﬁ
055 I T T T 0 | T T T 1
0 50 100 150 200 0 5 10 15 20
Time (s) ca’’ integral

Figure 25: Acutely blocking AQP4 triggered swelling-associated astrocyte Ca?‘increase. (A) Astrocyte
swelling was triggered by application of a 100 mOsM solution, which triggered Ca?* increase. Brain
slices were taken from Glast-Cre®f"?/GCaMP6"™"mice where GCaMP6f is specifically expressed in
astrocytes. Light-sheet fluoresce microscopy was used in order to sensitively track Ca?* signals. Left,
swelling induced Ca®* signals time courses of individual responses regions. Middle to right, bar
comparison between the signals integral values (area under the curve) and their histograms of the
signals before and after hypo-osmotic solution challenge. (B) Left, TGN-020 induced Ca®* signals time
courses of individual responses regions. Middle to right, bar comparison between the signals integral
values (area under the curve) and their histograms of the signals before and after TGN-020 application.

(n=89 astrocytes, from 8 slices from 5 mice)
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TGN-020

Figure 26: Swelling induced by AQP4 blocking elicits Ca?* increase in astrocytes.

In vivo validation of the tonic inhibition role of AOP4 in astrocyte volume control

Following the observation in acute mouse brain slices, | have started to validate the observation
in vivo using fiberphotometry. This technique allows the temporal recording of astrocyte
population fluorescence in freely moving animals (Fig. 27A). First | monitored SRB temporal
course into S1 cortex following its injection in vivo. An initial sharp entry of SRB into the
cortex was noted, which was followed by a gradual fluorescence decrease over time in about 1
hour. Afterward, a long sustained SRB fluorescence plateau was observed lasting for a long
time with much reduced decrease rate, indicating the accumulation of SRB in brain astrocytes
(Fig. 27B). This time courses is consistent with SRB accumulation in astrocyte as validated by
my slice imaging experiment, which is also comparable with the kinetics of the accumulation
of sulforhodamine 101 following intravenous injection as previously previous reported (Appaix
etal., 2012).

Then | tested the effect of TGN-020 on astrocyte swelling in this in vivo setting. TGN-020 was
injected at the time when SRB is trapped in astrocytes. In parallel mice I injected saline control
solution at the same time as TGN-020 (Fig. 28B).Given the tonic inhibitory effect of AQP4
blocking on astrocyte swelling it was expected that in vivo application of TGN-020 would
induce a transient astrocyte swelling thereby a decrease in the SRB fluorescence. Along this
line | observed that while the saline control showed no apparent (Fig. 28A), TGN-020 tended
to cause a fluorescence decrease in astrocytes (Fig. 28B). Thus far the number of the
experimental mice needs to be increased to establish statistical significance. I currently have

experiments on going.

77



Fiberphotometry

ek
\,°°‘\
a
[§) A
& 9
o
R
Y ae®
o N
& O
‘\{\\e (’00
NI
-\A\\
| 5min T
t ]
SRB SRB accumulatin in astrocytes
injection ~1 hr post injection

R

10 pm

Figure 27: Fiberphotometry fluorescence recording of astrocyte volume in vivo. (A)Fiberphotometry

allows the recording of temporal fluorescence signals from populations of cells in freely moving animals.
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(B) Experimental protocol for in vivo recording with fiberphotometry of astrocyte volume changes using
SRB fluorescence oscillation, FIT application in vivo. At the time point when SRB is trapped in S1
cortical astrocytes, TGN-020 (20 mg/kg) or saline control.
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Figure 28: In vivo fiberphotometry suggest that AQP4 blocking shows a tendency to swell astrocytes.
(A) Astrocyte SRB fluorescence in response to saline control injection. Top, representative
fiberphotometry recording following injection. Below, comparison of SRB fluorescence oscillation

(derived from temporal standard deviation, STD) and swelling tendency (quantified by the curve slope)
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before and after the saline control injection. (B) Same experiments with TGN-020 injection. (n = 5 trials,

from 3 mice)

In vivo diffusion MRI shows that acute AOP4 inhibition impacts water diffusion in mouse

brain

My data from FIT volume recording show that AQP4 tonically confines the swelling of
astrocytes thereby maintaining their volume homeostasis in the brain. These data suggest that
AQP4 mediates a net water efflux from astrocytes under basal conditions. What is the

contribution of astrocyte AQP4 to brain water diffusion per se?

The DW-MRI (DW-MRI) is a well-established technique for the diagnosis of diseases such as
stroke and edema. The DW-MRI uses the diffusion of water molecules to generate contrast:
regions in which water molecules diffuse more freely appear darker (Fig. 29) (Bihan and
lima, 2015). In biological tissues, the effective diffusion coefficient of water depends on several
parameters, including the local diffusivity in intracellular and extracellular compartments, the
relative volume fraction occupied by cells and the transport of water across the plasma
membrane. To disentangle diffusion and relaxation effects on image contrast, one may obtain
quantitative images of the “apparent” diffusion coefficient (ADC). The ADC concept is
introduced to account for the fact that in biological tissues the diffusion process is complex and
reflects several different mechanisms. The ADC incorporates the effects on water diffusion
imparted by the cellular membrane and water permeability between intra-cellular and extra-

cellular spaces at the voxel level.
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Figure 29: Diffusion weighted magnetic resonance imaging principles. (A) Contrast and signal levels
in the diffusion-weighted image (left) reflect water diffusion behavior (random walk) (right). Diffusion
behavior is modulated by tissue structure at the cellular level (middle): For instance, diffusion can be
restricted within cells, water may escape when cell membranes are permeable and might then
experience a tortuous pathway in the extracellular space (hindrance). (B) In the presence of a magnetic
field gradient (variation of the magnetic field along one spatial direction), magnetized water molecule
hydrogen atoms are dephased. The amount of dephasing is directly related to the diffusion distance (a
few micrometers) covered by water molecules during measurement (a few tens of milliseconds). Given
the great many water molecules experiencing individual random walk displacements, the overall effect
of this dephasing is an interference, which reduces MRI signal amplitudes. In areas with fast water
diffusion (e.g. within ventricules), the signal is deeply reduced, while in areas of slow water diffusion
(e.g. white matter bundles), the signal is only slightly reduced. This differential effect results in a
contrast in the diffusion-weighted MRI images, which is not visible in standard MRI images. Figure and
legends from (Le Bihan, 2014)
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During my Ph.D study | have obtained an international exchange grant between the CNRS and
the Japanese Society for Promotion of Science (JSPS). This allowed me to perform in vivo DW-
MRI experiment in the National institute of Advanced industrial Science and technologies
(AIST) in Tsukuba, Japan in Dr. Tomokazu Tzurugizawa’s lab. We used a 7T MRI to image
the role of astrocyte AQP4 in brain water diffusion. The effect of AQP4 blocking by the water-
soluble TGN-020 on brain water diffusion was examined in mildly anesthetized mice by
medetomidine. We followed the water diffusion rate in the mouse brain at different time points
following TGN-020 application (Fig. 30). Compared to the control saline injection in vivo
application of TGN-020 significantly increased the water apparent diffusion coefficient (ADC)
at different cerebral areas including the cortex, hippocampus and the striatum (Fig. 31). This
result hence indicates that astrocytic AQP4 plays a critical role in mediating brain water

diffusion, a process that can be imaged by the DW-MRI.
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Figure 30: DW-MRI-detected water diffusion rate in mouse brain following the acute inhibition of
astrocytic AQP4. (A) Experimental design of DWI. Saline or TGN020 was injected at 10 min after the
start of acquisition. DWI was acquired for 5 min in each scan. (B) Representative image of 3 b-values.
(C Left) Calculated ADC image. (C Right) Representative image of percent change of ADC at 55-60

min after injection of saline or TGN020.
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Figure 31: ADC mean values following saline or TGN-020 injection derived from diffusion MRI
recordings. Time-course of averaged ADC changes in (A) the cortex, (B) the striatum, and (C) the
hippocampus. Arrowhead indicates the injection of saline or TGN020. Averaged ADC changes between
30 and 60 min after injection of saline or TGN020 in (D) the cortex, (E) the striatum, and (F) the
hippocampus. *p<0.05 by paired t-test following ANOVA (n= 10 mice for saline injection, n= 9 mice
for TGN-020 injection.)

1.9 - Discussion

Brain flow transport is mediated by cerebrospinal fluid (CSF) circulation. This process plays
important roles in the function, therefore the health of brain network. Disturbance in brain flow
transport is being recognized as a severe factor exacerbating neurological pathologies like

Alzheimer’s disease.

As a major type of glial cells, astrocytes are distributed throughout the brain and strategically
located between cerebral vasculature and brain parenchyma. The discovery of the critical
involvement of astrocytes in brain fluid transport has led to the emergence of the concept of the

glymphatic system (Rasmussen et al., 2022). It has been suggested that astrocyte volume
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dynamics, via regulating the volume of the extracellular space, shapes the brain flow transport.
Water flux underlies astrocyte volume regulation. Astrocytes express the bidirectional water
channel Aquaporin 4 (AQP4) that has been suggested to modulate astrocyte volume change.
However, the exact role of AQP4 in astrocyte volume regulation has been debated, causing an
extended controversy on the mechanistic understanding of brain fluid transport and the

glymphatic system.

The Chapter | study acutely discerns the role of AQP4 in astrocyte volume regulation in basal
conditions and in response to environmental manipulations in brain parenchyma in mouse
models. Interdisciplinary approaches have been developed or adopted, including in vivo
chemical astrocyte targeting, ex vivo cellular fluorescence imaging in acute brain slices, in vivo
fiberphotometry recording in freely moving animals and by diffusion-weighted magnetic
resonance imaging (DW-MRI). The obtained results lead to the finding that AQP4 tonically
sculpts astrocyte volume homeostasis in the brain parenchyma, perturbing of which
significantly interferes with brain fluid transport. These results together shed light on the
fundamental role of AQP4 in tuning astrocyte volume and therefore the extracellular route for
brain flow, hence helping to reconcile the thus far debated aspects of glymphatic system and its

implication in health and neurological disorders.

Regarding the physiological implications of the finding my data suggest that there is a
constant net water efflux from astrocytes under the basal state of the brain. It implies that there
IS a constitutive water accumulation process in astrocytes. For instance, water is transported
from perivascular space to brain parenchyma, which has been suggested to be a
complementary mechanism for the production of the CSF in addition of the conventional
sources from the choroid plexus (Drew, 2022). My finding also recalls the scenario in kidney
where AQP4 abundantly expressed, directly underlining the constant efflux of water from local
cells (Rasmussen et al., 2022). The observation of the AQP4 mediating basal water efflux in
astrocyte might contribute to the maintenance of the convective flow in the parenchyma as
claimed by the glymphatic concept (Plog and Nedergaard, 2018). This extends the early
proposed mechanism supported by the arterial pulsation controlled with cardiovascular rhythms
(Mestre et al., n.d.).
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Taking into account of the polarized distribution of AQP4 in astrocytes, where it is enriched in
the perivascular space and pial limitant (Nielsen et al., 1997). AQP4 at basal condition,
tonically inhibits astrocyte swelling, suggesting it plays a more prominent role in mediating
water efflux from astrocytes. Hence, AQP4 would be important for extruding water from
astrocytes, into vascular circulation. It is plausible that a water efflux is critical for astrocytes
to maintain their volume homeostasis (thereby the functional stability of the brain), by
counterbalancing the constitutive water buildup in astrocytes. The constitutive water buildup in
astrocytes could be induced by several mechanisms. In fact, a variety of co-transporters such as
Na/K* co transporter (NKCC), bicarbonate cotransporter (NBC) and glutamate or GABA
transporters (Fig. 32), together playing a role in bringing water into astrocytes accompanying
the ion/transmitter influx (MacAulay and Zeuthen, 2010). In addition the internal water
accumulation can be induced by the metabolic processes (references). Thus, it appears
necessary for an efficient water efflux pathway to maintain astrocytes water homeostasis. The
current observation of AQP4-mediated net water efflux would fulfill this demand. My
observation shows that AQP4 is also involved in astrocyte water influx, which though, is

inferior to its contribution to water efflux under basal state.
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Figure 32: AQP4 mediates water efflux in astrocytes

The observation that AQP4 tonically inhibits the swelling of astrocytes lends support to the
observation reported by Fiacco’s group (Murphy et al., 2017) where knock-out of AQP4
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facilitates astrocytes swelling induced by hypo-osmotic solution. However, as we here
performed acute pharmacological inhibition of AQP4, the controversy between the results
obtained with AQP4 KO animals needs be further investigated (Amiry-Moghaddam et al., 2004;
Benfenati et al., 2011; Murphy et al., 2017).

The mechanism underlying the imbalanced engagement of AQP4 in astrocyte water influx and
efflux could stem from at least two possibilities. One possibility is that the asymmetric role of
AQP4 in water flux might be regulated at the channel level, namely AQP4 itself has an intrinsic
property that facilitates more the water efflux from the cell while contributes less to the water
influx. Another plausible scenario might be that AQP4 engagement in water flux is coordinated
with other molecular machineries underlying water flux in astrocytes. As aforementioned,
because diverse pathways could contribute to water buildup (Fig. 32), a net water efflux thus

occurs via AQP4 at basal conditions to avoid water over accumulation in astrocytes.

Besides the physiological implications, the current results have several tiers of
implications for brain pathology. In several pathologies like Alzheimer’s disease, Parkinson
disease, the polarization of AQP4 in astrocytic endfeet is lost and more accumulated in somatic
regions (Ikeshima-Kataoka, 2016). Because intracellular metabolism is upregulated in reactive
astrocytes in neurodegenerative disease and aging (Chen et al., 2022), one possibility might be
that hyper-upregulated astrocytic metabolism occurs in somatic region, enriched with
mitochondria (Jackson and Robinson, 2018), which would cause upregulated water production
in the somatic region and thus requires more AQP4 to export water. This chronic adaptation
could eventually shift the global distribution of AQP4 in astrocytes to pathological

accumulation in the soma as an attempt to prevent the potential development of cytotoxic edema.

AQP4 is highly implicated in the formation and development of brain edema, but its role in the
different phases of edema. In the brain, two types of edema have been documented: cytotoxic
edema induced by over accumulation of water in astrocytes, and vasogenic edema caused by
the massive water influx resulted from ruptured vascular system (Tait et al., 2008). Reducing
AQP4 in astrocytes has been introduced as a putative strategy to slow down the formation of
edema (lgarashi et al., 2011), however the specific type of edema concerned has not been
discerned. My current data suggest that AQP4 mediates constant water efflux. Thus, in
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conditions where cytotoxic edema firstly develops, keeping AQP4 in place, rather than simply
blocking its function, would facilitate water efflux so slowing down the edema formation.
However, in situations where vasogenic edema dominates, inhibiting AQP4 needs be
considered at priority. Therefore, my current data suggest a mechanistic basis for condition-

dependent intervention for cerebral edema amelioration.

Furthermore, my data provides a mechanistic hint for understanding the DW-MRI data.
The DW-MRI data of my current study and that of (Debacker et al., 2020) both show that
acutely blocking astrocyte AQP4 with TGN-020 increases water diffusion dynamics in mouse
brain. My volume imaging data show that TGN-020 blocks AQP4-mediated net water efflux to
cause astrocyte swelling, suggesting TGN-020 would decrease extracellular space while
increasing intracellular space in astrocytes. Accordingly, the water diffusion rate would be
increased inside astrocytes and reduced in extracellular space. DW-MRI provides a readout on
the overall water diffusion in both intracellular and extracellular space (Fig. 29). Hence, a net
increase in ADC in my observation reflects that TGN-020 causes an appreciable astrocyte
swelling thereby an increase in the intracellular water diffusion, which surpasses the water

diffusion reduction in extracellular space imposed by the swelling.

Alternatively but not exclusively, the glymphatic concept has proposed that the brain fluid in
the extracellular space of parenchyma is not pure of Brownian motion, rather it represents a
convective flow sustained by the arteriole pulsation and reaching the perivenous spaces (Mestre
et al., 2020b). In this sense, a diminution in extracellular space as caused by TGN-020-induced
astrocytes swelling would transiently increase the water diffusion rate along the glymphatic
routes. Nevertheless, the current data MRI lacks sufficient spatial resolution to claim the
convective flow occurring throughout the parenchyma. It is also possible that the convective
flow mainly exists in perivascular space generated by local vascular pulsation as already
acknowledged by conventional views on brain fluid transport (Smith and Verkman, 2019).
Extending the volume imaging data, the DW-MRI results testify the important role of astrocyte
AQP4 in regulating brain water diffusion. Furthermore to follow CSF/ISF diffusion in the
extracellular space of brain parenchyma, specific MRI based neuroimaging techniques need to

be applied. For example the diffusion weighted magnetic resonance spectroscopy (DW-MRS)
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has been used to follow exogenously injected extracellular tracers like sucrose (Vincent et al,

2021).

In conclusion, my current study unveils a tonic role of AQP4 in regulating brain astrocyte
volume dynamics, which helps to understand the cellular mechanism underlying astrocyte
volume homeostasis, its pathological adaptation to neurological diseases and the interpretation
of the MRI neuroimaging data. These data will thus contribute to the understanding of astrocyte

water handling in neurophysiology and in brain disorders.
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Chapter Il: Probing disturbed astrocytes signals

and volume regulation in amyloid pathologies

1.1 - Astrocytes and glymphatic system impairment in

neuropathology

Astrocytes plays import role in brain physiology and the maintenance of body homeostasis
through interactions with neurons and other glial cells. They display extensive adaptation to
pathological environment, such as in neurodegenerative diseases like Alzheimer’s disease,
metabolic disorders, and brain injury (Buckman et al., 2013; Chiarini et al., 2017). Astrocytes
show morphology remodeling, functional dysregulation, and molecular profile deviation by
releasing or sensing of multiple types of cytokines and chemokines (Sofroniew and Vinters,
2010) (Fig. 33). Such pathological adaptation of astrocytes impairs their interaction with
synaptic transmission and the regulation of neurovascular coupling. In addition, the
communication between astrocytes and other glial cells including microglia, oligodendrocytes
and NG2 cells can also be impaired. Such pathological changes have been proposed to either
protect or to exacerbate disease development (Escartin et al., 2021).
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Figure 33: Astrocyte adaptations in pathologic brain (from Sofroniev et al 2010)

11.1.1 - Astrocyte Ca?* signal and neurodegenerative disease

Though electrically silent, astrocytes activity is encoded by dynamic intracellular Ca?*
signals. It was firstly discovered that glutamate triggers Ca?* increase in astrocytes in vitro and
in situ, followed by the discoveries of the expression in astrocytes of variable neurotransmitter
sensitive G-protein coupled receptors (Bazargani and Attwell, 2016) (Fig. 34). Astrocytes Ca®*
signals can travel across population of cells in the CNS. It was later found that astrocyte Ca?*
can modulate synaptic transmission leading to the concept of the tripartite synapse (\VVerkhratsky
and Nedergaard, 2018). In addition astrocyte Ca?" was propose to trigger to release

neuromodulatory signaling molecules, called the gliotransmitter (Harada et al., 2016).
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Figure 34: Excitatory and/or inhibitory signals trigger Ca?* elevations in astrocytes and lead to
gliotransmitter release. Scheme depicting input signals that trigger astrocyte Ca®" elevations and
respective transmitter release. Both excitatory (+) and inhibitory (<) signals cause global or focal Ca?*
elevations in astrocytes (Left), and precede gliotransmitter release that might exert excitation or
inhibition of neighboring synapses (Right). For each reference, the region studied is indicated in black
(Amy, Amygdala; BrSt, brainstem; CA1, CA1 subfield of the hippocampus; Ctx, cortex; DG, dentate
gyrus; hHip, human hippocampus; Str, Striatum). *Indicates the studies that described functional
consequences to focal Ca?*, rather than global Ca** responses. Figure and legends from (Bazargani
and Attwell, 2016)

Following the discovery that astrocytic Ca?* signals are the key to understand astrocyte
information procession, they are also importantly involved in the regulation of development of
the CNS and neurophysiology (Fig. 35). For instance, in development astrocyte Ca?* activity
has been shown to help for synapses elimination (Yang et al 2016) and dendritic spine
maturation (Sultan et al 2015; Hill et al 2019). At the cellular level astrocyte Ca?* maintain
extracellular K* homeostasis, neurotransmitter recycling and metabolism, neurovascular
coupling, synaptic plasticity (Shigetomi et al., 2016). At the systemic level astrocyte Ca®*is
implicated in cognitive behavior such as memory consolidation, spatial learning, and memory
retrieval (Denizot et al., 2019) Furthermore astrocytes Ca?* signals are found to be important
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for sensory processing, visual stimuli, somatosensory cortex plasticity, motor processing, motor

coordination, and sleep (Nagai et al., 2021).
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Figure 35: Functional role of astrocytic Ca®*signals (Denizot et al., 2019)

Astrocyte Ca?* is altered in brain pathologies

Glia was suggested as a contributor in brain pathologies, particularly astrocyte Ca?* signals has
been shown to be altered in neurological and psychiatric disorders (Denizot et al., 2019).
Studies using Alzheimer’s disease mouse models showed that astrocyte Ca?* basal levels and
transients were increased, near B-amyloid plaques (Verkhratsky, 2019). An increase of
astrocyte Ca?* signals was also observed in response to amyloid-p plaques (Abramov et al.,
2004). In Hungtinton’s disease, basal Ca* signals are reduced, however astrocytes still respond
to cortical stimulation with Ca®* signals (Jiang et al., 2016). In addition Ca?* signaling of

astrocyte has been shown to be up regulated in Parkinson’s disease and epilepsy (Nedergaard
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et al., 2010; Heuser and Enger, 2021). These data raise the possibility that astrocyte Ca?*
signaling contributes in specific ways to brain disorders.

11.1.2 - Astrocyte Ca?* signal modulates volume dynamics

Experimental investigations have indicated that astrocytes display Ca?*dependent cell volume
dynamics. For instance using calcein based volume measurement in cultured astrocytes,
Nedergaard’s group has shown that ATP evocked Ca?" rises in astrocytes increased their
volume (Fig. 36; (Takano et al., 2005)).
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Figure 36: Astrocytic Ca®" increases are associated with a transient increase in cell volume. (A)
Exposure to ATP (100puM) induces swelling of cultured astrocytes. Confocal vertical cross-sectional
images of confluent astrocyte cultures with 3-5 cells in the field of view loaded with calcein AM (5M
for30 min) were constructed from repetitive x-z line scans at 488 nm excitation. Two images of cross-
sectional area before (red) and 1 min after the exposure to ATP (green) are overlapped to indicate the
change in cell volume. Over-lapped areas (no change before and after ATP exposure) are displayed as
white. Hypotonicity (214 mOsM) also induced cellular swelling. (B) Quantification of relative changes
in cross-sectional areas 1 min after addition of vehicle (control,n12); ATP (100M,n23); ATP to
cultures preloaded with BAPTA (20M for 30 min,nll); UTP (100M,n15) and hypotonicity
(214mOsM,n6).*,P0.01 compared with control, Tukey-Kramer test. (C)Coulter counter analysis of
relative changes in astrocytic cell volume evoked by ATP. ATP exposure of astrocytes in suspension

triggered a transient increase in cell volume at 30 and 60 sec. (C Inset) Hypotonicity induced a large
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and sustained increase in astrocytic cell volume.n5;*, P 0.05 compared with control, ttest. Mean £ SEM.

(Figures and legends from (Takano et al., 2005))

Also, the early study of our team has demonstrated that chelating basal Ca* in astrocytes using
BAPTA-AM impaired the spontaneous remodeling of the plasma membrane (Fig. 37A). We
also showed that Ca* increase in astrocytes could induce astrocytes volume change, using dual
color imaging of calcein-based astrocyte volume change and glutamate-evoked Ca?* dynamics
in cultured astrocytes (Fig. 37B).
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Figure 37: Astrocytic Ca®* signal modulates morphology and volume dynamics. A, Astrocytic Ca2+
signaling is indispensable in maintaining cellular morphology and plasma membrane dynamics. The
plasma membrane of primary cultured mouse cortical astrocytes was labeled by Lck-EGFP. In CTR
condition, thin filaments attaching to the plasma membrane could be observed (red line scan), and the
kymograph (left bottom) shows the dynamic changes of the local plasma membrane (positioned by the
white dotted line) over time. In contrast, in astrocytes where intracellular Ca®* signal was chelated by
BAPTA-AM, near-membrane thin filaments were retracted and plasma membrane became static over
time. B, Ca®* rise in astrocytes alters cellular volume. The Ca** red chemical indicator Xrhod-1 and the
membrane-impermeable volume marker calcein were coloaded into cultured astrocytes in their AM
form. Local application of 100 uM glutamate triggered transient Ca** elevation accompanied by cell
volume change reflected by the corresponding decrease in Calcein fluorescence. (Unpublished data of

the host team).

94



These results suggest that astrocyte Ca?* plays a role in regulating the volume dynamics. In situ
this phenomenon would likely regulate the extracellular space therefore the brain fluid transport

in glymphatic system.

11.1.3 - Glymphatic system impairment in Alzheimer’s disease

Glymphatic system, featured with the dynamic exchange between cerebrospinal fluid (CSF)
and interstitial fluid (ISF), has emerged as a brain-wide clearance pathway for potentially toxic
substances (Louveau et al., 2017) (Fig. 38). Glymphatic pathway is driven by the convective
flow of the peri-arteriole CSF, through the parenchyma ISF, to the recirculation of CSF along
the draining veins (Louveau et al., 2017). A functional link between the glymphatic system and
the meningeal lymphatic vessels has been proposed for brain molecular clearance (Mesquita et
al., 2018).
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Figure 38: Impaired glymphatic system in Alzheimer’s disease. (A) Vascular endfeet of astrocytes
create the perivascular spaces through which CSF enters the brain and pervades its interstitium. CSF
enters these perivascular spaces from the subarachnoid space and is propelled by arterial pulsatility
deep into the brain, from where CSF enters the neuropil, facilitated by the dense astrocytic expression
of the water channel AQP4, which is arrayed in nanoclusters within the endfeet. CSF mixes with fluid
in the extracellular space and leaves the brain via the perivenous spaces, as well as along cranial and
spinal nerves. Interstitial solutes, including protein waste, are then carried through the glymphatic

system and exported from the CNS via meningeal and cervical lymphatic vessels. (B)Amyloid-b plaque
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formation is associated with an inflammatory response, including reactive micro- and astrogliosis with
dispersal of AQP4 nanoclusters. Age-related decline in CSF production, decrease in perivascular AQP4
polarization, gliosis, and plaque formation all impede directional glymphatic flow and thereby impair
waste clearance. Notably, vascular amyloidosis might be initiated by several mechanisms. Amyloid-b
might be taken up from the CSF by vascular smooth muscle cells expressing the low-density lipoprotein
receptor-related protein 1 (LRP1). Alternatively, amyloid deposition might be initiated by the backflow
of extracellular fluid containing amyloid-b into the periarterial space from the neuropil, rather than
proceeding to the perivenous spaces, because of an increase in hydrostatic pressure on the venous side
or an inflammation-associated loss of AQP4 localization to astrocytic endfeet. Figure and legends from
(Nedergaard and Goldman, 2020)

Among the neurodegenerative disorders, Alzheimer’s disease (AD) severely impacts the life
quality of patients and imposes recurrent burden on the society (Scheltens et al., 2021). As a
potential risk, the excessive brain accumulation of the amyloid B (ApB) peptide is implicated in
AD pathogenesis and the cognitive deficits(Scheltens et al., 2021). Therapeutic strategies
aiming at relieving cerebral Ap depositions have provided promising results for further

pre-clinical and clinical investigations (Lobello et al., 2012).

Efflux of AP across the brain vasculatures underlies its clearance (Roberts et al., 2014), hence
highlighting the important involvement of glymphatic system. Glymphatic clearance has been
suggested to rely on the water channel aquaporin 4 (AQP4), the most abundant water channel
in the mammalian brain and predominantly expressed in astrocytes (Papadopoulos and
VVerkman, 2013). Despite the need for further validations (Smith et al., 2017b; Mestre et al.,
2018), recent data in rodent models show that genetic or pharmacological inactivation of AQP4
impairs the glymphatic clearance of Ap and tau (Harrison et al., 2020; Rosu et al., 2020).
Manipulating astrocyte AQP4, therefore, might regulate the efficacy of glymphatic clearance
so to ameliorate AD amyloidopathy. However, it remains elusive how glymphatic clearance

is impaired in brain pathology such as AD-associated amyloid deposition.

11.2 - Hypothesis and initial explorations
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Given the important implication of astrocytic volume change in shaping glymphatic
system dynamics and the role of Ca?* in volume regulation, | hypothesized that the
pathologically altered astrocytic Ca?* signaling may interfere with astrocyte volume
regulation, thereby affecting extracellular diffusion route for fluid transport in the brain

(e.g., the glymphatic system function).

In the Chapter 1l study, | (1) contributed to the exploration of pathologically altered Ca?*
responses of astrocytes to neurotoxic amyloid peptide (Pham et al., 2021); (2) initiated the in
vivo exploration of modulating astrocyte volume dynamics in order to examine its ameliorative

effect on amyloid deposition in an Alzheimer’s mouse model.

11.3 - Results of experimental investigations

11.3.1 - Astrocyte Ca?* signal dysregulation by neurotoxic amyloid peptide

Excessive amounts of amyloid f (AP) peptide have been suggested to dysregulate synaptic
transmission in Alzheimer’s disease (AD). As a major type of glial cell in the mammalian brain,
astrocytes regulate neuronal function and undergo activity alterations upon AP exposure. Yet
the mechanistic steps underlying astrocytic responses to A peptide remain to be elucidated.
Here by fluorescence imaging of signaling pathways, we dissected astrocytic responses to
AB25-35 peptide, a neurotoxic AP fragment present in AD patients. In native health astrocytes,
AP25-35 evoked Ca?* elevations via purinergic receptors, being also dependent on the opening
of connexin (CX) hemichannels. AP25-35, however, induced a Ca?*" diminution in Ap-
preconditioned astrocytes as a result of the potentiation of the plasma membrane Ca?* ATPase
(PMCA). The PMCA and CX protein expression was observed with immunostaining in the
brain tissue of hAPPJ20 AD mouse model. We also observed both Ca?*-independent and Ca?*-
dependent glutamate release upon astrocytic AP exposure, with the former mediated by CX
hemichannel and the latter by both anion channels and lysosome exocytosis. Our results suggest
that AP peptide causes state-dependent responses in astrocytes, in association with a
multiphasic release of signaling molecules. This study therefore helps to understand astrocyte
engagement in AD-related amyloidopathy. This part of the study has been published (Pham et
al., 2021).
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Abstract

Excessive amounts of amyloid 3 (AB) peptide have been suggested to dysregulate synaptic transmission in Alz-
heimer’s disease (AD). As a major type of glial cell in the mammalian brain, astrocytes regulate neuronal function

and undergo activity alterations upon AR exposure. Yet the mechanistic steps underlying astrocytic responses to

AB peptide remain to be elucidated. Here by fluorescence imaging of signaling pathways, we dissected astrocytic
responses to AB25-35 peptide, a neurotoxic AR fragment present in AD patients. In native health astrocytes, AR25-35
evoked Ca’* elevations via purinergic receptors, being also dependent on the opening of connexin (CX) hemichan-
nels. AB25-35, however, induced a Ca’* diminution in AB-preconditioned astrocytes as a result of the potentiation of
the plasma membrane Ca’* ATPase (PMCA). The PMCA and CX protein expression was observed with immunostain-
ing in the brain tissue of hAPPJ20 AD mouse model. We also observed both Ca’*-independent and Ca?*-dependent
glutamate release upon astrocytic AR exposure, with the former mediated by CX hemichannel and the latter by both
anion channels and lysosome exocytosis. Our results suggest that AR peptide causes state-dependent responses in
astrocytes, in association with a multiphasic release of signaling molecules. This study therefore helps to understand

astrocyte engagement in AD-related amyloidopathy.

