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Abstract

Hypothalamic astrocytes have recently emerged as a specialized glial cell population in the
neuroendocrine control of metabolism, particularly affected in diet-induced obesity. Therefore,
| here investigated their distinctive molecular responses over other brain region-derived
astrocyte sources, as well as their individual and spatial alterations in the arcuate nucleus of the
hypothalamus (ARC), following the exposure to a high-fat high-sugar (HFHS) diet. Using bulk-
RNA sequencing and proteomic studies, | here showed that astrocytes are strongly influenced
by their anatomical origin, which encodes HFHS diet-induced transcriptomic modifications,
with a major proteomic switch in hypothalamic astrocytes. By sequencing ARC RNA at a
single-cell resolution, | observed that astrocytes represent the cell type with the most affected
transcriptomic response to a HFHS diet, compared to neurons and other ARC cells.
Furthermore, astrocytes expressing Glial Fibrillary Acidic Protein (GFAP) and Aldehyde
Dehydrogenase 1 Family Member L1 (Aldh1L1) increase in their number, and change their
spatial distribution in the ARC in response to a HFHS diet. Finally, | revealed that calcium
signaling and astrocyte-specific Sonic Hedgehog (Shh) molecular pathway play a role in the
HFHS diet-induced increased number of GFAP positive cells within the ARC, as well as in the
short-term body weight gain. Overall, these results highlight region-dependent molecular
distinctions of hypothalamic astrocytes in response to a HFHS diet, which might define their

selective vulnerability and contribution to the development of diet-induced obesity.



Zusammenfassung

Astrozyten des Hypothalamus sind besonders betroffen bei Diét-induziertem Adipositas und
ihre Relevanz als speziallisierte Glia Population fir die neuroendokrine Kontrolle des
Stoffwechsels wird zunehmend erkannt. Daher habe ich ihre charakteristischen molekularen
Antworten im Vergleich mit Astrozyten aus anderen Hirnregionen, sowie ihre individuellen
und regionsspezifischen Veranderungen im Nucleus arcuatus des Hypothalamus (ARC) nach
Immission einer Hochfett-Hochzucker (HFHZ) Diét untersucht. Mit Hilfe von Standard RNA
Sequenzierung und Proteom Studien habe ich dargestellt, dass Astrozyten stark von ihrem
anatomischen Ursprung beeinflusst sind, der ihre HFHZ Diét induzierten Modifikationen des
Transkriptoms definiert und in hypothalamischen Astrozyten mit einem Umbau des Proteoms
einher geht. Durch die Sequenzierung von RNA aus dem ARC auf Einzel-Zell Ebene konnte
ich feststellen, dass Astrozyten, im Verglich zu anderen Zelltypen wie Neuronen und anderen
ARC Zellen, die starkste transkriptionelle Antwort auf die HFHZ Diat zeigen. AulRerdem erhoht
sich die Zahl an Glial Fibrillary Acidic Protein (GFAP) und Aldehyde Dehydrogenase 1 Family
Member L1 (Aldh1L1) exprimierenden Astrozyten und ihre regionale Verteilung im ARC
andert sich. Zuletzt habe ich aufgedeckt, dass astrozytare Calcium Signale und ein Astrozyten-
spezifischer Sonic Hedgehog (Shh) Molekularweg bei der durch die HFHZ-Diat induzierte
Erhdhung der GFAP positiven Zellen im ARC und einem kurzfristigen
Korpergewichtszuwachs eine Rolle spielt. Zusammengefasst unterstreichen diese Ergebnisse
die regionsabhangigen molekularen Charakteristika von hypothalamischen Astrozyten als
Antwort auf eine HFHZ Diat, was ihre selektive Verletzbarkeit und ihren Beitrag zur

Entwicklung von Diat-induziertem Adipositas bestimmen konnte.
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1. Introduction

1.1. Astrocytes: a heterogeneous population in the brain

1.1.1. Discovery and initial classification of glial cells

The discovery of the existence of glial cells starts in 1846, when Rudolf Virchow used for the
first time the term “neuroglia” to name the connective tissue he observed to embed the neural
elements of the brain (Virchow, 1846). Its role was thought to be merely structural, a “cement”
in the brain holding the functionally relevant “nerve” together. Between the end of the 19"
century and the beginning of the 20" century, Otto Deiters (Deiters and Schultze, 1865), Gustaf
Retzius (Retzius, 1894; Savtchouk and Volterra, 2018; Srinivasan et al., 2015), Camillo Golgi
(Golgi, 1903), and others started to classify glia diversity depending on their form and size. The
first glia classification was established by Albert Kolliker (Kolliker and Ebner, 1889; Rakers
and Petzold, 2017; Petravicz, Boyt and McCarthy, 2014) and William Lloyd Andriezen
(Andriezen, 1893), who divided those cells in “fibrous glia” and “protoplasmic glia” based on
their morphology features. In 1893, Michael von Lenhossék described a subtype of neuroglial
cell characterized by a star-like shape, and named as “astrocyte” (Lenhossék, 1893). This term
was successively used by Ramon y Cajal to refer to both fibrous and protoplasmic glia (Ramén
y Cajal, 1909) until he developed the sublimated gold chloride staining (y Cajal, 1913) to
visualize both astrocytic types. This technique allowed Ramon y Cajal to confirm Golgi’s
previous observations, revealing the intimate association of astrocytes with blood vessels and
neurons in the brain. The following years were characterized by a meaningful technological
progress in the brain study, but only neuronal research benefited from it, while glial cells were
considered less relevant and thus essentially ignored. Despite Ramon y Cajal pioneered several
studies, most of the research was focused on solely examining the role of neurons for
understanding brain physiology and function, while the study of glial cells remained in the
shadows for many years. In the last past decades, the simplistic “neurocentric” view gradually
disappeared in favor of a concept where neuronal and non-neuronal cells (astrocytes, tanycytes,
oligodendrocytes, endothelial cells, pericytes, microglia) connect together forming fully
integrated functional circuits for the homeostatic regulation of brain function (Garcia-Caceres
et al., 2019).



1.1.2. Origin and anatomical organization of astrocytes in healthy brain

Astrocytes are specialized glial cells with an ectodermal, neuroepithelial origin. During brain
development astrocytes are generated -astrogliogenesis- from radial glial cells in the neonatal
ventricular wall (Kriegstein and Alvarez-Buylla, 2009). In particular, the asymmetric division
of radial glia occurs during early embryogenesis, producing specific intermediate progenitors
which ultimately differentiate to diverse cell types including astrocytes, neurons, and
oligodendrocytes (Ge et al., 2012). Interestingly, a consistent part of astrogliogenesis continues
in the early postnatal stage, where astrocytes derive directly from radial glial cells, or from
proliferation of differentiated astrocytes, or from NG2 glial cells (Nishiyama et al., 2016). This
intricate and not fully understood process is thought to reside the foundations of astrocyte
heterogeneity. In a healthy brain, astrocytes form functional domains in a non-overlapping
manner, with only the very distal processes weaved together with one another (Ogata and
Kosaka, 2002). Therefore, astrocyte arrangement in the brain appears to be exquisitely
regulated and organized, and dictated by a finely-tuned distancing among them (Chan-Ling and
Stone, 1991). Interestingly, it has been reported that the branched processes from a single
astrocyte in the hippocampus and in the cortex can contact 100,000 or more synapses derived
from multiple neurons in mice (Halassa et al., 2007), which support that these glial cells

regulate the exchange and processing of a big amount of synaptic information.

1.1.3. The diversity of astrocyte morphology

As mentioned above, astrocytes have been initially divided into two main subtypes:
protoplasmic and fibrous. This distinction was based on the astrocyte diversity depending on
their morphology and anatomical distribution (Sofroniew and Vinters, 2010; Ramon y Cajal,
1909). Particularly, the pioneer studies on protoplasmic astrocytes indicated that they were
primarily observed in the grey matter, and characterized by short and highly branched fine
processes, while fibrous astrocytes were mainly found in the white matter and exhibited many
long poor-branched fiber-like extensions (Ramon y Cajal, 1909). Such morphological
differences between subtypes were thought to be correlated with the functions of the diverse
brain areas (Miller and Raff, 1984; Chaboub and Deneen, 2012; Oberheim, Goldman and
Nedergaard, 2012). Indeed, protoplasmic astrocytes are considered the ones to form the
“neurovascular unit” together with neurons and endothelial cells, while the function of fibrous
astrocytes is less clear, suggesting to be related to the myelination process (Miller and Raff,

1984). Moreover, these two subsets of astrocytes also differ in the expression of specific



molecular markers, with protoplasmic astrocytes expressing mostly (but not exclusively)
calcium binding proteins, such as S1003, whereas fibrous astrocytes express high levels of glial
fibrillary acidic protein (GFAP) (Miller and Raff, 1984; Aberg and Kozlova, 2000; Chaboub
and Deneen, 2012). These differences are thought to derive from local adaptations to the
surrounding environment and thus to a region-specific functional heterogeneity. Accordingly,
the existence of diverse astrocytic phenotypes also seems to be partly linked to the migration
of astroglial precursors from a specific ventricular zone position into different brain
compartments, where they acquire regional specificity and help to coordinate neural circuit
refinements (Tsai et al., 2012; Molofsky et al., 2014). As matter of fact, astrocytes exhibit not
only an inter-regional, but also an intra-regional diversity (Ben Haim and Rowitch, 2017; Yang
and Jackson, 2019). In the hippocampus, different shapes of protoplasmic astrocytes have been
found, such as spherical, fusiform and elongated (Bushong et al., 2002), and two different
subtypes of astrocytes based on the presence or absence of glutamate receptors and/or
transporters (Matthias et al., 2003). The same is observed for fibrous astrocytes, which have
been divided into longitudinal, random and transverse, based on the orientation of their
processes in the optic nerve (Butt et al., 1994). However, the new advances in single cell (sc)
RNA sequencing have revealed more extensive molecular heterogeneity in astrocytes than
described in this initial poorly characterized classification, which considered morphology- and
function-based subtypes of astrocytes, that was obsolete and underdeveloped. We know now
that astrocytes are highly diverse depending on morphology, anatomical distribution,
microenvironment embedding, and developmental stage (Barres, 2008). Emerging studies have
shown that astrocytes possess regional and subregional molecular and functional distinctions
(Kohler, Winkler and Hirrlinger, 2021; Matias, Morgado and Gomes, 2019).

1.1.4. Identification of astrocytes by specific molecular markers

One of the biggest challenges in astrocyte research is the full visualization and identification of
these glial cells, not only because of their high morphological heterogeneity, but also because
of the absence of a universal marker. Over the years, the gradual technological advancements
in molecular biology have allowed the identification of several astrocyte-specific molecular
markers, highlighting between them:

(@) Glial fibrillary acidic protein (GFAP): Hitherto, the most common marker for
immunochemical identification of astrocytes, which belongs to a family of intermediate
filaments, important to maintain the structure of the astrocyte cytoskeleton (Pekny and Pekna,

2004). The limitation of this marker consists in the fact that it is not expressed in
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immunostaining detectable levels in many mature astrocytes in the healthy Central Nervous
System (CNS) (Walz and Lang, 1998). Furthermore, the classical GFAP
immunohistochemistry only labels the primary processes of an astrocyte, which leads to
underestimate the complete astrocytic territory and branching. However, it represents a very
reliable marker to label reactive astrocytes, thus it is typically considered a hallmark of healing
processes and neurodegeneration (Eng and Ghirnikar, 1994).