Keywords: ATP, Glutamate, Hemichannel, Lysosome, Alzheimer’s disease

Introduction

Toxic AP peptides are implicated in the development of
cognitive deficits of AD [10]. In the mammalian brain,
information processing is sustained by dynamic inter-
actions between neurons and glial cells [13]. Emerging
evidence suggests that A} dysregulates neuron-glia com-
munication thereby impairing synaptic transmission [33].
In the meanwhile, therapeutics targeting neuronal dys-
functions yield only limited effects [32], urging the need
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to examine AP-caused pathological adaptations in glial
signaling.

Astrocytes are the major glial cell-type in the mam-
malian brain [34]. Albeit electrically non-excitable, their
activity is encoded by intracellular Cat signaling [43],
which in turn modulates neuron activity, via for instance
regulating ambient transmitter and ion recycling [19, 91],
the delivery of energy fuels [76], the peri-synaptic struc-
tural remodeling [69] as well as the release of transmitter
substances [5]. Astrocyte Ca®" activity has been shown to
be upregulated by A peptides [2, 11, 85], and near amy-
loid plaques in AD mouse models [17, 47]. AB-caused
Ca®* hyperactivity was found to compromise neuronal
survival [1]. Accordingly, inhibiting the Ca®"-dependent
protein phosphatase calcineurin in astrocytes ameliorates
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synaptic function in AD mouse model [27]. In addition,
the cognitive deficit during AD progression has been
attributed to synapse excitotoxicity, a process involv-
ing aberrated astrocytic handling of neurotransmitter
recycling and signaling molecule release [63, 64, 90, 98].
While astrocytes are being recognized to participate in
AD amyloidopathy, the dynamically weaved signaling
cascades remain to be delineated.

Here, we imaged astrocytic signaling cascades in
response to AP25-35, a neurotoxic AP fragment found
in AD patients [4, 46, 57]. We observed that Ap25-35
upregulated Ca®* signals in primary astrocytes derived
from mouse cortex, which involved the activation of
metabotropic P2Y receptor and the opening of CX
hemichannel. In contrast, AB25-35 caused a Ca>* dimi-
nution in Af-preconditioned astrocytes that involved
the potentiated Ca®' extrusion via PMCA and the
activation of cAMP signal. We further observed both
Ca’*-independent and -dependent glutamate release in
astrocytes upon AB25-35 exposure, which relied respec-
tively on CX hemichannel, anion channels and lysosome
exocytosis. These results show a state-dependent adapta-
tion in astrocyte responses to neurotoxic Ap peptide, and
suggest molecular targets to control astrocyte functions
in AD amyloidopathy.

Materials and methods

Animals and preparation of primary cortical astrocytes
Our laboratory follows the European Union and insti-
tutional guidelines for the care and use of experimen-
tal animals (Council directive 86/609EEC). The care of
experimental animals was also in conformity with the
French National Charter on the ethics of animal experi-
mentation. Primary astrocytes were cultured from the
neocortex of PO-1 NMRI mice of either sex adapted
from the published protocol [52, 56]. Astrocytes were
plated in Petri dishes for 1 week prior to being trans-
ferred to cover slips (#1, BK-7, 25-mm, Menzel-Glaser)
coated with poly-ornithine (Sigma). Cells were kept at
37 °C in a humidified 5% CO, atmosphere in Dulbec-
co’s Modified Eagle Medium (DMEM, Invitrogen) sup-
plemented with 5% fetal bovine serum (FBS, HyClone),
penicillin (5 U/ml, Sigma), and streptomycin (5 pg/ml,
Sigma). Recordings were made during the following
week at room temperature (RT, 22-23 °C) in the stand-
ard extracellular saline containing (in mM): 140 NaCl, 5.5
KCl, 1.8 CaCl,, 1 MgCl,, 20 glucose, 10 HEPES (pH 7.3,
adjusted with NaOH). The hAPPJ20 AD mouse model
was obtained from The Jackson Lab (No: 34836-JAX),
expressing mutated human amyloid precursor protein
(hAPP) monogene comprising the Swedish (K670N/
M671L) and the Indiana (V717F) mutations [44, 60].
The overexpression of the mutated hAPP was controlled
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under the human platelet-derived growth factor beta
polypeptide promoter. This AD mouse model displays
diffusive AP peptides at age ~5-7 months and plaques by
age ~ 8—10 months [44, 60]. Breeding was made between
hemizygote males and C57BL/6 females to obtain
hAPPJ20 mice (~7 month old) for slice immunohisto-
chemistry as stated below.

Fluorophores and drugs

The chemical Ca’*-indicator dyes Oregon Green
BAPTA-1 AM (OGB-1 AM) or Xrhod-1 AM (Invitro-
gen) were loaded into astrocytes by incubating them in
dye-containing extracellular solutions (2 pM, 40 min
for OGB-1; 200 nM, 10 min for Xrhod-1, respec-
tively). To label lysosomes, astrocytes were incubated
in 6.7 uM FM4-64 (Invitrogen) for 30 min. To fluores-
cently label ATP accumulation compartments in live
cells, astrocytes were incubated in 50 uM MANT-ATP
(Invitrogen) for 1 h. Prior to live cell imaging, cells
were thoroughly washed during at least 30 min, and
they were continuously perfused by dye-free solution
(~0.5 ml/min) during imaging. BAPTA AM (Invitro-
gen; 100 uM for 50 min) was used to chelate astrocyte
intracellular Ca**. Plasmids encoding fluorescent sen-
sors were obtained from Addgene unless otherwise
indicated. Lipofectamine 2000 (Invitrogen) was used
for transfecting cDNA plasmids into astrocytes follow-
ing the standard protocol provided by the supplier. Cells
were used~24 h after transfection. Suramin, MPEP,
thapsigargin and Gap26 were purchased from Tocris,
2-APB from Ascent Scientific, forskolin from Abcam,
AB25-35 from Bachem, and all other compounds from
Sigma-Aldrich. Dual-channel local perfusion system
was used to switch smoothly between control solu-
tion and specific pharmacological manipulations, and
controlled by electric valves operated by a TTL trigger
box commanded by MetaMorph (Molecular Devices).
Immunostaining for mouse brain slices was performed
following the standard protocol as previously described
[70]. As for immunostaining of astrocyte primary cul-
tures, cells were fixed with 1% paraformaldehyde (PFA,
Sigma-Aldrich) for 10 min at RT, then washed three
times with phosphate buffered saline (PBS, 5 min, at
RT). After permeabilization and blockage of unspecific
sites with PBS, 0.3% Triton X-100 and 2% bovine serum
albumin (PBS-BT, 1 h at RT), astrocytes were probed
with respective primary antibodies in the same solution
overnight at 4 °C. After being washed with PBS three
times at RT, cells were incubated with secondary anti-
bodies in PBS-BT (2 h, RT). After three times of final
washing (PBS, 5 min, RT) and rinsed afterwards with
triple distilled water, cells were mounted with Mow-
iol (Millipore, Darmstadt, Germany) onto microscope
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slides. Combinations of the primary and secondary
antibodies used for fluorescence immunostaining are
listed in Additional file 1: Table S1.

Fluorescence imaging and analysis

Total internal reflection fluorescence (TIRF) imaging
was performed on a custom-made inverted microscope
via the through-the-objective configuration (PlanApo
TIRF x 60/NA1.45 oil objective, Olympus) [61]. The 488-
and 568-nm excitation wavelengths were isolated from
the beam of an Ar™/Kr™ multi-line laser (CVI Melles
Griot) with an acousto-optical tunable filter (AA.Opto).
Laser beam was directed onto the glass/water interface at
a super-critical angle, thereby enabling the total reflection
of the excitation beam and the generation of evanescent
field on the side of astrocyte substrate. The penetration
depth (1/e*-intensity decay) of the evanescent field was
estimated of the order of 200 nm [61], thereby allowing
ultrathin optical sectioning in astrocyte subplasmalem-
mel region for dynamic signal recording. Emission fluo-
rescence was further magnified (x 2) and acquired by an
electron multiplying charge-coupled device (EMCCD,
QuantEM 512, Princeton Instruments), and the effective
pixel size in fluorescent images was 133 nm. The imaging
hardwares were all controlled by MetaMorph software
(Molecular Devices). For TIRF imaging, each field of view
in general contains the footprint of a single astrocyte. In
our recording, two to three separate astrocyte culture
preparations were used and about three independent
coverslips of each preparation for TIRF imaging per con-
dition. Results were derived from signals of all recorded
cells.

Background was estimated from the autofluorescence
signal in non-labeled cells of the same preparation, and
then subtracted from the fluorescent images. The con-
tour of the footprint of single astrocytes was delineated
with the Image] plugin Cell Outliner or with MetaMorph
segmentation tool, from which the mean fluorescence
was measured over time to generate the time courses
of specific signals. The FRET ratio of the cAMP sensor
GFP(nd)-EPAC1(dDEP)-mCherry and the donor/accep-
tor bleed-through control was obtained as previously
reported [71]. During TIRF imaging, the 488-nm laser
line was used to excite the cAMP sensor, while both GFP
and mCherry fluorescence were simultaneously collected
and projected by a custom image splitter side-by-side
onto a single EMCCD camera. Details of the optical fil-
ter set are listed in Additional file 1: Table S2. Corrected
by the amount of acceptor direct excitation and donor
bleed-through [71], the FRET signal was calculated from
the GFP/mCherry ratio and normalized to the pre-stimu-
lation basal level as fractional changes.
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Statistics

All data are expressed as mean-ztstandard deviation
(SD), and the t-test was used for assessing the signifi-
cance. Comparison of non-normally distributed data was
also validated using their median= absolute deviation
and the non-parametric tests (Kolmogorov—Smirnov or
Mann-Whitney U-test). All statistical operations were
performed with Matlab (The MathWorks), with n.s.,
denoting non significant, *p <0.05, and **p <0.01.

Results

Astrocytic Ca?* elevation induced by neurotoxic AB25-35
To study the acute response of astrocytes to AfB, we
used TIRF microscopy (TIRFM) to image near-mem-
brane Ca?" transients in primary astrocytes cultured
from mouse cortex. With the cytosolic Ca®* indicator
OGB-1 AM, we observed an oscillatory Ca®* increase
upon the local application of submicromolar Ap25-35
(0.5 uM, temporal integral=17.6+9.5 dF/E,"s; Fig. la).
Higher doses of AP evoked stronger (6 pM, inte-
gral=119.5+25.4 dF/E,*) and longer-lasting Ca’t sig-
nals following a temporal delay (43.5+21.6 s; Fig. 1b, c).
This signal was absent in response to extracellular con-
trol solutions, either without AP peptide or containing
the sequence-reversed peptide AB35-25 (6 uM, Addi-
tional file 1: Fig. S1a). To further confine Ca®" detection
in subplasmalemmal region, we also used the plasma
membrane-targeted Ca’" sensor Lck-GCaMP3 [80]
(Fig. 1d, e). As before, Ca** elevations could be detected
in response to submicromolar AB25-35 and gradually
reached to a plateau level with increased doses (Fig. 1f).
The similarity in Ca>" profiles detected with the bulk
indicator OGB-1 and the subplasmalemmal sensor Lck-
GCaMP3, suggests that the neurotoxic AB25-35 causes
Ca’" elevations throughout astrocyte cytosol.

Purinergic activation contributes to AB-evoked astrocytic
Ca*rise

AP peptides have been suggested to induce Ca>" influx
[1, 18], while other studies showed the contribution of
intracellular Ca®" release from the endoplasmic reticu-
lum (ER) store [3, 31, 85]. We therefore examined in
primary astrocytes the mechanism for Ap25-35-evoked
Ca’" rise. Compared to control condition (temporal inte-
gral dF/Fy*s=31.2+11.9; Fig. 2a, j), removing Ca?" from
extracellular solution diminished the AB25-35-evoked
Ca’" signal (integral=9.7 £ 10.1, p<0.01; Fig. 2b, j). We
then kept the extracellular Ca®" at normal level while
pre-depleting the internal ER Ca*" store. To this end,
the ER-resident Ca>* ATPase was inhibited by thapsigar-
gin (TG, 0.5 uM), which caused a prominent discharge
of Ca®* from ER store (Fig. 2¢, top). This treatment
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Fig. 1 Neurotoxic AB25-35 peptide triggered irregular Ca’* rises in primary astrocytes. a, b AB-triggered Ca’* transients in primary cultures of
mouse cortical astrocytes, imaged with the chemical Ca?t indicator OGB-1 AM. Subplasmalernmal Ca?*-dependent fluorescence changes were
selectively imaged by TIRFM. ¢ Dose-response of the AB25-35 effect. The strength of Ca®* signals was evaluated by their temporal integral over
the same recording period (n=8-13 astrocytes per condition). d Lck-GCaMP3 was expressed on the inner side of the astrocytic plasma membrane.
Below, representative TIRFM image. e Astrocytic Ca®* signals evoked by 0.2 uM and 6 M AB25-35, respectively. Each trace denotes the response

from a single cell. f Dose-responses curve of astrocyte Ca’* response to AR peptide (n=7-12 per condition). Scale bars, 10 um

significantly decreased the subsequent responses to
AB25-35 (integral=18.5+13.7%, p<0.05; Fig. 2¢, bot-
tom; j). Since Ca®" release from ER store is mediated
by the inositol 1,4,5-trisphosphate (IP3) receptor, we
examined the effect of its blocker 2-Aminoethoxydiphe-
nyl borate (2-APB, 200 pM) and we also observed an

inhibition impact (integral=17.8+9.6, p<0.05; Fig. 2d,
j). Thus, both Ca’" influx and release from the ER store
contribute to the AB-evoked astrocytic Ca®* signal,

Ca’" release from the internal store is recruited
by the activation of metabotropic receptors. Astro-
cytes express a variety of receptors, among which
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metabotropic glutamate receptor 5 (mGluR5) and
purinergic P2 receptors respond with Ca*" rises to
glutamate and ATP, respectively [6]. While antagoniz-
ing mGIuR5 with the group I mGluR antagonist MPEP
showed no effect (50 pM, p=0.6; Fig. 2e, j), AB-evoked
Ca’** signals were fully abolished by the combina-
tion of P2 receptor antagonists PPADS (100 pM) and
suramin (50 pM, p <0.01; Fig. 2f, j). This indicates that
ApB-induced Ca?* increase requires the activation of
astrocytic P2 receptors. Although both ionotropic P2X
and metabotropic P2Y receptors were suggested to
regulate astrocytic Ca®' signal, we observed that the
wide-spectrum P2X antagonist TNP-ATP [41] failed
to inhibit Ap-triggered Ca’* rise (10 pM, p=0.53,
Fig. 2j). In contrast, the AP response was inhibited by
antagonizing the P2Y1 receptor (5 pM MRS2179, inte-
gral=17.5+7.8, p<0.01; Fig. 2g, j), in line with its
contribution to astrocyte Ca’* hyperactivities in AD
mouse model [17].

Metabotropic receptor activation triggers Ca?t
release from internal ER store, which then activates
store-operated channels (SOCs) to induce Ca*" influx
[83]. Lipophilic molecules including Ap peptide were
suggested to facilitate Ca®" influx through astrocytic
SOCs [74, 88]. To image SOC-mediated Ca’t upon, we
used a standard protocol to image SOC-mediated Ca?*
influx [83]. ER store was first depleted by thapsigargin
in Ca’"-free solution, and then Ca’" added back to
generate SOC-mediated Ca” influx (Fig. 2h). Presence
of AP25-35, indeed, facilitated SOC Ca*t influx (peak
amplitude, dF/F;=146+0.36 vs. CTR 0.77+0.27,
p <0.05; Fig. 2h), suggesting its contribution to the Ca*"
oscillations following P2Y1 receptor activation. These
results corroborate the dual dependence of ApB-evoked
Ca®" signal on both the internal store and Ca" influx
(Fig. 2b, ¢, j).

One possible mechanism underlying P2Y1 activation
by AP might be that it activated ATP-releasing path-
ways in astrocytes. In spinal cord and hippocampal
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astrocytes, ATP release was suggested to be mediated
by the pore-forming P2X7 receptor [95], although
its expression in astrocytes of specific regions was
called into reconsideration [59]. We observed that
P2X7 antagonist A740003 (20 uM) [35] failed to affect
ApB-triggered Ca®" signal, echoing the absence of an
effect of the wide-spectrum P2X blocker TNP-ATP
(Fig. 2j). Alternatively, astrocytes express connexin
(CX) hemichannels that mediate ATP release in physi-
ological and pathological conditions [28, 98]. Immu-
nostaining of CX43 protein was observed on the surface
of cortical astrocytes in culture and in the cortex of
hAPPJ20 AD mouse model [44, 60] (Additional file 1:
Fig. S2). We found that blocking CX hemichannels with
carbenoxlone (CBX, 50 uM) reduced Ap-elicited Ca?t
oscillation (integral=13.24+15.5 vs. CTR 37.5+24.9,
p<0.05; Fig. 2i, j). Although astrocyte ATP was also
shown to be released by pannexin hemichannel [36], its
blocker probenecid (500 uM) failed to alter the AB25-
35 effect (Fig. 2j). Hence, AB-caused Ca*" oscillaitons
depend on the opening of CX hemichannels, by which
ATP might be released to activate the P2Y1 purinergic
receptor.

AB diminishes Ca?* level in preconditioned astrocytes

Astrocytes change status over chronic AP exposure
[4, 64]. In AD patients and mouse models, astrocytes
become reactive near Ap plaques [55]. To examine poten-
tial response alterations in Ap-conditioned astrocytes,
we pre-incubated primary astrocyte cultures with sub-
micromolar AB25-35 (0.5 pM) for different durations.
Such preconditioning reduced the number of astrocytes
displaying Ca* rises (‘Rise’ type response, Fig. 3a left)
in response to the subsequent acute AB25-35 challenge,
and over time started diminishing the basal Ca>* level
("Mix’ type resposne, Fig. 3a middle). After a 2-h precon-
ditioning, most astrocytes responded to AB25-35 with
a diminution in basal Ca*" level (‘Drop’ type response,
Fig. 3a right; Fig. 3b, versus control Additional file 1: Fig.

(See figure on next page.)

experiments as shown (n=9-20 cells per condition)
.

Fig.2 A purinergic pathway underlies AR-evoked Ca”* signal. Representative responses evoked by AB25-35 in astracytes loaded with the
chemical Ca’* indicator OGB-1 AM, in control condition (a), in Ca2*-free extracellular solution (b), following thapsigargin (TG, 0.5 uM) depletion of
ER Ca’* store (¢, top trace reflecting the Ca’* leak signal upon TG application), in the presence of the IP3 receptor antagonist 2-APB (d, 200 M),
and of the mGIURS antagonist MPEP (e, 50 UM). Each trace represents the response of a single astrocyte. f AB-evoked Ca®* responses were fully
abolished by blocking purinergic P2 receptors with the combination of wide-spectrum antagonists PPADS (100 uM) and suramin (50 piv). g The
P2Y1 antagonist MRS2179 (5 uM) attenuated AR-induced Ca®* responses. h AB25-35 enhanced Ca?* influx via store-operated channels (SOCs).
SOCs were activated by fully depleting the ER stere with TG in Ca’*-free solution. SOC-mediated Ca?* influx was induced by re-supplying Ca**
in the extracellular solution, Ca’* influx was significantly increased in the presence of AB25-35 (n=11 cells per condition). i Effect of blocking
connexin hemichannels with CBX (50 pM). j AB-evoked astrocyte Ca’* responses in different conditions. Ca”* signal strength was derived from
the temporal integral of individual normalized traces (dF/F,*s). Wide-spectrum P2X receptor antagonist TNP-ATP, P2X7 antagonist A740003 and
pannexin blocker probenecid were applied at 10 uM, 20 pM and 500 uM, respectively. Control experiments were performed for a defined set of
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Fig. 3 AB25-35 inhibits Ca’* levels in preconditioned astrocytes by potentiating PMCA Ca”* extrusion. a Effect of preconditioning on the acute
responses of AB25-35 (6 uM) in cultured mouse cortical astrocytes. Left, Ca®* rise was triggered in intact astrocytes (Rise'type response). Middle,
after a short term incubation (i.e,, preconditioning) of astrocytes with submicromolar AB25-35 (0.5 h, 0.5 uM), acute application of 6 uM AB25-35
caused a basal line drop mixed with Ca?* rise (Mix'type response). Right, following a~2 h preconditioning in 0.5 uM AB25-35, astrocytes exhibited
only a drop in the intracellular Ca?* level (‘Drop'type response). b The percentage of three types of astrocytes that either displayed a Ca?* rise
(‘Rise’), an initial diminution followed by rise (‘mix’), or only a drop in the basal Ca’t levels (Drop’; n=19-7 cells per condition). ¢ Average of
AB-induced Ca’* diminution in AB25-35-preconditioned (2 h) astrocytes (n=11). d Blocking spontaneous Ca** influx by gadolinium (100 M)
failed to mimic AB-evoked Ca®* diminution (n=8). e Inactivating NCX by Na*-free solution showed no effect (n=9 per condition). f AB-induced
Ca** diminution affected by ambient Mg®* concentration, implying the recruitment of an ATP-dependent pathway. Astrocytes were incubated in
defined solutions 1 h prior to imaging (n=11-17 per condition). g, h Inhibiting PMCA by La>* (50 uM) or Caloxin 3A1 (500 uM) counterbalanced
the AB-evoked astrocytic Ca®* diminution (n=6-11 per condition)
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S1b). Spontaneous Ca?* rises that occurred in a subpop-
ulation of pre-conditioned astrocytes (16/117 cells), were
also inhibited by an acute application of AB25-35 (Addi-
tional file 1: Fig. Slc, d).

We then probed potential mechanisms underlying the
inhibition effect of Ap. Spontaneous Ca*" entry via SOC
and the transient receptor potential cation channel Al
(TRPA1) channel regulates basal Ca>" level in astrocytes
[81, 83]. The inhibition effect of AB25-35 might be due to
the blockade of this spontaneous Ca’" entry. Yet blocking
SOC and TRPAL1 channels by the wide-spectrum blocker
gadolinium (Gd**, 100 uM) [72, 81] failed to mimic the
effect of AP25-35 (Fig. 3¢, d). Alternatively, the Ca’"
diminution might be due to the potentiation of Ca"
extrusion. We noted that chronic pre-conditioning of
astrocytes with low AP25-35 gradually elevated intracel-
lular Ca®* level (Additional file 1: Fig. Sle). The overload
of Ca?* would likely facilitate its extrusion due to the
increased efflux driving force. Potential extrusion path-
ways include Na™/Ca®" exchanger (NCX) that utilizes the
Na* gradient to export intracellular Ca®>* and the plasma
membrane Ca>* ATPase (PMCA) driven by ATP hydrol-
ysis (7, 26, 73]. Inhibiting NCX with Na™-free external
solution showed no effect on AB-caused Ca*" diminu-
tion (dF/Fy=-12.6+£6.7% vs. CTR dF/Fy=—12.945.6%,
p=0.7; Fig. 3e). We then examined the role of PMCA
ATPase. As ATP requires the binding to Mg?" to become
biologically active in the form Mg-ATP [30, 92], we
sought to up- and down-regulate PMCA activity by bath-
ing astrocytes, respectively, in high (20 mM) or zero
concentration of extracellular Mg2+ (vs. CTR, 1 mM).
This manipulation proportionally altered AP-induced
Ca’* decline (Fig. 3f). Further, the wide-spectrum
PMCA blocker La** (50 uM) [7, 14, 82], largely antago-
nized the Ca®* diminution induced by Ap25-35 (dF/
Fy=—24+3.7% vs. CTR dF/Fy=—11.34+4.9%, p<0.01;
Fig. 3g). A similar effect was observed with the PMCA-
blocking peptide caloxin 3A1 [22, 65] (500 pM, dF/
Fy=—59+1.9% vs. CTR dF/F;=—-9.1+£2.3%, p<0.05;
Fig. 3h). As PMCA exports Ca’* against its transmem-
brane gradient, we expected this process to be facilitated
by the removal of extracellular Ca?*. Indeed, Ca®*-free
external solution largely augmented the AB-potentiated
Ca’* efflux (Additional file 1: Fig. S1f). The expression
of PMCA in astrocytes was observed by immunohisto-
chemistry. Astrocytes characterized by GFAP immu-
nostaining could be observed in the cortical region of
a hAPPJ20 AD mouse model [44, 60] (Additional file 1:
Fig. S3a). We observed PMCA immunostaining in GFAP-
positive astrocytes in culture (Additional file 1: Fig. S3b).
PMCA expression was also present in cortical astrocytes
identified by a wide-spectrum marker S100p (Addi-
tional file 1: Fig. S3c), suggesting a general involvement
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of PMCA in astrocyte activity regulation. These results,
together, suggest that AP25-35 potentiates PMCA-
mediated Ca®* extrusion in preconditioned astrocytes,
thereby diminishing the intracellular Ca®* level.

AB activates PMCA Ca?*-H* exchange via cAMP signal

We next examined the signaling link between AP25-35
and PMCA potentiation. PMCA is activated upon intra-
cellular rise of Ca*" so as to prevent its overload [7, 62].
In preconditioned astrocytes, Ap25—35 diminished basal
Ca”" level independent of its elevation, suggesting other
signaling pathways than Ca®" had been recruited. Another
second messenger cAMP is also known to potentiate
PMCA activity [16, 40]. Indeed, elevating cytosolic cAMP
by forskolin (100 uM) induced a diminution in basal Ca®"
level (peak dF/Fy=—7.543.1%) in primary cultured astro-
cytes, which was counteracted by the PMCA blocker La*"
(50 uM, dF/E,=-0.82£0.7%, p<0.01; Fig. 4a). Forskolin
also inhibited the spontaneous Ca*" transients observed
in a subpopulation of preconditioned astrocytes (Addi-
tional file 1: Fig. S1g), as seen with Ap25-35 (Additional
file 1: Fig. Slc, d). By a fluorescent FRET sensor GFP™-
EPAC(dDEP)-mCherry [49, 87], astrocytic cAMP increase
was detected upon AB25-35 application (Fig. 4b). These
results suggest that cCAMP signal is involved in A poten-
tiation of PMCA Ca®" extrusion.

PMCA couples Ca*" export with H' influx [7, 14]. In
preconditioned astrocytes, we therefore performed dual-
color imaging to simultaneously follow intracellular pH
and Ca*" dynamics during AP application. As the fluo-
rescence of GFP protein can be quenched by H* [45], we
used it here as a pH sensor. Meanwhile, we co-expressed
a red-fluorescent Ca*" sensor protein GECO-R [102] to
image cytoplasmic Ca*". We observed a concomitant
decrease in GFP fluorescence (dF/F;= —4.0£3.7%) upon
AB25-35-induced Ca?* diminution (dF/Fy=—7.1£2.3%;
Fig. 4c), indicating PMCA-mediated H* influx accom-
panying the Ca®" extrusion. Consistently, such phenom-
enon was abolished by chelating cytosolic Ca®>" with
100 pM BAPTA AM (GFP, dF/Fy=1.14+1.7%, p<0.01;
Fig. 4c). In preconditioned astrocytes that displayed
mixed Ca’* responses (i.e., an initial Ca** diminution
followed by elevation) to AP25-35, we observed stepwise
H* influx recorded by GFP quenching (Additional file 1:
Fig. S1h) confirming the recruitment of PMCA by both
Ca’" phases. It is worth noting that H' is a potent inhibi-
tor of astrocytic CX hemichannels [77]. In precondi-
tioned astrocytes, AB25—35 pontentiates PMCA causing
Ca®" diminution and H* influx that would have inhibited
CX hemichannels, an effect found to inhibit Ca®* rises
(Fig. 2i, j). Astrocytes hence display state-dependent Ca**
responses to the neurotoxic Ap25-35.
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Fig.4 AB potentiates astrocytic PMCA via cAMP signaling. a Elevation of astrocytic cAMP level increased PMCA-mediated Ca”* extrusion. cAMP
was elevated by forskolin (100 uM) and sub-cellular Ca** level imaged with Lck-GCaMP3 and TIRFM. Ca** diminution was blocked by the PMCA
blocker La** (50 pM; n=9-13 cells per condition). b Intracellular cAMP level was monitored with the FRET sensor GFP”d-EPAC(dDEP)-mCherry

and dual-color TIRFM. Left, representative dual-color recording of fluorescence change for EGFP and mCherry of the FRET sensor. Right, averaged
astrocytic cAMP rise induced by AB25-35 (6 pM; n=6). ¢ PMCA-mediated astrocytic Ca’* diminution was coupled with H* influx. Dual-color TIRFM
recorded concomitant cytosolic Ca?* and pH diminution, by expressing the red genetically encoded Ca’* sensor GECO-R and the pH-sensitive
GFP protein in same astrocytes. Both effects were abolished by chelating astrocyte cytoplasmic Ca®* with BAPTA AM (100 p; n = 7-9 cells per
condition). Scale bar, 5 um
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has been attributed to excessive buildup of extracellular
glutamate [37, 54, 63]. To examine how astrocytes con-
tribute to such glutamate buildup, we imaged astrocyte
glutamate release in response to Ap25-35. We expressed
the genetically encoded glutamate sensor iGluSnFR in
primary cortical astrocytes [51], which showed repeti-
tive fluorescence change upon glutamate puff (Fig. 5a,
b). The dose-response curve reveals a dynamic range
of ~10-200 puM glutamate (Fig. 5¢). Triggering astrocyte
Ca’* elevation by ATP caused glutamate release, which
was inhibited by the Ca®* chelator BAPTA AM (100 uM,
Fig. 5d). We then observed that AB25-35 application
also induced glutamate release as reflected by the green
fluorescence increase of iGluSnFR (Fig. 5e). We noted
that during AP application, a fraction of glutamate was
released before the onset of Ca?" elevation and the Ca?"
signal then accelerated the release (Fig. 5e). We then per-
formed similar experiments in astrocytes loaded with
the Ca?" chelator BAPTA AM. While intracellular Ca?"
signal was fully inhibited, a portion of glutamate was still
released upon AP25-35 application, thereby validating
the presence of a Ca’'-independent release component
(Fig. 5f, g). The presence of BAPTA, meanwhile, also
reduced the total amount of glutamate release, showing
the co-expression of Ca”"-dependent release (integral dF/
Fys=17.2416.2 vs. CTR 43.6+22.4; p<0.01; Fig. 5g).
Thus, AB25-35 induced astrocytic glutamate release via
both Ca**-dependent and -independent mechanisms.

CX hemichannel affects Ca**-independent glutamate

Fig. 5 Biphasic astrocytic glutamate release occurring in both a
Ca’*-dependent and -independent manner. a Imaging astrocytic
glutamate release with green fluorescent sensor iGIUSNFR expressed
on the outer face of cell membrane. b CTR: repetitive fluorescence
signals upon glutamate exposure, ¢ Dose-response curve for
astrocyte-expressed iGIUSNR (n=6-11 cells per concentration). d
Dual-color imaging of astrocytic Ca’* by the red sensor GECO-R
and glutamate release by iGluSnFR. Right, ATP application evoked
Ca’* rise and glutamate release, which were both suppressed by
BAPTA chelation of intracellular Ca>*. e AB25-35 triggered a biphasic
glutamate release, which started prior to Ca’* rise and was further
increased during Ca’* elevation. f, g Chelating astrocytic Ca’* with
BAPTA partially reduced AB-induced glutamate release, confirming
its occurrence in both Ca®*-independent and -dependent manner

(n=10-11 cells per condition). Scale bars, 5 um

APB25-35 evokes biphasic glutamate release

from astrocytes

Astrocyte Ca’" signals have been suggested to trigger the
release of signaling molecules and affect neuronal activity
[5]. During pathological Ap accumulation, neurotoxicity
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Glutamate is known to permeate through hemichan-
nels [64, 97]. We confirmed this by artificially opening
CX hemichannels in cultured astrocytes with Ca**-free
solution [97], which indeed induced glutamate release
(Additional file 1: Fig. S4). This occurred in the absence
of intracellular Ca*' increase, suggesting that CX
hemichannels may contribute to the glutamate release
preceding the Ca>" rises.

We next imaged AB-evoked glutamate release in the
absence and presence of the CX hemichannel blocker
CBX (100 puM). As expected, this treatment reduced
the glutamate release during the phase prior to Ca*"
increase (dF/Fy=0.03+0.7 vs. 031+0.24 of CTR;
p<0.01; Fig. 6a). The overall Ca’* signal and gluta-
mate release throughout the recording period were also
reduced (Fig. 6a), corroborating that hemichannel open-
ing contributes to the AB-evoked Ca’" signal. Applying
during AB25-35 stimulation the mimetic peptide Gap26
(200 pM), a selective blocker of connexin43 hemichan-
nel [20, 64], also inhibited the Ca*" elevation and gluta-
mate release as compared to control and to the inactive
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scrambled peptide of Gap26 (Fig. 6b). Upon the washing
of Gap26 and A, glutamate release and Ca** signal reap-
peared (Fig. 6b), suggesting a post-inhibition rebound
response. Applying Gap26 throughout recording (ie.,
pre-, during- and post-Af} application) inhibited the
post-Ap response (Fig. 6¢). We then suppressed astrocyte
Ca’* signal with BAPTA and isolated the AB-induced
Ca**-independent glutamate release that was found to be
affected by Gap26 (temporal integral dF/Fy*s=3.7+3.4
vs. 19.74+16.1 of CTR, p<0.01; Fig. 6d). Hence, astrocyte
CX hemichannel contributes to the Ca’"-independent
glutamate release induced by Ap25-35.

Anion channel and lysosome exocytosis modulate
Ca?*-dependent glutamate release
Astrocyte CX hemichannel opening was suggested to
be Ca**-sensitive [15], and may modulate AB-evoked
Ca’*-dependent glutamate release. One way to clarify
this issue would be to block CX hemichannels, which
however is known to interfere with AB-induced Ca*"
signal (Figs. 2, 6). To bypass this problem, we mimicked
Ap-evoked Ca?t signals by ATP stimulation (30 puM,
Fig. 7a) that partially recapitulated the purinergic recep-
tor activation by AB25-35 (Fig. 2). ATP-triggered Ca*"
oscillations showed comparable patterns as the AB25—
35-indcued signals (GECO-R, Fig. 7a) and triggered glu-
tamate release (iGluSnFR, Fig. 7a). Yet contrary to our
expectation, Ca’"-activated glutamate release persisted
in the presence of the CX hemichannel blocker CBX
(100 uM, Fig. 7b, d), suggesting its dispensable involve-
ment in this process. Alternatively, Ca’"-sensitive anion
channels represent another route for Ca’*-activated glu-
tamate release in astrocytes [29, 86, 93, 96]. Indeed, the
anion channel blocker 5-nitro-2-(3-phenylpropylamino)
benzoic acid (NPPB, 100 uM) reduced the Ca’*-activated
glutamate release (temporal integral dF/F*s=1.3+15
vs. 4.24+1.9, p<0.05; Fig. 7c, d). Also, during the response
to AP25-35, astrocyte glutamate release over the phase
of Ca®' rise was reduced by another anion channel
blocker DCPIB (50 uM, Fig. 7e), corroborating a role for
anion channels in the Ca*"-dependent glutamate release.
Another pathway for glutamate release could be
CaH—regulated vesicular exocytosis. In astrocytes, lys-
osomes are known vesicular compartments undergoing

~
(See figure on next page.)
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Ca**t-activated exocytosis [38, 50, 101], though the
involvement of small synaptic like vesicles is still debated
[23, 75]. The vesicular glutamate transporter sialin [58]
was observed on astrocyte lysosomes [50], suggesting
their contribution to Ca®*-dependent glutamate release.
We therefore imaged with TIRFM lysosome exocyto-
sis from primary astrocytes in response to AP25-35.
Lysosomes were labeled with the red fluorescent dye
FM4-64 [50, 101], and the concomitant Ca’* signals
monitored with the green fluorescent indicator OGB1
AM (Fig. 8al). Following AB-evoked Ca®*" elevation,
we observed an asynchronous lysosome exocytosis as
reflected by FM dye destaining (Fig. 8a2, a3). We also
used a pH-sensitive sensor to image exocytosis, where
the GFP mutant pHluorin is conjugated to the intralu-
menal site of the lysosomal membrane protein CD63
[49] (Fig. 8b). CD63-pHluorin is quenched in the acidic
lysosome lumen, and becomes fluorescent upon its
exocytotic exposure to extracellular neutral solution.
We observed that AP25-35 induced CD63-pHluorin
brightening on astrocyte surface, thus corroborating the
occurrence of lysosome exocytosis (Fig. 8b). A similar
temporal distribution was found with the two exocytotic
probes (p=0.6; Fig. 8c), consistent with the co-localiza-
tion of FM4-64 and CD63 in astrocyte lysosomes [50].
Next, to examine the potential glutamate storage in
astrocyte lysosomes, we performed glutamate staining
in cultured astrocytes that resulted in a punctuate label-
ling distributed across the cytoplasm (Additional file 1:
Fig. S5a). Glutamate staining was diminished by the
cathepsin C substrate glycyl-L-phenylalanine 2-naph-
thylamideto (GPN, 200 pM), a compound permeabiliz-
ing lysosomes by osmotic swelling [50, 101] (Additional
file 1: Fig. S5a). On the other hand, the fluorescent nucle-
otide marker MANT-ATP showed little colocalization
with FM4-64-labeled lysosomes (Additional file 1: Fig.
S5b). It was also observed that permeabilization of lys-
osomes by GPN reduced the AB25-35-induced gluta-
mate release (Fig. 8d), and the presence of anion channel
blocker DCPIB (50 pM) showed no significant effect on
astrocyte lysosome release (Fig. 8e). These data suggest
the astrocyte lysosomes, in parallel with anion channels,
contribute to ApB-induced Ca’*-dependent glutamate
release.

Fig. 6 Involvement of CX hemichannels in Ca>*-independent glutamate release. a Glutamate release prior to the Ca’* elevation (top, CTR) was
reduced by the CX hemichannel blocker CBX (100 uM; present throughout the recording; n=8-13 cells per condition). b During the AB application
phase, Ca’*-independent glutamate release was blocked by another CX hemichannel blocker Gap26 peptide (200 uM). The inactive scramble
peptide of Gap26 showed no effect (n==8-10 cells per condition). ¢ A more pronounced inhibition effect of Gap26 was observed when applying it
throughout the entire imaging period (i.e, pre-, during- and post-AB; n=12-14 per condition). d Chelating astrocytic Ca** with BAPTA AM isolated
Ca’*-independent astrocytic glutamate release, which was inhibited by CX hemichannel blocker Gap26 (n==8-10 per condition)

.

108



Pham et al. acta neuropathol commun (2021) 9:44

Page 12 of 19

4 AB25-35
N

r @

s k£

20 18

IouJ X3

e lge
60s —

CBX

b AP25-35
E—

Scramble of Gap26
—

Io\"
o
[—— =]

60 s

%26 — '
d

AB25-35
= —

i
< —m
L 60s
<
el
’;E“\;S_apZG — '
o

iGIUSNFR (dF/F,)

iGIUSNFR (dF/F,)

GECO-R (dF/F,)

GECO-R (dF/Fy*s)

iGluSnFR (dF/Fy*s)

2+
Pre Ca rise

Overall response

(2]
o

iGIUSNFR (dF/Fy7s)
w
o

o

*x

>

>

-

i
B
Iy
>y
5 T

*%

200

-Gap26

+Gap26

Overall response

FAVAN

CTR CBX CTR CBX

Overall résponse

»
‘Q
w
% 60
14
w
[ =4
3 0
Q
>
*O
(3
S 200
e
o
[&]
w 0
] CTR Scramble Gap26
60 &
i by
s T .
'4 iy
‘&
& A A e
3 A N,
5} . Vsl
: 7]
CTR Scramble Gap26
£ 60
B
w
=
o
o
o
] A
O o

Gap26 _ +Gap26

109



Pham et al. acta neuropathol commun (2021) 9:44 Page 13 of 19

[ I A R
[ HI!II!IIIIIIIII1|I|IIIII I ||||II|I| I]II (A
| Ml IIIIIIII|II Il I’IIIlH‘IH ||I|%‘ l|
11 IIIIIIIRN]IHIIIIIIH III!HII g
I e
iISnGIUFR LI |
c d 4
x 5
@] A
X O 100
|]§ & »& A-J:
— N ‘!' 4 i
L‘Q\V‘. 0 =

NPPB

i [l
]
1 T \I_‘IIIIIHE

iGIUSNFR (dF/Fg*s) GECO-R (dF/F,*s)

CTR CBX NPPB

AB25-35 AB25-35
—— [——————— |
60 s
[ m— |
X ° ['4 x @
I‘8_ 54 o 5 tf post-Ca
(&) (G A *
2 i 2 L 30| .4
(Ca>) (Glut) o g5 )
CTR DCPIB 0 -—%
CTR DCPIB CTR DCPIB

Fig. 7 Contribution of anion channels to Ca**-dependent glutamate release. a AB-evoked astrocytic Ca** rises were due to purinergic receptor
activation. To examine Ca”*-dependent glutamtae release, we applied ATP (30 uM) to trigger astrocytic Ca®* and glutamate release. b-d
Ca’*-dependent glutamate release was unaffected by inhibition of CX hemichannel (CBX, 100 uM), but reduced by blocking anion channels with
NPPB (100 pM) (n=7-9 cells per condition). e During the response to AB25-35 (6 uM), inhibiting anion channels with DCPIB (50 uM) influenced the
glutamate release during Ca?* elevation phase (n=10-12 cells per condition)

Discussion release of signaling transmitters have been observed
In this study, we examined the sub-cellular mechanisms  in primary cortical astrocytes. As illustrated in Addi-
underlying the astrocytic response to the neurotoxic tional file 1: Fig. S6a, the free cytosolic Ca?" concentra-
amyloid beta fragment. A state-dependent alteration tion is maintained at physiological low level (~100 nM)
of Ca** homeostasis in association with a multiphasic  in astrocyes in basal conditions [62], thereby restraining
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the initial PMCA reaction to AP25-35 application.
One possibility is that AB25-35 opens CX hemichan-
nels leading to glutamate and ATP co-release, the lat-
ter triggering Ca’" elevation to cause further glutamate
release. In basal conditions, AB25-35 plays an excita-
tory role in upregulating astrocyte Ca?" signals. In
ApB-preconditioned astrocytes (Additional file 1: Fig.

S6b), the chronically overloaded intracellular Ca*" sets
a greater driving force for its efflux. Hence, PMCA Ca**
export is readily activated by subsequent acute Af chal-
lenge, leading to an overshoot drop in the basal Ca*"
diminution and concomitant H" influx. H" then exerts
an inhibitory effect on CX hemichannel opening, thereby
blocking the hemichannel and the purinergic activaiton
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of Ca?* elevation. In this situation, AP tends to exert an
inhibitory effect on astrocyte Ca>* signal. Immunostain-
ing of PMCA and CX43, a major hemichannel protein
expressed in astrocyes, was observed in cultured astro-
cytes and in the cortex of hAPPJ20 AD mouse model.

Dysregulation of neuron-glia interaction emerges as an
important aspect in AB pathology and the evolution of
AD [33]. Aberrant Ca*' signals have been noted as a hall-
mark of astrocyte functional remodeling in AD mouse
models [17, 47]. Our current data support the potential
contribution of astrocytes to the dysregulated neuroglial
activities in amyloidopathy, for instance via the interfer-
ence with purinergic and/or glutamatergic communica-
tions [54]. The primary culture of astrocytes is an in vitro
model to study the sub-cellular mechanism involved in
AD pathophysiology. Primary astrocytes were reported
to display a portion of properties different from their
in vivo counterparts, like the genes featuring the reac-
tive state [9, 100]. In the current study, preconditioning
primary astrocytes with submicromolar Ap25-35 caused
appreciable alteration in their subsequent response to
high-dose AB, indicating a malleable adaptability in their
functional status. This suggests that the cultured astro-
cytes used in this study were not fully reactivated, likely
mirroring an early state during brain AP deposition.

We show that AP25-35 activates Ca’" elevation via
purinergic P2Y1 receptor activation that confirms the
in vivo finding in AD mouse model [17]. The involvement
of the Ca®* release from the internal ER store is also in line
with the previous in vitro study [85]. ER Ca’" depletion
is followed by Ca’t influx via SOC channel [66], which
was here observed to be facilitated by AP25-35, as previ-
ously reported with AB42 [74]. This therefore provides an
additional mechanism for the upregulated astrocyte Ca’*
signal and explains in part its dependence on Ca*" influx.
We also show that AB25-35-caused Ca®* signals depend
on the opening of CX hemichannels, a major pathway for
ATP release from astrocytes [28, 98]. It is possible that
AP25-35 triggers ATP release from CX hemichannels
that then activates astrocyte P2Y1 receptor to cause Ca’"
elevation. Interestingly, purinergic autocrine stimulation
and subsequent glutamate release has also been observed
following optogenetic activation of astrocytes with chan-
nelrhodopsin 2 [79]. Optical activation of astrocytes with
light-gated GPCRs optoAR and melanopsin also triggered
ATP release and autocrine activation of astrocytic puriner-
gic receptors [25, 53]. Nevertheless, our current data could
not fully exclude other possible mechanisms underlying
AP25-35-induced Ca*' signals. For instance, AP25-35
may directly activate astrocyte purinergic receptors, which
could be mitigated by CX hemichannel blocking.

Besides the generally observed excitatory effect on
astrocytic Ca®* of AB peptides or plaques, we observed
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an inhibitory effect of AB25-35 in astrocytes precondi-
tioned by submicromolar concentrations of AB. It was
reported that AB25-35 not only triggered Ca>" elevation,
but also inhibited ATP-evoked Ca®" elevation in primary
cultures of rat astrocytes [85], implying a mixed status
of the astrocytes used therein. We here attributed the
mechanism of inhibition to the potentiation of PMCA-
mediated Ca’" extrusion from the cytoplasm, modulated
by AB-triggered cAMP elevation. As ATP-driven pumps,
PMCAs export cytosolic Ca®* in a calmodulin-depend-
ent manner to maintain its physiological low level [8, 62].
Overexpression of a human PMCA in striatal astrocytes
was used to inhibit Ca®" signals [99]. In our study, the
ready activation of PMCA by A in preconditioned astro-
cytes implies that their cytosolic Ca?" concentration, due
to the gradual overload upon the chronic AP exposure,
has been hyper-shifted from the physiological level. As
H* is a hemichannel inhibitor [77], the H' influx that
was coupled with PMCA-mediated Ca®* extrusion would
have inhibited CX hemichannel, an effect that we found
to attenuate Ca®* elevations. This thus resulted in a dom-
inant inhibitory effect in preconditioned astrocytes. Ca**
export by PMCA likely represents a protective mecha-
nism to counterbalance the early Ca®" upregulation in
astrocytes caused by AP. Nevertheless, PMCA activity
is often impaired by recurrent activation and metabolic
stresses [8], as it would be encountered as a consequence
of long-term AP accumulation in AD [48]. Hence, Ca*"
hyperactivity could become eventually prevalent in astro-
cytes at the time when Af plaques are formed [17, 47].

In an AD mouse model, astrocytes Ca’* hyperac-
tivity occurs globally independent of their proximity
to AP plaques, suggesting that the local AB pathology
is transmitted by intercellular mechanisms [47]. We
here observed AP25-35-caused multiphasic release
of glutamate from astrocytes, which could activate
adjacent astrocytes and neurons in situ. Our data also
suggest that AP25-35 likely causes ATP release via
CX hemichannels to activate astrocyte Ca®" eleva-
tion (Additional file 1: Fig. S6a). CX hemichannels are
known to release signaling molecules from astrocytes
regulating neural activity in physiological and patho-
logical conditions [28]. In AD mouse models, CX
hemichannels have been implicated in the release of
ATP and glutamate, which dysregulate synaptic trans-
mission [98]. We here suggest the mechanistic steps
underlying Ap-induced glutamate and ATP release.
CX hemichannels may initiate the ATP release that
subsequently activated purinergic autoreceptor to
elevate Ca’" signal. Consistent with CX hemichan-
nels being nonselective channel pores [28], they were
here also observed to mediate Ca?*-independent glu-
tamate efflux. In addition, we noted that Ap-evoked
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Ca®* signal further increased glutamate release. While
Ca’*-dependent glutamate release from astrocytes is
being debated under physiological conditions [24, 78],
it has been observed upon the hyper-regulated astro-
cyte Ca®" signals in pathological conditions [89].

Our results suggest that AP-evoked Ca’-dependent
glutamate release occurs via astrocytic anion channels and
lysosome exocytosis. Astrocyte glutamate release was sug-
gested to be mediated by mouse Bestrophin 1 channel in
a Ca’*-activated manner [67] (but see [94]). In APP/PS1
AD mouse model, excessive GABA release from astrocytic
Bestrophin 1 channel was also observed to impair memory
and learning [39]. In addition, SWELL-1 (i.e, LRRC8A)
channel has been shown to constitute the anion channels
that mediate glutamate release from astrocytes in associa-
tion with cell swelling [96]. The relative roles of Bestrophin
1 and SWELL-1 in AB-evoked glutamate release needs be
further evaluated. We also observed asynchronous lyso-
some exocytosis following Ap-triggered Ca2" signal, likely
contributing to signaling molecule release. Lysosomes
represent a population of vesicular compartments having
a larger size than small secretory vesicles [49]. Although
the physiological role of small secretory vesicles in astro-
cytes remains debated [75], lysosome exocytosis has
been observed in response to pathological stimulations
[21, 50, 84]. It is therefore plausible that lysosome exocy-
tosis plays a role in modulating astrocytic signals in AP
pathologies. Astrocytes could bidirectionally control syn-
aptic transmission, for example via glutamatergic potentia-
tion and purinergic/adenosinergic inhibition [12]. Hence,
ApB-evoked ATP and glutamate release would affect neu-
ronal activities in situ during AD progression, with specific
outputs depending on the receptor expression profiles of
the local circuitry and their spatial correlation with astro-
cytic release sites. AB-induced glutamate release likely
contributes to the glutamate neurotoxicity seen in AD
context [90, 98]. Memantine, the uncompetitive antagonist
with moderate affinity for the glutamate N-methyl-p-as-
partate (NMDA) receptor, has been approved for the treat-
ment of moderate to severe AD [68].

It has been noted that globally ablating pathologically
altered astrocytes in AD mouse model worsens the dis-
ease [42]. Thus, understanding and hence being able to
target dysregulations in specific signaling pathways in
astrocytes holds the potential to ameliorate A pathol-
ogy. In this context, the current results provide testable
targets to control astrocyte responses to neurotoxic
AP peptide and will help to understand the astrocytic
contributions.
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Supplementary material

Astrocytes respond to a neurotoxic Ap fragment with

state-dependent Ca?* alteration and multiphasic transmitter release

Abbreviation list:

2-APB — 2-Aminoethoxydiphenyl borate

AP —amyloid B

AD — Alzheimer’s disease

cAMP — cyclic adenosine monophosphate

CBX - carbenoxolone

CX — connexin

DCPIB -
4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo0- 1 H-inden-5-yl)oxy]butanoic acid
EPAC — exchange protein directly activated by cAMP
ER — endoplasmic reticulum

FRET — fluorescence resonance energy transfer

GLT-1 — glutamate transporter 1

GLAST — glutamate aspartate transporter

GPN — glycyl-L-phenylalanine 2-naphthylamide
mGluR — metabotropic glutamate receptor

MPEP — 2-Methyl-6-(phenylethynyl)pyridine

NCX — sodium calcium exchanger

NPPB - 5-nitro-2-(3-phenylpropylamino) benzoic acid
OGB-1 - Oregon green bapta 1

PMCA — plasma membrane Ca?* ATPase

PPADS — pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid
SOC — store-operated channel

SD — standard deviation

TIRFM — total internal reflection fluorescence microscopy
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Fig. S1 Effects of AP25-35 on astrocyte Ca’' signaling. Cultured astrocytes in basal
condition (a) and after AP preconditioning (b; AB25-35, 0.5 uM, 2 hr) in response to either
vehicle (i.e., equal molar H>O) or the reversed peptide AB35-25 (n = 7 per condition). (c-d)
Inhibitory effect of AR (6 uM) on spontaneous astrocytic Ca?" oscillation. (e) Preconditioning

with AB25-35 (0.5 uM) caused gradual Ca*" overload in astrocytes. The chemical Ca?" dye

2
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Xrhod-1, AM was used for long-term Ca’’ imaging (n = 8 cells for each). (f) Removing
extracellular Ca?" facilitated AB25-35-caused Ca*" diminution (n = 9 for CTR, n = 7 for zero
external Ca>* condition). (g) Inhibition of spontaneous astrocyte Ca* oscillations by forskolin
(100 uM). (h) Stepwise decreases in intracellular pH observed in the ‘mix’ type astrocyte
Ca®* response, which was evoked by AB25-35 (6 uM) in astrocytes after short-term
preconditioning (AB25-35 0.5 uM, 0.5 hr). The red Ca?" sensor GECO-R and the
pH-sensitive GFP fluorescent protein were co-expressed in cultured astrocytes. During
AP25-35 application, the initial small diminution in basal Ca?*" was likely due to the direct
potentiation of PMCA that meanwhile caused H' influx thereby decreasing the GFP
fluorescence. The delayed Ca®* rise would have also activated PMCA to confine the Ca?"
elevation, inducing more H" influx to further quench the GFP fluorescence. During the
elevation phase, cytosolic Ca®* could also be buffered into ER via the sacro/endoplasmic

reticulum Ca?” ATPase. Scale bars, 5 pm.
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b CX43 (cortex of hAPPJ20 mouse model)

Fig. S2 Immunostaining of connexin 43 in cultured cortical astrocytes (a) and in

somatosensory cortex of hAPPJ20 AD mouse (~7 month age; b). Scale bars, 20 pm.
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Fig. S3 Immunostaining of PMCA in astrocytes. (a) GFAP-positive astrocytes observed by

immunostaining in the somatosensory cortex of J20 AD mouse model (~7 month old). Scale
bar, 50 pm. (b) Immunostaining of a pan PMCA antibody against the astrocyte marker GFAP
in cultured cortical astrocytes of wild-type mice. Scale bar, 10 um. (¢) PMCA
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immunostaining in astrocytes in somatosensory cortex of hAPPJ20 AD mouse model. The
diffuse staining pattern is consistent with the membranous expression of PMCA. A
subpopulation of PMCA labeling was observed to surround S100B-positive astrocytic somata,

and present in S100B-identified processes. Mouse age is ~7 month. Scale bar, 20 pm.
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Fig. S4 Astrocyte glutamate release via opened CX hemichannels. CX hemichannels were
opened by Ca?-free solution (open bar). Cytosolic Ca’>" and glutamate release were
simultaneously imaged with TRIFM, in astrocytes co-expressing the red GECO-R and green
iGluSnFR sensor. Glutamate release was observed in the absence of Ca’" elevation. A
diminution in cytosolic Ca®" was observed in the phase of 0 Ca?*, indicating the gradual Ca*"
efflux due to the reversed ion gradient. Switching back to control solution (1.8 mM Ca?")
re-closed CX hemichannels, causing a transient inhibition for the glutamate release;

meanwhile, re-supplying Ca’* elevated Ca®* levels in the cytosol that then sustained another
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phase of glutamate release. This result is in line with the co-existence of Ca?*-independent

and -dependent glutamate release from astrocytes.
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Fig. S5 Astrocyte lysosomes versus glutamate staining and ATP indicator. (a) Glutamate
immunostaining in cultured astrocytes concentrated in perinuclear vesicular compartments.
Punctate staining was reduced by cathepsin C substrate GPN (200 uM), a
lysosome-disrupting compound (n = 9 - 11 cells per condition). Scale bar, 5 um. (b)
Representative spatial distribution of the fluorescent ATP marker MANT-ATP (50 uM, 1 hr)
and the lysosomal marker FM4-64 (6.7 uM, 30 min). Scale bar, 10 pm.
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Fig. S6 Astrocyte response to AB25-35. (a) In astrocyes of basal conditions, cytosolic Ca** is
maintainted at physiological low level (~100 nM) and PMCA shows no strong reaction to
AP25-35. Meanwhile, AB25-35 acts on CX hemichannels leading to the release of glutamate,
and likely ATP, in a Ca*'-independent manner. Activation of purinergic P2 receptors then
contributes to the intracellular Ca®" elevation that triggers the Ca’'-dependent release of
glutamate. AB25-35 therefore plays an excitatory role in astrocytes in basal conditions. (b)
Preconditioning of astrocytes with submicromolar AB25-35 peptide leads to gradual
intracellular Ca?" overload thereby setting a greater driving tendency for Ca* efflux. In this
situation, PMCA actively reacts to subsequent AB25-35 stimulation, extruding cytosolic Ca®*
to the extracellular space therefore lowering the intracellular Ca®" level. The coupled H*
influx then inhibits the opening of CX hemichannels and the intracellular Ca?* elevation.
AB25-35 hence exerts an inhibitory effect on the inracellular Ca>* level in preconditioned

astrocytes.
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Table S1

Antibodies used for fluorescence immunostaining

Experiments

Primary antibodies

Secondary antibodies

Single staining

GFAP in brain slices of hAPPJ20 AD
mouse model (Figure 3i)

Rb GFAP, Agilent/DAKO, Cat N°
70334, 1/1000

Alexa 594 Goat (G) anti-Rb,
Invitrogen, Cat N° A11012,
1/1000

Connexin 43 staining in brain slices of
hAPPJ20 AD mouse model and in
cultured astrocytes (Figure S2)

Rb Connexin 43, Sigma, Cat N°
C6219, 1/1500

Alexa 594 G anti-Rb,
Invitrogen, Cat N° A11012,
1/1000

Double staining

GFAP and PMCA in cultured astrocytes
(Figure 3j)

Rb GFAP, Agilent/DAKO, Cat N°
70334, 1/1000

Mouse (M) pan PMCA ATPase
Monoclonal Antibody, ThermoFisher
Scientific, Cat N° MA3-914, 1/500

Alexa 594 Goat (G) anti-Rb,
Invitrogen, Cat N°® A11012,
1/1000

Alexa 488 G anti M IgG2A,
Invitrogen, Cat N® A-21131,
1/1000

S100B and PMCA co-staining in the
cortex of J20 AD mouse (Figure S3)

Rb monoclonal S100p , Abcam, Cat
N° ab52642, 1/500

Mouse (M) pan PMCA ATPase
Monoclonal Antibody, ThermoFisher
Scientific, Cat N° MA3-914, 1/500

Alexa 594 G anti-Rb,
Invitrogen, Cat N® A11012,
1/1000

Alexa 488 G anti M 1gG2A,
Invitrogen, cat N°A-21131,
1/1000
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Table S2  Combinations of excitation wavelengths and filters for TIRFM imaging

Fluorophore Excitation laser line Dichroic filter (nm) Emission filter (nm)
(nm)
EGFP, pHluorin 488 500LP or PolyX® 535(50)BP
GECO-R 568 PolyX? 600LP
GFP(nd)-EPAC1(dDEP)-mCherry 488 PolyX? 535(50)&600LP*

OGB-1 488 PolyX? 535(50)BP
OGB-1 and FM4-64 488 PolyX? 535(50)&675(50)BP*
Xrhod-1 568 PolyX$ 600LP or 615(45)BP

$PolyX — custom dual dichroic mirror with 488/568/NIR reflection bands and low ripple high-transmission
elsewhere (AHF Analysentechnik).

Sdenotes filters for simultaneous view with a custom dual-view device.

10
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11.3.2 - Initial in vivo experiment to modulate glymphatic diffusion in an
Alzheimer’s mouse model

In Chapter | study, combining the multimodal imaging approaches and the selective AQP4
blocker TGN-020, | have examined the acute influence of AQP4 on astrocyte volume regulation.
The results suggest that acutely blocking AQP4 activity with TGN-020 induces astrocyte
swelling, indicating AQP4 tonically constrains astrocyte swelling, and accordingly, acute
inhibition of AQP4 facilitates hypotonically evoked astrocyte swelling and impedes
hypertonically induced astrocyte shrinking. These results suggest that pharmacologically
targeting AQP4 will shape astrocyte volume dynamics, and thereby the extracellular
route, which might be used to modulate glymphatic clearance of amyloid p peptide in AD

brain.