(b) S100B glycoprotein: Ca?*-binding protein, involved in the regulation of cell proliferation,
differentiation, apoptosis, and energy metabolism through the interaction with several target
proteins (Donato et al., 2013). Such as GFAP, S1003 expression increases in response to
pathological conditions (Gongalves, Leite and Nardin, 2008), and it seems to participate in the
process which leads to activate astrocytes in response to brain injuries (Brozzi et al., 2009).
(c) Glutamine Synthetase (GS): Similarly to S100, GS has been found to be expressed in a
higher number of astrocytes than GFAP, and thus considered as the most comprehensive
astrocyte marker known so far (Anlauf and Derouiche, 2013). GS plays an important role in the
physiology of the CNS, as it converts the excitotoxic glutamate into glutamine in the cytoplasm
of astrocytes (Norenberg and Martinez-Hernandez, 1979). Abnormalities in this enzyme
function have been associated to neurological disorders, such as epilepsy (Coulter and
Steinhduser, 2015).

(d) Glutamate Transporters: described to be involved in the glutamate turnover in the CNS.
They are glutamate/aspartate transporter (GLAST) and glutamate transporter 1 (GLT-1)
(Williams et al., 2005; Parpura et al., 2012; Schousboe et al., 2014) which are used by
astrocytes to protect the brain from a neuronal over-excitation damage induced by aberrant high
glutamate levels. One of the main differences between those transporters relies on the rate of
the glutamate turnover, with GLT-1 being considered more efficient than GLAST (Arriza et
al., 1994). The critical role of those transporters is supported by the fact that the lack of both of
them induces severe neurological effects followed by the death of animals (Rothstein et al.,
1996; Matsugami et al., 2006).

(e) Aldehyde Dehydrogenase 1 family member L1 (Aldh1L1): Folate enzyme identified by
transcriptional profiling (Cahoy et al., 2008) involved in many important processes, such as de
novo nucleotide biosynthesis, with a subsequent major role in cell division and growth
(Krupenko, 2009). AldhlL1 seems to be a reliable marker for astrocytes, given its diffuse
expression in both protoplasmic and fibrous subtypes, and the minor expression in other cell
types. So far, very little is known about the role of this enzyme; interestingly, some studies

reported that the silencing of Aldh1L1 in human cancers is correlated with an uncontrollable
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cell proliferation and aggressive tumor phenotype (Chen, He and Wang, 2012) (Rodriguez et
al., 2008).

(f) Water Channel Aquaporin 4 (AQP4): Water channel present in both astrocytes and
ependymal cells, and expressed mainly in their endfeet in contact with the cerebrospinal fluid
(CSF), which suggests a role in the exchange of fluids in the brain (Hubbard et al., 2015). This
role was further confirmed by the observation that mice lacking AQP4 showed a significantly
reduced brain edema after ischemic stroke (Manley et al., 2000).

(9) Connexins (Cx): Gap junction proteins, in particular Cx30 and Cx43 have been observed
to be expressed specifically by astrocytic endfeets in a regional different manner, with Cx30
being expressed especially in grey matter astrocytes, and Cx43 mainly in white matter
astrocytes (Nagy et al., 1999). The expression of connexins is essential to allow the
establishment of an interconnected network between astrocytes, which seems to be important
for the control of the synaptic plasticity, extracellular ion levels adjustment, and propagation of
the calcium waves (Li, Giaume and Xiao, 2014; Lapato and Tiwari-Woodruff, 2018).
Moreover, Cx30 and Cx43 expression in astrocytes have been shown to contribute to
hypothalamic glucose sensing, through the transfer of glucose between astrocytes forming a
connexin-based network (Allard et al., 2014).

(h) SRY-Box Transcription Factor 9 (Sox9): transcription factor highly enriched in
astrocytes, but also in neural progenitor cells found in neurogenic regions. Unlike all the
previous markers here described, the immunolabeling of Sox9 reveals only the nuclei of
astrocytes and its expression increases in reactive astrocytes during different neuropathological

processes (Sun et al., 2017).

For many years, the research on astrocytes was conducted by taking advantage of some of those
molecular markers, but considering them basically interchangeable, with a scarce attention to
the heterogeneity of their expression throughout the brain. In 1997, the first astrocyte-specific
transgenic mouse model was characterized by the presence of astrocytes expressing the green
fluorescent protein (GFP) under the human GFAP promoter (hGFAP) (Zhuo et al., 1997).
Nowadays, more and more astroglial promoters are becoming available, and different
fluorescent proteins with diverse light spectra are used (Livet et al., 2007). For example,
astrocytic reporter mouse lines allow to selectively visualize the Cre-inducible expression of
GFP in Aldh1L1-, GLAST-, or hGFAP -expressing astrocytes, which are diversely distributed
throughout the brain (Figure 1).
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Figure 1: Coronal sections of astrocytic reporter mouse lines displaying the expression pattern of
different astrocyte-specific markers. The tamoxifen-induced Cre-dependent expression of GFP in
recombined cells under the AldhlL1l (A), GLAST (B) and hGFAP (C) promoters allows the
visualization of the targeted cells in coronal sections of the mouse brain. The expression pattern of these
astrocyte-specific markers differs from each other, with Aldh1L1 distributed uniformly throughout the
section (A), GLAST densely expressed in the majority of the section, aside from the thalamus (B), and
hGFAP present particularly in the thalamus, hypothalamus, olfactory cortex, and amygdala (C). eGFP:
enhanced green fluorescence protein; mG: cell membrane localized eGFP. Scale bars: 1000 pum.

These findings support the unequivocal observation of their different inter- and intra- regional
expression patterns in the CNS. In particular, different molecular markers label diverse number
of astrocytes, with potentially distinctive functions. Therefore, to target the function of one of
those astrocyte molecular markers should not be generalized to the totality of astrocytes in the
brain. Further studies, using different loss or gain of function models for targeting distinct
astrocyte markers in different brain areas and combine with sorting techniques, such as
fluorescent-activated cell sorting (FACS), might represent an important starting point to
correctly describe the molecular signature of diverse astrocyte subtypes, but also to explore the

functional meaning of such astrocytic molecular heterogeneity.

13



1.1.5. Astrocyte physiology: secretory cells

The concept of astrocytes as “secretory cells” has been postulated at the beginning of 1900 by
Held, who observed the presence of granular inclusions in astrocyte processes, suggesting the
presence of a secretory mechanism in these astrocytic compartments (Held, 1909). However,
astrocytes, unlike neurons, are electrically non-excitable cells i.e., do not trigger action potential
firing despite the expression of voltage-gated sodium channels at the cell membrane surface
(Pappalardo, Black and Waxman, 2016). They exhibit a marked potassium leak conductance
predominantly established by the activity of potassium inwardly rectifying channels subtype
4.1, which sets a highly hyperpolarized resting membrane potential close to the potassium
equilibrium potential, at around -80 mV, and a low membrane input resistance (Nwaobi et al.,
2016). Besides, astrocytes express a variety of transporters and receptors at the cell membrane
surface, permitting the monitoring and response to ions, neurotransmitters, and energy-related
molecules in the extracellular milieu (Verkhratsky and Nedergaard, 2018). They are capable to
release signaling molecules to influence the activity of neighboring cells (Sofroniew, 2015) by
increased intracellular calcium concentrations (Cornell-Bell et al., 1990), a phenomenon
considered the trademark of astrocyte communication (Rusakov, 2015; Volterra and Meldolesi,
2005). The astrocytic calcium activity is mediated by several pathways including the most well-
known inositol triphosphate type 2 receptor (IPsR2)-mediated signaling cascade (Verkhratsky,
Rodriguez and Parpura, 2012) (more details in Box 1). By intracellular calcium rises, astrocytes
can release molecules (ATP, GABA, glycine, glutamate) (Dowell, Johnson and Li, 2009)
named as “gliotransmitters” (Araque et al., 2014) via different mechanisms such as calcium-
dependent SNARE-mediated vesicle exocytosis, diffusion through channels/pores, and
extrusion by membrane transporters (Harada, Kamiya and Tsuboi, 2016). This process, also
known as gliotransmission, have been shown to play important roles for the regulation of
neurovascular tone, neuronal excitability, synaptic transmission, and behavior (Zorec et al.,
2012; Volterra and Meldolesi, 2005). Notably, astrocytes also form an extensive network
through gap junctions, particularly comprised by connexins 30 and 43 (Rash et al., 2001), thus
endowing astrocytes with an intercellular communication via a continuous syncytium for the

passage of ions, metabolites, and signaling molecules (Giaume et al., 2010).
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Box 1. Inositol triphosphate type 2 receptor (IP3R2)

The major calcium signaling pathway in astrocytes is mediated by IP3Rs. In particular, the
stimulation of various astrocytic G-protein coupled receptors (GPCRs) by hormones,
neurotransmitters, growth factors, etc., activates the phospholipase C (PLC), which in turn
mediates the release of 1Pz and the release of calcium from the endoplasmic reticulum (ER)
internal stores (Verkhratsky, Rodriguez and Parpura, 2012). The main IPsR isoform highly
enriched in astrocytes is IPsR2 (Zhang et al., 2014). Indeed, a transgenic mouse model
lacking globally IPsR2 has been generated (Li et al., 2005), and widely used in order to
investigate the importance of calcium activity in astrocytes (Petravicz, Fiacco and
McCarthy, 2008; Srinivasan et al., 2015; Li et al., 2015a; Savtchouk and Volterra, 2018).
However, the results of the different studies using IPsR2”- animals are controversial, some
indicating effects on neuronal and vascular functions (Takata et al., 2011; Navarrete et al.,
2012; Perez-Alvarez et al., 2014; Verkhratsky, Rodriguez and Parpura, 2012; Mountjoy,
2015) or involvement in pathophysiological phenotypes (Kanemaru et al., 2013; Saito et
al., 2018), and others describing a totally negative phenotype (Petravicz, Fiacco and
McCarthy, 2008; Agulhon, Fiacco and McCarthy, 2010; Agulhon et al., 2013; Fuccillo,
Joyner and Fishell, 2006). Likewise, it is noted to mention that calcium activity in astrocytes
have been also observed in IPsR27- animals, suggesting that a calcium signaling IPsR2-
independent component exists in astrocytes, which is thought to be confined to processes,
as well as the role of other IPsR isoforms and/or different calcium storage origins
(Kanemaru et al., 2014; Srinivasan et al., 2015; Rungta et al., 2016; Bindocci et al., 2017;
Sherwood et al., 2017).

1.1.6. The function of astrocytes in physiological conditions

For many decades, the role attributed to astrocytes was of a merely passive structural support
to neurons in the CNS. However, we now know that astrocytes play a broad number of active
roles in the brain, including the regulation of all biochemical and physiological processes
required for a correct neuronal function. Indeed, astrocytes are often intimately associated with
synapses forming an unique functional unit for the control of neuronal activity, coined as
“tripartite synapse”, which entails a tight connection between pre- and post-synaptic terminals
and adjacent astroglial cells (Araque et al., 1999). Astrocytes can be found located close to the
synaptic clefts, assuring a proper neuronal transmission and function by providing signaling
cues (such as ATP, lactate) to ultimately modulate the synaptic metabolism, plasticity and

transmission (Piet et al., 2004; Pascual et al., 2005). The concept of “tripartite synapse” evolved
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over time to “multipartite synapse”, as increasing evidences indicated the involvement of more
cellular compartments in the regulation of the synaptic activity (Verkhratsky and Nedergaard,
2014; Verkhratsky and Nedergaard, 2016). In addition to astrocytic processes, pre-, and post-
synaptic terminals, the presence of the surrounding extracellular matrix (ECM) as regulator of
receptor trafficking and membrane excitability (Dityatev and Rusakov, 2011), as well as the
neighboring microglial processes, as synapse pruners (Verkhratsky and Nedergaard, 2014), are
involved in the fine-tuned regulation of the synapse. Likewise, other roles have been also
assigned to astrocytes to maintain CNS homeostasis such as: (a) regulation of neurotransmitters
turnover through their inactivation and removal from synapses (Santello and Volterra, 2009);
(b) control of water fluxes through aquaporins and membrane transporters, which contributes
to the regulation of the extracellular volume (Nagelhus and Ottersen, 2013); (c) ion
homeostasis, essential to control signaling processes and the overall excitability, which is
mediated by several astrocytic ion transporters, such as potassium and calcium channels (Walz,
2000; Rusakov and Fine, 2003); (d) removal of reactive oxygen species (ROS) derived from
neuronal energy metabolism by the astrocytic antioxidant system primarily based on
glutathione and ascorbic acid (Makar et al., 1994). Besides, astrocyte role in the CNS is not
only limited to the preservation of the functional integrity of all basic synaptic operations, but
it also includes the regulation of additional important physiological processes, by interacting
with other non-neuronal cells. In particular, astrocytes are involved in the control of the brain
microcirculation through the interaction with endothelial cells, and, together with pericytes,
constitute the “neurovascular unit” to govern the cerebral blood brain barrier (BBB) properties
(e.g., flow, permeability, constraints) by interacting and exchanging signaling cues with the
ECM (Muoio, Persson and Sendeski, 2014). Lastly, astrocytes also cooperate with the
meningeal lymphatic system for the clearance of the brain from potential neurotoxic products,
as part of the so-called “glymphatic system”, which works in a similar way as the peripheral
lymphatic system, and it is supported by astrocytic aquaporin channels (Iliff et al., 2012). For
a very detailed and complete overview on astrocyte physiology and function, refer to
Verkhratsky and Nedergaard review ‘“Physiology of astroglia” (Verkhratsky and Nedergaard,
2018).

1.1.7. The function of astrocytes in pathological conditions: reactive

astrogliosis

Considering the high amount of essential functions played by astrocytes in a healthy CNS, it is

not surprising the fact that their dysfunction is linked to a variety of brain pathologies. Indeed,
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astrocytes undergo a dramatic transformation in response to different types of CNS injury, a
mechanism recently consensually coined with “reactive astrogliosis”, “astrocyte reactivity”, or
“reactive astrocytes” (Escartin et al., 2021). This process entails morphological, molecular
and/or functional changes observed in astrocytes responding to healing processes or
pathophysiology (Hamby and Sofroniew, 2010). The variety of these changes differs depending
on the grade and/or nature of the stimulus (Sofroniew, 2014). In general, reactive astrogliosis
is referred to the acquisition of a characteristic hypertrophic phenotype, which is accompanied
with proliferation in the most severe cases of brain atrophy. Notably, a hallmark of reactive
astrogliosis is the upregulation of intermediate filaments GFAP and vimentin (Pekny and
Pekna, 2014). Interestingly, reactive astrocytes have been reported to alter their homeostatic
functions, such as calcium signaling and excitatory neurotransmitters uptake, but also to adopt
a pre-inflammatory profile characterized by the production and release of inflammatory
cytokines, ROS, and upregulation of AQP4 water channels (Sofroniew, 2009). Sometimes a
continuum of progressive molecular and cellular alterations in astrocytes ends in the formation
of a physical barrier, so-called “glial scar”, as a result of severe cases of brain injuries. The glial
scar is composed by local hypertrophic astrocytes which lost their classical domain organization
(showing overlapping astrocytic domains), and its formation is accompanied by the ECM and
the interaction with other cell types, such as fibromeningeal cells (Sofroniew and Vinters,
2010). It is still under discussion whether the formation of a glial scar and the presence of
reactive astrogliosis might have a beneficial or a detrimental role. For many years, reactive
astrocytes have been considered as a basically harmful element, blocking the normal functional
neuronal recovery. Indeed, some evidences indicate for example that reactive astrogliosis can
exacerbate inflammation (Brambilla et al., 2005; Spence et al., 2011) and inhibit axon
regeneration (Silver and Miller, 2004). However, other studies showed that reactive
astrocytosis, and in particular the glial scar formation, exhibits a neuroprotective role, by
physically limiting the diffusion of inflammatory factors and preventing the extension of tissue
damage (Macauley, Pekny and Sands, 2011; Wanner et al., 2013). Other studies have further
identified Sonic Hedgehog (Shh) signaling pathway as a mechanism involved in the initiation
of brain injury-induced proliferation and reactive astrogliosis, the activation of which leads to
reduce brain edema following stroke or neurodegenerative diseases (Sirko et al., 2013) (see
more details in Box 2). In 2017, Liddelow and colleagues identified two types of reactive
astrocytes, named as “A1” and “A2” astrocytes, in neuroinflammation and in ischemic stroke
(Liddelow et al., 2017). The Al astrocytes have been proposed to be harmful, as exhibiting

high expression of many complement cascade genes known to be involved in damaging
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synapses, whereas the A2 astrocytes are referred as having a neuroprotective role because of
up-regulation of neurotrophic factors (Zamanian et al., 2012; Liddelow et al., 2017). However,
this classification is not accepted by all scientific community so far. Therefore, the functional
relevance of reactive astrogliosis is still unclear and it can vary depending on many factors
including the type and origin of disease and its stage, as well as the health status and age of the
animal. Diverse types of CNS insult are capable of inducing reactive astrogliosis, such as
mechanical (e.g., wound, trauma, stroke) or neurodegenerative diseases (e.g., Alzheimer,
Parkinson, Huntington, multiple sclerosis), and it occurs in combination with responses of
multiple types of cells, including microglia, endothelial cells, neurons, and cells deriving from
the blood circulation, such as platelets and leukocytes, capable of secreting molecular signals
which influence surrounding astrocytes (Burda and Sofroniew, 2014). Thus, the response to
CNS insults is a very complex event, which not only includes astrogliosis, but also the
participation and co-interaction of multiple types of cells (Burda and Sofroniew, 2014). Thence,
the interpretation of results obtained when studying reactive astrogliosis should take under
consideration the presence of all those variables, which might lead to a different regulation of
specific molecular pathways in reactive astrocytes with a subsequent diversity in the functional

implications.

Box 2. The Shh signaling pathway

One of the molecular pathways described to be involved in brain injury-induced astrogliosis
is the Shh signaling pathway (Sirko et al., 2013). The Shh pathway is known to have an
important role in the embryo neurodevelopment (Fuccillo, Joyner and Fishell, 2006), but it
also persists in the adult life, acting in progenitor cells, neurons and astrocytes (Garcia et
al., 2010; Traiffort, Angot and Ruat, 2010). The signaling cascade initiates after Shh binding
to and activation of the complex formed by Patched (Ptc) and Smoothened (Smo), which in
turn triggers different transcription factors, such as Gli (Chen and Struhl, 1998; Kandel et
al., 2000). The involvement of Shh pathway in reactive astrogliosis following a brain injury
became clear when the astrocyte-specific deletion of Smo blocked astrocytes from gaining
a pro-proliferative profile in the site of injury (Sirko et al., 2013). Moreover, Shh pathway
activation in astrocytes has been linked to the reduction of brain edema following stroke or
neurodegenerative diseases (Xia et al., 2013; Pitter et al., 2014). However, up to date, the
involvement of Shh signaling pathway in astrogliosis induced by different types of

neuropathological events remains unclear.
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1.1.8. Inter- and intra- regional heterogeneity of astrocytes in health and

disease

The astrocyte heterogeneity concept has been introduced previously above, while describing
different classifications of astroglia based on their morphology and molecular markers.
Furthermore, recent evidence indicate that astrocytes are characterized by extensive inter- and
intra-regional differences in their developmental origin, morphology, molecular phenotype,
physiology and function (Zhang and Barres, 2010; Ben Haim and Rowitch, 2017), as well as
their response to brain pathology (Pestana et al., 2020; Moulson et al., 2021).

(&) Inter-regional heterogeneity. The introduction of the translating ribosome affinity
purification (TRAP) technique was fundamental to provide the first insights into astroglia
diversity. Indeed, it revealed heterogenous transcriptome in astrocytes collected from cortex,
cerebellum and hypothalamus, finding substantial differences in their molecular profiles
between brain areas, as well as age-related changes (Doyle et al., 2008; Boisvert et al., 2018).
A similar study performed by Morel and colleagues based on sorted astrocytes derived from
different brain regions (including thalamus, hypothalamus, hippocampus, cortex, nucleus
accumbens, caudate putamen) showed that astrocytes isolated from different areas express sets
of unique genes, which support again the high diversity of astrocytes within the brain (Morel et
al., 2017). Likewise, the transcriptome and proteome of astrocytes derived from hippocampus
and striatum also revealed morphological, molecular and functional differences between them
(Chai et al., 2017). Specifically, they observed that striatum-derived astrocytes showed a
greater size in their domain, contacting more neurons than hippocampal astrocytes, whereas a
higher number of astrocytes were found interacting with excitatory synapses in the
hippocampus (Chai et al., 2017). Furthermore, the authors reported differences in the astrocyte
physiology, as indicated by the diverse gap-junctions mediated interactions and calcium
signaling mechanisms (Chai et al., 2017). Consistently, Lin and colleagues described five
diverse subtypes of astrocytes among the Aldh1L1-expressing cells isolated from different CNS
areas, with differences in their molecular phenotype and functions (John Lin et al., 2017).
Particularly, they claimed that the origin of those differences resided on their capability to
modulate synaptogenesis and on their contribution to human glioma onset (John Lin et al.,
2017).

(b) Intra-regional heterogeneity. The most extensive knowledge on astrocyte diversity within
the same brain area concerns the cortex. Indeed, few recent studies demonstrated that molecular
differences exist between astrocytes isolated from the upper and the deeper cortical layers,

remarking genes involved in synaptogenesis and destruction (Lanjakornsiripan et al., 2018;
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Bayraktar et al., 2020). Furthermore, the expression in the cortex of specific molecular markers
is thought to define different astrocytic subpopulations, as described by Morel and colleagues,
observed when they used a double astrocyte specific reporter line (GLT-1-TdTomato:
Aldh1L1-eGFP) (Morel et al., 2019). Specifically, they identified three diverse subtypes of
cortical astrocytes, which presented differences in their location, molecular profile and
physiology (Morel et al., 2019). Another study based on astrocyte calcium recordings in
different cortex layers showed striking differences between astrocytes located in the layer 1 and
the layers 2/3 (Takata and Hirase, 2008). Molecular heterogeneity within the same brain area
was also observed in the spinal cord, where unique transcripts between astrocytes sitting in the
ventral or the dorsal horns were found (Molofsky et al., 2014).