To probe this hypothesis, | have started to employ the hAPPJ20 AD mouse model, used in my
recent study (Pham et al., 2021), to design experiments to examine the potential effect of

modulating astrocytic AQP4 on brain to AB1-42 peptide deposition.

As the hAPPJ20 AD mouse model start forming ApB1-42 fibrils/plaques after 4-5 month of age
(Fig. 39). | have decided to manipulate AQP4 function in vivo in pre-plaque phase, thereby
enabling the evaluation of astrocyte impact on the formation of A fibrils, and the inference on
the clearance of diffusible AP peptides. I therefore started using 4-month old mice to
pharmacologically manipulate AQP4 functions in vivo for 1 week, so as to determine the effect
on the subsequent AB1-42 deposition. In addition to the AQP4 blocker TGN-020, I also used
the AQP4 facilitator, TGN-073 (N-(3-benzyloxypyridin- 2-yl)-benzene-sulfonamide) (Huber et
al., 2018), thus allowing the paired comparison between the loss- and gain-of-function

interventions.
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Figure 39: Ag plaque formation time course in hAPP J20 mice (Mucke et al., 2000)

Three groups of mice (n =5 each) have been planned for: 1) receiving vehicle IP injection; 2)
receiving AQP4 inhibitor TGN-020 injection (250 mg/kg body weight); 3) receiving AQP4
facilitator TGN-73 (250 mg/kg body weight). Injection are to be performed once a day for one
week. The amount of Ap peptides be imaged in brain slices, following vital labeling with
Thioflavin T (20 uM). This molecular probe displays high fluorescence upon binding to Af
fibrils and the fluorescence signal correlates linearly with the concentration of AP peptides AB1-
40 and AB1-42, the major forms associated with AD development (Xue et al., 2017). The extent
of AB1-42 deposition can thus be estimated by the level of Thioflavin fluorescence intensity.
This set of experiments helps to pinpoint the efficacy of manipulating AQP4 on the glymphatic
clearance of AB1-42 from the hAPPJ20 AD mouse model, providing clues on controlling Ap
deposition during the early stage of amyloidopathy.
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Figure 40: Experiments for exanimating the effect of AQP4 on Af clearance in AD mouse model
(on going).

These experiments are in collaboration with Dr. Bruno Cauli in our laboratory; the experimental
protocol is illustrated in Fig. 40. | have tested the planned experimental protocols in 4 mice,
and obtained fluorescence staining of AB1-42 in mouse brain using the full brain scope
microscope. The initial results show wide spread A distribution, with an appreciable amount
deposited along vascular-like structures, implying the presence of AP in the perivascular spaces
along the glymphatic diffusion pathways. Because i) the requirement of the age-matched AD
mice, and the adjustment of the feasible in vivo pharmacological treatment protocols took me
an unexpected amount of time, ii) the taking place of the full cleaning processes in the mice-
handling animal houses in our laboratory, interrupted the in vivo AQP4 experiments during my
last year of PhD study, these experiments are still on-going. Nevertheless, | have already
finished the sampling of two groups of mice (control vs. TGN-020), which will be imaged in
short time. It is expected that facilitating the water flux by potentiating the AQP4 with TGN-
073 would help to clear AP, thereby reducing its deposition. TGN-020, via blocking AQP4,
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would cause astrocyte swelling, reduce extracellular space and exacerbate A accumulation.
The expected results will hence provide clues on the therapeutic potential of targeting astrocyte
AQP4. Pharmacological strategy holds the advantage that it could be readily tested in vivo over

flexible time windows and by different doses.

11.4 - Perspectives

The proposed experiments in this chapter possess multiple perspectives. First, the results
suggest a mechanism link between astrocyte Ca?* dynamics and volume control. Early studies
mainly investigated the phenomena using cultured astrocytes (Takano et al., 2005; Mola et al.,
2016). Because astrocytes in culture show different features from their in vivo states (Zamanian
etal., 2012), so it is necessary to explore astrocyte Ca?* regulation of volume dynamics in situ.
The experimental strategies | explored so far enabled the study of this important scientific
question at multiscale level, from brain slices to all brain scale in vivo in mouse model.
Secondly, thus far the effect of regulating astrocyte AQP4 on the clearance of amyloid B or
other waste molecules remains to be clarified. My current results so far suggest that AQP4 plays
an important role in maintaining the volume homeostasis of astrocytes in situ, making it
possible to target astrocyte AQP4 to regulate extracellular space, and the brain fluid transport.
Further experiments to establish the efficacy of this treatment on amelioration of cognitive
behavior will pave the way for preclinical tests. There is a change in the polarization AQP4
distribution at the astrocytic endfeet in several neuropathologies including Alzheimer’s disease
(Tkeshima-Kataoka, 2016) So alternatively to understands the mechanism of the disruption in
AQP4 localisation under neuropathology will help to rescue the functional distribution thereby
preventing disease development. A recent report suggest that the clinical drug trifluoperazine
can modulate the trafficking of AQP4 in vivo (Kitchen et al., 2020) which ameliorates the
recovery from brain edema. Therefore this strategy could be also used to control AQP4
dysfunction in neurodegenerative disease. Thirdly, my Ph.D study also shows that diffusion
MRI is noninvasive method and sensitive for brain fluid transport detection. This technique
could be used for early diagnostics of brain fluid transport disruption linked pathologies. It can
further extended to follow the development of other neurological disease, and metabolism

disorders in the brain.
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Chapter IlI: Collaborative works

The scientific knowledge from my PhD study has also fostered collaborative works for

understanding:

) Brain astrocyte activity remodeling in obesity-associated metabolic syndromes. The
results of this part contribute to the discovery that the calcium signaling of
hypothalamic astrocytes undergoes heterogeneous remodeling in anatomically
defined nuclei implicated in systemic metabolism regulation. This work has helped
to delineate the important participation of astrocytes in energy balance control. This
part of the study has been published (Herrera Moro Chao et al, 2022).

) The molecular mechanisms underlying the trafficking of calcium-permeable
transient potential receptor ion channels. This work suggests testable molecular
targets for interrogating the calcium signaling mechanisms in nervous cells

including astrocytes (Tian et al, 2019).
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I11.1 - Contribution to the understanding of brain astrocytes

adaptation to systemic metabolic disorders.
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SUMMARY

The hypothalamus is key in the control of energy balance. However, strategies targeting hypothalamic neu-
rons have failed to provide viable options to treat most metabolic diseases. Conversely, the role of astrocytes
in systemic metabolic control has remained largely unexplored. Here, we show that obesity promotes
anatomically restricted remodeling of hypothalamic astrocyte activity. In the paraventricular nucleus (PVN)
of the hypothalamus, chemogenetic manipulation of astrocytes results in bidirectional control of neighboring
neuron activity, autonomic outflow, glucose metabolism, and energy balance. This process recruits a mech-
anism involving the astrocytic control of ambient glutamate levels, which becomes defective in obesity. Pos-
itive or negative chemogenetic manipulation of PVN astrocyte Ca®* signals, respectively, worsens or im-
proves metabolic status of diet-induced obese mice. Collectively, these findings highlight a yet
unappreciated role for astrocytes in the direct control of systemic metabolism and suggest potential targets

for anti-obesity strategy.

INTRODUCTION

Obesity is a public health concern associated with a higher inci-
dence of type 2 diabetes, cardiovascular disease, and other life-
threatening comorbidities (Morton et al., 2014; Saklayen, 2018).
Understanding the mechanisms underlying the onset and pro-
gression of the disease is essential to identify potential targets
for therapeutic intervention. In mammals, energy homeostasis
results from the balance between energy expenditure and
nutrient intake. Nervous inputs and circulating factors are inte-
grated by discrete neural circuits in the brain, which, in turn, pro-
vide an adaptive behavioral, neuroendocrine, and metabolic
response (Morton et al., 2014), In the hypothalamus, specialized
neuronal populations maintain a strict monitoring of the periph-
eral metabolic state and regulate food intake and body meta-
bolism by modulating the autonomic nervous system (ANS) (Die-
trich and Horvath, 2013; Roh et al., 2016; Timper and Bruning,
2017; Yi et al., 2010). In particular, pre-autonomic neurons

located in the paraventricular nucleus (PVN) have emerged as
important hypothalamic autonomic/neuroendocrine regulators
of the physiology of energy balance. (Licht et al., 2013; Thayer
etal., 2010). They modulate feeding, energy expenditure, neuro-
hormonal response, and cardiovascular function through auto-
nomic efferents projecting to the brainstem and spinal auto-
nomic outputs (Betley et al., 2013; Dampney et al., 2018; Li
etal., 2019; Munzberg et al., 2016). The activity of hypothalamic
neurons is tightly dependent on adequate delivery of energy sub-
strates provided by astrocytes, the major type of glial cells in the
brain (Garcia-Caceres et al., 2019; Verkhratsky, 2018). In physi-
ological and pathological conditions, astrocytes exert a wide
spectrum of adaptive functions that can promote and preserve
neuronal health, such as synaptogenesis, synaptic efficacy,
and plasticity within neuronal networks (Freire-Regatillo et al.,
2017; Verkhratsky, 2018). By occupying a strategic position in
brain circuits, at the interface between blood vessels and neu-
rons, they participate in the transport and sensing of nutrients
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Figure 1. Hypothalamic astrocytes display Ca* hyperactivity in a heterogeneous manner during diet-induced obesity

(A) Experimental setting.

(B) Representative confocal photomicrograph for GCaMP (green) and s1008 (red) immunoreactivity in the PVN of GCaMP6f-Glast-CreER" mice.
(C) Body weight gain of GCaMP6f-Glast-CreER" mice after 4-month chow (lean, n = 6) or HFHS (obese, n = 6) diet consumption.
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and metabolic factors across the blood brain barrier (Allen and
Eroglu, 2017).

Hypothalamic astrocytes are being recognized as important
players in the control of systemic energy metabolism (Caruso
et al., 2013; Garcia-Céceres et al., 2013, 2016; Kim et al.,
2014), and obesity leads to central low-grade infllmmation trig-
gers inflammatory-like response in hypothalamic astrocytes
and reactive gliosis in several hypothalamic areas (Horvath
et al,, 2010), including the PVN (Buckman et al., 2013; Dalvi
et al., 2017; De Souza et al., 2005; Milanski et al., 2009;
Robb et al., 2020; Thaler et al., 2012). However, the direct
contribution of astrocytes as gate keeper of PVN output, as
well as their involvement in the control of bodily energy and
glucose metabolism remain an open question.

In the current study, we took advantage of gain-loss-function
and loss-of-function approaches allowing for the direct and se-
lective imaging and manipulation of astrocytes to explore the
causal role of astrocytes in metabolic response. We first show
that although obesity indeed promotes astrocyte calcium
(Ca®*) activity remodeling that are anatomically defined to hypo-
thalamic sub-nuclei. Astrocytic response could be mimicked by
chemogenetic activation of astrocyte by Gg-coupled designer
receptors exclusively activated by designer drugs (DREADDs).
in vivo chemogenetic activation or inhibition of PVN astrocyte
Ca®* signaling exerted bidirectional control over neighboring
PVN neuron firing, autonomic outflow, glucose metabolism,
and energy balance. Finally, we found that the underlying mech-
anism by which astrocytes gate neural activity in the PVN relies
on excitatory amino acid transporters (EAATSs)-dependent con-
trol of ambient glutamate. In obese mice, this mechanism was
selectively impaired and the chemogenetic increase (Ga) or
decrease (Gi) of astrocytic Ga®* led to metabolic aggravation
or amelioration, respectively.

In summary, we show that PVN astrocytes exert direct control
over systemic glucose metabolism and energy balance and sup-
port a concept in which obesity-associated diseases might be
partially mediated through molecular and signaling medifications
in hypothalamic astrocyte-neuron communication.

RESULTS

Diet-induced obesity induces astrocytic Ca** signal
remodeling in the hypothalamus

We first assessed how diet-induced obesity (DIO) alters astro-
cytic Ca®* signaling as a proxy for astrocyte activity (Figure 1A).
The genetically encoded Ca?* sensor GCaMP6f was expressed
in astrocytes by crossing the tamoxifen-inducible Glast-CreER™
line and the Cre-dependent GCaMP6f line (Pham et al., 2020).

Cell Metabolism

Astrocyte-specific expression of GCaMPéf after tamoxifen treat-
ment was evidenced by co-localization of the astrocyte marker
51008 and GCaMP6f in stellated cells characteristic of astro-
cytes (Figure 1B). GCaMP6f-expressing mice were fed either
regular diet or high-fat high-sugar (HFHS, 45% fat and 35%
sugar) diet for 2-3 months. Exposure to HFHS diet led to meta-
bolic alteration characterized by increased body weight (Fig-
ure 1C), decreased glucose tolerance, and increased glucose-
induced plasma insulin (Figures S1A and S1B). Using wide-field
fluorescence imaging that enabled the integration of global Ca2*
signals, we imaged intrinsic Ca®* activity in hypothalamic astro-
cytes in acute brain slices. Active regions were identified using
the spatio-temporal correlation screening method (Pham et al.,
2020) (Figures S1C and S1D). We observed that basal astrocyte
Ca?* signals in obese mice showed an overall increase in the
PVN (Figures 1D, S1C, and S1D), the arcuate nucleus (ARC) (Fig-
ure 1E), and the dorsomedial nucleus of the hypothalamus
(DMH) (Figure S1H). Interestingly, in the ventromedial nucleus
of the hypothalamus (VMH), astrocytes remained relatively pro-
tected from diet-induced hyperactivity (Figure 1F). In the PVN,
we guantitatively analyzed the Ca®* imaging data in PVN, the re-
gion of focus in the current study and quantified the kinetic pa-
rameters between lean and obese animals. The result shows
that the duration of Ca®* signaling was reduced in obese animals
(Figure S1E), whereas the frequency and amplitude were signif-
icantly enhanced in obese animals (Figure S1G). Taken together,
these results indicate that DIO causes heterogeneous and
anatomically restricted remodeling of astrocytic Ca®* activity in
metabolically relevant hypothalamic structures. These results
are in perfect line with previous observation depicting increased
hypothalamic astrocyte reactivity in obese mice (Horvath
etal., 2010).

PVN astrocytes control systemic glucose metabolism

Given the prominent role of PVN neural substrate in the control of
metabolism (Li et al., 2019; Sutton et al., 2016), we explored how
direct manipulation of PVN astrocyte activity affects energy ho-
meostasis through cell-specific DREADDs engineering. Mice ex-
pressing the Cre enzyme under the astrocyte-specific promoter
Aldehyde dehydrogenase family 1, member L1 (Cahoy et al.,
2008) (Aldh1L1-Cre mice), received an intra-PVN injection of a
mixture of Cre-dependent viruses allowing for the expression
of (1) mCherry alone (AAV 2/5.EF10.DIO.mCherry, control) or
Gg-coupled hM3Dq DREADD fused with mCherry (AAV
2/5.EF1a.DIO.hM3Dq.mCherry, Gg DREADD) together with (2)
Cre-dependent expression of the Ca®* sensor (pAAV5.CAG.-
Flex.GCaMP6f.WPRE) (Figure 1G). Astrocyte-specific expres-
sion of hM3Dq was confirmed by the co-localization of mCherry

(D-F) Pseudo-images (top), overall Ca®* strength (middle), and time course Ca®* signal traces of spontaneous astrocyte activity with under-curve area shaded
(bottom) in (D) PVN (lean n = 195, obese n = 1619), (E) ARC (lean n =295, obese n = 220), or (F) VMH (lean n = 216, obese n = 1,428) of lean or obese GCaMP6&f-

Glast-CreER™ mice. Scale bar, 20 um.

(G) Experimental setting for viral-mediated approaches in the PVN and representative confocal image of corresponding DREADD-mCherry signal (red). Cell nuclei

are shown in DAPI (blue), scale bar, 50 pm.

(H) Representative confocal photomicrograph of double immunofluorescence of GFAP (green) and mCherry (red) in the PVN of DREADD injected mice. Cell nuclei

are labeled with DAPI (blue). Scale bar, 20 um.

(I and J) () Pseudo-images and (J) overall Ca®* strength (left) and representative Ca®* signal traces (right) before (n = 263) and after (n = 422) CNO bath application
in PVN astrocytes. Scale bar, 20 pm. Histogram data are expressed as mean +/— SEM.

* p < 0.05 by Student’s t test (C)—~(F), (J).
See also Figure S1, for statistical details, see Data S1.
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fluorescent signal with glial fibrillary acidic protein (GFAP) reac-
tivity (Figure 1H). This combined viral approach allowed us to
monitor how selective activation of astrocytic Gg-coupled
hM3Dq by clozapine-N-oxide (CNO) would affect PVN astrocytic
intrinsic Ca®* activity in acute brain slices. Compared with the
minor effect in mCherry expressing control mice (Figures S1l
and S1J), CNO bath application significantly increased astro-
cytic Ca®* strength in the PVN as a result of hM3Dq activation
(Figures 11and 1J). Using temporal correlation between Ca®* sig-
nals as an evaluation of their synchronization, we observed that
in contrast to control mice (Figure S1K), CNO activation of astro-
cytic hM3Dq drastically increased Ca?* signal synchronization
compared with spontaneous signals (Figure S1L). This result
demonstrates that Gq signaling modulation enables selective
activation and synchronization of Ca2* signals in PVN astrocytes.

We next explored how direct manipulation of PVN astrocytes could
affect systemic metabolism. Aldh1L1-Cre*’~ mice received bilateral
PVN injections of viruses expressing either mCherry (AAV5-EF1a-
DIO-mCherry; Aldh1L1-Cre*'~:PVN™C"™) or hM3Dgq (AAV5-EF1a-
DIO-hM3Dg-mCherry; Aldh1L1-Cre*’—:PYN™P9) (Figure 2A). To
evaluate potential unspecific metabolic consequences of peripheral
CNO injections (Gomez et al., 2017), we also injected AAV5-EF1a-
DIO-hM3Dg-mCherry  in  Aldh1L1-Cre™~ mice (AldhiL1-
Cre™/~:PVN™3D9) CNO-mediated activation of PVN astrocytes
had no consequence on overall whole body energy expenditure
(EE), food intake, or energy balance in control mice (Aldh1L1-Cre*™~
~PVYN™C"e™ and Aldh1L1-Cre ™ ~:PVN"™3P9) nor in hM3Dq express-
ing mice (Aldh1L1-Cre*—:PUN"™M3Da; Figures S2A-S2I). However,
chemogenetic stimulation of PVN astrocytes by peripheral CNO
administration decreased glucose clearance (Figure 2B), increased
plasmainsulin levels (Figure 2C), and corresponding insulinogenic in-
dex (Figure 2D), revealing increased insulin release after an oral
glucose tolerance test in Aldh1L1-Cre*’":PVN™?3P9, No significant
effect was found in control animals (Figures S2J-S2Q).

Given this striking result, we sought to reproduce this phe-
nomenon in an alternative genetic background. To this aim,
C57BL/6 mice received bilateral intra-PVN injection of AAV5-
GFAP-hM3Dg-mCherry (C57BI6j:PVN"™3P9) or control vector
AAV5-GFAP-mCherry (C57BI6j:PVN™C"®™)_ Although ineffective
in control C57BIj:PVN™"*™ (Figures S3A-S3D), CNO-medi-
ated activation of PVN astrocytes in C57BI6j:PVN"™?3P4 resulted
in higher glucose-induced insulin release (Figure S3F), leading to
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atrend of altered insulin sensitivity as assessed by insulinogenic
index (Figure S3G). These results suggest that chemogenetic
manipulation of Gq GPCR pathway in PVN astrocytes readily im-
pairs peripheral glucose metabolism and insulin release, both
being common outcomes preceding insulin-resistance states.

We next probed the reciprocal phenomenon by specifically
triggering Gi GPCR pathway in PVN astrocytes. AldhilL1-
Cre*’~ mice received bilateral injection of AAV5 virus with a
modified backbone (pAAV5-EF1a-DIO-HA-KORD-Citrine) to
achieve astrocyte, Cre-dependent expression of kappa-opiod
receptor (KORD), a recently developed chemogenetic GPCR
that can be activated by the pharmacologically inert ligand salvi-
norin B (SalB) (Vardy et al., 2015) (Figure 2A). After PVN injection
of a mixture of virus allowing the co-expression of KORD and
GCaMP6f, we could assess astrocyte Ca* signals before and
after KORD activation in acute hypothalamic slices. Bath appli-
cation of SalB led to a decrease in Ca®" signal strength
(Figures 2E and 2F) and global synchronization (Figure 2G) in
KORD expressing mice, whereas these effects appeared mar-
ginal in control mCherry expressing mice (Figures S4A-S4C).
Accordingly, the decrease in intracellular Ca®* release was
more pronounced after KORD activation compared with
mCherry expressing mice (Figure S4D). Astrocyte-specific
KORD expression was corroborated by the co-localization of
mCitrine and GFAP reactivity in PVN astrocytes (Figure 2H).

We further assessed in vivo the metabolic output arising from
decreasing Ca?* activity in vivo in PVN astrocytes. Aldh1L1-
Cre*’~ or control Aldh1L1-Cre™'~ mice received bilateral injec-
tions of AAV5-EF1a-DIO-HA.KORD-mCitrine in the PVN. Periph-
eral SalB administration did not affect glucose clearance,
plasma insulin, or insulinogenic index after an oral glucose load
in both Aldh1L1-Cre—:PVN¥CRP (Figures S4E-S4L) and
Aldh1L1-Cre~"*:PVNKORP mice (Figures 21-2K).

This result was similar when GFAP-driven expression of
hM4Di was achieved in C57BI6J mice (C57BI6j:PVN™M4D)
(Figures S5A-S5D). However, given the potency difference be-
tween hM4Di and KORD-mediated Gi intracellular signaling
(Vardy et al,, 2015) and the potential discrepancy between
Aldh111-CRE and C57BI6J genetic background, we further
explored the metabolic consequence of KORD-mediated Gi
signaling in GFAP-positive astrocytes. C57BI6j mice received
intra-PVN injection of a mixture of AAV5-GFAP-Cre virus and

Figure 2. PVN astrocytes regulate glucose metabolism and energy balance

(A) Experimental design for chemogenetic approaches.

(B-D) (B) Blood glucose (Vehicle = 6, CNO = 6) and corresponding area under the curve (AUC, top right), (C) plasma insulin change (Vehicle = 7, CNO = 7), and
(D) insulinogenic index (Vehicle = 6, CNO = 6) after Vehicle or GNO i.p. administration followed by an OGTT in Aldh1L1-Cre*'~:PYN"3P9 mice.

(E-G) (E) Pseudo-images, (F) overall Ca>* strength (left, basal = 723, SalB = 1,446) and time course Ca* signal traces (right) of GCaMP signals, and (G) distribution
of temporal correlations of Ca?* responses of all paired active domains (as an estimation of global synchronization) before (n = 22,530) and after (n = 49,352) SalB
bath application to PVN slices of Aldh1L1-Cre mice expressing KORD receptor. Scale bar, 20 um. Overall Ca®* strength data are expressed as mean +/— SEM.
(H) Representative confocal photomicrograph of double immunofluorescence of GFAP (red) and mCitrine (green) in the PVN of Aldh1L1-Cre*'~:PVNXRP mice.
Cell nuclei are labeled with DAPI (blue).

(I-K) (I) Blood glucose (Vehicle = 9, SalB = 9) and corresponding AUC (top right), (J) plasma insulin change (Vehicle = 5, SalB = 8), and (K) insulinogenic index
(Vehicle = 5, SalB = 6) after Vehicle or SalB i.p. administration followed by an OGTT in Aldh1L1-Cre*'~:PVNKO"® mige.

(L-W) Energy expenditure (EE), food intake, respiratory exchange ratio (RER), and fatty acid oxidation (FAox) after Vehicle or SalB i.p. injection to (L)~(O) Aldh1L1-
Cre*'~:PVN¥®RP (vehicle n = 8, SalB n = 8) and (P)~(S) C57BI6j:PVN*°FP (Vehicle n = 5, SalB n = 5) mice. (T)-(W) Energy balance after Vehicle or SalB i.p.
administration in (T) Aldh1L1-Cre*~:PVN"RC (Vehicle n = 8, SalB n = 8), (U) C57BI6j:PVYN" O (Vehicle n = 5, SalB n = 5), (V) Aldh1L1-Cre™"~:PVYN""® (Vehicle
n =4, SalB n = 4), and the control mice (W) Aldh1L1-Cre*'~:PVN™C"" (vehicle n = 4, SalB n = 4) mice. Data are expressed as mean +/— SEM.

*p < 0.05 by two-way ANOVA (B)—(C), (I)-(W) and Student’s t test (B), (D), (F), (I}, and (K).

See also Figures 52, S3, and 54, for statistical details, see Data S1.
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AAV5-EF1a-DIO-HA.KORD-mCitrine allowing for KORD expres-
sion in GFAP-expressing cells upon Cre-mediated recombina-
tion (Figure S3l). KORD expression was visualized by human
influenza hemagglutinin (HA) tag presence in GFAP-positive as-
trocytes (Figure S3J). Here, again, Gi signaling initiation through
SalB-mediated KORD activation in C57BI6j:PYN“°R° mice did
not affect any of the aforementioned parameters (Figures S3K-
S3N), in line with our observations in Aldh1L1-Cre*~ mice.

Similarly, metabolic efficiency analysis revealed that although pe-
ripheral injection of SalB had no effect the control groups (Aldh1L1-
Cre™~:PVNKORP: Aldh1L1-Cre*~:PVN™"®™ Figures S4M-S4T),
KORD/Gi-mediated modulation of PVN astrocytes did not modify
EE (Figure 2L) but induced a decrease in food intake (Figure 2M)
and RER (Figure 2N) while increasing FA oxidation (Figure 20) dur-
ing the light period. A similar output was observed in
C57BI6j:PVNFOFP mice (Figures 2P-2S). Accordingly, SalB admin-
istration to Aldh1L1-Cre*/~:PVN"°F® affected energy balance dur-
ing the light period (Figure 2T), with a trends for a decrease in
C57BI6j:PYN P mice (Figure 2U). No effect of SalB administration
was observed in control mice Aldh1L1-Cre™":PVN¥®R® and
Aldh1L1-Cre*~:PYN™C"*™ (Figures 2V and 2W). These results sug-
gest that although Gg-coupled hM3Dg DREADD modify glucose
metabolism and insulin release, activation of astrocytic Gi-KORD
receptor in both Aldh1L1 and GFAP-expressing astrocytes in the
PVN of lean mice promotes only subtle changes in energy
utilization.

PVN astrocytes modulate sympathetic output and
thermogenesis

Given the prominent role played by pre-autonomic PVN neurons
in autonomic control of energy balance and glucose metabolism
(Geerling et al., 2014; Stanley et al., 2019; Stern et al., 2016), we
hypothesized that chemogenetic activation of PVN astrocytes
could exert control over PVN-mediated sympathetic output. As
a proxy of autonomic outflow, we first measured change in urine
mono-aminergic content as a consequence of chemogenetic
activation (Gg) or inhibition (Gi) of PVN astrocytes. ANOVA
main effect probability indicated that although no change was
observed following CNO or SalB administration in control
Aldh1L1-Cre*~:PVN™C"™ mice (Figures 3A and 3C), activation
of Gq signaling in PVN astrocytes in Aldh1L1-Cre*/~:PVN™?3Pa
mice significantly increased urine monoamine concentrations
(Figure 3B). In contrast, KORD-mediated Gi activation showed
the opposite effect, with a decrease in urine norepinephrine
(NA), as well as a tendency to decrease dopamine (DA) and Se-
rotonin (5HT) in Aldh1L1-Cre*'~:PVNXRP mice (Figure 3D). We
further explored if astrocytes in the PVN participate in the regu-
lation of brown adipose tissue (BAT) activity. We monitored
in vivo BAT metabolic activity by ultrasound and spectral photo-
acoustic imaging (Clemmensen et al., 2018; Karlas et al., 2019).
We observed that PVN astrocyte activation increased local oxy-
gen saturation in BAT blood supply in Aldh1L1-Cre*™~PVN"™3Pa
mice (Figures 3E and 3F). We next assessed the functional
connection between PVN astrocyte activation and thermogenic
output. Mice were administered the agonist of cold receptor
transient receptor potential cation channel subfamily M member
8 (TRPMB8) icilin in order to pharmacologically trigger an adaptive
autonomic response similar to the one triggered by cold expo-
sure (Clemmensen et al., 2018). We used BAT monoamine con-
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tent as a readout of sympathetic outflow (Virtue and Vidal-Puig,
2013). Although CNO intraperitoneal (i.p.) injection in control
mice had no significant effect on BAT monoamine content (Fig-
ure 3G), astrocyte Gqg activation in the PYN promoted an in-
crease in adrenaline (AD) and 5HT BAT content in Aldh1L1-
Cre*:PYN™?3P9 mice (Figure 3H). Using telemetric core body
temperature measurements, we next demonstrated that PVN
astrocyte activation through chemogenetic Gg activation
was coupled to increased whole body temperature in Aldh1L1-
Cre*~:PVN"™3Pa mice (Figure 3l). Finally, we confirmed that
Gq signaling activation of PVN GFAP-positive astrocytes in
C57BI6 mice (C57BI6;:PVN™3Pa; Figure 3J) recapitulated the in-
crease in monoamine content and in BAT (Figure 3K), which were
not observed in control C57BI6j:PVN™C™™ mice (Figure 3L).
Altogether, these results suggest that PVN astrocytes exert effi-
cient control over ANS output, thermogenesis, and possibly pe-
ripheral glucose metabolism.

PVN astrocytes exert bidirectional control over systemic
glucose metabolism and energy balance in obese mice
Control C57BI6j:PVN™C"*"™ mice and C57BI6j:PVN™?3C9 mice
were submitted to 8 weeks of HFHS and assessed for glucose
control and metabolic efficiency change induced by PVN astro-
cyte Gq activation. CNO injection had no effects in obese control
mice (Figures S6A-S6H); however, in obese C57BI6j:PYN"™3Pa
mice, it led to an acute and drastic deterioration of glucose toler-
ance (Figures 4A and 4B) associated with large increases in
glucose-induced insulin release (Figure 4C), insulinogenic index
(Figure 4D), and c-peptide release (Figure 4E), indicative of acute
state of insulin resistance. PVN astrocyte control of glucose
metabolism seemed to operate independently from changes in
metabolic efficiency, since neither food intake (Figure 4F), RER
(Figure S6l), nor FA oxidation (Figure S6J) were affected by
CNO i.p. injection of obese C57BI6j:PVN"™?3P4 mice. Whole
body energy expenditure was reduced during the dark period
(Figure 4G) and, accordingly, showed higher positive energy bal-
ance (Figure 4H). These results suggest that activation of PVN
astrocytes promotes disturbances in systemic glucose meta-
bolism and thereby potentially exacerbate energy storage and
metabolic syndrome during obesity.