The concept of astrocyte heterogeneity in physiological conditions is nowadays a hot topic and
drains a lot of attention from the scientific community, which invests many efforts to discover
the extension and the nature of all the different astrocytic subpopulations. However, the impact
of such a cellular heterogeneity in pathological states is largely unexplored. Might a particular
subtype of astrocytes promote or prevent the disease pathogenesis? The characterization of
specific astrocytic subtypes and their spatial localization corresponding to particular synaptic
circuits might be helpful to define the functional role of such a circuitry, and to use it as potential
target for new therapeutic approaches. As previously mentioned, some astrocytes can respond
to brain insults with hypertrophy, GFAP up-regulation and the release of inflammatory
molecules, but the functional meaning of this event is still unknown. Likewise, such particular
changes in the astrocytic phenotype can vary depending on the pathology. For example,
epilepsy is characterized by the down-regulation of astrocyte specific glutamate transporters
(GLT-1), ion channels (Kir4.1), and water channels (AQP4), which is thought to be linked to
the incorrect functioning of the glutamate and potassium reuptake at the synaptic cleft (Ohno
et al., 2015; Dossi, Vasile and Rouach, 2018), resulting of an exacerbation of the pathological
phenotype. In ischemia, a different impact on protoplasmic and fibrous astrocytes has been
reported (Lukaszevicz et al., 2002; Shannon, Salter and Fern, 2007). Overall, these findings
suggest the relevance of understanding astrocyte heterogeneity as a crucial step towards the

development of new potential therapies for specific CNS pathologies.
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1.2. Hypothalamic astrocytes

1.2.1. Hypothalamus: main integrator of nutritional and hormonal cues in

the brain
The first studies of the hypothalamic involvement as core of metabolic control date back to the
middle of the 20" century, when applied lesions or presence of tumors into different
hypothalamic nuclei elicited severe obesity or anorexia in rodents. The lesions of the arcuate
nucleus (ARC), ventromedial hypothalamic nucleus (VMH) or the paraventricular nucleus of
the hypothalamus (PVVN) seemed to be linked to an increased appetite (Olney, 1969; Leibowitz,
Hammer and Chang, 1981); whereas the ones applied to the lateral hypothalamus (LH) or the
dorsomedial hypothalamus (DMH) were associated with starvation (Mayer and Thomas, 1967;
Bernardis and Bellinger, 1998). These pioneer studies demonstrated the key role of the
hypothalamus in the brain’s control of systemic energy homeostasis, which integrates and
processes nutritional and metabolic cues emanating from the bloodstream, translating them into
physiological responses regulating feeding behavior and energy expenditure (Dafny and
Feldman, 1970; Schneeberger, Gomis and Claret, 2014; Timper and Brilining, 2017). However,
as mentioned above, the hypothalamus is structured and organized in different nuclei with
distinct specialized neurons and circuits interconnected (Luiten, ter Horst and Steffens, 1987).
Among the nuclei composing the hypothalamus, the ones which deserve particular attention
due to their key role in the control of metabolism include the PVN, main regulator of the
autonomous nervous system (e.g. cardiovascular functions, thermoregulation, circadian
rhythm), and coordinator of physiological responses to changes in energy balance (Ferguson,
Latchford and Samson, 2008; Hill, 2012); the VMH, with an important role in the modulation
of metabolic-related functions (e.g. body weight, food intake, glucose homeostasis), but also in
sexual behavior, thermogenesis, fear response, and cardiovascular function (McClellan, Parker
and Tobet, 2006; Klockener et al., 2011); the DMH, which regulates not only feeding behavior
and body weight homeostasis, but also brown adipose tissue (BAT) thermoregulation, blood
pressure and behavioral circadian rhythms (Chou et al., 2003; Dimicco and Zaretsky, 2007,
Gao and Horvath, 2008; Simonds et al., 2014); the LH, key player in precise motivated
behaviors, such as hedonic feeding behavior and wakeful cycles, and regulator of the autonomic
nervous system (Gerashchenko and Shiromani, 2004; Seoane-Collazo et al., 2015; Petrovich,
2018); and the ARC, one of the most metabolically important and intensively studied nuclei of
the hypothalamus, as critical sensor and responder to feeding-related peripheral signals (see

next paragraph for a more detailed description) (Figure 2).

21



DMH DMH

Figure 2: Schematic overview of the most metabolically relevant nuclei of the hypothalamus. The
hypothalamus is composed by different nuclei located symmetrically in relation to the third ventricle
(3V). ARC: arcuate nucleus of the hypothalamus; DMH: dorsomedial hypothalamus; LH: lateral
hypothalamus; ME: median eminence; PVN: paraventricular nucleus of the hypothalamus; VMH:
ventromedial nucleus of the hypothalamus.

1.2.2. The arcuate nucleus of the hypothalamus

The ARC is anatomically located at the ventral base of the hypothalamus adjacent to a
circumventricular organ, the median eminence (ME). It is characterized by a particular
angioarchitecture (i.e. fenestrated microvessels lacking BBB), positioning it strategically to
rapidly sense and respond to circulating metabolic cues. The two most well-known functionally
antagonistic neuronal populations in the control of metabolism are harbored in the ARC: the
orexigenic neurons co-expressing neuropeptide Y and agouti-related protein (NPY/Agrp;
hereafter indicated as Agrp neurons) (Hahn et al., 1998; Krashes et al., 2013), and the
anorexigenic neurons co-expressing pro-opiomelanocortin and cocaine- and amphetamine-
regulated transcript (POMC/CART,; hereafter indicated as POMC neurons) (Elias et al., 1998a;
Balthasar et al., 2004). These resident ARC neurons project and post-synaptically interact with
neurons expressing melanocortin receptor 4 (MC4R) in the PVN (MC4RPVN) with antagonistic
effects, as part of the melanocortin system (see more details in Box 3). Specifically, POMC
neurons activate MC4RPYN neurons stimulating energy expenditure and decreasing food intake,
as opposed to Agrp neurons, which promotes hunger by inhibiting MC4RPYN neurons (Ollmann
et al., 1997). Moreover, Agrp neurons have been described to interact with POMC neurons to

inhibit their activity by via neuropeptide Y receptor type 1 (Y1R) located on the membrane of
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POMC neurons (Broberger et al., 1999). The activity of these two populations of neurons is
modulated by both centrally- (such as GABA, melanocortin, NPY) and peripherally- (hormone
and nutritional inputs) derived stimuli, through the binding to specific receptors that they
express along their membrane (Belgardt, Okamura and Brining, 2009; Sohn, Elmquist and
Williams, 2013; Paeger et al., 2017; Gao and Horvath, 2007). The tight balance of these two
neuronal subpopulations activity results in a fine-tuned control of food intake and energy
expenditure to maintain stable body weight (Figure 3). Indeed, previous studies showed how
abnormalities in the functioning of POMC or Agrp neurons in the ARC lead to obesity or
starvation respectively (Yaswen et al., 1999; Gropp et al., 2005). Moreover, the optogenetic or
the chemogenetic stimulation of Agrp neurons by using Designer Receptors exclusively
activated by Designer Drugs (DREADD) is associated to a rapid increase in food intake and
subsequent body weight gain (Alexander et al., 2009; Aponte, Atasoy and Sternson, 2011;
Krashes et al., 2011); while POMC neurons activation with DREADD technology requires a

chronic stimulus to induce suppression of food intake (Zhan et al., 2013).
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Figure 3: Schematic overview of the regulation of feeding behavior by hypothalamic ARC neurons
and astrocytes. The ARC contains two major neuronal populations, the Agrp (purple) and the POMC
(green) neurons, with antagonistic effects mediated by the interaction with second-order neurons
(yellow) in the PVN. As represented in the upper right magnification, astrocytes (light blue) actively
participate in the control of feeding behavior, by sensing nutrients and hormones from the capillaries,
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neurotransmitters (violet) from the synaptic cleft, and releasing gliotransmitters (red), which in turn
influence the synaptic activity. A disbalance between food intake and energy expenditure leads to the
perturbation of the weight maintenance, resulting in a weight gain when the food intake exceeds the
energy expenditure, and a weight loss in the opposite case. 3V: third ventricle; Agrp: Agouti-related
protein; ARC: arcuate nucleus of the hypothalamus; MC4R: melanocortin receptor 4; ME: median
eminence; POMC: proopiomelanocortin; PVN: paraventricular nucleus of the hypothalamus; Y1R:
neuropeptide Y receptor Y1.

However, Agrp and POMC neurons represent only two of the neuronal populations sitting in
the ARC. Indeed, other types of neurons have been identified in the ARC, such as tyrosine
hydroxylase (TH) neurons, which activation induces an indirect increase in the food intake by
stimulating Agrp neurons and inhibiting POMC neurons (Zhang and van den Pol, 2016);
glutamate vesicular transporter 2 (VGIuT2) neurons, which rapidly stimulates satiety (Fenselau
et al., 2017); kisspeptin (Kiss1) neurons, which regulate the reproductive mammalian axis, and
interact with Agrp and POMC neurons (Nestor et al., 2016; Padilla et al., 2017). As previously
mentioned, the ARC not only projects to the PVN, but also to other hypothalamic areas involved
in the regulation of feeding behavior, such as DMH and LH (Elias et al., 1998b; Bouret, Draper
and Simerly, 2004), and extra-hypothalamic areas, such as nucleus tractus solitarius (NTS),
subfornical organ (SFO), raphe nucleus (RN), and locus coeruleus (LC) (Elmquist, Elias and
Saper, 1999). The correct regulation of systemic metabolism and feeding behavior is possible
because of the reciprocal connection between those nuclei, some of which in turn project to the
ARC (Sternson, Shepherd and Friedman, 2005; Krashes et al., 2014).

Importantly, recent insights point out that the connectivity and efficiency of ARC circuits in
adjusting energy balance require the cooperation of adjacent astroglial cells (Verkhratsky and
Nedergaard, 2018; Garcia-Caceres et al., 2019; Murat and Garcia-Caceres, 2021), which
actively modulate the synaptic function by establishing physical interactions with the

surrounding cells, and by releasing and sensing active transmitters (Figure 3).
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Box 3. The melanocortin system

The best characterized neuronal circuit involved in the regulation of energy balance is the
melanocortin system (MC), which includes neurons residing in the ARC that project to the
PVN in order to regulate their activity through the release of specific neuropeptides binding
to MC receptors (Cone, 2005). Melanocortins are the product of post-translational
modifications of the prohormone POMC, and they act by binding to MCRs, among which
MCA4R isoform plays a main role in appetite regulation, and is predominantly located in the
PVN, but also in the DMH and LH, areas well known for their role in controlling feeding
behavior (Pritchard, Turnbull and White, 2002; Mountjoy et al., 1994). MC3R is the second
isoform expressed in the brain, including in the ARC, but its exact function is not completely
understood, with evidences suggesting its involvement in obesity development, but not in
hyperphagic behavior (Butler et al., 2000). The peptides derived from POMC, such as a-,
B-, and y-melanocyte stimulating hormones (MSHSs), B-endorphin, and
adrenocorticotrophin (ACTH) act as natural ligands to MCRs, and their action in the brain
is antagonized by Agrp (Morrison and Castro, 1997; Ollmann et al., 1997; Verkhratsky,
Rodriguez and Parpura, 2012; Harwell et al., 2012). Therefore, a balanced action between
agonists and antagonists of the MCRs is necessary to guarantee a homeostatic feeding

regulation.

1.2.3. Hypothalamic astrocytes participate in energy regulation

In the last decade, increased evidences demonstrated the direct involvement of hypothalamic
astrocytes in the regulation of neuronal circuits controlling energy metabolism (Zhou, 2018;
Garcia-Caceres et al., 2019; Chowen et al., 2016). This type of response includes changes in
the astrocyte morphology, in the transport of molecules, production of gliotransmitters,
inflammatory signals, and growth factors, which in turn influence the surrounding
microenvironment (Zhou, 2018; Garcia-Caceres et al., 2019; Chowen et al., 2016). In
particular, the strategic location in the ARC allows to selectively control the access of
circulating molecules in the brain by remodeling the local vasculature via astrocytes (Langlet,
2014; Gruber et al., 2021). Moreover, the expression of specific receptors and transporters for
hormones and nutrients, such as insulin (Garcia-Caceres et al., 2016), leptin (Diano, Kalra and
Horvath, 1998; Cheunsuang and Morris, 2005), ghrelin (Fuente-Martin et al., 2016), insulin-
like growth factor 1 (Cardona-Gomez, DonCarlos and Garcia-Segura, 2000), lipids (Gao et al.,

Diabetes 2014), glucose (Morgello et al., 1995; Vannucci, Maher and Simpson, 1997) suggests
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that astrocytes are capable to sense the whole-body metabolic status generating a cascade of
responses to dynamically influence hypothalamic local neuronal circuitries (Pinto et al., 2004;
Gao et al., 2007; Horvath et al., 2010; Gyengesi et al., 2010). Therefore, the correct signaling
communication between the periphery and the hypothalamic astrocytes is essential to maintain
energy homeostasis and a balanced body weight (Horvath et al., 2010). Moreover, the use of
DREADD in astrocytes have further demonstrated that these glial cells are key players in
brain’s control of metabolism. Specifically, Yang and colleagues activated astrocytes in the
medio-basal hypothalamus (MBH) and observed an anorectic-like phenotype, while astrocyte
inactivation led to the opposite effect, with increased food intake (Yang, Qi and Yang, 2015).
The mechanism mediating those effects has been described to be the adenosine release by
astrocytes, responsible for the specific inactivation of Agrp neurons via adenosine Al receptors
binding, with consequent reduction of food intake (Yang, Qi and Yang, 2015). However,
similar studies using different methodological parameters, found opposite feeding responses
after DREADD-activated astrocytes in the ARC (Chen et al., 2016). The reason of such a
difference might rely on the fact that the synaptic activity of the hypothalamic neuronal
circuitries and their connection to glial cells can be influenced by several factors, such as the
age, sex and health status of the animal, the number of astrocytes targeted by DREADD, and
the experimental settings. This suggests that the precise mechanisms adopted by astrocytes to

control systemic metabolism need to be further investigated.

1.2.3.1. Glucose sensing

The brain is the organ with the highest glucose supply needs, requiring about 25% of the
circulating glucose to maintain its physiological functions. Most brain energy is used for
synaptic transmission and to maintain the right functioning of the Na/K pumps at the synaptic
clefts, which allows the generation of electric potentials and the regulation of other ion types
transport across the cell membrane. However, the brain glucose reservoir is limited and needs
to be continuously replenished by the blood circulation. Brain microvessels are largely covered
by astrocytic endfeets (Mathiisen et al., 2010), that rapidly uptake glucose from the circulation,
which can be metabolized to pyruvate or stored as glycogen in order to generate lactate to
ultimately provide to neurons and sustain their activity in glucose deprivation conditions
(Pellerin et al., 1998; Chih and Roberts, 2003). Interestingly, the glucose accumulation as
glycogen is a characteristic of astrocytes being essential for neurons in situations of
hypoglycemia (Suh et al., 2007) or high neuronal activity (Brown et al., 2005). Glycogenolysis

in astrocytes has also been demonstrated to be essential for learning and memory strengthening
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(Drulis-Fajdasz et al., 2015). It is noteworthy that cellular bioenergetics between astrocytes and
neurons is different. Neurons mainly produce high ATP levels through oxidative metabolism
(Boumezbeur et al., 2010), while astrocytes use preferentially aerobic glycolysis to generate
low quantities of ATP, but high amount of lactate (Pellerin and Magistretti, 1994; Bouzier-Sore
et al., 2006). The concept of lactate as essential substrate for neurons has been first introduced
by Magistretti and Pellerin, who postulated the hypothesis of the so-called “Astrocyte-to-
Neuron Lactate Shuttle” (ANLS) (Pellerin and Magistretti, 1994). This notion refers to the
capability of neurons to use the lactate released by astrocytes in the extracellular space in a
glutamate-mediated manner, after converting it to pyruvate (Pellerin and Magistretti, 1994).
Furthermore, astrocytes are not only able to produce lactate via glycolysis, but they have been
also reported to be capable of sensing and taking lactate up from the blood circulation, and
provide it later on to neurons (Gandhi et al., 2009).

The glucose sensing capability of astrocytes is mediated by the presence of glucose transporters
(GLUTs), mainly GLUT -1 and -2, located at their endfeets, which cover microvessels
(Morgello et al., 1995; Vannucci, Maher and Simpson, 1997; Kacem et al., 1998). In particular,
the important role of glial GLUT-1 in mediating glucose sensing in the hypothalamus has been
demonstrated by Chari and colleagues, who induced GLUT-1 overexpression specifically in
hypothalamic GFAP-expressing cells of diabetic rats, observing a restoration of glucose levels
in the plasma. Likewise, GLUT-2 in astrocytes has also been reported to play an important role
in the regulation of systemic glucose levels, as indicated by the altered glucagon secretion in
mice lacking this glucose transporter specifically in astrocytes, and restored after its re-
activation (Marty et al., 2005). A further proof of astrocyte involvement in whole-body glucose
sensing derives from the evidence that the impairment of astrocytic network in the MBH by
connexin 43 inhibition leads to a reduced hypothalamic glucose sensitivity in rats (Allard et al.,
2014).

1.2.3.2. Lipid sensing

Astrocytes are capable to use fatty acids, aside from glucose, to generate ATP (Auestad et al.,
1991). Indeed, astrocytes highly express the lipid transporter Apolipoprotein E (ApoE), which
allows the entrance of lipidic substrates for successive fatty acids oxidation (Shen et al., 2009).
This lipid transporter has been revealed partly involved in the leptin-mediated control of food
intake, acting as a satiety factor (Shen et al., 2008; Shen et al., 2009). Another important lipid
transporter in the brain, which allows to sense and store lipids is the lipoprotein lipase (LPL),

as demonstrated by Gao and colleagues, who observed a severe obese phenotype including a
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marked insulin resistance in mice with a postnatal ablation of LPL specifically in astrocytes,
accompanied by an accumulation of ceramides in ARC neurons (Gao et al., 2017b).

1.2.3.3. Ketone bodies sensing

Astrocytes produce ketone bodies from fatty acids derived from the bloodstream, which are
used by neurons as a metabolic substrate (Guzman and Blazquez, 2004; Le Foll et al., 2014).
In particular, in situations of low blood glucose levels and/or excess of lipids derived from the
diet, fatty acids are used by astrocytes to produce ketone bodies, which are then transported
outside of the cell via the monocarboxylate transporter 1 (MCT1), and successively metabolized
by the surrounding neurons to ATP and ROS (Auestad et al., 1991; Le Foll et al., 2014). The
increase of ketone bodies production by astrocytes have been associated with an acute reduction
of food intake in animals fed with a short-term high-fat diet, as the pharmacological inhibition
of astrocyte-derived ketone bodies production specifically in the VMH correlated with a
restored feeding behavior, in comparison to low-fat diet fed rats (Le Foll et al., 2014).
Therefore, astrocytes are specialized glial cells in sensing and producing lipids to regulate

systemic energy metabolism.

1.2.3.4. Leptin sensing

Although most of the attention was focused on understanding the involvement of leptin-induced
neuronal responses in the regulation of metabolic homeostasis, astrocytes have been described
to change morphology, levels of expression of glucose and glutamate transporters (Garcia-
Caceres et al., 2011; Fuente-Martin et al., 2012), and the ensheathment of surrounding neuronal
synapses (Horvath et al., 2010; Garcia-Caceres et al., 2011; Kim et al., 2014) in response to
alterations of leptin circulating levels. One of the first studies postulating the capacity of leptin
to regulate the synaptic rearrangements of the melanocortin neurons was published by Pinto
and colleagues in 2004 (Pinto et al., 2004). In this study, the authors observed that leptin-
deficient mice exhibited alterations in the activity of Agrp and POMC neurons, which were
associated with hyperphagia and obesity (Pinto et al., 2004). Likewise, they reported that those
mice treated with leptin showed a normalization of the synaptic density, which occurred before
the leptin-mediated effects on food intake (Pinto et al., 2004). Few years later, it was
investigated whether astrocytes in the hypothalamus of obese mice might be also involved in
the response to leptin, by using agouti viable yellow (Avy) mice, which present an adult-onset
obese phenotype with the melanocortin receptors in the hypothalamus antagonized by the

agouti signaling protein (Pan et al., 2008; Hsuchou et al., 2009; Pan et al., 2011). Those studies
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revealed that astrocytes may regulate the entry of leptin across the BBB through leptin receptor
(LepR), which expression increases in obese animals, influencing leptin-induced calcium
signaling in astrocytes (Pan et al., 2008; Hsuchou et al., 2009; Pan et al., 2011). When astrocytic
activity was inhibited, the uptake of leptin by neurons increased, demonstrating an opposite
effect of leptin on neurons and astrocytes in obese mice (Pan et al., 2011). Later on, it was
demonstrated that astrocytes regulate the activation of POMC neurons in response to leptin, by
using mice lacking LepR specifically in astrocytes (Kim et al., 2014; Wang et al., 2015).
Moreover, the post-natal ablation of LepR from astrocytes induced a rearrangement in the
interactions between astrocytes and neurons, which was accompanied with a synaptic
reorganization of ARC residing neurons (Kim et al., 2014). Furthermore, those mice exhibited
a reduced response to leptin in inhibiting food intake; whereas exacerbated appetite in response
to fasting or administration of ghrelin (Kim et al., 2014). The importance of leptin signaling in
astrocytes was also highlighted by Wang and colleagues, who observed an attenuated
phosphorylated signal transducer and activator of transcription 3 (pSTATS3) signaling in the
ARC of astrocyte-specific LepR knockout (ALKO) mice, concomitantly with the development
of an obese phenotype (Wang et al., 2015).