We next probed whether Gi-coupled receptor activation in
PVN astrocytes has the opposite effect on metabolism. Gi acti-
vation had no impact on glucose tolerance in obese
C57BI6j:PVN"™4D mice (Figure S5E), whereas KORD activation
promoted a beneficial effect in obese C57BI6j:PVN“°FP mice
(Figures 41 and 4J). In both obese C57BI6j:PYN™*Di and
C57BI6j:PVNKCRP mice, PVN astrocyte Gi-coupled activation
of hM4Di or KORD reduced the level of glucose-induced insu-
lin release during the OGTT (Figures S5F and S4K) or insulino-
genic index (Figures S5G and S4L). However, consistently,
plasma c-peptide release was reduced following activation of
both receptors (Figures S5H and S4M). Given the prominent
role of the PVN in the control of hypothalamic-pituitary-adrenal
axis, we probed whether chemogenetic manipulation of PVN
astrocytes would modulate corticosterone level (Figures S51-
S5L). In lean mice, chemogenetic activation of Gq or Gi
signaling in PVN astrocyte had marginal effect on circulating
corticosterone (Figures S51 and S5J). However, CNO-medi-
ated Gg but not Gi activation in PVN astrocytes led to a
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Figure 3. PVN astrocytes regulate sympathetic output and thermogenesis
(A-D) Urine mono-aminergic noradrenaline (NA), dopamine (DA), and serotonin (5HT) concentrations in (A) Aldh1L1-Cre*/~:PVN™C"*™ (Vehicle n = 3, CNO n = 3)

and (B) Aldh1L1-Cre*/~:PVN"M3P4 (Vehicle n = 3, CNO n = 3) mice after Vehicle or

CNO.p. injection, orin (C) Aldh1L1-Cre*'~:PVN™C"*™ (Vehicle n = 3, SalB n = 3)

and (D) Aldh1L1-Cre*’~:PVN*R? (Vehicle n = 3, SalB n = 3) mice after Vehicle or SalB i.p. administration.
(E) Time course local oxygen consumption (as percentage of blood saturated oxygen [sO]) in BAT (left) and as AUC (right) after Vehicle (n = 4) or CNO (n=7) i.p.

injection to Aldh1L1-Cre*/~:PVN" 3P4 mice,

(F) Representative images of photoacoustic recording of BAT 40 min after Vehicle (left) or CNO (right) i.p. administration in Aldh1L1-Cre*/~:PVN"™®d mice.
(G and H) BAT mono-aminergic NA, adrenaline (AD), DA, 5-hydroxyindolacetic acid (HIAA) and 5HT content in (G) Aldh1L1-Cre*/~:PVN™C"*"™ (Vehicle n = 3, CNO

n =3), and (H) Aldh1L1-Cre*'~:PVN"?3P4 (Vehicle n = 3, CNO n = 3) mice after Vehicle or CNO i.p. administration.

(1) Time course change in core body temperature of Aldh1L1-Cre*'~:PVN"™3Pa mice after Vehicle (n = 7) or CNO (n = 6) i.p. injection.

(J) Representative image of viral delivery of GFAP-hM3Dq in the PVN of C57BL/6 mice.

(K-L) BAT mono-aminergic (NA, AD, DA, HIAA, and 5HT) content in (K) C57BI6j:PVN"3P4 (Vehicle n = 4, CNO n = 4) and (L) C57BI6j:PVN™C"*"™ (Vehicle n = 5,

CNO n = 5) mice after Vehicle or CNO i.p. administration. AU refers to arbitrary units. Data are expressed as mean +/— SEM. * p < 0.05 by two-way ANOVA (A)-(E),
(G)HL) and Student’s t test (E).
For statistical details, see Data S1.

significant decrease in corticosterone level in obese mice
(Figures S5K and S5L). Moreover, SalB injection in
C57BI6j:PVNCRP promoted a decrease in food intake (Fig-

ure 4N) and RER (Figure S6K) and an increase in FA oxidation
(Figure S6L), with no changes in energy expenditure (Fig-
ure 40). Finally, contrary to astrocyte Gq receptor activation,

1538 Cell Metabolism 34, 1532-1547, October 4, 2022

140



Cell Metabolism

¢? CellPress

A Obese.C57BI6j:PVN"M3Pa B c D Insulinogenic index
during OGTT
500, £, 5600007 c 10 Y008
§ __400] I 8 400001 : E Ty <
ER-PN S S30000] - £Ss S
EX) 2 E
g E <3 ) -
8 = 200{ 8200004 ER s ]
& . - =002 3
1001 10000 z 2 8
o < =
0 Y 60 % 120 0 15 30 45 80 <o
Time (min) Time (min)
E G H
204 * 4 0.8 1.04
:8 - G - pi] * 3 2
§-A|s- o3 - =o. S o° e3* £ _ 0.6 -
!‘L-E 3 2 ® - T =
6E ] s, £, 83
oS £ X = 2 So.04
15 b=t . w 5=
§ 59 - 31 o= Woa g g5 Se "
= NG w w
N I | oL B . ool | , P
Light Dark Light Dark Light Dark
53 Vehicle (n=12)
oD B3 CNO (n=12)
1 Obese.C57BI6j:PVN J K L Insulinogenic index
during OGTT
500 50000 e 10, g 08
3 = =
g a0 i ooy - : 2="1 2 0.0
o= o2 - s T 6- o
= B300 8 50000 =5 -
=) ga o Em.. < 0.04
B Sa00 20000 N gg, @
o = K] = 0.024 -
o 100 <1000 z o
Y o < . . . . 3,,,... =1 ==
0 3 60 90 120 0 15 30 80
Time (min) Time (min)
M N (o] P
201 4 0.8 1.0
@
..8 154 5, . §o.c- - ° ®e® o.0 E‘J's-
0Esl = . 27 g ow 5"
D, - *| oo w -
5& 81 Fﬁ . . 0.2 2
8 54 T- w -
g . i . ool b1 . wl .
Light Dark Light Dark Light Dark
&3 Vehicle (n=7)
B3 SalB (n=7)

Figure 4. Astrocytes in the PVN exert bidirectional control over systemic glucose metabolism and energy balance in obese mice
(A-E) (A) Blood glucose (Vehicle = 12, CNO = 12), (B) glucose AUGC, (C) plasma insulin change (Vehicle = 6, CNO = 6) and corresponding AUC (top right),
(D) insulinogenic index (Vehicle = 6, CNO = 6), and (E) plasma c-peptide (Vehicle = 8, CNO = 8) change after Vehicle or CNO i.p. administration followed by an

OGTT in obese C57BI6j:PYN"™3P9 mice,

(F-H) (F) Food intake, (G) EE, and (H) energy balance after Vehicle or CNO i.p. injection to obese C57BI6j:PVN"™?3P (Vehicle = 7, CNO = 7) mice.
(I-M) (1) Blood glucose (Vehicle = 7, SalB = 8), (J) corresponding AUC, (K) plasma insulin change (Vehicle = 6, SalB = 7) and corresponding AUC (top right),
(L) insulinogenic index (Vehicle = 6, SalB = 7), and (M) plasma c-peptide change (Vehicle = 7, SalB = 7) after Vehicle or SalB i.p. administration followed by an

OGTT in obese C57BI6j:PVN¥°F? mice.

(N-P) (N) Food intake, (0) EE, and (P) energy balance after Vehicle or SalB i.p. injection to obese C57BI6j:PVNKORP (Vehicle = 7, SalB = 7) mice. AU refers to
arbitrary units. Data are expressed as mean +/— SEM. * p < 0.05 by two-way ANOVA (A), (C), (F)=(l), (K), and (N)~(P) and Student's t test (B)~(E) and (J)~(M).
See also Figures S5 and S6, for statistical details, see Data S1.

KORD-mediated Gi stimulation in PVN astrocytes promoted
negative energy balance during the dark period in obese
C57BI6j:PVNCFP mice (Figure 4P). These results indicate
that PVN astrocytes exert bidirectional control over systemic
glucose metabolism and energy balance.

Chemogenetic modulation of astrocyte activity controls
PVN parvocellular neuronal firing

We then set out to probe the cellular and molecular mechanism
by which PVN astrocytes exert dynamic control of whole body
metabolic outputs. Parvocellular pre-autonomic neurons in the
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Figure 5. Chemogenetic activation of Gq-

Lean

CNO (10 uM)

coupled receptor in PVN astrocytes en-
hances parvocellular neuronal firing in
lean mice

(A) Representative image of a patched parvocel-
lular neuron labeled with Alexa 555 (red) in the PVN
of C57BI6j:PVN™3P9 mice expressing GCaMP6
(green).

(B) Firing activity traces in parvocellular PVN
neurons in response to CNO in lean (top) and
obese (bottom) C57BI6j:PVN"™3P mice,

L

(C) Parvocellular PVN neuron spike frequency in
response to CNO in lean (left, n = 10) and obese
(right, n = 9) C57BI6j:PVN"™3P9 mice.

(D) %Change in the parvocellular PVN neuron
action potential firing frequency after CNO bath
* application in lean C57BI6j:PVN"™3P9 (Gq*/*, n = 8)
or C57BI6;:PVN™C"™ (Gg~/~, n = 7) mice.

(E) Photomicrograph of Ca®* event analysis over-
lay in PVN slices of C57BI6j:PVN"™3P9 mice, in the
presence of CNO in both lean (left) and obese
(right) animals. Scale bar, 25 um.
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(F) Summary data of astrocyte Ca®* activity. Ca®*
strength (left, Lean/Baseline n = 3,036; Lean/CNO
n = 3,009; Obese/Baseline n = 5,132; Obese/CNO
n = 5,016); event duration (middle, Lean/Baseline
n = 3,036; Lean/CNO n = 3,009; Obese/Baseline
n = 5,132; Obese/CNO n = 5,016), and event
synchrony (right, Lean/Baseline n = 618, Lean/
CNO n = 543, Obese/Baseline n = 815, Obese/
CNO n = 541) of GCaMP signals in PVN of lean
or obese C57BI6j:PVN"™3C9 mice.
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cation of CNO and glutamate channel blocker
kynurenic acid (KYN, 1 mM).

(I) Parvocellular PVN neuron spike frequency in the
presence of KYN and CNO, in both lean (solid, n =
6) and obese (striped, n = 4) C57BI6j:PYN"3Pa
mice.
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(J) Summary data of AQUA astrocyte Ca* activity
analysis. Ca®* event duration (left, Lean/Baseline
n = 128, Lean/CNO n = 124, Obese/Baseline n =
2,158; Obese/CNO n = 1,885) or event synchrony
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&

(right, Lean/Baseline n = 429, Lean/CNO n = 282, Obese/Baseline n = 429, Obese/CNO n = 257) in the presence of CNO/KYN. Data are expressed as mean +/—
SEM. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001 by two-way ANOVA (C) and (l), Student’s t test (D) and (G), and Brown-Forsythe ANOVA (F) and (J).

For statistical details, see Data S1.

PVN send efferent projections to autonomic centers in the
brainstem and spinal cord to generate essential adaptive meta-
bolic responses for proper systemic glucose metabolism and
energy balance regulation (Geerling et al., 2014; Stanley
et al.,, 2010; Stern et al., 2016). We investigated astrocyte-
neuron communication by patching parvocellular neurons and
recording their activity (Figure 5A) before and after chemoge-
netic manipulation of astrocyte Gq or Gi receptor in lean or
obese mice. The recorded neurons displayed membrane prop-
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erties characteristic of parvocellular pre-sympathetic neurons,
namely the presence of a low-threshold spike and absence of
a transient outward rectification (Luther and Tasker, 2000;
Stern, 2001). We combined this approach with simultaneous
confocal imaging of astrocyte Ca®* signals after expression of
GCaMP6f in either GFAP or Aldh1L1 expressing astrocytes.
Activation of Gg-coupled hM3Dq expressing PVN astrocytes
by CNO significantly increased neuronal firing frequency from
lean C57BI6j:PVN"™3Pa mice (Figures 5B and 5C). Conversely,
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a blunted effect was observed in obese mice (Figures 5B and
5C). CNO failed to affect firing frequency in the control group
of C57BI6j:PVN™"™ mige (Figure 5D). We also quantified as-
trocytic Ca®* activity in an event-based manner using AQUA
method (Wang et al., 2019) for both lean and obese
C57BI6j:PVN™3P9 mice. CNO failed to significantly increase
the mean Ca®* event peak in lean or obese C57BI6j:PVN™3Pa
mice. However, the basal Ca®* peaks in obese mice were
significantly higher than lean mice (Figures 5E and 5F). On
the other hand, CNO significantly prolonged Ca®* event dura-
tion and increased Ca®* event synchrony both in lean and in
obese C57BI6j:PVN™3Pd mice (Figures 5E and 5F). These re-
sults are in line with data obtained from wide-field fluorescent
imaging (Figure 1). We then evaluated the latency between as-
trocytic Ca®* upregulation and the increase in neuronal spike
frequency. We found that GNO-induced Ga®* response ap-
peared first in astrocytes followed by neurons, suggesting
that changes in astrocyte Ga®* activity significantly preceded
those in neuronal firing discharge. These results confirm a
sequence of events in which astrocyte Gqg activation promotes
changes in neural activity (Figure 5G). The latency between
activation of astrocytes and upregulation of neuronal spike ac-
tivity did not differ significantly between lean and obese mice
(Figure 5G, right).

Astrocytes maintain a constant bidirectional communication
with neurons, and glutamate is recognized as a key signaling
molecule underlying neuro-glial interactions (Durkee and Ara-
que, 2019). Therefore, we investigated if glutamatergic commu-

-
SaiB (right) in the presence of SalB in Aldh1L1-Cre™~
:PVNKCRP mice (n = 5).

(C) %Change in the parvocellular PVN neuron action

potential firing frequency after SalB bath application

in Aldh1L1-Cre*'~:PVNK°" (KORD**, n = 7) or

Aldh1L1-Cre™—:PVN™C"®™ (KORD ", n = 3) mice.

(D) Photomicrograph of Ca?* event analysis overlay

in PVN slices of Aldh1L1-Cre*'":PVN“OR® mice, in

the presence of SalB. Scale bar, 25 pm.

(E) Summary data of astrocyte Ca* activity. Ca®*

strength (left, Control n = 3,646, SalB n = 2,620),

event synchrony (middle, Control n =3,646, SalBn =

2,620), and event frequency (right, n = 5) of GCaMP

signals in PVN of Aldh1L1-Cre*~:PVNKFP mice.

(F) (Left) Latency of astrocytic Ca>* activity response

to SalB application and the upregulation of PVN

neuronal spiking activity in  Aldh1L1-Cre*
~:PVNKORP mice, (Right) Difference between the Gi-
induced downregulation of Ca®" activity in astro-
cytes and parvocellular neuronal firing. Data are
expressed as mean +/— SEM. * p < 0.05, * p<0.01,

*** p < 0.0001 by paired Student’s t test (B), (Eright);

unpaired Student’s t test (C), and Welch’s t test (Ejer,

middle)-

See also Figure S7, for statistical details, see

Data S1.
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nication is involved in the excitation of parvocellular neurons
following astrocyte chemogenetic activation. Blockade of iono-
tropic glutamate receptors (KYN, 1 mM) prevented the CNO-
induced increase in neuronal activity both in lean and in obese
C57BI6j:PVN™3P9 mice (Figures 5H and 5l). Interestingly,
although CNO effects on astrocyte Ca®* event synchrony per-
sisted in the presence of KYN (Figure 5J, right), CNO effects
on Ca?* event duration were partially blunted (Figure 5J, feft).

We next assessed the effect of astrocyte KORD-Gi-mediated
activation on parvocellular neuronal firing. SalB application
significantly lowered neuronal activity in acute brain PVN slices
of lean Aldh1L1-Cre*/~:PYNORP mice (Figures 6A and 6B) but
had no effect in control Aldh1L1-Cre™—:PVN™°"*™ mice (Fig-
ure 6C). Importantly, KORD-Gi activation also decreased astro-
cyte intracellular Ca®* activity, which manifested as a reduction
in event amplitude, event synchrony, and event frequency
(Figures 6D and 6E), whereas event duration remained un-
changed (data not shown). As we observed with chemogenetic
activation of Gq in astrocytes, KORD-Gi-mediated inhibition of
astrocyte Ca?* activity preceded the evoked inhibition of
neuronal spike activity (Figure 6F). Similar to CNO, we found
that KYN prevented the SalB-evoked decrease in neuronal activ-
ity in Aldh1L1-Cre*’~:PVN¥RP mice (Figures S7A and S7B),
although the decrease in astrocyte Ca®* activities persisted
(Figure S7C). Taken together, our results indicate that PVN
astrocytes exert bidirectional control over parvocellular firing
activity and that both effects involve a glutamate-dependent
mechanism.
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Astrocytic control of extracellular glutamate is impaired
in obesity and instrumental to the control of PVN

neuron firing

Astrocyte-mediated glutamate signaling to neurons could
involve glutamate release and/or modulation of ambient gluta-
mate levels via changes in the activity of astrocyte-selective
excitatory amino-acid transporters (EAATSs) (Rose et al., 2017).
Thus, to determine whether the glutamate-dependent communi-
cation between astrocytes and neurons reported above involve
modulation of EAAT activity, we repeated experiments in the
presence of the glutamate transport blocker DL-threo-p-Benzy-
loxyaspartic acid (TBOA). In this condition, activation of astro-
cytes by CNO failed to upregulate neuronal activity both in lean
and in obese C57BI6j:PVN™3Da mice (Figures 7A and 7C),
whereas CNO effects on astrocyte Ca?* event synchrony per-
sisted (Figure 7D). Similarly, TBOA also prevented the KORD-
mediated inhibition of neuronal firing (Figures S7D and ST7E),
without impacting KORD-induced astrocyte Ca* inhibition (Fig-
ure S7F). Together, these results suggest that the glutamate-
dependent increase and decrease of PVN neuronal activity
following astrocyte Gqg and Gi receptor activation, respectively,
is mediated via a bidirectional control of glutamate transporter
activity.

Finally, we explore if the function and/or expression of astro-
cyte EEATs is altered in obese mice. Western blot analysis of
PVN samples showed no significant difference in EAAT2 protein
expression levels between lean and obese mice (Figure 7E). We
then tested and compared the effects of TBOA per se on mem-
brane excitability and firing activity of PVN parvocellular neurons.
In the voltage clamp mode, we found that bath-applied TBOA
produced a significant inward shift in /ioing in lean mice
(Figures 7F and 7G), which we previously showed to be due to
the slow buildup of glutamate in the extracellular space leading
to activation of neuronal extrasynaptic NMDARs (Fleming
etal., 2011; Stern et al., 2016; Zhang and Stern, 2017). Surpris-
ingly, TBOA application failed to significantly affect IHolding in PVN
neurons in obese mice (Figures 7F and 7G), resulting in a signif-
icantly smallerinward shift in /o1qing in Obese compared with lean

¢? CellPress

mice (Figure 7G, right). Similarly, we found that although TBOA
produced a significant membrane depolarization (Figures 7H
and 71) and increase in spike frequency (Figure 7J, leff) in neurons
in lean mice, these effects were absent in obese mice
(Figures 7H-7J). Taken together, our results show a blunted ef-
fect of TBOA on membrane excitability and firing activity in
obese mice, supporting the notion that in this condition, astro-
cyte glutamate uptake activity is severely blunted.

DISCUSSION

In the present study, we show that PVN astrocytes exert a direct
and reversible control on neuron firing, energy balance, systemic
glucose metabolism, and insulin sensitivity and that specific tar-
geting of astrocyte activity in the PVN exerts beneficial effects on
metabolic disturbances during obesity.

Astrocytes, the most prevalent glial cells inthe CNS, express a
wide arrange of neuropeptide and hormonal and nutrient recep-
tors and exhibit a specific type of excitability mediated by ionic
signaling and fluctuations of intracellular Ca®* concentration
(Nedergaard et al., 2010). Using Ca®* signals as a proxy of
cellular activity, we show that obesity is associated with hyper-
activity in hypothalamic astrocytes, recalling the previous asso-
ciation described between high fat feeding and astrocyte reac-
tivity (Horvath et al., 2010). In that regard, hypothalamic
inflammation and gliosis have been suggested to underlie hypo-
thalamic circuit dysfunction, which can lead to hyperphagia, in-
sulin, and leptin resistance and consequent obesity (De Souza
et al.,, 2005; Douglass et al.,, 2017; Reis et al., 2015; Thaler
et al, 2012). In addition, abnormal Ca®* glial signaling has
been associated with the pathophysiological function of astro-
cytes and regulation of reactive astrogliosis during brain injury
and neuropathology (Denisov et al., 2021; Kanemaru et al.,
2013; Nedergaard et al., 2010). We show here that obesity
affected hypothalamic astrocyte activity in a heterogenous
manner, characterized by increased activity in the ARC, DMH,
and PVN but sparing the VMH. This supports the idea that astro-
cytes are not a functionally homogeneous cellular population

Figure 7. Astrocyte glutamatergic transport signaling contributes to PVN astrocyte-neuron interaction

(A) PVN parvocellular firing activity traces recorded from lean (left) and obese (right) C57BI6j:PVN"™3P? mice, combining bath application of CNO and glutamate
transporter blocker DL-threo-B-Benzyloxyaspartic acid (TBOA, 1 uM).

(B) Representative images of AQuA Ca®* event analysis overlay of GCaMP signals in PVN slices of lean (left) or obese (right) C57BI16j:PVN""P9 mice, demon-
strating the strength of Ca®* signals at baseline activity and in the presence of SalB and TBOA. Each image is an average of 10 frames. Scale bar, 25 pm.

(C) PVN parvocellular neuron spike frequency at baseline activity and in the presence of CNO and TBOA in both lean (solid, n = 6) and obese (striped, n = 4)
C57BI6j:PYN™9 mice.

(D) Summary data of astrocyte Ca** activity in the presence of CNO/TBOA. Ca** event duration (left, Lean/Baseline n = 352, Lean/CNO n = 339, Obese/Baseline
n = 4,903; Obese/CNO n = 4,332) and event synchrony (right, Lean/Baseline n = 457, Lean/CNO n = 312, Obese/Baseline n = 1,338; Obese/CNO n = 818) of
GCaMP signals in PVN of lean or obese C57BI6j:PVN""*"4 mice,

(E) Protein quantification and representative western blot (inset) of glutamate transporter GLT1 (EAAT2) in lean (solid, n = 5 biological replicants, 1 technical
replicant each) and obese (striped, n = 5 biological replicants, 1 technical replicant each) C57BL/6 mice.

(F) Membrane and firing properties of parvocellular neurons during voltage clamp, after TBOA (1 uM) bath application to PVN slices of lean (top) and obese
(bottom) C57BL/6 mice. Holding current (Iolding)-

(G) Summary graphs representing the shifts in /i5i4ing in lean (left, n = 8), obese (middle, n = 7), and their difference (right).

(H) Parvocellular neuron membrane potential (mV) and spike frequency (Hz) in current clamp, during TBOA bath application to PVN slices of lean (top) and obese
(bottom) C57BL/6 mice.

() Summary graphs representing the shifts in membrane potential in lean (left, n = 6), obese (middle, n = 6), and their difference (right).

(J) Summary graphs representing the shifts in spike frequency in lean (left, n = 6), obese (middle, n = 6), and their difference (right). Data are expressed as
mean +/— SEM. * p < 0.05, ™ p < 0.01, ™ p < 0.0001 by two-way ANOVA (C), Brown-Forsythe ANOVA (D), unpaired Student’s t test (E,Grignt lrights Jrignt)» and
repeated measures ANOVA (Giert, midete)s (liett, micaie), aNd (Jiett, miadie)-

For statistical details, see Data S1.
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throughout the brain but rather exhibit inter- and intra-regional
differences in molecular and cellular profiles (Haim and Rowitch,
2017, Hill et al., 1996; Khakh and Sofroniew, 2015).

In this study, we focused our interest on the PVN, which con-
tains key neuroendocrine neurons controlling systemic meta-
bolism. Strikingly, manipulating PYN astrocytic intracellular
signaling cascade and Ca®* waves through chemogenetic Gg/
Gi engineering, respectively, aggravated (Gq) or improved
(KORD-Gi) the metabolic condition in obese mice. In the same
line, we found that activation of astrocytic Gq, but not Gi
signaling led to change in stress-induced corticosterone level
in obese mice (Figures S5K and S5L), indicating that both intra-
cellular cascade (Gg/Gi) and nutritional condition (lean/obese)
affect astrocyte-neuron coupling in PVN neural network.

Correspondingly, previous evidence supports beneficial con-
sequences of astrocyte Gi receptor activation, as it corrects
astrocyte atrophy and behavioral outputs observed during
neurodegenerative diseases (Douglass et al., 2017; Yu et al,,
2020). We here reveal that PVN astrocytes exert a direct and
reversible control of energy balance, systemic glucose meta-
bolism, and insulin sensitivity. Astrocyte-mediated control of
PVN neuron activity might even be an essential component of
arecently described functional PVN-pancreas transneuronal cir-
cuits directly connecting the PVN to autonomic control beta cell
function and glucose metabolism (Papazoglou et al., 2022).

Our data show that chemogenetic control and nutritional mod-
ulation of astrocyte networks within the PVN control neighboring
parvocellular neuron firing activity. In all cases, changes in astro-
cytic Ca?* events preceded the one observed in neuronal firing,
further establishing that changes in PVN neuron firing were a
consequence of DREADD-mediated activation of astrocytic
Ca®* events.

At the mechanistic level, astrocyte-evoked effects on PVN
firing activity were prevented by glutamate receptor blockade,
supporting the notion that glutamate signaling is a core compo-
nent of astrocytic control of PVN neuronal activity. Glutamate-
mediated astrocyte-neuron crosstalk could involve active vesic-
ular and non-vesicular glutamate release (Araque et al., 1998;
Bezzi et al., 1998; Fellin et al., 2004; Innocenti et al., 2000) as
well as the control of ambient glutamate levels of via the activity
of potent glutamate transporters, particularly GLT1.

In our hands, selective blockade of glutamate transporters
prevented the change in neuron firing initiated by either Gq or
Gi chemogenetic manipulation of PVN astrocytes.

Moreover, the delayed firing response of PVN neurons
following astrocytic manipulations is consistent with a slow
buildup of glutamate in the extracellular space. These results
align with previous studies pointing at astrocyte GLT1 as a key
regulator of astrocyte-neuronal communication in the PVN and
supraoptic nucleus (SON) (Fleming et al., 2011; Gordon et al.,
2009; Zhang et al., 2017).

Similarly, angiotensin Il activation of Gg AT1 receptors on as-
trocytes inhibited GLT1 transporter activity, leading to an eleva-
tion of extracellular glutamate levels, activation of extrasynaptic
N-methyl-D-aspartate receptor (NMDARs), and increased firing
of PVN neurons (Stern et al., 2016). Hence, it is possible that
Gq DREADD-mediated increase of astrocyte Ca®* activity firing
recruits the similar pathways to increase parvocellular neuron
activity (Fleming et al., 2011; Zhang et al., 2017) and could
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mediate the bimodal regulation of PVN neurons by local
astrocytes.

Given that 80% of glutamate released undergo active reup-
take by astrocyte GLT-1 and EAAT1 transporters, a critical role
for astrocyte glutamate transport in PVN region would have
been expected. Our study provides a shift in paradigm by
furnishing experimental evidence that beyond the buffering of
glutamate at the multipartite synapse, astrocytes act as gate-
keepers of neuronal activity. Targeting astrocyte activity, there-
fore, may offer upstream control of PVN output, thereby coping
with obesity-associated metabolic defects.

We found indeed that obesity leads to a disruption in astrocyte-
neuronal communicationinthe PVN. Principally, CNO failed to up-
regulate neuronal firing in obese mice, despite the fact that
DREADDs-induced modulation of astrocytic Ca®* activity per-
sisted. Thus, we propose that the blunted CNO effect on PVN
firing activity is a consequence of a steady-state inhibition of
GLT1 activity by basally enhanced astrocyte Ca>* activity in obese
mice. This is supported by our results showing an almost
completely blunted/occluded effect of TBOA per se on the extra-
synaptic glutamate tonic current and firing activity of PVN neurons
in obese mice. The fact that no changes in GLT1 protein levels
were observed further corroborates a blunted activity of GLT1 in
astrocytes in this condition. The mechanisms underlying the exac-
erbated basal astrocyte Ca®* activity and blunted GLT1 activity in
obese mice remain unknown at present. We also acknowledge
that the Ca®*-related events we recorded might parallel other un-
known important intracellular adaptive mechanisms.

Given the pivotal role of the ANS in the control of virtually every
metabolically active tissue, a profound mal-adaptation of astro-
cyte-dependent control of these neurons will inevitably result in a
chronic perturbation of peripheral organ activity, a feature that
has been proposed as a possible central cause of the metabolic
syndrome (Buijs et al., 2006; Marina et al., 2016; Zhang and
Stern, 2017). One would indeed expect that in the complex,
neuron-glia interplay within PVN astrocyte-neurons share a
high degree of intricacy as it has been very recently demon-
strated in feeding-related neurons of the ARC nucleus (Varela
etal., 2021a, 2021b). Unfortunately, the tools currently available
to finely dissect astrocyte function in vivo with respect to their di-
versity are still scarce.

In sum, our study demonstrates that PVN astrocytes exert a
direct and reversible control of systemic glucose metabolism, in-
sulin sensitivity, and energy balance suggesting that future anti-
obesity strategies leverage astrocyte function. Further studies
are however warranted to identify the genetic and metabolic sig-
natures that specify sub-populations of astrocytes in discrete
hypothalamic nuclei. The latter being a requisite to harness the
full benefit of astrocyte-directed approaches to cope with meta-
bolic diseases.