1.2.3.5. Insulin sensing

The ingestion of a carbohydrate-rich meal leads to the release of insulin from the pancreatic [3-
cells, which reaches peripheral tissues expressing Insulin Receptor (IR) (i.e. skeletal muscle,
liver, adipose tissue), and where it acts balancing glucose homeostasis (Wilcox, 2005). For long
time, the high expression of IR in the brain was correlated to other roles of insulin, unrelated to
CNS glucose equilibrium maintenance, that was rather thought to be regulated independently
from insulin (Banks, Owen and Erickson, 2012). However, the studies with mice postnatally
lacking IR in astrocytes demonstrated that these glial cells regulate glucose entry into the brain
via insulin signaling, which mediates the functional translocation of GLUT-1 onto the
membrane (Garcia-Caceres et al., 2016; Hernandez-Garzén et al., 2016). Interestingly, these
results were consistent when ablating IR specifically from GFAP- or from GLAST-expressing
astrocytes, with both mouse models presenting perturbations in systemic glucose homeostasis
and a delayed response to suppress food intake in presence of high peripheral glucose levels
(Garcia-Caceres et al., 2016; Cai et al., 2018). Specifically, the disruption of astrocytic insulin
signaling leads to alter the activation of ARC POMC neurons, which become less activated in
response to elevated glucose levels (Garcia-Caceres et al., 2016). This study provided the

evidence that brain glucose homeostasis requires insulin astrocytic-mediated mechanisms.
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1.3. Hypothalamic astrocytes in obesity

1.3.1. Obesity: a concerning modern epidemic

Nowadays the world is facing an incredibly fast rise in the incidence of obesity and related
pathologies, which represents one of the biggest health care emergencies (Hales et al., 2017).
Over the last 45 years, the worldwide obesity incidence has nearly tripled, counting more than
39% of the adult global population overweight, and 13% obese in 2016 (WHO Obesity and
Overweight, April 2020; https://www.who.int/news-room/fact-sheets/detail/obesity-and-

overweight). Obesity arises when energy intake and energy expenditure are unbalanced, with a
subsequent excessive accumulation of fat in the body. A dangerous consequence of obesity is
the establishment of comorbidities caused by the impairment in systemic glucose and lipid
metabolism, such as cardiovascular diseases, musculoskeletal disorders, cancer, and type 2
diabetes, which defines obesity as one of the major leading causes of death (Khaodhiar,
McCowen and Blackburn, 1999). The onset of obesity can have genetic or environmental basis
(Ravussin and Bogardus, 2000). Several genes involved in the monogenic and polygenic onset
of obesity have been identified. The monogenic obesity is characterized by the presence of
single nucleotide polymorphisms (SNPs) on specific genes involved in endocrine signaling and
feeding behavior regulation, such as MC4R, leptin and LepR (Pigeyre et al., 2016). The
polygenic obesity instead relies on the presence of several modified genes, which alone would
not produce any phenotype, but together cause the disease (Hinney and Hebebrand, 2008).
However, environmental factors contribute in a higher extent to the origin of obesity cases, with
cultural, socio-economic, psychological factors playing an important role (Wakefield, 2004).
In particular, the positive energy balance leading to obesity can derive from the adoption of a
more sedentary lifestyle, and the preference to consume affordable meals dense with calories
(fast food, highly processed food) (Lee, Cardel and Donahoo, 2000). Obesity negatively affects
not only the individual afflicted, but also the national healthcare system, which explains the
urge of deeply unraveling obesity pathogenesis, and of developing new anti-obesity drugs.
Despite the discovery of leptin (Zhang et al., 1994) allowed great progresses in the obesity
research field, the pathogenesis of this multifactorial disease is still unclear, and it might be
partly due to the focus on targeting the classically described endocrine axes over a model of

hypothalamic control.
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1.3.2. Obesity: a brain disease

An important work published in Nature in 2015 explored the genetic phenotype of obese
patients taking advantage of genome-wide association studies (GWAS), describing a strong
correlation between candidate genes and molecular pathways with a higher body mass index
(BMI) (Locke et al., 2015). Those studies revealed that the greatest number of genetic variations
associated with obesity susceptibility and metabolism control occurs in the brain, and more
particularly in the hypothalamus (Locke et al., 2015). Moreover, other clinical studies showed
how obesity and BMI are associated with brain atrophy and white matter integrity reduction,
which might influence the cognitive functions of an individual, independently from age and
disease (Ward et al., 2005; Gunstad et al., 2008; Verstynen et al., 2012). Furthermore, magnetic
resonance imaging (MRI) indicated a correlation between obese patients, neuronal
abnormalities, and astrogliosis specifically in the hypothalamus (Gazdzinski et al., 2008; Thaler
et al., 2012). Consistently with the human studies, animal models of diet-induced obesity also
showed hypothalamic gliosis, alterations in neuronal activity, dysfunction of circuitries
regulating the food reward system, and angiopathy (Thaler et al., 2012; Yi et al., 2012; Berkseth
et al., 2014; Shin et al., 2017; Kullmann et al., 2020). In particular, it was observed that the
hypothalamus was one of major brain sites involved in obesity-associated abnormalities, with
the impairment of resident cells affecting systemic metabolism (Garcia-Céceres, Yi and
Tschop, 2013; Lee et al., 2020).

1.3.3. Obesogenic diet consumption promotes hypothalamic inflammation

Interestingly, some evidences indicate that the hypothalamus of rodents exposed to an
hypercaloric diet are characterized by an increase in inflammatory markers (De Souza et al.,
2005), similarly to what previously found in peripheral tissues, such as adipose tissue
(Hotamisligil et al., 1995) and liver (Park et al., 2010). The mechanisms underlying high fat
high sugar (HFHS) diet-induced central and peripheral inflammation were found to be similar,
with the activation of inflammatory signaling intermediates: c-Jun N-terminal kinase (JNK),
IkB kinase (IKK), and nuclear factor-kB (NF-kB), responsible for the production of several
interleukins, and the inhibition of insulin and leptin pathways (De Souza et al., 2005; Zhang et
al., 2008). Such a reduction in central hormone sensitivity is crucial for the development of
obesity, in particular the insensitivity to leptin and insulin, that leads to an impaired energy
balance (Zhang et al., 2008). For this reason, hypothalamic and systemic inflammation have
been highlighted as key events in the pathogenesis of obesity, although it is still unclear whether

they play a role in promoting obesity, or they are a secondary phenomenon in the development
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of obesity. Interestingly, some studies suggest that one single day of a HFHS feeding is enough
to observe an increase in inflammatory markers and leptin resistance in the hypothalamus
(Munzberg, Flier and Bjgrbaek, 2004; Thaler et al., 2012), and that the latter can be restored
when using animals lacking the Toll-like Receptor (TLR) adaptor molecule MyD88 in the CNS,
which are characterized by the impairment of the TLR4-mediated inflammatory pathway
(Kleinridders et al., 2009). Notably, such alterations in hormonal sensitivity occur prior to
peripheral inflammation and significant body weight gain (De Souza et al., 2005; Velloso,
Araudjo and de Souza, 2008; Thaler et al., 2012). These observations support that hypothalamic
inflammatory related patho-mechanisms might represent a main driver in obesity pathogenesis
rather than a consequence. The initiation of HFHS diet-induced inflammatory process has been
suggested to derive from the accumulation of different fatty acids species in the hypothalamus
(Borg et al., 2012). This hypothesis has been further confirmed by studies using acute
intracerebroventricular (icv) infusion of lipids in the MBH, which demonstrated an increase in
pro-inflammatory signals (Cheng et al., 2015a; Cheng et al., 2015b), endoplasmic reticulum
(ER) stress (Zhang et al., 2008), and apoptotic signals (Moraes et al., 2009), with a concomitant
insulin and leptin resistance (Posey et al., 2009; Kleinridders et al., 2009). Furthermore, dietary
lipids might not be the only nutrient elements inducing hypothalamic inflammation, as the same
result has been found in response to fructose-rich diets (Li et al., 2015b), suggesting that the
composition of diet is crucial for the development of an inflammatory environment in the
hypothalamus. The fatty acids derived from the diet have been observed to be responsible for
the activation of the IKK/NF-kB pathway upstream molecule TLR4 (Hayden and Ghosh, 2008),
leading to the expression of several inflammatory cytokines, like TNFa, interleukins (ILs) -1
and -6 (Sartorius et al., 2012; Milanski et al., 2012) and to ER stress induction (Milanski et al.,
2009) in the hypothalamus. The stimulation of these pathways is thought to trigger the
expression of a suppressant of insulin and leptin signaling, known as suppressor of cytokine
signaling (SOCS)-3 (Zhang et al., 2008), partially responsible for the resistance onset to these

anorexic hormones (Howard et al., 2004; Mori et al., 2004).

1.3.4. Glial cells: main mediators of hypothalamic dysfunction associated

with hypercaloric diet
CNS resident glial cells have been identified as the primary responders to a HFHS diet, and the
main mediators of hypothalamic dysfunction associated with obesity, after several studies
excluded the hypothesis that the first responders were circulating macrophages migrating into

the brain in response to a HFHS diet (Yang et al., 2013; Buckman et al., 2014; Valdearcos et
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al., 2014). Indeed, it has been observed that hypercaloric diet consumption induces reactive
gliosis in the hypothalamus (Thaler et al., 2012; Buckman et al., 2013; Valdearcos et al., 2014;
Horvath et al., 2010) (Figure 4).

IHC-GFAP

Figure 4: Representative images of astrogliosis in the MBH induced by 4 months HFHS diet
feeding. Hypercaloric diet consumption induces an upregulation in GFAP immunolabeling (magenta)
in the hypothalamus. In response to a HFHS diet exposure for four months, astrocytes exhibit an
upregulation of GFAP, as well as a hypertrophic phenotype, features possible to visualize by using an
antibody against the endogenous mouse GFAP. HFHS: high-fat high-sugar; IHC:
immunohistochemistry; SC: standard chow. Scale bar: 100 pm.

Interestingly, HFHS diet-induced gliosis has a very early onset, as it can be found in the
hypothalamus after only one day of an hypercaloric feeding, together with an increase in
cytokines production, (Thaler et al., 2012), and it persists after a long-term HFHS diet
consumption (Thaler et al., 2012; Valdearcos et al., 2014). Interestingly, Berkseth and
colleagues reported that HFHS diet-induced gliosis was largely reversible in the ARC of mice
whose diet was switched back to chow, after being fed with a HFHS diet for 16 weeks; indeed,
feeding those animals with chow diet in the 4 following weeks was sufficient to normalize their
body weight, adiposity, and hypothalamic gliosis (Berkseth et al., 2014). HFHS diet-induced
astrogliosis correlates with endothelial and neuronal dysfunctions, resulting in an aberrant
synaptic organization of hypothalamic circuits (Horvath et al., 2010), which is associated with
a late reduction in the number POMC neurons (Thaler et al., 2012). Those findings highlight

the importance of the HFHS diet-induced rapid response of glial cells, particularly astrocytes,
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of the surrounding environment and the neuronal circuits, and the strong correlation with

hypothalamic dysfunction promoted by an hypercaloric diet consumption.

1.3.5. Mechanisms involved in HFHS diet-induced hypothalamic astrogliosis
As previously mentioned, the hypercaloric diet-induced activation of the IKK/NF-kB pathway
has been identified as one of the main mechanisms involved in hypothalamic dysfunction
associated with the pathogenesis of obesity. In fact, several studies have been focused on the
manipulation of this pathway, particularly in astrocytes, in order to understand its functional
contribution to the development of hypothalamic inflammation and obese phenotype (Buckman
et al., 2015; Douglass et al., 2017; Zhang et al., 2017). Studies from Buckman and colleagues
reported that hypothalamic HFHS diet-induced astrogliosis can be prevented by genetically
blocking the NF-kB signaling specifically in GFAP-expressing astrocytes, resulting in an acute
increase of food intake within the first 24 hours of a HFHS diet consumption (Buckman et al.,
2015). Furthermore, another similar study reported that astrocytes might be involved in the
HFHS diet-induced chronic metabolic impairment via activation of the NF-kB pathway as well
(Douglass et al., 2017). Indeed, the authors could observe an attenuated hypothalamic
astrogliosis, together with reduced food intake, body weight gain and improved glucose
homeostasis in 6 weeks HFHS diet-fed mice, when the NF-kB signaling was genetically ablated
in GFAP-expressing astrocytes (Douglass et al., 2017). This observation was further supported
by Zhang and colleagues, who found an increase in food intake and body weight gain when
mice with a genetically overactivated NF-kB signaling in GFAP-expressing astrocytes were
exposed to a HFHS diet (Zhang et al., 2017). Other signaling pathways (STAT3, AKT and JNK
signaling cascades) in astrocytes have been associated with astrogliosis and obesity; however,

their direct involvement in diet-induced obesity is so far poorly understood.