Limitations of the study

Due to the lack of current investigating tools allowing to finely
dissect sub-categories of astrocyte, our study does not provide
a complete readout of which subset(s) of astrocytes are involved
in the described mechanism. Also, although change in intracel-
lular Ca®* waves are indicative of astrocytic response, they
might not recapitulate to the full extent the complex response
of astrocytes to change in nutrient availability and obesogenic
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environment. Finally, we used ex-vivo electrophysiology to iden-
tify extrasynaptic glutamate signaling as a key component of
adaptive astrocytic response; however, our study does not pro-
vide in vivo confirmation for this observation. Further studies are
needed to fully flush out how controlling ambient glutamate al-
lows astrocyte to operate control over energy homeostasis.
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chicken anti-Green fluorescent protein Aves Labs #GFP-1010
rabbit anti-s100B Abcam #41548
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mouse anti-GFAP Sigma-Aldrich #G3893
rabbit anti-HA epitope tag Rockland #600-401-384
rabbit anti-EEAT2 Novus Biologicals #NBP1-59632
anti-chicken Alexa 488 Thermo fisher Scientific #A32931
anti-rabbit Alexa 594 Thermo fisher Scientific #A32754
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HRP anti-rabbit Cell Signaling Technology #7074

Bacterial and virus strains

AAV 2/5.EF12..DIO.hM3Dqg.mCherry
AAV 2/5.EF12..DI0.hM4Di.mCherry
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AAV 2/5.GFAP104.mCherry

AAV 2/5.GFAP.Cre. WPRE
PAAV.CAG.Flex.GCaMP6f.WPRE

AAV5.GfaABC1D.Lck.GCaMP6f.SV40
AAV 2/5.EF1¢..DI0.KORD.mCitrine

gift from Brian Roth.

gift from Brian Roth.

gift from Brian Roth.

gift from Brian Roth.

gift from Brian Roth.

gift from Edward Boyden.
gift from James M. Wilson.
was a gift from Douglas Kim
and GENIE project.

gift from Baljit Khak.

viral production facility of the
UMR INSERM 1089 (Nantes, France)

Addgene viral prep #50460-AAV5
Addgene viral prep #50461-AAVS
Addgene viral prep #50462-AAV5
Addgene viral prep #50478-AAVS
Addgene viral prep #50479-AAVS5
Addgene viral prep #58909-AAV5
Addgene viral prep #105550-AAV5
Addgene viral prep #100835-AAV5

Addgene viral prep #52925-AAV5
N/A

Deposited data

Data S1 This paper Unprocessed source data underlying
all blots and graphs and corresponding
statistical details.

Chemicals, peptides and recombinant proteins

Clozapine N-oxide dihydrochloride Tocris #6329

Salvinorin B Hello Bio #HB4887

Kynurenic Acid Abcam #ab120256

TFB-TBOA Tocris #2532

DAPI Vectashield #H-1200

Alexa 555 Invitrogen A20501MP

Phosphatase inhibitor cocktail Sigma-Aldrich #P5726

Protease inhibitor cocktail Roche #11836153001

Icilin Tocris #1531

Experimental models: Organisms/strains

C57BI/6J mice Janvier N/A

B6.FVB-Tg (Tg(Aldh1l1-cre) JD1884Htz)
Glast-Cre (Tg(Slc1a3-cre/ERT2)
45-72Fwp) (to generate GCaMP6f/
Glast-CreER™)

Jackson Labs
Gensat
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https://www.jax.org/strain/023748

http://www.informatics.jax.org/allele/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

B6.129S-Gt (ROSA)26S0/m- 1(CAG-GCaMPGiHze j)

(to generate GCaMP6f/Glast-CreER™)

Jackson Labs

https://www.jax.org/strain/024105

Software and algorithms

Phenomaster TSE Systems GmbH
Ponemah software
Vevo Lab software
ImageJ

MATLAB v2019b

IGOR Pro (v8)

pCLAMP Software Suite
Andor FUSION

AQUA Script for MatLab
GraphPad Prism 8
LabSolution software
MetaMorph

TSE Systems GmbH
Dsl

Visualsonics

NIH

The MathWorks, Inc.
Wavemetrics Inc.
Molecular Devices LLC
Andor Technology Ltd.
https://github.com/yu-lab-vt/AQuUA
GraphPad Software
Shimadzu

Molecular Devices LLC

N/A
RRID:SCR_017107
RRID:SCR_015816
RRID:SCR_003070
RRID:SCR_001622
RRID:SCR_000325
RRID:SCR_011323
N/A
N/A
RRID:SCR_002798
N/A
RRID:SCR_002368

Other

Telemetric devices (HD-XG)

Mouse ultrasensitive insulin ELISA kit
Mouse C-peptide ELISA kit

BC Assay protein assay Kit

C18 5uM Beckman Ultrasphere column
Chow Diet

High-Fat high-Sucrose Diet

DSl

ALPCO

Crystal Chem
Interchim Uptima
Hichrom

Safe diets
Brogaarden

https://www.datasci.com/products/
implantable-telemetry/small-animal-
telemetry/hd-xg

#80-INSMSU-E01
#90050

#UP40840B

#235330

#A03

#D12451 Research Diet

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Serge

Luquet (serge.luquet@u-paris.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon request.
@ Original data for creating all graphs in the paper and the corresponding statistical details are provided in Data S1.
@ This study did not report original code.
@ Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals

Unless noted otherwise, littermates of the same sex were randomly assigned to experimental groups. All animal protocols were
approved by the Animal Care Committee of the University of Paris (APAFIS # 2015062611174320), Institut Biclogie Paris Seine of
Sorbonne University (C75-05-24) or the Georgia State University IAUCUC protocols. Twelve to fifteen-week-old male Aldhi-L1-
Cre (Tg(Aldh1l1-cre)) JD1884Htz, Jackson laboratory, Bar Harbor, USA), male C57BL/6J (Janvier, Le Genest St-Isle, France) or
male GCaMP6f/Glast-CreER™ (Pham et al., 2020) mice were individually housed at constant temperature (23+ 2°C) and submitted
to a 12/12h light/dark cycle. All mice had access to regular chow diet (Safe, Augy, France) and water ad libitum, unless stated
otherwise. Additionally, age matched C57BL/6J or GCaMP6f/Glast-CreER™ mice groups were fed with either chow diet or
high-fat high-sugar diet (HFHS, cat n. D12451, Research Diets, New Brunswick, USA) for twelve to sixteen weeks. Body weight
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was measured every week. Body weight gain was calculated as the difference between week one, twelve-sixteen weeks of HFHS
diet exposure.

METHOD DETAILS

Viral constructs

Designer receptor exclusively activated by designer drugs (DREADD) and GCaMPéf viruses were purchased from http://www.
addgene.org/, unless stated otherwise. pAAV-EF1¢-DIO-hM3Dg-mCherry (2.4x10'2 vg/ml, working dilution 1:6, Addgene plasmid
#50460-AAV5; http://www.addgene.org/50460/; RRID:Addgene_50460), pAAV-EF1a-DIO-hM4Di-mCherry (2.4x10'2  vg/ml,
working dilution 1:6, Addgene plasmid #50461-AAV5; http://www.addgene.org/50461/; RRID:Addgene_50461), pAAV-
EF1a-DIO-mCherry (3.6x10'2 vg/ml, working dilution 1:4, Addgene plasmid #50462-AAV5; http://www.addgene.org/50462/;
RRID:Addgene_50462), pAAV-GFAP-hM3Dqg-mCherry (9.1x10'2 vg/ml, working dilution 1:2, Addgene plasmid #50478-AAV5;
http://www.addgene.org/50478/; RRID:Addgene_50478) and pAAV-GFAP-hM4Di-mCherry (3.2x10'" vg/ml, working dilution
1:1.5, Addgene plasmid #50479-AAVS5; http://www.addgene.org/50479/; RRID:Addgene_50479) were a gift of Bryan Roth. pAAV-
GFAP104-mCherry (6.4x10'2 vg/ml, working dilution 1:1.5, Addgene plasmid #50479-AAVS5; http://www.addgene.org/50479/;
RRID:Addgene_50479) was a gift of Edward Boyden. pAAV-GFAP-Cre.WPRE (2.2x10'? vg/ml, working dilution 1:10, Addgene
plasmid #105550-AAVS5; hitp://www.addgene.org/105550/; RRID:Addgene_105550) was a gift from James M Wilson. pAAV-CAG-
Flex.GCaMP6f.WPRE (3.15x10"® vg/ml, working dilution 1:10, Addgene plasmid #100835-AAVS5; http://www.addgene.org/
100835/; RRID:Addgene_100835) was a gift of Douglas Kim and GENIE Project. pAAV-GfaACC1D.Lck-GCaMP6f.SV40
(1.53x10"® vg/ml, working dilution 1:5, Addgene plasmid #52925-AAVS5; hitp://www.addgene.org/52295/; RRID:Addgene_52925)
was a gift of Baljit Khak. In order to produce the pAAV-EF12-DIO-KORD-mCitrine, the Nhel/Ascl fragment containing the
HA-KORD-Citrine cassette from addgene#65417 was subcloned in Nhel/Ascl backbone pAAV-EF1a-DIO-hM3D(Ga)-
mCherry (addgene#50460) to produce pAAV-EF1a-DIO-HA-KORD-Citrine and subsequent adeno-associated virus 5HType 2/5
(2.4x10"2 vg/ml, working dilution 1:6) were produced by the viral production facility of the UMR INSERM 1089 (Nantes, France).

Surgical procedures

For all surgical procedures, mice were rapidly anesthetized with isoflurane (3%), followed by intraperitoneal (ip) injection of analgesic
Buprenorphine (Buprecare, 0.3 mg/kg, Recipharm, Lancashire, UK) and Ketoprofen (Ketofen, 10 mg/kg, France) and maintained un-
der 1.5% isoflurane anesthesia throughout the surgery.

Stereotaxic surgery

Male Aldh1-L1-Cre*’~, Aldh1-L1-Cre”" and male C57BL/6J mice received bilateral viral injections (0.3 pl) in the PVN (stereotaxic co-
ordinates: AP -0.8mm, L +0.3mm, V -4.9mm) at a rate of 0.1 ul/min. The injection needle was carefully removed after 5 minutes wait-
ing at the injection site and 2 minutes waiting half way to the top (Berland et al., 2020). Mice recovered for at least 3 weeks after the
surgery before being involved in experimental procedures.

Continuous body temperature telemetry implantation

Two-weeks after stereotaxic delivery of viral vectors, additional groups of male C57BL/6J mice were implanted with telemetric de-
vices (HD-XG, Data Sciences International (DSI), Minnesota, USA) in the abdominal cavity. After a seven-day period recovery time,
the implanted mice were then installed on the DSI receiver. Data were collected using a Ponemah acquisition system (DSI).

Photoacoustic BAT imaging

Male Aldh1L1-Cre*”~ mice previously injected in the PVN with DREADD viruses were anesthetized under isoflurane and placed on a
heated platform. Respiration and cardiac rhythm were constantly monitored. Hair was removed above the interscapular BAT and
optic gel was applied before positioning the transducer to ensure a good transmission of the signal. Image acquisition, before
and after vehicle (0.9% Sterile sodium chloride solution (Fisher Scientific, lllkrich, France) or Clozapine-N-oxide dihydrocloride
(CNO, 0.6mg/kg, Tocris, Bristol, UK) ip injection, was performed using a Vevo LAZR system (FujiFilm VisualSonics, Toronto, ON, Can-
ada) which combine ultrasound and photoacoustic imaging. Light generated from a tunable laser (680-970 nm) is delivered to the
tissue through fiber optic bundles integrated into linear-arrays mounted on the ultrasonic transducer (LZ400, fc = 30 MHz). Spectral
unmixing analyses were performed with Vevo®Lab software.

Indirect calorimetry analysis
After stereotaxic surgery and viral delivery, male Aldh1-L1-Cre*"~, Aldh1-L1-Cre™" and C57BL/6J mice were monitored for metabolic
efficiency (Labmaster, TSE Systems GmbH, Bad Homburg, Germany). After an initial period of acclimation in the calorimetry cages,
Vehicle (Vehicle matched with CNO injected group: 0.9% Sterile sodium chloride solution (Fisher Scientific, lllkrich, France) or Vehicle
matched with SalB injected group: 0.6% DMSO (Sigma-Aldrich, Saint-Louis, USA) in 0.9% sterile sodium chloride solution (Fisher
Scientific, lllkrich, France)), CNO (0.6mg/kg dissolved in 0.9% Sterile sodium chloride solution, Tocris, Bristol, UK) or Salvinorin B
(SalB, 10mg/kg, dissolved in DMSO and injected in a 0.6% DMSO final solution, Hellobio, Dunshaughlin, Republic of Ireland)
were ip injected with a two-day interval between injections depending on the corresponding DREADD expressing group.
Metabolic efficiency was assessed as previously described (Berland et al., 2020). Additionally, fatty acid oxidation (Frayn, 1983;
Herrera Moro Chao et al., 2019) and energy balance (Hall et al., 2012) were calculated as previously reported. Briefly, whole energy
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expenditure (EE), O, consumption and CO, production, respiratory exchange rate (RER=VCO./VO,,), fatty acid oxidation (FAQ), and
locomotor activity using calorimetric cages with bedding, food and water (Labmaster, TSE Systems GmbH, Bad Homburg, Germany)
were recorded as previously reported (Berland et al., 2020; Frayn, 1983; Hall et al., 2012; Herrera Moro Chao et al., 2019). Ratio of
gases was determined through an indirect open circuit calorimeter (Arch et al., 2006; Even and Nadkarni, 2012). This system monitors
0, and CO, concentration by volume at the inlet ports of a tide cage through which a known flow of air is being ventilated (0.4 L/min)
and compared regularly to a reference empty cage. For optimal analysis, the flow rate was adjusted according to the animal body
weights to set the differential in the composition of the expired gases between 0.4-0.9% (Labmaster, TSE Systems GmbH, Bad Hom-
burg, Germany). The flow was previously calibrated with O, and CO, mixture of known concentrations (Air Liquide, S.A. France). O,
consumption and CO, production were recorded every 15 min for each animal during the entire experiment. Whole energy expen-
diture (EE) was calculated using the Weir equation for respiratory gas exchange measurements. Food consumption was measured as
the instrument combines a set of highly sensitive feeding sensors for automated online measurements. Mice had access to food and
water ad libitum. To allow measurement of every ambulatory movement, each cage was embedded in a frame with an infrared light
beam-based activity monitoring system with online measurement at 100 Hz. The sensors for gases and detection of movements
operated efficiently in both light and dark phases, allowing continuous recording.

Body mass composition was analyzed using an Echo Medical systems’ EchoMRI (Whole Body Composition Analyzers, EchoMRI,
Houston, USA), according to manufacturer’s instructions. Readings of body composition were given within 1 min. Data analysis was
performed on Excel XP using extracted raw values of VO, consumed (expressed in mi/h), VCO, production (expressed in mi/h), and
energy expenditure (kcal/h).

Oral glucose tolerance test

Viral injected male Aldh1-L1-Cre*, Aldh1-L1-Cre” and C57BL/6J mice and non-injected GCaMP6f/Glast-CreER™ mice were
fasted for four hours. A small tail cut incision was performed to take blood samples and measure glycemia with a glucometer (A. Me-
narini Diagnostics, France). The mice were ip injected firstly with Vehicle, CNO (0.6 mg/kg) or SalB (10 mg/kg) and fifteen minutes after
received a glucose oral gavage (2 g/kg). Blood glucose levels were measured after 0, 5, 10, 15, 20, 30, 45, 60, 90 and 120 minutes and
blood samples were only taken at 0, 15, 30, and 90 minutes after receiving the glucose oral gavage. Plasma samples were further
processed for insulin (mouse ultrasensitive insulin ELISA kit, ALPCO, Salem, USA) and c-peptide (mouse C-peptide ELISA kit, Crystal
Chem, IL, USA) measurements. Insulinogenic index was calculated as the area under the curve (AUC) of plasma insulin change during
OGTT (in pmol/l) divided AUC of glycaemia during OGTT (in mmol/l) as described (Singh and Saxena, 2010).

Corticosterone level measurement
Circulating corticosterone was measured in blood draw using the DtetctX® corticosterone chemiluminescent ELISA kits from #K014
ArborAssays™ (source Clinisciences S.A.S Nanterre, France).

Ex-vivo epifluorescence calcium imaging

Male Aldh1-L1-Cre*~ mice previously injected with GCamP8f and DREADDs viral constructs and GCaMP6f/Glast-CreER™ mice
were terminally anaesthetized using isoflurane. Brains were removed and placed in ice-cold oxygenated slicing artificial cerebrospi-
nal solution (@CSF, 30mM NaCl, 4.5mM KCl, 1.2mM NaH,PO,, imM MgCl,, 26mM NaHCO3, and 10mM D-Glucose and 194mM Su-
crose) and subsequently cut into 300-um thick PVN coronal slices using a vibratome (Leica VT1200S, Nussloch, Germany). Next,
brain slices were recovered in aCSF (124mM NaCl, 4.5mM KCI, 1.2mM NaH,PO,, 1mM MgCl,, 2mM CaCl,, 26mM NaHCO3, and
10mM D-Glucose) at 37 °C for 60 minutes. Imaging was carried out at room temperature under constant perfusion (~3 ml/min) of
oxygenated aCSF. The overall cellular fluorescence of astrocytes expressing GCaMP6f was collected by epifluorescence illumina-
tion. A narrow-band monochromator light source (Polychrome Il, TILL Photonics, Germany) was directly coupled to the imaging
objective via an optical fiber. Fluorescence signal was collected with a 40x 0.8NA or a 63x 1.0NA water immersion objective (Zeiss,
Germany) and digital electron-multiplying charge-coupled device (EMCCD Cascade 512B, Photometrics, Birmingham, UK). The im-
aging system was hosted in an upright microscope (Zeiss Axioskop 50, Germany) and coordinated by MetaMorph software (Molec-
ular Devices, USA) (Pham, 2020). A double-band dichroic/filter set was used to reflect the excitation wavelength (470 nm) to slices
and filter the emitted GCaMP6 green fluorescence (Di03-R488/561-t3; FF01-523/610, Semrock). The same filter was used for slices
expressing both GCaMP6 and DREADD-mCherry. PVN slices were transferred to the imaging chamber, where 3-minute astrocyte
spontaneous activity recordings were performed in slices of GCaMP6f/Glast-CreER"™ mice. In the case of PVN slices of Aldh1-L1-
Cre*~mice, we performed a basal epifluorescence recording (60 seconds), followed by a 120 second bath application of CNO (10uM)
or SalB (100uM) and 240 seconds recording over the washing of the compounds.

The responsive regions displaying Ca®* signals were scrutinized by the three-dimensional spatio-temporal correlation screening
method (Pham et al., 2020). Background signal was subtracted from the raw images by using the minimal intensity projection of the
entire stack. Ca®* signals of individual responsive regions were normalized as dF/Fo, with Fo representing the baseline intensity and
quantified using Matlab (The MathWorks, France) and Igor Pro (Wavemetrics, USA). We gauged signal strength of Ca®* traces of sin-
gle responsive regions by calculating their temporal integration and normalizing per minute. The global temporal synchronization of
detected Ca®* signals was determined by the temporal Pearson’s correlation coefficients of all combinations between single Ca®*
regions (Pham et al., 2020).
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Simultaneous ex-vivo whole-cell patch clamp electrophysiology and confocal Cca?* imaging

Viral injected male Aldh1-L1-Cre*”- and C57BL/6J mice were anesthetized with pentobarbital (50 mg kg'1 ip) and subsequently
perfused through the heart with 30 mL of ice cold aCSF sucrose solution with NaCl replaced by equal-osmol sucrose (in mM: 200 su-
crose, 2.5 KCl, 1 MgSQ,, 26 NaHCO3, 1,25 NaH,PO,, 20 D-Glucose, 0.4 ascorbic acid, and 2.0 CaCl,; pH 7.2; 300-305 mosmol ).
The brain was subsequently removed, mounted in the chamber of a vibratome (Leica VT1200s, Leica Microsystems, Buffalo Grove,
IL, USA) using superglue and the ventral surface pressed firmly against a block of 3% KCl agar. The brain was submerged in sucrose
solution and bubbled constantly with 95% O,/5% CO.. Coronal slices (240 um thickness) containing the PVN were cut and placed in
a holding chamber filled with aCSF and bubbled with 95% 0,/5% CO,. The aCSF is identical in composition to the sucrose solution,
but with 200 mM sucrose replaced by 119 mM NaCl. The slice chamber was warmed using a water bath at 32°C for 20 minutes before
placement at room temperature for a total minimum of 60 minutes rest before proceeding with the experiment.

Slices were placed into a chamber on the stage of a microscope and perfused constantly (~3 ml/min) with aCSF bubbled contin-
uously with 95% 0,/5% CO, and warmed to 32°C. Parvocellular neurons were targeted for patch clamp using morphological
properties such small soma size relative to their magnocellular counterparts, as well as their proximity to as many GCaMP-expressing
astrocytes as possible. Whole cell current clamp recordings were obtained from PVN parvocellular neurons using pipettes (2.5-4 MQ)
pulled from borosilicate glass (0.d. 1.5 mm) using a P-97 flaming/brown horizontal micropipette puller (Sutter Instruments, Novato,
CA). The pipette internal solution consisted of (in mM): 135 KMeSO,, 8 NaCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 6 phosphocreatine,
0.2 EGTA with pH 7.2-7.3 and 285-295 mOsmol (kg H,0) ™. The liquid junction potential for the KMeSO, internal was approximately
-10 mV and was not corrected. Occasionally, Alexa 555 (50 uM, Invitrogen, MA, USA) was included to visualize the neuron. For cur-
rent clamp recordings, traces were obtained with an Axopatch 200B ampilifier (Axon Instruments, Foster City, CA) and digitized using
an Axon 1440B Digitizer (Axon Instruments, Foster City, CA) at 10 kHz on a desktop computer running Clampex 10 software (Molec-
ular Devices). In the experiments where DL-threo-beta-Benzyloxyaspartate (TBOA, 1 uM, Tocris, Bristol, UK) alone was bath applied,
cells were recorded in voltage clamp, held at -70 mV, and filtered at 2 kHz. Data were discarded if series resistance exceeded a 20%
change over the course of the recording. To positively confirm a patched cell was indeed a parvocellular neuron, a series of increas-
ingly negative current injections was applied to the cell from a resting membrane potential of -60mV. The activation of a low threshold
depolarization in response to the cessation of current injection confirms parvocellular identity (Tasker and Dudek, 1991). Basal re-
cordings of parvocellular and astrocytic Ca* activity were firstly performed for a minimum of 250 seconds before bath application
of either CNO (10 pM) or SalB (100 uM) for 250 seconds. Additional recordings adding CNO or SalB combined with kynurenic Acid
(KYN, 1 mM, Abcam, Cambridge, UK) or TBOA (1 uM, Tocris, Bristol, UK), were performed after washout for a minimum of 5 minutes
after initial application of CNO/SalB. Data were analyzed using either Clampfit or Igor Pro 8 (Wavemetrics Inc.).

Simultaneously, GCaMP6f expression in astrocytes was visualized using the Dragonfly 200 laser spinning disk confocal imaging
system and an iXon 888 EMCCD camera (Andor Technology, Belfast, UK). Using Andor’s FUSION software, we captured time series
images with z-stacking to maximize acquisition of astrocytic Ca®>" events near the patched neuron. To quantify network-wide
Caz*signals within the confocal plane, we employed the Astrocyte Quantification and Analysis (AQuA) method that extracts
event-based information from optical sectioning image series (Wang et al., 2019). Image background was subtracted, and images
were converted from FUSION’s native file format to TIFFs in Imaged (NIH). Imaging videos of astrocytic GCaMP were then processed
using the AQUA script run through Matlab (v2019b) (MathWorks, Natick, MA, USA). Full details of the script functionality and code can
be found at: https://github.com/yu-lab-vt/AQuA. The parameters used for the analysis are as follows: intensity threshold scaling fac-
tor 1, smoothing (sigma) 1.5, minimum Size (pixels) 24, temporal cut threshold 2, growing z threshold 1, rising time uncertainty 2,
slowest delay in propagation 2, propagation smoothness 1, z score threshold 2, maximum distance 0, minimum correlation 0,
maximum time difference 2, temporally extended events disabled, ignore delay tau enabled. We filtered out events lasting longer
than 60 seconds and whose amplitude exceeded a 10 dF/F, change in amplitude to minimize inclusion of artifacts in the analysis.
Event data were imported into Prism 8 for analysis (GraphPad, San Diego, CA, USA). Some waveform data and figures were gener-
ated in Igor Pro (Wavemetrics, Portland OR, USA).

Brain tissue Immunofluorescence

Viral injected male Aldh1-L1 -Cre*"” and C57BL/6J mice received Vehicle, CNO or SalB ip injection. Sixty minutes later, the mice were
euthanized with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France). An additional group of GCaMP6f/Glast-CreER'® mice was
also euthanized. Mice were transcardially perfused with 0.1 M sodium phosphate buffer (PBS, pH 7.5) followed by 4% paraformal-
dehyde in phosphate buffer (0.1 M, pH 7.2). Brains were removed and post-fixed overnight in 4% paraformaldehyde. Afterwards, the
brains were transferred to 30% sucrose in PBS for 2 days for cryoprotection. Next, 25 um brain sections were cut in a freezing cryo-
stat (Leica, Wetzlar, Germany) and further processed for immunofluorescence following the procedure previously described (Berland
et al., 2020). Sections were processed as free-floating and incubated at 4°C overnight with chicken anti-Green fluorescent protein
(GFP, 1:500, Aves Labs, Davis, California, USA), rabbit anti-s1008 (1:500, Abcam, Cambridge, UK), rabbit Ds Red (1:1000, Living
colors, Takara Bio, St-Germain-en-Laye, France), mouse anti-Glial fibrillary acidic protein (GFAP, 1:1000, Sigma-Aldrich, Saint-
Louis, USA) or rabbit anti-HA epitope tag (1:2000, Rockland, Limerick, USA) primary antibodies. The next day, sections were
rinsed in Tris-buffered saline (TBS, 0.25M Tris and 0.5M NaCl, pH 7.5) and incubated for 2 hours with secondary antibodies
(1:1000, Thermo fisher Scientific, MA, USA) conjugated with fluorescent dyes: goat anti-chicken Alexa 488, donkey anti-rabbit Alexa
594, donkey anti-mouse Alexa 488 and donkey anti-rabbit Alexa 647. After rinsing, the sections were mounted and coverslipped with
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DAPI (Vectashield, Burlingade, California, USA) and examined with a confocal laser scanning microscope (Zeiss LSM 510, Oberko-
chen, Germany) with a color digital camera and AxioVision 3.0 imaging software.

Western Blotting

C57BL/6J mice were euthanized with pentobarbital (500 mgrkg, Delethal, Vetoquinol, France) and shortly after decapitated. The
mouse head was then immediately immersed in liquid nitrogen for 4 seconds. After removal of the brain, the anterior hypothalamus
was dissected on ice-cold surface and brain lysates were prepared in a solution containing 1% Sodium dodecyl sulfate (SDS, Sigma-
Aldrich, Saint-Louis, USA), 0.2% phosphatase inhibitors (phosphatase inhibitor cocktail, Sigma-Aldrich, Saint-Louis, USA) and 0.1%
protease inhibitors (protease inhibitor cocktail, Roche, Boulogne-Billancourt, France). Protein content in the hypothalamic lysates
was measured with a BC Assay protein quantification Kit (Interchim Uptima, Montlucon, France). Western blotting was performed
as previously described (Berland et al., 2020). Equal amounts of proteins (15 pg) for each sample were loaded onto 10-12% poly-
acrylamide gels. Proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore). Membranes were immu-
noblotted with rabbit anti-EEAT2 (1:500, Novus Biologicals, Abingdon, UK). HRP-coupled secondary antibody anti-rabbit (1:10000,
Cell Signaling Technology, Charles Renard, France) was matched with an ECL detection system. Quantification was performed using
Image J software (NIH).