1.3.6. Does obesogenic diet directly affect hypothalamic astrocytes?

Some studies indicate that the fast changes in the morphological, molecular and functional
features of glial cells derive from the direct effect of specific components of the diet (Gao et
al., 2014; Gupta et al., 2012; Gao et al., 2017a). In vitro studies have reported that saturated
fatty acids promote the release of inflammatory signals, such as IL-6 and TNF-a by astrocytes
via the activation of TLR4 signaling (Gupta et al., 2012). However, an in vivo study pointed
out that the administration via oral gavage of saturated fatty acids in mice was not sufficient to
induce astrogliosis in the MBH, where only microgliosis was observed (Valdearcos et al.,

2014). On the contrary, Gao and colleagues observed that the fat present in the diet was
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sufficient to induce hypothalamic astrogliosis, while only the combination of dietary fat and
sugar could lead to more complex pro-inflammatory aspects of hypothalamic gliosis, including
microgliosis (Gao et al., 2017a). This was confirmed by the loss of such pro-inflammatory
effects when the animals were fed with a high-fat low-carbohydrate diet (Gao et al., 2017a).
Moreover, also aberrant peripheral hormone levels derived from a prolonged consumption of a
HFHS diet have been observed to lead to changes in glia activity within the hypothalamus (Gao
et al., 2014). While obesity per se does not induce hypothalamic astrogliosis, as demonstrated
by the absence of reactive astrogliosis in the hypothalamus of mice lacking leptin receptor
(db/db mice) or leptin (ob/ob mice), which exhibit an obese phenotype on a standard chow diet,
the treatment of ob/ob mice with exogenous leptin leads to modify the astroglia profile in
parallel with a body weight loss (Gao et al., 2014). Besides leptin, it was reported that the
administration of ghrelin in chow fed rats induces an obese-like phenotype, with increase in the
hypothalamic cytokine production, but not astrogliosis (Garcia-Caceres et al., 2014). Together,
all these variable outcomes suggest that hypothalamic glial cells respond differently to specific
combinations of dietary nutrients (Gupta et al., 2012; Gao et al., 2017a), and that aberrant
hormonal inputs occurring during the development of obesity might influence the HFHS diet-
induced changes in the molecular profile of those cells (Garcia-Caceres et al., 2011; Gao et al.,
2014).

Interestingly, sex has also been reported to be a determinant factor for the development of
hypercaloric diet-induced hypothalamic astrogliosis and inflammation, as present in males and
absent in females, when both sexes gained a significant body weight (Morselli et al., 2014).
Moreover, the levels of palmitic acid and pro-inflammatory cytokines (e.g. TNF-a, IL-6) were
significantly increased in the hypothalamus of male, but not female, mice fed with an
hypercaloric diet (Morselli et al., 2014) The reason of such a difference might be found in the
hypothalamic levels of estrogen receptor alpha (ERa), as its activation by estrogen protects
females from HFHS diet-induced obesity and fatty acid-induced inflammatory responses
(Morselli et al., 2014; Heine et al., 2000; Musatov et al., 2007).

Lastly, age might also influence the onset of HFHS diet-induced astrogliosis, as the levels of
GFAP expression in aged animals under physiological conditions is higher than in young ones
(Lemus et al., 2015). Moreover, the initial age at which animals are fed with a HFHS diet might
be determinant for the development of hypothalamic gliosis, as reported by Freire-Regatillo
and colleagues, who showed that juvenile, but not adult, mice put on a HFHS diet tend to be

relatively resistant to the onset of hypothalamic gliosis (Freire-Regatillo et al., 2020).
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Therefore, considering all those evidences, many various factors may influence the molecular
phenotype of hypothalamic astrocytes and their response to an hypercaloric diet, such as age,
sex, and health status of the animal, the combination of diet components and hormonal inputs,
as well as the condition of surrounding cells, with which astrocytes form intricated networks.
For this reason, the outcomes obtained while assessing the role and the importance of HFHS
diet-induced hypothalamic astrogliosis must be interpreted carefully.
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2. Aim of the thesis

In the course of the thesis, | aimed to interrogate whether the molecular profile of astrocytes is
determined by their anatomical distribution in the brain and/or the presence of specific astrocyte
markers, such as GFAP and Aldh1L1, and to propose potential astrocytic signaling pathways
mediating HFHS diet-induced GFAP up-regulation, and their impact on the body weight gain.
In particular, | investigated:

(a) The inter-regional heterogeneity of astrocytes located in cortex, hypothalamus and
hippocampus, in lean versus HFHS diet-obese mice, in order to understand if a HFHS
diet induces specific molecular responses to the diet, depending on where astrocytes are
located.

(b) The intra-regional heterogeneity of astrocytes within the ARC, with particular focus on
the HFHS diet-induced effects on the molecular profile, numbers, and spatial
distribution of Aldh1L1- and/or GFAP- expressing astrocytes.

(c) Potential molecular pathways that might correlate with the HFHS diet-induced GFAP
up-regulation in the ARC.
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3. Material and Methods

3.1.

Material

3.1.1. Mouse strains and diets

Table 1: Mouse strains

Harbor, ME, USA

Mouse Strain name Provided by: References

strain

AldhlL1- | Tg(Aldhll1-cre/ERT2)02Kan Dr. Saher, Max | (Winchenbach

CreER™ Planck Institute, | et al., 2016)
Gottingen

C57BL/6J | C57BL/6JRj Janvier Lab,
Saint-Berthevin
Cedex, France

GFAP KO | B6;129S-GfapmtMes Prof. Pekny, | (Pekny et al.,
University of | 1995)
Goteborg,
Sweden

hGFAP- B6.Cg-Tg(GFAP-cre/ERT2)505Fmv | Prof. Vaccarino, | (Ganat et al.,

CreER™ Yale University, | 2006)
Connecticut, USA

IPsR2 KO | B6;Itpr2tmi-1chen Prof. Araque, | (Li et al., 2005)
Cajal Institute, | (Petravicz,
Madrid, Spain Fiacco and

MccCarthy,
2008)

Smo" Smo!™m2Ame/] Jackson (Long et al,
Laboratory, Bar | 2001)
Harbor, ME, USA

Sunl- B6;129- Jackson (Mo et al,

sfGFP Gt(ROSA)26SorMS(CAGSUnLSIGFPINat/ 3| | ahoratory, Bar | 2015)
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Table 2: Mouse diets

Name Standard Chow (SC) diet High-fat high-sugar
(HFHS) diet

Supplier Harlan Teklad, Madison, USA | Research diets Inc., New
Brunswick, NJ, USA

Reference number LM-485 D12331

Carbohydrate (kcal%) | 44.3 25

Fat (kcal%o) 5.8 58

Protein (kcal%o) 19.1 17

Energy density (kcal/g) | 3.1 5.56

3.1.2. Genotyping

Table 3: Reagents for genotyping

polymerase; 5 U/ul)

WI, USA

Reagent Supplier Product code

5x Green GoTaq® flexi | Promega Corporation, Madison, | M891A

buffer WI, USA

Betaine (5M) Sigma-Aldrich Chemie GmbH, | B0300
Taufkirchen, Germany

dNTPs (100 mM) Life technologies/Thermo | 10297018
Fisher Scientific Inc., Waltham,
MA, USA

Glycerol Standard Solution | Sigma-Aldrich Chemie GmbH, | G7793
Taufkirchen, Germany

KAPA2G Fast Genotyping | Sigma-Aldrich Chemie GmbH, | KK5121

mix Taufkirchen, Germany

MgClz (25 mM) Promega Corporation, Madison, | A351B
WI, USA

GoTag® G2 flexi DNA | Promega Corporation, Madison, | M7806
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Table 4: Genotyping primers and product sizes for Aldh1L1-CreER™ mice

Primer Primer sequence Product | Product size
size (WT) | (transgene)
20713 5-CAACTCAGTCACCCTGTGCTC-3'
No band 590 bp
8250 5-TTCTTGCGAACCTCATCACTCG-3'

Table 5: Genotyping primers and product sizes for GFAP KO mice

Primer Primer sequence Product Product size
size (WT) | (KO)

WT forward 5-GTCCAGCCGCAGCCGCAG-3

WT reverse 5-CTCCGAGACGGTGGTCAGG-3' 350be /

KO forward 5-TGTTCTCCTCTTCCTCATCTCC-3'

KO reverse 5-ATTGTCTGTTGTGCCCAGTC-3' / 140bp

Table 6: Genotyping primers and product sizes for hGFAP-CreER™ mice

Primer Primer sequence Product | Product size
size (WT) | (transgene)
42 (control | 5-CTAGGCCACAGAATTGAAAGATCT-3'
forward)
324 bp /
43 (control | 5-GTAGGTGGAAATTCTAGCATCATCC-3'
reverse)
1084 5-GCGGTCTGGCAGTAAAAACTATC-3'
(transgene
forward)
/ 100 bp
1085 5-GTGAAACAGCATTGCTGTCACTT-3'
(transgene
reverse)

Table 7: Genotyping primers and product sizes for IP3R2 KO mice

Primer Primer sequence Product size | Product size
(WT) (KO)

WT forward | 5-~ACCCTGATGAGGGAAGGTCT-3'

WT reverse | 5-ATCGATTCATAGGGCACACC-3' 200bp /

KO forward | 5-AATGGGCTGACCGCTTCCTCGT-3' / 300 bp
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KO reverse

S-TCTGAGAGTGCCTGGCTTTT-3'

Table 8: Genotyping primers and product sizes for Smo

fl/fl

mice

Primer Primer sequence Product size | Product size
(WT) (transgene)
0IMR0013 | 5-CTTGGGTGGAGAGGCTATTC-3'
0IMR0014 | 5-AGGTGAGATGACAGGAGATC-3'
160 bp 280 bp
0IMR1834 | 5-CCACTGCGAGCCTTTGCGCTAC-3'
0IMR1835 | 5-CCCATCACCTCCGCGTCGCA-3'
Table 9: Genotyping primers and product sizes for Sun1-sfGFP mice
Primer Primer sequence Product  size | Product size
(WT) (transgene)
0IMR9020 | 5-AAGGGAGCTGCAGTGGAGTA-3'
(control
forward)
241 bp /
24500 5-CAGGACAACGCCCACACA-3
(control
reverse)
36178 5-ACACTTGCCTCTACCGGTTC-3'
(transgene
forward)
/ 225 bp
15020 5-CTGAACTTGTGGCCGTTTAC-3'
(mutant
reverse)

All primers were purchased from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany.