Mono-aminergic content determination

Viral injected male Aldh1-L1-Cre*~ and G57BL/6J mice were injected ip with Vehicle or CNO, followed by icilin ip (5 mg/kg, Tocris,
Bristol, UK) and sacrificed with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France) after sixty minutes. Interscapular brown ad-
ipose tissue (BAT) was dissected and immediately snap frozen in liquid nitrogen. Additional viral injected male Aldh1-L1 -Cre*” and
C57BL/6J mice received Vehicle, CNO or SalB ip injection and were euthanized sixty minutes later. Urine (removed from the bladder)
was collected and immediately stored at-80°C. Monoamine analyses were performed at the Bioprofiler platform of the Unit “Biologie
Fonctionnelle et Adaptative”, University of Paris, BFA, UMR 8251 CNRS, F75205, Paris, France. Catecholamines and metabolites
were analyzed by reversed phase-High-performance Liquid Chromatography using a Shimadzu system connected to a Waters
2465 electrochemical detector (HPLC-ED, Waters, USA) with a glassy carbon working electrode (0.7V, 10nA). BAT was homogenized
in an ice-cold solution, containing 0.4% ethylenediaminetetraacetic acid and 0.1M perchloric acid, while urine samples were pro-
cessed using MonoSpin PBA columns (Interchim, Montlucon, France). After centrifugation, the supernatant was further analyzed
with HLPC-ED. Mobile phase (58,5 mM Sodium Acetate (Sigma, St Louis, USA), 0.7mM Octane Sulfonic Acid (Sigma O 0133, St
Louis, USA), pH 3,8 for mobile phase A and 100% MeOH for mobile phase B) was pumped at a flow rate of 1ml/min and monoamines
and metabolite concentrations were detected at an oxidation potential of 750mV compared to the reference electrode. Compounds
were separated by an isocratic flow (90% A/ 10% B) using a Kromasil® AIT column (length 250mm; internal diameter 4.6mm; particle
size 5pm) at 30°C. Catecholamines and metabolites were quantified using LabSolution software (Shimadzu, Kyoto, Japan) by inte-
gration of the peak absorbance area, employing a calibration curve established with known catecholamine concentrations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Results are expressed as the mean = SEM. All statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA, USA). Data
were analyzed by T-test, two-way or one-way ANOVA depending on each experimental design. Pairwise comparisons were evalu-
ated with a Tukey post-hoc test. Blood glucose, plasma insulin, %S0, and body temperature values were analyzed by ANOVA of
repeated measures with 2 between subject factors: Time and Substance. An adjustment of Bonferroni was performed with significant
values set as p<0.05. All details related to statistical analyses are summarized in Data S1.
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Supplementary Figure 1. Nutritional and chemogenetic-induced change in astrocytic calcium
events in hypothalamic nuclei. Related to figure 1. (A) Blood glucose (lean n=8, obese n=7) and
(B) plasma insulin change (lean n=8, obese n=10) during an OGTT in GCaMP6f-Glast-CreER™ mice
after 4-month chow or HFHS diet consumption. (C-D) Average projection of time-lapse GCaMP
epifluorescence images (left), detected Ca?* active domains (middle) and representative signal traces
(right) of spontaneous Ca?* activity in the PVN of (C) lean or (D) obese mice. (E) Comparison of Ca?*
event duration, (F) Ca?* event frequency, (G) Ca?* event peaks between astrocytes in lean (n= 147)
and obese (n=167). (H) Fluorescence projection of global GCaMP$6 signals from time-lapse images
of DMH of lean or obese GCaMP6f-Glast-CreER™ mice (left), comparison of overall Ca?* signal
strength (middle, lean n=140, obese n=1185) and representative spontaneous Ca?* signal with under-
curve area being shadowed. Scale bar: 20um. (I) Fluorescence projection (left), (J) overall Ca?*
strength (middle, lean n=500, obese n=1492) and time-course Ca** signal traces (right) of GCaMP
signals in the PVN of Aldh1L1-Cre mice expressing mCherry control viral construct before and after
CNO bath application. Scale bar: 20um. Histogram data are expressed as mean +/- SEM. (K,L)
Distribution of temporal correlations between Ca?* responses of all paired active domains (as an
estimation of global synchronization) before and after CNO bath application to PVN slices of Aldh1L1-
Cre mice expressing (K) mCherry control (Spontaneous n=500, CNO n=15857) or (L) hM3Dq
receptor (Spontaneous n=12629, CNO n=9137) viral construct. * P<0.05 by 2-way ANOVA (A-B) and

Student’s t-test (E-G,H-I). For statistical details, see table S1.
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Supplementary Figure 2. Astrocyte Gq receptor chemogenetic activation in the PVN does
not modulate food intake and energy balance in lean mice. Related to figure 2. (A-l) Food
intake, energy expenditure (EE) and energy balance after Vehicle or CNO ip administration in (A-
C) Aldh1L1-Cre*:PVN™c"™ (Vehicle n=4, CNO n=4), (D-F) Aldh1L1-Cre*":PVYN"M3P4 (Vehicle n=6,
CNO n=6) and (G-l) Aldh1L1-Cre”:PVN™3Pd (Vehicle n=6, CNO n=6) mice. (J-Q) Blood glucose

(Aldh1L1-Cre*:PVYN™Crem, Viehicle n=6, CNO n=6; Aldh1L1-Cre:PVN"™M3Dd, Vehicle n=6, CNO
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n=6), corresponding area under the curve (AUC), plasma insulin change (Aldh1L1-Cre*"
:PVNmChey  Vehicle n=5, CNO n=3; Aldh1L1-Cre”:PVN™®d Veghicle n=6, CNO n=6) and
insulinogenic index (Aldh1L1-Cre*:PVN™cre™ Vehicle n=5, CNO n=3; Aldh1L1-Cre’:PVNM3Da,
Vehicle n=6, CNO n=6) after Vehicle or CNO ip administration followed by an OGTT in (J-M)
Aldh1L1-Cre*:PYNmcre™ and (N-Q) Aldh1L1-Cre”:PVYN™3Da mice. AU refers to arbitrary units.
Data are expressed as mean +/- SEM.* P<0.05 by 2-way ANOVA (A-J,L,N,P) and Student’s t-test

(K,M,0,Q). For statistical details, see table S1.
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Supplementary Figure 3. Gq receptor chemogenetic activation in GFAP-positive astrocytes
in the PVN modulates glucose metabolism in lean mice. Related to figure 2. (A-H) Blood
glucose, plasma insulin change, insulinogenic index and plasma c-peptide after Vehicle or CNO
ip administration followed by an OGTT in (A-D) C57BI6j:PVN™C*™ (Vehicle n=3, CNO=3) and (E-
H) C57BI6j:PVYN"3Pa (Vehicle n=5, CNO=5) mice. (I) Representative image of viral mix delivery of
GFAP-Cre and Cre-KORD, to express SalB-sensitive KORD Gi receptor, or CNO-sensitive GFAP-
Gi DREADD in the PVN of C57BL/6 mice. (J) Confocal images of double immunofluorescence of
GFAP (red) and human influenza hemaglutinin (HA) tag (green) in the PVN of C57BI6j:PVNXCRP

mice. Cell nuclei are shown in DAPI (blue). (K) Blood glucose, (L) plasma insulin change, (M)
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insulinogenic index and (N) plasma c-peptide after Vehicle or SalB ip administration followed by
an OGTT in C57BI6j:PVNKORP (Vehicle n=6, SalB n=6) mice. Data are expressed as mean +/-
SEM.” P<0.05 by 2-way ANOVA (A-B,D,E-F,H,K-L,N) and Student’s t-test (C,G,M). For statistical

details, see table S1.
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Supplementary Figure 4. Chemogenetic-specific ligand Salvinorin B has marginal effect in
control animal. Related to figure 2. (A) Pseudo-images, (B) time-course Ca?* signal traces of
GCaMP signals, (C) distribution of temporal correlations (Spontaneous n=35622, SalB n=164623)
between Ca?* responses of all paired active domains before and after SalB bath application to
PVN slices of Aldh1L1-Cre mice expressing mCherry control viral construct. (D) Change in overall
Ca? strength (mCherry n=8, KORD n=9) after SalB bath application (integral basal-stimulation:

integral B-S) to PVN slices of Aldh1L1-Cre mice expressing KORD receptor or mCherry control
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viral construct. Overall Ca?* strength data are expressed as mean +/- SEM. Scale bar: 20um. (E-
L) Blood glucose, corresponding AUC, plasma insulin change and insulinogenic index after
Vehicle or SalB ip administration followed by an OGTT in (E-H) Aldh1L1-Cre*-:PVN™Ccre™ (Vehicle
n=4, SalB n=4)and (I-L) Aldh1L1-Cre”:PVNKORD (\/ehicle n=4, SalB n=4) mice. (M-T) Food intake,
EE, respiratory exchange ratio and fatty acid oxidation FAox after Vehicle or SalB ip injection to
(M-P) Aldh1L1-Cre™:PVNKORD (Vehicle n=4, SalB n=4) and (Q-T) Aldh1L1-Cre*-PYNmCchemy
(Vehicle n=4, SalB n=4) mice. AU refers to arbitrary units. Data are expressed as mean +/- SEM.*
P<0.05 by Student’s t-test (D,F,H,J,L) and 2-way ANOVA (E,G,I,K,M-T). For statistical details, see

table S1.
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Supplementary Figure 5. Astrocyte Gi receptor chemogenetic activation in the PVN
improves glucose metabolism in obese mice. Related to figure 2 and 4. (A-H) Blood glucose
(lean, Vehicle n=5, CNO n=5; obese, Vehicle n=10, CNO n=10), plasma insulin change (lean,
Vehicle n=5, CNO n=5; obese, Vehicle n=8, CNO n=8), insulinogenic index (lean, Vehicle n=5,
CNO n=5; obese, Vehicle n=8, CNO n=8) and plasma c-peptide (lean, Vehicle n=5, CNO n=5;
obese, Vehicle n=8, CNO n=8) after Vehicle or CNO ip administration followed by an OGTT in (A-
D) lean or (E-H) obese C57BI6j:PVN"™DI mice. (I-L) Corticosterone level in (I) lean
C57BI6j:PVNKOR (Vehicle n=10, SalB n=7), (J) lean C57BI6j:PVN"™3 (Vehicle n=10, CNO n=3),
(K) Obese C57BI6j:PVNM3Pa (Vehicle n=7, CNO n=7) and (L) Obese C57BI6j:PVN"™Di (Vehicle
n=7, CNO n=5) after Vehicle, SalB or CNO ip administration. Data are expressed as mean +/-
SEM.* P<0.05 by 2-way ANOVA (A-B,D,E-F,H,I-L) and Student’s t-test (C,G). For statistical

details, see table S1.
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Supplementary Figure 6. Chemogenetic manipulations of PVN astrocytes in obese mice.
Related to figure 4. (A) Blood glucose, (B) plasma insulin change and corresponding AUC (top
right), (C) insulinogenic index and (D) plasma c-peptide after Vehicle or CNO ip administration

followed by an OGTT in obese C57BI6j:PVYN™C"™ (Vehicle n=5, CNO n=5) control mice. (E) Food

intake, (F) RER, (G) FAox and (H) EE

C57BI6j:PVN™Ce™ (Vehicle n=5, CNO n=5) control mice. (I-L) RER and FAox of obese (I-J)
C57BI6j:PVN"™3Da (\Vehicle n=7, CNO n=7) mice after Vehicle or CNO ip injection, or of obese (K-
L) C57BI6j:PVNKORP (Vehicle n=5, SalB n=6) mice after Vehicle or SalB ip administration. AU refers

to arbitrary units. Data are expressed as mean +/- SEM.* P<0.05 by 2-way ANOVA (A-B,D-L) and

after Vehicle or CNO ip injection to obese

Student’s t-test (B-C). For statistical details, see table S1.
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Supplementary Figure 7. Astrocyte glutamatergic transport signaling mediates astrocyte
KORD receptor-driven modulation of parvocellular neuron activity. Related to figure 6. (A)
Example trace recorded from Aldh1L1-Cre*-:PVNX°RP mice, demonstrating the SalB effect in the
presence of Kynurenic Acid (KYN, 1 mM) on parvocellular spike activity. (B) Parvocellular PVN
neuron firing frequency in the presence of SalB and KYN in Aldh1L1-Cre*":PVNXORP mice (n=5).
(C) Summary data of astrocyte Ca?* activity. Ca?* strength (left, Control n= 3446, SalB n=2701),
event synchrony (middle, Control n= 3446, SalB n=2701) and event frequency (right, n=5) of
GCaMP signals in PVN of Aldh1L1-Cre* :PVNKORD mice in the presence of SalB/KYN. (D)
Example trace recorded from Aldh1L1-Cre*:PVN*CRP mice, demonstrating the SalB effect in the
presence of DL-threo-B-Benzyloxyaspartic acid (TBOA, 1 uM) on parvocellular spike activity. (E)

Parvocellular neuron spike frequency in the presence of TBOA and SalB in PVN slices of Aldh1L1-
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Cre*":PVNKORP mice. (F) Summary data of AQUA astrocyte Ca?* activity analysis. Ca®* strength
(left, Control n=1147, SalB n=837), event synchrony (middle, Control n=1147, SalB n=837) and
event frequency (right, n=4) in the presence of TBOA/SalB. Data are expressed as mean +/- SEM.
* P<0.05, ** P<0.01, *** P<0.0001 by paired t-test (B, Crgn,E, Fiignt) and Welch’s t-test (Ce, miadee,

Feft, miadie). FOr statistical details, see table S1.
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I11.2 - Contribution to the mechanistic study on the cellular
trafficking of the Ca?* ion channel TRPV
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Recovery from tachyphylaxis of TRPV1 coincides with
recycling to the surface membrane
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The transient receptor potential vanilloid-1 (TRPV1) ion channel is
essential for sensation of thermal and chemical pain. TRPV1
activation is accompanied by Ca®*-dependent desensitization;
acute desensitization reflects rapid reduction in channel activity
during stimulation, whereas tachyphylaxis denotes the diminution
in TRPV1 responses to repetitive stimulation. Acute desensitization
has been attributed to conformational changes of the TRPV1 chan-
nel; however, the mechanisms underlying the establishment of
tachyphylaxis remain to be defined. Here, we report that the de-
gree of whole-cell TRPV1 tachyphylaxis is regulated by the
strength of inducing stimulation. Using light-sheet microscopy
and pH-sensitive sensor pHluorin to follow TRPV1 endocytosis
and exocytosis trafficking, we provide real-time information that
tachyphylaxis of different degrees concurs with TRPV1 recycling to
the plasma membrane in a proportional manner. This process con-
trols TRPV1 surface expression level thereby the whole-cell noci-
ceptive response. We further show that activity-gated TRPV1
trafficking associates with intracellular Ca®* signals of distinct ki-
netics, and recruits recycling routes mediated by synaptotagmin 1
and 7, respectively. These results suggest that activity-dependent
TRPV1 recycling contributes to the establishment of tachyphylaxis.

desensitization | calcium | synaptotagmin | pain | TRP channel

Transiem receptor potential vanilloid-1 (TRPV1) is a Ca®'-
permeable cation channel expressed in sensory nerves spe-
cialized for pain detection (1, 2). Ca®* influx upon TRPV1
activation induces channel desensitization, with acute desensiti-
zation referring to the rapid reduction in the evoked inward
current, and tachyphylaxis denoting current diminutions over
repetitive stimulation (1, 3, 4). Desensitization can be leveraged
to treat clinical pain. For instance, the TRPV1 agonist capsaicin
has been used as a therapeutic analgesic (5, 6).

The mechanism underlying TRPV1 acute desensitization has
been widely explored and converged on agonist-induced con-
formational changes at the channel level (1, 2). In this regard,
TRPV1 interacts in a Ca’*-dependent manner with either
or both calcinerin (7), calmodulin (8), and phosphatidylinositol
4,5-bisphosphate (9), to regulate channel gating and inactivate
response. Relatively, much remains to be understood on the
mechanisms underlying the establishment of tachyphylaxis. Early
studies show that phosphorylation of TRPV1 by protein kinase A
and mutation at the corresponding phosphorylation site affect
the induction of tachyphylaxis, which yet display little effect on
acute desensitization (1, 7, 10). Likely, the establishment of
tachyphylaxis recruits other mechanisms besides those assigned
for acute desensitization.

Here, we observed by whole-cell patch clamp that the extent of
tachyphylaxis is regulated by the strength of inducing stimula-
tion. Imaging TRPV1 exocytosis and endocytosis trafficking in
real time by light-sheet microscopy and a pH-sensitive sensor, we
show that TRPV1 channels undergo activity-dependent recycling
to control their surface expression thereby the strength of whole-
cell desensitization. We also show that stimulation of different
strengths elicits intracellular Ca®" signals of different kinetics

5170-5175 | PNAS | March 12,2019 | vol. 116 | no. 11

and regulates TRPV1 recycling via distinct routes mediated by
synaptotagmin 1 and 7, respectively. These results suggest the
contribution of TRPV1 trafficking to the establishment of
tachyphylaxis.

Results
Whole-Cell Tachyphylaxis Is Stimulation Strength Dependent. TRPV1
tachyphylaxis is a Ca>*-dependent process and has been induced
by saturated doses of capsaicin (1, 4, 9). We applied different
doses of capsaicin to induce desensitization in TRPV1-expressing
HEK 293 cells. A reference current was evoked by 1 pM capsaicin
in the absence of Ca®* at the beginning. Then in the presence of
external Ca®" (Fig. 1 A-D, color bar), capsaicin stimulation led
whole-cell responses to a tachyphylaxis state. Subsequent stimu-
lation by similar doses only elicited a much reduced response (Fig.
1 A-D). Tachyphylaxis is known to reduce the agonist affinity of
TRPV1, rather than its loss of function (1). Indeed, follow-
ing low (0.3 or 1 pM) capsaicin-induced tachyphylaxis, in-
creasing subsequent stimulation to supramaximal range (5—
100 uM capsaicin) evoked whole-cell currents approaching
the pretachyphylaxis level (Fig. 1 4, B, and E, blue and green
vs. black).

However, as for the tachyphylaxis induced by relatively high
doses of capsaicin (3-10 pM), the supramaximal stimulations

Significance

TRPV1 ion channel plays an important role in the transmission
and modulation of pain. Desensitization of TRPV1 in noci-
ceptors is adaptable for analgesic therapy. One type of de-
sensitization is tachyphylaxis that reflects reduced TRPV1
responses to repetitive stimuli. To understand the mechanism
underlying the whole-cell tachyphylaxis, here we used an or-
thogonal electro-optical approach integrating electrophysiol-
ogy and light-sheet microscopy. We show that the intensity of
tachyphylaxis is regulated by the strength of inducing stimu-
lation, and that TRPV1 channels undergo activity-gated recy-
cling to regulate their surface expression level thereby the
degree of tachyphylaxis. This study provides real-time insights
into the establishment of tachyphylaxis and helps to understand
desensitization-based analgesics.
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Fig. 1. Tachyphylaxis is regulated by the strength of preimposed stimula-
tion. (A-D) Representative traces showing repetitive activation of TRPV1
channels after desensitization induced by 0.3 uM, 1 uM, 3 pM, and 10 pM
capsaicin in the presence of Ca* (1.8 mM), as indicated by the color bars.
Responses shown under gray bars were recorded in the absence of external
Ca®* to prevent further desensitization and gain whole-cell responses. A
small current appeared upon the washing out of Ca®*, reflecting its in-
hibitory effect on TRPV1 activity as reported (42). The pipette solution
contained no adenosine triphosphate (ATP). (E) Dose-response curves for
whole-cell TRPV1 currents obtained before and after tachyphylaxis in-
duction. Data are shown as relative values to the reference current evoked
by 1 pM capsaicin at the beginning of each recording. Solid lines are fits to
Hill equation (n = 7-18 cells for each condition). (F) Dose-response curves
normalized to their intrinsic maximum. Recordings were from transiently
transfected HEK 293 cells held at —60 mV. Cap, capsaicin. Error bars, SEM.

could not trigger currents close to the pretachyphylaxis level
(Fig. 1 C and D). The derived dose-response curves ended at a
much lower level than that observed for low capsaicin-induced
tachyphylaxis (Fig. 1E). Hence, the degree of tachyphylaxis,
namely the inhibitory effect on whole-cell TRPV1 current, is
dependent on the strength of the inducing stimulation.

Notably, though 1 pM and 3-10 pM capsaicin all lie in the
saturation range in evoking TRPV1 whole-cell current under
control condition (Fig. 1E, gray square), they induced tachyphy-
laxis to different extents (Fig. 1E, blue vs. reddish). Apart from
the subsaturation dose (Fig. 1F, green), all saturated doses of
capsaicin (1-10 pM) caused an almost identical right-shift in
normalized dose-response curves (Fig. 1F, blue and reddish),
indicating a similar reduction in the agonist affinity of TRPV1.
Thus, tachyphylaxis of varied degrees induced by distinct satu-
rated doses of capsaicin, could not be explained by the reduction
in TRPV1 agonist affinity and would have recruited other
mechanistic pathways.

Light-Sheet Imaging of TRPV1 Trafficking. TRPV1 expression level
at the plasma membrane is another factor in shaping whole-cell

Tian et al.

nociceptive responses (11, 12) and has been suggested to be
regulated by TRPV1 exocytosis and endocytosis (13, 14). To
explore TRPV1 trafficking in real time, we engineered a TRPV1
fusion protein comprising the pH-dependent green fluorescent
protein (GFP) mutant pHluorin that is green fluorescent in a
neutral condition and dim in an acidic environment (15). The
electrophysiological property of TRPV1 was unaffected by the
insertion of pHluorin (57 Appendix, Fig. S1). In our configura-
tion, TRPV1-pHluorin is dim when trapped into acidic traf-
ficking vesicles and of high fluorescence upon exocytic insertion
into the plasma membrane (SI Appendix, Fig. S24). We could
then follow TRPV1 surface expression and subcellular traffick-
ing by dynamic imaging of pHluorin fluorescence.

To gain high-quality imaging, and avoid potential phototox-
icity of laser scanning microscopy, we have used light-sheet mi-
croscopy that enables scanless optical sectioning and wide-field
image acquisition by digital camera (16). Light sheet of pm-scale
thickness and perpendicular to the optical axis of imaging ob-
jective, was generated via an orthogonally placed excitation ob-
jective (SI Appendix, Fig. S2B). The thin light sheet evidently
improved the image quality of TRPVI1-pHluorin-expressing
HEK cells relative to conventional epifluorescence (SI Appen-
dix, Fig. S2B, Right). A supramaximal dose of capsaicin caused a
pronounced diminution in TRPV1-pHluorin fluorescence fol-
lowed by a gradual recovery (SI Appendix, Fig. S2C), reflecting
the retrieval of TRPV1 channels by endocytosis and their rein-
sertion by subsequent exocytosis. Inhibiting general endocytosis
pathways by hypertonic solution (17) largely blocked the
capsaicin-evoked fluorescence diminution (SI Appendix, Fig. S2
D and F), with a transient increase unmasked that implies the co-
occurrence of exocytosis. Further, omission of external Ca**
inhibited both the exocytosis and endocytosis of TRPV1-pHluorin
(SI Appendix, Fig. S2 E and F), confirming the Ca**-dependence
of TRPV1 recycling (1, 18, 19). Together, light-sheet imaging of
TRPV1-pHluorin enables real-time mapping of TRPVI traffick-
ing and surface expression.

Stimulation Strength Regulates TRPV1 Recycling. To examine
TRPV1 surface expression during strength-gated tachyphylaxis,
we imaged TRPVI-pHluorin in HEK 293 cells upon 1 and
10 pM capsaicin stimulation in the presence of external Ca*.
‘While both stimuli evoked an initial loss in TRPV1 surface ex-
pression followed by a subsequent recovery, the high-dose cap-
saicin induced a significantly greater reduction in TRPV1
expression (—0.68 £ 0.04, vs. —0.43 + 0.03, P < 0.01) followed by
a much delayed recovery (Fig. 2 A-C). At 5 min after 1 pM
capsaicin stimulation, TRPV1 surface expression recovered to
about 95% of the control level, while with 10 pM capsaicin
stimulation, TRPV1 expression only recovered to 48% of the
initial level at the same time point (Fig. 2D, P < 0.01). Thus,
stimulation of distinct strengths evoked TRPV1 recycling in a
different manner and resulted in proportional loss in TRPV1
surface expression. The delayed recovery in TRPV1 surface ex-
pression level induced by high capsaicin renders the post-
tachyphylaxis currents persistently inferior to those obtained
after low capsaicin stimulation (Fig. 1E, red vs. blue).

The dependence of TRPV1 trafficking on stimulation strength
was further confirmed by using varied doses of capsaicin (Fig.
2E). A small overshoot was noted in recovery phase of 1 pM
capsaicin stimulation (Fig. 24), which in fact gradually went back
to the initial level as revealed by a longer period of imaging (Fig.
2F, 20 min). The transient overshoot, therefore, reflects a tran-
sitory step for TRPV1 expression recovery. In contrast, the loss
in TRPV1 expression caused by 10 pM capsaicin persisted even
over a long imaging period (Fig. 2F). Juxtaposing the time course
of patch-clamp current and the TRPV1-pHluorin fluorescence
validated the correlation between the loss in surface TRPV1 expres-
sion and the reduction in whole-cell response (SI Appendix, Fig. S3).
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Fig. 2. TRPV1 channels undergo activity-dependent endocytosis and exo-
cytosis recycling. (A) HEK cells expressing TRPV1-pHluorin and stimulated by
1 pM capsaicin. Each single trace was derived from an individual cell, with a
ring-shape region of interest (ROI) traced along the cell surface while ex-
cluding nucleus hole. Fluorescence change is expressed as dF/Fo with Fo as the
mean intensity of prestimulation baseline. (8) HEK cells expressing TRPV1-
pHluorin and stimulated by 10 uM capsaicin. (C) The peak loss in TRPV1-
pHIuorin fluorescence for 1 uM (n = 10 cells) and 10 pM capsaicin (13 cells)
stimulation. (D) Recovery in TRPV1-pHIuorin level quantified as the fraction
to the prestimulation control level. The timing when the values were mea-
sured is indicated by blue arrowheads in A and B. (E) TRPV1-pHIuorin recy-
cling triggered by varied doses of capsaicin (0.3-10 uM, n = 7-13 cells for
each condition). (F) Imaging of TRPV1-pHluorin trafficking for a long period
(20 min; n = 10 for 1 uM, and 8 for 10 pM capsaicin). (Scale bars, 10 pm.)

Collectively, we show that TRPV1 recycling is stimulation strength
dependent, which shapes the channel expression level and whole-
cell tachyphylaxis.

In parallel, we confirmed this phenomenon in primary dorsal
root ganglia (DRG) neurons that express endogenous TRPV1
channels. Similar to the above results, low-dose capsaicin (1 pM)
induced tachyphylaxis with whole-cell currents fully recovered by
supramaximal doses of capsaicin (SI Appendix, Fig. S4 A and C),
a process to counteract agonist affinity reduction that was fa-
cilitated by additive acidification (H") (20). The same ma-
nipulation, however, failed to recover the whole-cell current
following high capsaicin-induced tachyphylaxis (10 uM, SI Ap-
pendix, Fig. S4 B and D), echoing the additional contribution of
the reduction in TRPV1 surface expression. As observed with
light-sheet imaging, low capsaicin induced a transient reduction
in TRPV1 expression that was followed by a quick recovery,
whereas high capsaicin evoked a more pronounced and per-
sistent loss in TRPV1 expression level (S Appendix, Fig. S4 E

and F).

TRPV1 Exocytosis Assists Whole-Cell Current Recovery. During
tachyphylaxis induction, capsaicin elicited endocytosis retrieval
of surface TRPV1 followed by exocytosis-mediated recovery.
This process is regulated by the stimulation strength as de-
termined by both stimulation dose (Figs. 1 and 2) and duration
(Fig. 3 4 and B). We further pondered that suspending recording
for a brief period right after tachyphylaxis induction could
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facilitate the exocytic reinsertion of TRPV1 and the whole-cell
currents. As expected, a 5-min pause augmented the whole-cell
response after 1 pM capsaicin-induced desensitization, com-
pared with the condition without interim pause (Fig. 3 C and F,
blue vs. open circle). This observation is consistent with the al-
most full recovery of TRPV1 surface expression at ~5 min after
stimulation of low capsaicin (1 pM, Fig. 2D). A 5-min pause also
enhanced the whole-cell current over high capsaicin-induced
tachyphylaxis (Fig. 3 D and F, red vs. open square). Mirroring
the partial recovery in TRPV1 expression upon high capsaicin
stimulation (10 pM, Fig. 2D), the 5-min interim pause was still
unable to rescue whole-cell response to pretachyphylaxis level
(Fig. 3F, red vs. gray). As corroboration, adding another 5-min
pause (10 min, in total) further increased whole-cell current
following high capsaicin stimulation (Fig. 3 E and F, orange vs.
red). Together, these results consolidate that facilitating the re-
covery in TRPV1 surface expression helps to rescue the whole-
cell nociceptive response.

Ca’* Signals During TRPV1 Recycling. As Ca®" signal regulates
TRPV1 desensitization (1, 4) and subcellular traff1ck1ng (21), we
probed the Ca®* kinetics over low and high capsaicin stimulation.
Dual-color light-sheet imaging was performed in HEK cells
expressing TRPVI -pHluorin and also loaded with a red-
fluorescent Ca®* indicator Rhod-2, AM (Fig. 44). The absence
of their cross-talk was ensured by using spectrally excluded ex-
citation light and band-pass filters (ST Appendix, Fig. S54), and
also validated by imaging cells only harboring a single fluo-
rophore (51 Appendlx, Fig. S5B). We observed over TRPV1
recycling robust Ca®* rises in response to both low and high
capsaicin stimulation (Fig. 4B). Nolablg, though the peak am-
plitude was similar for both stimuli, Ca** rises evoked by high-
dose capsaicin appeared longer-lasting and remained high at
5 min after stimulation (Fig. 4C), corresponding to sustained loss
in TRPV1 surface expression (Fig. 4D). Hence, high-dose cap-
saicin triggers long-lasting Ca®* signal along with delayed re-
covery of TRPV1 expression.

We also observed that reducing external Ca>* concentration
prevented the loss in TRPV1 surface expression in res onse to
high capsaicin (Fig. 4E), suggesting the amount of Ca** influx
1nﬂuenccs channel recycling. To evaluate directly the amount of
Ca®" influx triggered by low- and high-dose capsaicin, we
blocked the internal Ca* buffering process by inhibiting endo-
plasmic reticulum Ca®* ATPase with thapsigargin (22). In this
condition, hl%h dose capsaicin was found to evoke a higher
amount of Ca~" influx than low-dose capsaicin (Fig. 4F; dF/F, =
0.86 + 0.06 for 10 Cap vs. 0.69 + 0.05 for 1 Cap, n = 8 cells for
each condmon P < 0.05). The slow recovery in high capsalcm-
induced Ca®* signal could also be a reduction in the efflux of Ca®*
from the cell. We therefore examined the activity of NF/C‘\2+
exchanger (NCX), a prmcnpal pathway for activity-gated Ca®*
export powered by Na* gradient across the plasma membrane
(23). Inhibiting NCX upon capsaicin stimulation would unmask
its operating activity as reflected by the slowing down in Ca®*
recovery rate. Inactivating NCX by omitting external Na*
[replaced by N-methyl-p-glucamine™ (NMDG")] delayed Ca®*
recovery in response to both low and high capsaicin stimulation,
yet in the latter condition the recovery phase was less affected
(Fig. 4G; reduction in declining rate, 0.008 + 0.002 dF/Fy/min for
10 Cap, vs. 0.013 + 0.003 dF/Fy/min for 1 Cap vs.; n = 7 cells for
each condition, P < 0.05). This observation suggests that the
operating activity of NCX is compromised upon high capsalcln
challenge, which together with the greater amount of Ca’
flux, contributes to the delayed recovery in evoked Ca®* mgnalq

Synaptotagmin Regulation of TRPV1 Recycling. To understand the

mechanism underlying Ca®*-regulated TRPV1 recycling over
tachyphylaxis induction, we studied the role of synaptotagmin
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Interim pause facilitates the restoration of whole-cell TRPV1 currents. (A) Whole-cell recording of a TRPV1-expressing HEK 293 cell. Desensitization was

induced by 10 uM capsaicin (1.8 mM Ca®*) over shorter periods (12 s, Top; 6 s, Bottom). (B) Dose—response curves of whole-cell currents during tachyphylaxis
period. Data from briefer stimulation are compared with those obtained after normal stimulation durations (~60 s, gray traces). (C) After tachyphylaxis induced by
1 pM capsaicin, current was hardly triggered by similar stimulation. A 5-min pause helped the recovery of whole-cell current to the pretachyphylaxis level. (D)
Facilitating effect of interim pause seen for 10 pM capsaicin-evoked desensitization. The facilitation was further enhanced by a longer pause period (5 min + 5
min; E). (F) Dose-response curves of whole-cell TRPV1 currents of different conditions, normalized to their initial reference current. Solid lines are fits to the Hill
equation (n = 6-10 cells for each condition). The pipette solution contained 3 mM Na,ATP and 3 mM Mg ATP. Error bars, SEM.

(Syt) proteins that serve as Ca>* sensors in subcellular trafficking
(24). Syt1 and Syt9 have been shown to interact with TRPV1 at
the protein level by coimmunoprecipitation (co-IP) (18). We
confirmed this result (Fig. 54), and further found that Syt9
showed little effect on whole-cell TRPV1 responses during
tachyphylaxis (S Appendix, Fig. S6 A and B). Expression of Sytl
together with TRPV1 in HEK cells, albeit still leaving unchanged
tachyphylaxis responses induced by high capsaicin (10 pM), fa-
cilitated the current recovery for low capsaicin-induced tachy-
phylaxis (1 uM, Fig. 5 B and C, light blue vs. gray circle). This
effect was prevented when mutating Sytl to inactivate its Ca**
-binding site [Syt1(4D/N)] (25) (Fig. 5C). Moreover, light-sheet
imaging revealed a facilitating effect of Sytl on TRPV1 expres-
sion recovery following 1 pM, but not 10 pM capsaicin stimula-
tion (Fig. 5 D and H). These results suggest that Syt regulates
fast TRPV1 recycling as triggered by low-dose capsaicin, while
playing a marginal role in the slow recycling process following
high capsaicin stimulation. This resembles the established role of
Sytl in regulating fast exocytosis near the plasma membrane
(24). We also noted that Syt1 was preferentially expressed on cell
surface (ST Appendix, Fig. S7), suggesting the subplasmalemmal
occurrence of fast TRPV1 recycling.

Strong stimulation has been found to trap TRPV1 channels in
intracellular endosomal and lysosomal networks (19). We ob-
served a delayed recycling of TRPV1 upon high-dose capsaicin
stimulation, which possibly involves the traveling through cyto-
solic compartments. Among Syt proteins, Syt7 orchestrates the
trafficking and fusion of endosomal and lysosomal compart-
ments (26, 27). We found that though not directly interacting

Tian et al.

with TRPV1 (Fig. 5E), Syt7 expression inhibited the recovery of
whole-cell TRPV1 current during high capsaicin-induced tachy-
phylaxis (Fig. 5 F and G, light red vs. gray triangle). This effect was
abolished by inactivating the Ca**-binding site [Syt7 (4D/N)]
(Fig. 5G), and not seen with the Ca®*-insensitive Syt4 (28) (Fig.
5E and ST Appendix, Fig. S6 C and D). In contrast, Syt7 showed a
marginal effect on the desensitization responses evoked by low-
dose capsaicin (Fig. 5G). Light-sheet imaging showed that Syt7
selectively inhibited TRPV1 recycling upon high (10 pM), but
not low (1 pM) capsaicin stimulation (Fig. 5H vs. Fig. 5D). Given
the role of Syt7 in endosomal and lysosomal trafficking, our
results likely reflect that Syt7 via enhancing interorganelle fusion
hindered the targeted redelivery of TRPV1 to the plasma mem-
brane. Also distinct from Sytl, Syt7 was expressed throughout cell
cytoplasm, compatible with its role in intracellular trafficking (57
Appendix, Fig. ST). Together, these results suggest that Syt7 regulates
slow TRPV1 recycling during high capsaicin-induced tachyphylaxis.

Discussion

Tachyphylaxis is therapeutically relevant for pain treatment, in
conditions barely tractable by conventional analgesics (3, 29).
We show here that stimulation strength shapes the extent of
whole-cell tachyphylaxis, as modulated by TRPV1 recycling (S/
Appendix, Fig. S8). The observation that a persistent reduction in
TRPVI1 responses requires high-intensity stimuli provides a
mechanistic basis for the need of large-dose capsaicin in tackling
neuropathic pains (29). Exocytic insertion of TRPV1 has been
suggested to tune channel expression levels in a Ca**- and
SNARE-dependent manner (1, 11, 13, 18, 30-32). Relatively,

PNAS | March 12,2019 | vol. 116 | no.11 | 5173

PHYSIOLOGY

173



TRPV1-pHIuorin Rhod-2 . -
04 4y ® I
03 3308

pep
02 £ g 0.4
01 %502 |j
00 £ &o0
1M 10 uM 1uM10 uM
Capsaicin Capsaicin
5min after stimulation
0.0

Ad a A
4 A A
A

Aop

<
/|
N

A

00 02 04 06 08 10
Ca”" (fraction of peak)

TRPV1-pHiuorin (dF/Fg) O ca™ peak (dF/F,) )

0 05 1Ca 1Cap
=

Capsaicin
& ;
~
Is ~-CTR
100 - NCX inhibition

200 400 600
Time (s)

1 Cap10 Cap

Fig. 4. Ca®' signals during stimulation strength-gated TRPV1 recycling. (A)
Representative images of HEK 293 cells expressing TRPV1-pHluorin and
loaded with the red Ca’* dye Rhod-2, AM. (B) Fluorescence time courses of
TRPV1-pHluorin and Rhod-2 in response to 1 yM and 10 uM capsaicin, re-
spectively. A single trace denotes an individual cell, and fluorescence change
is expressed as dFfFo. (C) Peak amplitude of Ca®* signals and the Ca* levels
at 5 min after the stimulation onset (n = 9 for 1 pM, 6 for 10 pM capsaicin).
(D) Scatter plot showing the apparent loss in TRPV1 surface expression
against the corresponding Ca®" levels, both measured at 5min post the
stimulation. (E) TRPV1-pHIluorin recycling triggered by 10 pM capsaicin in
different concentrations of Ca®* (n = 6-8 cells for each condition). (F) Ca®*
signals evoked by 1 uM and 10 M capsaicin in cells with ER Ca®* ATPase
inhibited by thapsigargin (0.5 pM, pretreatment 10 min, n = 8 cells for each
condition). (G) Differential alteration in the declining phase of low and high
capsaicin-evoked CaZ* signals upon NCX inhibition (n = 6-10 cells for each
condition). (Scale bar, 10 ypm.)

little is known on TRPV1 endocytic retrieval, though steady-
state examination a few minutes apart showed intracellular
TRPV1 accumulation over capsaicin stimulation (19). Also,
previous results were mostly obtained from antibody-based
assays in fixed cells or extracted tissues. By light-sheet micros-
copy and TRPV1-pHluorin, we achieved real-time imaging of
TRPV1 recycling at layers away from the cell-coverslip adhesion
site. This helps to avoid potential interference of certain adhe-
sive substrates (e.g., polylysine) to TRPV1 activity (12).

‘We revealed a tunable coupling between TRPV1 endocytosis
and exocytosis over strength-memorizing tachyphylaxis. The time
scale of TRPV1 endocytosis is comparable to that found for
clathrin-mediated endocytosis, in the order of tens to one hun-
dred seconds (33). Activity-gated recycling imposes a net effect
on TRPV1 surface expression, whereby whole-cell responses
over tachyphylaxis. Recent study by total internal reflection
fluorescence microscopy reveals that mobile TRPV1 in the
plasma membrane becomes abruptly static upon activation (34),
implying a preceding step to confine TRPV1 on endocytic sites
for intracellular translocation. Fluorescence resonance energy
transfer unveiled TRPV1 in subplasmalemmal caveolar struc-
tures (35), suggesting their implication in channel endocytosis.

5174 | www.pnas.orgiegi/doif10.1073/pnas. 1819635116

The present TRPV1-pHIuorin labeling does not appear as an
idea ring on the cell surface, likely because the light sheet has a
thickness in the order of several microns and still collects certain
amount of out-of-focus fluorescence. Also, pHluorin could be
weakly fluorescent in organelles with moderate acidic levels (e.g.,
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Fig. 5. Synaptotagmin regulation of TRPV1 recycling. (4) Interaction of Syt1
and Syt9 with TRPV1. Immunoprecipitation (IP, with anti-FLAG) and immu-
noblot analysis (with anti-FLAG and anti-GFP) of HEK 293 cells transfected
with plasmids as indicated. Molecular weight standards (MW, in kDa) are
shown on the left. (B) Whole-cell currents in HEK cells coexpressing TRPV1
and Syt1 in response to 1 uM and 10 uM capsaicin, respectively. (C) Pooled
dose-response curves showing Syt1 facilitation of current recovery during
1 uM capsaicin-induced tachyphylaxis (biue vs. gray open circle, n = 6-7 cells
for each condition; solid lines are fitting by Hill equation). Gray traces are
without Syt1. (D) Low capsaicin-evoked TRPV1 recycling was facilitated by
Syt1, but not by Syt7 (n = 8-10 cells for each condition). TRPV1-pHluorin and
red fluorescent Syt1-tdTomato were coexpressed in HEK cells, with the ab-
sence of cross-talk verified (S/ Appendix, Figs. S5 and S7). (E-G) Parallel ex-
periments to examine the interaction of TRPV1 with Syt7 and Syt4, and
record their impact on whole-cell TRPV1 currents (n = 6-8 cells for the
pooled dose-response curves). (H) Light-sheet imaging of TRPV1 recycling
upon 10 uM capsaicin stimulation, which was retarded by Syt7 expression
(Syt7-tdTomato; n = 9-12 cells for each condition).
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~6.3 in endosomes) (36, 37), thereby adding background signals
to TRPV1-pHluorin imaging. We detected barely the recovery in
TRPV1-pHluorin fluorescence upon high capsaicin stimulation
in DRG neurons. It is possible that transfection of TRPVI-
pHluorin in neurons may not fully substitute endogenous TRPV1
channels. Their interaction with regulatory proteins for subcellular
trafficking (e.g., SNAREs and synaptotagmins) might also be
tighter than TRPV1-pHluorin, which to some extent compromises
the recycling rate of TRPV1-pHluorin.

Distinct Ca®* signals were found during tachyphylaxis in-
duction and TRPV1 recycling. High-dose capsaicin triggered
relatively greater Ca”" influx, reminiscent of TRPV1 pore di-
lation that is suggested to augment channel conductance and
alter ion selectivity upon strong stimulation (38) (but see ref. 39).
The effect of high-dose capsaicin on NCX Ca?* export could be
due to the possible disturbance of capsaicin, as a lipophilic
molecule (2), to the local lipid environment of NCX, a factor
known to alter its activity (40). In relaying Ca®* signals to sub-
cellular trafficking, members of Syt protein family behave as
Ca®* sensors (24). We show intriguingly that Sytl and Syt7
regulate the fast and slow TRPV1 recycling, respectively, in a
condition-specific manner. Thus, different trafficking routes are
recruited by stimuli of varied strengths to regulate whole-cell
TRPV1 tachyphylaxis (SI Appendix, Fig. S8). This finding also
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suggests the influence of Ca** on TRPV1 trafficking going be-
yond the subplasmalemmal zone.

Materials and Methods

The wild-type rat TRPV1 ¢DNA was generously provided by Dr. Feng Qin
(State University of New York at Buffalo). TRPV1-615-pHluorin GFP (Insertion
of pHluorin GFP gene after No. 614 residue of TRPV1) was made using the
overlap-extension PCR method as previously described (41). Patch-clamp
recordings were made in whole-cell configuration using an EPC10 ampli-
fier (HEKA). Light-sheet imaging was performed using a wide-field upright
microscope (Zeiss Axioskop 50) and an independent optical module (Alpha3
light sheet add-on, Zeiss EC EPIPlan x10, 0.25NA) (S/ Appendix, Fig. S2A).
Detailed methods are provided in S/ Appendix.
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Recovery from tachyphylaxis of TRPV1 coincides with recycling to the surface
membrane

Quan Tian, Juan Hu, Chang Xie, Kaidi Mei, Cuong Pham, Xiaoyi Mo, Régine Hepp,
Sylvia Soares, Fatiha Nothias, Yuanyuan Wang, Qiang Liu, Fen Cai, Bo Zhong,
Dongdong Li, Jing Yao

S| Materials and Methods

Expression constructs and transfection in HEK 293 cells. The wild-type rat

TRPV1 cDNA was generously provided by Dr. Feng Qin (State University of New York

at Buffalo, Buffalo). Enhanced green fluorescent protein (EGFP)-TRPV1 and

TRPV1-615-pHIluorin GFP (Insertion of pHIuorin gene after No. 614 residue of TRPV1)
were made using the overlap-extension polymerase chain reaction (PCR) method as

previously described (1). Synaptotagmin 1 (Syt1) and Syt9 were kindly provided by Dr.
Zhengxing Wu (Huazhong University of Science and Technology), and Syt4 and Syt7

by Dr. Liangyi Chen (Peking University). DNAs encoding Syt1 (D230N, D232N,

D363N, and D365N) and Syt7 (D225N, D227N, D357N, and D359N), represented by

Syt1(4D/N) and Syt7(4D/N) respectively, were made by standard overlap-extension

PCR. All recombinant constructs were verified by DNA sequencing. HEK 293 cells

were grown in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific,
MA, USA) containing 4.5 mg/ml glucose, 10% heat-inactivated fetal bovine serum

(FBS), 50 units/ml penicillin, and 50 ug/ml streptomycin, and were incubated at 37 °C

in a humidified incubator gassed with 5% CO.. Cells at a confluence of ~80% were

transfected with the desired DNA constructs using calcium phosphate precipitation

method as described previously (1). Transfected HEK 293 cells were reseeded on 12

mm round glass coverslips coated by poly-L-lysine. Experiments took place ~12-24 h

after transfection.

Isolation of dorsal root ganglion (DRG) neurons. The animal protocol used in this
study was approved by the Institutional Animal Care and Use Committee of Wuhan
University, and in accordance with European Community guiding principles on the
care and use of animals (86/609/CEE). Primary culture of DRG neurons were
prepared as previously described with minor modification for imaging (2), and for
electrophysiology (3). Taking the latter as an example, briefly, six to eight-week-old
adult C57 male mice were deeply anaesthetized and decapitated. DRGs, together
with dorsal-ventral roots and attached spinal nerves were taken out from the spinal
column. After removing the attached nerves and surrounding connective tissues,
about 10-14 DRGs from thoracic and lumbar segments of spinal cords were rapidly
dissected and cleaned in Ca?*/Mg?*-free Hank's balanced salt solution (HBSS).
Ganglia were dissociated by enzymatic treatment with collagenase type IA (1 mg/ml),
trypsin (0.4 mg/ml) and DNase | (0.1 mg/ml) and incubated at 37 °C for 40 min. Gentle
mechanical trituration were performed every 10 min through fire-polished glass
pipettes until solution became cloudy. The resulting suspension of single cells was

1
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collected by centrifuge. Then cells were seeded onto poly-L-lysine—coated coverslips,
maintained in DMEM (Gibco, Thermo Fisher Scientific, MA, USA) containing 10%
heat-inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific) and 1%
penicillin/streptomycin, and cultured at 37 °C in a humidified incubator with 5% CO..
Patch-clamp recordings were carried out ~12—24 hrs after plating. TRPV1-pHluorin
was transfected into DRG neurons with Lipofectamine 2000 (Invitrogen) following the
protocol provided by the manufacturer.

Electrophysiology. Patch-clamp recordings were made in whole-cell configuration.
For the recombinant expressing system, green fluorescent EGFP was used as a
marker for gene expression. Recording pipettes were pulled from borosilicate glass
capillaries (World Precision Instruments), and fire-polished to a resistance between
2—-4 MQ when filled with internal solution containing (in mM) 140 CsCl, 2.0 MgClz, 5
EGTA, 10 HEPES, pH 7.4 (adjusted with CsOH). The zero Ca?" bath solution for

whole-cell recording from HEK 293 cells contained (in mM): 140 NaCl, 5 KCI, 3 EGTA,

and 10 HEPES, pH 7.4 adjusted with NaOH. The control solution containing
physiological 1.8 mM Ca?* contained (mM): 140 NacCl, 5 KCI, 1.8 CaCl,, and 10
HEPES, pH 7.4 (adjusted with NaOH). For recording in DRG neurons, the bath
solution contained the following (in mM): 140 NaCl, 5 KCI, 2 MgCl,, 2 CaCl, 10
glucose, 10 HEPES, pH 7.4 adjusted with NaOH and the pipette solution contained
(in mM): 140 CsCl, 5 EGTA, and 10 HEPES, pH 7.3 adjusted with CsOH. Na*/Ca?*
exchanger was inhibited by the bath solution of zero Na*, in which Na* was replaced
by an equal molar amount of N-methyl-D-glucamine (NMDG), with osmolarity and pH
controlled to match the control bath solution. Isolated cells were voltage clamped in
the whole-cell mode using an EPC10 amplifier (HEKA, Lambrecht, Germany).
Voltage commands were made from the Patchmaster program. For a subset of
recordings, currents were amplified using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA) and recorded through a BNC-2090/MIO acquisition system
(National Instruments, Austin, TX) using a homemade program, QStudio developed
by Dr. Feng Qin at State University of New York at Buffalo. Whole-cell recordings
were typically sampled at 5 kHz and filtered at 1 kHz. Exchange of external solutions
was performed using a gravity-driven local perfusion system. As determined by the
conductance tests, the solution around a patch under study was fully controlled by the
application of a solution with a flow rate of 100 pl/min or greater. Capsaicin or
capsazepine were dissolved in pure ethanol to make a stock solution. All the stocks
were diluted in the bath solution to the desired concentrations right before the
experiment. The final concentrations of ethanol did not exceed 0.3%, which had no
effect on the currents. Unless otherwise noted, all chemicals were purchased from
Sigma (Millipore Sigma, St. Louis, MO). All patch-clamp recordings were made at
room temperature (22-24 °C).

Imaging and fluorophores. Light-sheet imaging was performed based on a
wide-field upright microscope (Zeiss Axioskop 50, Germany) equipped with
water-immersion objectives. Epifluorescence excitation from a monochromator light
source (Polychrome II, TILL Photonics, Germany) was coupled to the imaging
objective via an optical fiber. The fluorescence signal was collected using a digital
electron-multiplying charge-coupled device (EMCCD Cascade 512B, Photometrics).

The in-focus light-sheet was generated from a 473-nm or a 561-nm DPSS laser

2
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(CNI, China), coupled via a wavelength combiner (Thorlabs) to an independent
optical module (Alpha3 light sheet add-on, Phaseview, France), that was orthogonally
positioned and equipped with an air objective (Zeiss EC EPIPlan %10, 0.25NA) (Fig.

S2B). The center thickness of the light sheet was estimated in the order of 1-2 ym (4):
2)

w = e (1)
where A is the wavelength of the excitation light, and NA the numerical aperture of the
excitation objective. A chamber for light-sheet excitation was designed using 3D
modeling program (Trimble SketchUP; Fig. S2B), with a dimension (mm): 20 wide x
30 high x 46 long. It was constructed by a Mojo 3D printer (STRATASYS, USA) using
acrylonitrile butadiene styrene material and the fused deposition modeling procedure
at 100-uym z-step. Two 22x22 mm glass coverslips (#1, Erie Science Company, USA)
were glued (Dow Corning GmbH, Germany) to each side of the chamber thereby
enabling the lateral illumination of the cells by light sheet. The chamber was mounted
on a motorized PI translation stage (Physik Instrumente GmbH, Germany) driven by
computer. Laser excitation and image acquisition were controlled by MetaMorph
(Molecular Devices, USA).

The red-fluorescent Ca?* indicator Rhod-2, AM (FluoProbes) was dissolved in
Pluronic F-127 (20%) DMSO solution to prepare the stock solution. To load the Ca?*
indicator into HEK 293 cells and DRG neurons, they were incubated in the
extracellular solution containing a final concentration of 1 uM Rhod-2, AM, for 10 min.
Then, cells were continuously washed with dye-free solution for at least 30 min prior
to imaging. To simultaneously image TRPV1-pHIluorin trafficking and cytosolic Ca?*
signals, we used dual-excitation (473-nm and 561-nm laser lines) and dual-emission
protocol, with a double-band dichroic (Semrock Di03-R488/561) and emission filter
combination (Semrock FF01-523/610) being used (Fig. S5A). The calcium and
pHluorin signals were analyzed within the same ring-shape region of interest (ROI),
traced along the near-membrane region while excluding the nucleus hole by Image J
software (NIH).

Co-immunoprecipitation and immunoblot. Denaturing immunoprecipitations were
performed as previously described (5). In brief, cells transfected with the desired
plasmids were washed with ice-cold PBS and lysed in Nonidet P-40 lysis buffer
containing 150 mM NaCl, 1mM EDTA, 1% Noidet P-40, 1% proteinase and
phosphatase inhibitor cocktail (Bimake), and boiled at 95 °C for 15 min. Cell lysates
were subjected to SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
elecgtrophoresis) and immunoblot analysis were performed with corresponding
antibodies. For immunoprecipitation assays, the lysates were precipitated with the
appropriate antibodies, and the precipitants were washed three times with lysis buffer
containing 50 mM Tris—HCI, 150 mM NaCl, 1% TritonX-100, and 500 mM NaCl,
followed by immuncblot analysis. Anti-DYKDDDDK tag antibody (mouse, B23102) for
testing the expression of FLAG tagged proteins was got from Bimake, anti-GFP
antibody (rabbit, HT801), anti-HA antibody (rabbit, E022180) and anti-FLAG antibody
(rabbit, RG001060) were purchased from TransGen Biotech, EarthOx Life Sciences
and Solarbio, respectively.

Statistics. Electrophysiological data were analyzed offline with Clampfit (Molecular
3
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Devices), IGOR (Wavemetrics, Lake Oswego, OR, USA), SigmaPlot (SPSS Science,
Chicago, IL, USA) and OriginPro (OriginLab Corporation, MA, USA). For
dose-response analysis, the modified Hill equation was used: Y =A1+ (A2-A1)/[1 +
10M(logECso0 — X)*n4#], in which ECso is the half maximal effective concentration, and
n4 is the Hill coefficient. Unless stated otherwise, the data are expressed as mean +
standard error (SEM), from a population of cells (n), and t-test used for testing the
significance of p values. Significant difference is indicated by a p value less than 0.05
(*p <0.05, **p < 0.01).
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Fig. 81. TRPV1-pHluorin displays identical functional properties to wild-type
TRPV1. (A-B) Tachyphylaxis induced by 1 uM and 10 uM capsaicin, respectively.
Whole-cell recordings were made at Vi = -60 mV from HEK 293 cells transfected with
TRPV1-pHIluorin. Cells were bathed in Ca?*-free solution, and the pipette solution
contained no ATP. (C) Dose-response curves for TRPV1-pHluorin and wild-type
TRPV1. Data were normalized to the initial 1 uM capsaicin reference response in
each recording. Solid lines are fits to the Hill equation with EC50 = 0.19 + 0.1 uM and
ny = 2.1 + 0.1 for TRPV1-pHIuorin before tachyphylaxis (n = 6), EC50 =5.9 + 0.4 uM
and ny = 2.0 + 0.3 for TRPV1-pHluorin after 1 yM Cap + 1.8 Ca?* stimulation (n = 7),
and EC50 = 6.0 £ 0.5 uM and nx = 1.9 + 0.4 for TRPV1-pHIluorin after 10 uM Cap +
1.8 Ca?* stimulation (n = 7). For comparison, dose-response curves of wild-type
TRPV1 are displayed on gray background. (D) The dose-response curves of defined
conditions normalized to their intrinsic maximum. All electrophysiological recordings
were from transiently transfected HEK 293 cells held at -60 mV. Cap, capsaicin. Error
bars represent SEM.
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exocytosis and endocytosis trafficking (right). (B) Light-sheet imaging reduces
out-of-focus fluorescence and improves image contrast. The optical sectioning was
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achieved by orthogonal light sheet generated by converging laser beam through the
excitation objective (x10, 0.25NA). Linescan profile is shown for representative
epifluorescence and light-sheet image, respectively. (C) TRPV1-pHluorin undergoes
activity-dependent trafficking. High-dose capsaicin (30 uM) was applied to establish a
maximal level of channel trafficking. (D) TRPV1-pHluorin endocytosis interfered by
hypertonic solution. (E) Removing Ca?* from extracellular solution inhibited both the
exocytosis and endocytosis of TRPV1-pHluorin. (F) Endocytosis-induced
TRPV1-pHIluorin fluorescence diminution under different conditions, quantified as the
drop fraction of the baseline at the time point of 60 s after the start of the stimulation
[n = 6 cells for control (CTR), 9 cells for hypertonicity, 10 cells for 0 Ca?*]. Scale bars,
10 pm.
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Fig. $3. Time courses of whole-cell currents and activity-gated recycling of
TRPV1-pHluorin during tachyphylaxis induction. The typical whole-cell recording of
HEK 293 cells expressing TRPV1-pHluorin is counter plotted with its trafficking
fluorescence signals (taken from Fig 2), over the same time window. The reduction in
whole-cell responses correlates with the extent of loss in TRPV1-pHluorin surface
expression, for both 1 yM (A) and 10 pM (B) capsaicin stimulation.
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Fig. S4. TRPV1 undergoes strength-memorizing tachyphylaxis in DRG neurons.
(A-B) Whole-cell currents recorded before (the first current as the reference), during
and after 1 uM (A) or 10 uM capsaicin (B) stimulation with 1.8 mM Ca?*. During high
capsaicin-induced tachyphylaxis, stimulations of similar strengths evoked relatively
weak whole-cell currents. This confirms the observations made in HEK 293 cells.
(C-D) Average bars of current peak amplitude. Following tachyphylaxis induced by 1
puM capsaicin and 1.8 mM Ca?" (C), 10 uM capsaicin remained to evoke an
approximately half-maximum whole-cell current, while 10 uM capsaicin at pH 6 or 100
uM capsaicin gave a robust full maximum response (blue bars), relative to the
reference responses obtained in pre-tachyphylaxis condition (gray bar). Yet after 10
uM Cap + 1.8 Ca? stimulation (D), the whole-cell current became not only
irresponsive to 1 uM capsaicin but also to 10 uM capsaicin, and only partially
responsive to 10 pM capsaicin plus pH 6 (51 & 5% to the initial 1 uM capsaicin
response, n = 8), and 100 uM capsaicin (21 £ 5% to the initial 1 uM capsaicin
response, n = 16). (E) Light-sheet imaging of primary mouse DRG neurons
expressing TRPV1-pHluorin, challenged by 1 yM (n = 6 neurons) and 10 uM
capsaicin (n = 5 neurons) in the presence of external Ca?* (1.8 mM), respectively. (F)
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Comparison of capsaicin-induced maximal loss in TRPV1-pHluorin surface
expression (left), and the TRPV1-pHluorin expression levels at 5 min after stimulation.
Scale bar, 10 ym.
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Fig. 85.  Cross-talk control for dual-color imaging. (A) Filter set selected according
to the normalized spectral profiles of GFP (for the pH mutant, pHluorin) and Rhod-2
(Ca?* indicator; both adapted from Thermo Fisher Scientific). (B) Experimental
validation of the absence of cross-talk for dual-color imaging TRPV1-pHluorin and
Rhod-2. In cells expressing only one fluorophore (TRPV1-pHluorin or Rhod-2),
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showed no significant cross-talk fluorescence signals to another imaging channel.
Scale bars, 10 pm.
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Fig. §6.  Neither Syt9 nor Syt4 affects whole-cell current recovery during
tachyphylaxis. (A) Whole cell recordings were made at Vi = -60 mV from HEK 293
cells transfected with TRPV1 and Syt9, and tachyphylaxis induced by 1 pM or 10 pM
capsaicin, in the presence of 1.8 mM Ca?". (B) Dose-response curves with and
without Syt9 (n = 6 for each). Data were normalized for each cell by its initial response
to 1 uM capsaicin. The gray traces are without Syt9, and from left to right represent
dose-response curves obtained before tachyphylaxis, during tachyphylaxis induced
by 1 uM and 10 yM capsaicin, respectively. (C — D) Parallel experiments from cells
cotransfected with TRPV1 and Syt4, in response to 1 uM (n = 6) or 10 yM capsaicin
(n=7). Cap, capsaicin. Error bars, SEM.

10

185



A

B TRPV1-pHIuorin

Red-channel Geen-channel Syt1-tdTomato

Syt1-tdTomato

TRPV1-pHIuorin

Syt7-tdTomato
Red-channel Geen-channel

Syt7-tdTomato
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from Syt1- and Syt7-tdTomato to TRPV1-pHluorin channel. HEK 293 cells only
expressing Syt1/7-tdTomato were used. (B) Co-expression of TRPV1-pHluorin and
Syt1- or Syt7-tdTomato in HEK 293 cells. Scale bars, 10 ym for A and 5 ym for B.
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Conference communications:
Oral communications:

Sept 2018 2nd thematic days of the neuroendocrinolgy society (SNE), Paris, France.
Hypothalamic region-specific astrocyte regulation of glucose homeostasis and energy balance.
Herrera Moro Chao D, Pham C, Foppen E, Le Thuc O, Denis R, Gangarossa G, Koekkoek L,
Castel J, Morel C, Corsini S, Garcia-Caceres C, Martin C, Li D, Tschop M, Luquet S
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Oct 2018 French Club of Glial Cells — Annual Meeting. Mapping astrocytes calcium
domains by light-sheet imaging and spatio temporal correlative screening. Pham C, Li D

June 2019 BFA Young Researcher’s meeting. Physiology: from basic to applied
research, Paris, France. Hypothalamic region-specific astrocyte regulation of glucose
homeostasis and energy balance. Herrera Moro Chao D, Pham C, Foppen E, Denis R, Castel
J, Morel C, Chi-Bui Lihn, Koekkoek L, Bagci E, Berland C, Montalban E, Hassouna R,
Gangarossa G, Le Thuc O, Garcia-Caceres C, Tschop M, Li D, Martin C, Luquet S

Poster communications:

July 2019 European Glia Meeting: Mapping astrocyte calcium domains by light sheet
imaging and spatio-temporal correlation screening. Pham _C, Herrera Moro D, Mouffle C,
Didienne S, Hepp R, Pfrieger F W, Mangin JM, Legendre P, Martin C, Luquet S, Cauli B, LiD.

April 2019 EMBO Workshop: Organ Crosstalk in energy balance and metabolic disease.
Cadiz, Spain. Hypothalamic region-specific astrocyte regulation of glucose homeostasis and
energy balance. Herrera Moro Chao D, Pham C, Foppen E, Denis R, Castel J, Morel C,
Koekkoek L, Bagci E, Berland C, Montalban E, Hassouna R, Gangarossa G, Le Thuc O, Garcia-
Caceres C, Tschop M, Li D, Martin C, Luquet S

April 2018 2nd German-French Conference on Diabetes Research, Berlin, Germany.
Hypothalamic region-specific astrocyte regulation of glucose homeostasis and energy balance.
Herrera Moro Chao D, Pham C, Foppen E, Le Thuc O, Denis R, Gangarossa G, Koekkoek L,
Castel J, Morel C, Corsini S, Garcia-Caceres C, Martin C, Li D, Tschop M, Luquet S

July 2018 International Congress of Neuroendocrinology, Toronto, Canada.
Hypothalamic region-specific astrocyte regulation of glucose homeostasis and energy balance.
Herrera Moro Chao D, Pham C, Foppen E, Le Thuc O, Denis R, Gangarossa G, Koekkoek L,
Castel J, Morel C, Bagci E, Corsini S, Garcia-Caceres C, Martin C, Li D, Tschop M, Luquet S

Sept 2018 6" Helmholtz Diabetes Conference. Munich, Germany. Hypothalamic
region-specific astrocyte regulation of glucose homeostasis and energy balance. Herrera Moro
Chao D, Pham C, Foppen E, Le Thuc O, Denis R, Gangarossa G, Koekkoek L, Castel J, Morel
C, Bagci E, Corsini S, Garcia-Caceres C, Martin C, Li D, Tschop M, Luquet S

Imaging Caz; signals in hypothalamic astrocytes in diet induced obesity. Pham C, Herrera
Moro Chao D, Mouffle C, Garcia-Caceres C, Martin C, Tschop M, Luquet S, Li D

Sept 2018 2" thematic days of the neuroendocrinolgy society (SNE). Imaging Ca?* signals
in hypothalamic astrocytes in diet induced obesity. Pham C, Herrera Moro Chao D, Mouffle
C, Garcia-Caceres C, Martin C, Tschop M, Luquet S, Li D
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Academic laureats from the PhD study:
France Alzheimer Foundation, Individual Fellowship, 2021-2022

Japan Society for the Promotion of Science (JSPS) — CNRS Summer program, 2022
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