3.1.3. Reagents and chemicals

Table 10: List of reagents and chemicals

Name

Supplier

Product code

(CAA)

2-Chloroacetamide

Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,

C0267
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AccUGENE 0.5 M EDTA | Biozym  Scientific  GmbH,  Hessisch | Lonza 51201

Losung, pH 8.0 Oldendorf, Germany

[-mercaptoethanol Carl Roth GmbH + CoKG, Karlsruhe, |4227.3
Germany

BSA 0.4% Sigma-Aldrich Chemie GmbH, Taufkirchen, | A1595
Germany

Collagenase/dispase Sigma-Aldrich Chemie GmbH, Taufkirchen, | 10269638001

solution Germany

Dabco® 33-LV Sigma-Aldrich Chemie GmbH, Taufkirchen, | 290734
Germany

DMEM/F-12 Thermo Fisher Scientific Inc., Waltham, USA | 11320033

D(+)Trehalose Dihydrate | Sigma-Aldrich Chemie GmbH, Taufkirchen, | T0167-10G
Germany

Dulbecco's ~ Phosphate | Sigma-Aldrich Chemie GmbH, Taufkirchen, | D8537

Buffered Saline (D-PBS) | Germany

Ethanol Th. Geyer GmbH+CoKG, Renningen, | 1.00983.2500
Germany

Gelatin from porcine skin | VWR International GmbH, Darmstadt, | SAFSG1890
Germany

HaltTM protease and | Thermo Fisher Scientific Inc., Waltham, USA | 78446

phosphatase  inhibitors

(100x)

MACS® BSA Stock | Miltenyi BioTec, USA 130-091-376

Solution (10%)

Mowiol Merck Group, Darmstadt, Germany 475904

NaCl Thermo Fisher Scientific Inc., Waltham, USA | 15023021

NaCl 0.9 % (injectable | VWR International GmbH, Darmstadt, | BRAU3570160

saline) Germany

Natriumhydroxid Carl Roth GmbH + CoKG, Karlsruhe, | 6771.1
Germany

Papain Dissociation | Worthington ~ Biochemical  Corporation, | LK003150

System Lakewood, NJ

Paraformaldehyde (PFA) | Carl Roth GmbH + CoKG, Karlsruhe, | 0335.2
Germany
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PBS (1X), liquid; pH:7.4 | Thermo Fisher Scientific Inc., Waltham, USA | 10010056

Pierce™ Trypsin/Lys-C | Thermo Fisher Scientific Inc., Waltham, USA | A40007

Protease Mix

PMSF Solution Santa Cruz Biotechnology, Heidelberg, | sc-482875
Germany

RIPA buffer Sigma-Aldrich Chemie GmbH, Taufkirchen, | R0278-500
Germany

RNaseOUT Thermo Fisher Scientific Inc., Waltham, USA | 10-777-019

Sodium azide Sigma-Aldrich Chemie GmbH, Taufkirchen, | S2002
Germany

Sodium  Deoxycholate | Thermo Fisher Scientific Inc., Waltham, USA | 89904

Detergent

Sodium Phosphate | Sigma-Aldrich Chemie GmbH, Taufkirchen, | S5136

Dibasic (Na;HPO.) Germany

Sodium Phosphate | Sigma-Aldrich Chemie GmbH, Taufkirchen, | S5011

Monaobasic (NaH2POa) Germany

Sucrose Carl Roth GmbH + CoKG, Karlsruhe, | 4621.2
Germany

Sunflower seed oil Sigma-Aldrich Chemie GmbH, Taufkirchen, | S5007
Germany

Tamoxifen Sigma-Aldrich Chemie GmbH, Taufkirchen, | T5648-1g
Germany

Trypan Blue Bio-Rad Laboratories GmbH, Feldkirchen, | 1450021
Germany

Tris(2- Sigma-Aldrich Chemie GmbH, Taufkirchen, | C4706

carboxyethyl)phosphine | Germany

hydrochloride (TCEP)

TRIS PUFFERAN® Carl Roth GmbH + CoKG, Karlsruhe, | 4855.5
Germany

Triton X-100 Roche Diagnostics GmbH, Mannheim, | 11858620
Germany
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3.1.4. Kits
Table 11: List of kits

RNA Kit for Sequencing

Inc.

Name Supplier Product code

Adult brain dissociation kit, mouse and rat | Miltenyi BioTec, USA 130-107-677

Anti-ACSA-2 MicroBead Kit, mouse Miltenyi BioTec, USA 130-097-678

Chromium Single Cell 3’ Reagent Kits | 10X Genomics, Pleasanton, PN-1000121

v3.1 USA

Pierce BCA protein assay Thermo Fisher Scientific Inc., | 23228
Waltham, USA

RNAscope®  Multiplex  Fluorescent | Advanced Cell Diagnostic 323100

Reagent Kit v2- Mm

RNeasy Micro Kit Qiagen, Hilden, Germany 74004

SMART-Seq® v4 Ultra® Low Input | Takara Bio Clontech USA, | 634891

3.1.5. Antibodies and fluorescent dyes

Table 12: List of primary antibodies

Target Host Dilution Supplier Product code
ACSA2 | rat 10 ul /107 cells | Milteny, BioTec, USA 130-097-678
Aldh1Ll |/ 1/50 Advanced Cell Diagnostic 405891-C2
GFAP rabbit 1/1000 Dako, USA 70334

GFP chicken | 1/500 OriGene Technologies, USA | AP31791PU-N
Ki67 rabbit 1/1000 Abcam, USA Ab16667

Table 13: List of secondary antibodies

Target Host Conjugate Dilution | Supplier Product code

chicken 1gG | goat Alexa Fluor 488 | 1/1000 | Invitrogen, USA A11039

chicken IgG | rabbit | HRP 1/1000 | Rockland 603-4302
Immunochemicals

rabbit IgG | donkey | Alexa Fluor 647 | 1/1000 | Invitrogen, USA A31573

/ / Opal 570 1/1000 | Akoya Biosciences

/ Opal 520 1/1000 | Akoya Biosciences
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3.1.6. Instruments and tools

Table 14: List of instruments and tools

Name Application Supplier

3P Brain Puncher Tissue Set ARC punch Thermo Fisher Scientific Inc.,
Waltham, USA

Burker chamber Cell counting VWR International GmbH,
Darmstadt, Germany

Cell strainer 40 um Filters Schubert&Weiss, Germany

EASY-nLC™ 1200 System HPLC Thermo Fisher Scientific Inc.,

Waltham, USA

Gentle MACS Octo Dissociator

Tissue dissociation

Miltenyi BioTec, USA

HybEZ oven FISH Advanced Cell Diagnostic
Leica TCS SP5 Confocal microscope for | Leica Mikrosysteme Vetrieb
imaging GmbH, Wetzlar, Germany
LS columns MACS Miltenyi BioTec, USA
MACS separator Magnetic cell isolation Miltenyi BioTec, USA

Mastercycler ®

PCR

Eppendorf, Germany

Micro-Perfusion pump

Perfusion

Automate Scientific, USA

MS columns

MACS

Miltenyi BioTec, USA

Omnifix-f 1ml syringes

Tamoxifen injections

B.Braun, Melsungen,

Germany

Pre-Separation Filters (70 um)

MACS

Miltenyi BioTec, USA

Q Exactive HF-X hybrid | Mass spectometer Thermo Fisher Scientific Inc.,

quadrupole-Orbitrap Waltham, USA

Qiaxcel Analysis system PCR analysis Qiagen N.V., Hilden,
Germany

ReproSil-Pur C18 HPLC Dr. Maisch GmbH, Germany

Rodent Brain Matrix Brain slicing ASI instruments, USA

SDB-RPS STAGE tips

Purification of peptides

3M Empore, USA

SuperFrost Plus Gold slides IHC and FISH Thermo Fisher Scientific Inc.,
Waltham, USA

Sterican Kaniilen, 27 G Tamoxifen injections B.Braun, Melsungen,
Germany
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3.2. Methods

3.2.1. Animal experiments
3.2.1.1. Animals

The Animal Ethics Committee of the Upper Bavaria government (Germany) approved all
animal experiments, which were successively conducted following the guidelines and
regulations of the Institutional Animal Care and Use Committee of the Helmholtz Center
Minchen, Neuherberg, Germany. All mice were housed in groups in individually ventilated
cages (IVC), under a 12-h light/12-h dark cycle at 22 + 2°C and at constant 45-65% humidity,
with free access to food and water. All studies were performed on male mice. The diet of
C57BL/6JRj mice was either maintained on SC or switched to a HFHS diet at 8-10 weeks of
age (OMICs studies and RNAscope®) or at 4 weeks of age (SCRNA-Seq study). In order to
generate a mouse line carrying the Sun1-GFP fusion sequence specifically under the AldhlL1
promoter in a Cre-dependent inducible manner, Aldh1L1-CreER" line was crossed with Sun1-
sfGFP mice. At 8-12 weeks of age, the resulting Aldh1L1-CreER™:Sun1-sfGFP animals
received a SC or a HFHS diet for 5 or 15 days. In order to induce the expression of GFP in the
nuclei of Aldh1L1-expressing cells, Aldh1L1-CreER™:Sun1-sfGFP littermates were injected
with Tamoxifen (1 mg in 100 ul per day, i.p.) during the last two days of a HFHS diet exposure,
and sacrificed three days after the last injection, during which they were maintained on the same
experimental diet. Tamoxifen injectable solution was prepared by dissolving Tamoxifen in
Ethanol 100% and sunflower seed oil (1:9 ratio), in a final concentration of 10 mg/ml, then
filter sterilized and stored in aliquots at -20°C in the dark until the moment of use. GFAP KO
and IPsR2 KO mice were bred with a heterozygous x heterozygous strategy in order to produce
WT and KO littermates, which were successively maintained at SC diet or switched to a HFHS
diet at 8-12 weeks of age. In order to delete the sequences flanked by loxP sites specifically in
GFAP-expressing astrocytes, the Smo™ line was crossed with hGFAP-CreER™ mice. At 6
weeks of age, the resulting Smo™™: hnGFAP-CreER™ littermates were injected with Tamoxifen
(1 mg in 100 pl per day, i.p.) for 5 consecutive days, and stayed on a SC diet for the following
4 weeks, until the control diet was either maintained or changed to a HFHS diet. Mice were

randomized and evenly distributed among test groups according to age and body weight.
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3.2.1.2. Genotyping protocols

Genomic DNA was extracted from eartags of 3 weeks old mice, and successively used to
genotype the different mouse lines following the respective protocol (see Tables below). The
DNA isolation was performed by boiling the eartags in 200 ul of 50 mM NaOH solution for 30
min, and subsequently by adding 20 ul of 1 M Tris buffer. The DNA was stored in 4°C until

the moment of use.

Table 15: Genotyping protocol for Aldh1L1-CreER™ mice

Material Concentration Volume (pl per well)
MilliQ H20 5

KAPA2G Fast Genotyping | 1x 6.25

mix

Primer 20713 20 uM 0.625

Primer 8250 20 uM 0.625

DNA 1

See Table 4 for details on primers. In a PCR cycler, the samples underwent the following
temperature profile: 95°C for 3 min, 40 repetitions of the sequence 95°C (15 sec)- 60°C (15
sec)- 72°C (15 sec), followed by 1 min at 72°C, and cooling down to 10°C.

Table 16: Genotyping protocol for GFAP KO mice

Material Concentration Volume (ul per well)
MilliQ H20 3.75

KAPA2G Fast Genotyping | 1x 6.25

mix

WT forward 20 uM 0.625

WT reverse 20 pM 0.625

KO forward 20 uM 0.625

KO reverse 20 pM 0.625

DNA 1

See Table 5 for details on primers. The temperature profile used corresponds to the same
described under Table 15.
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Table 17: Genotyping protocol for nGFAP-CreER™ mice

Material Concentration Volume (pl per well)
5x Green GoTag® flexi | 5x 2.5
buffer

dNTPs 10 mM 0.25
MgCl, 25 mM 1
42 (control forward) 20 puM 0.25
43 (control reverse) 20 uM 0.25
1084 (transgene forward) 20 uM 0.25
1085 (transgene reverse) 20 uM 0.25
Betaine 5M 2.5
GoTag® G2 flexi DNA | 5U/ul 0.1
polymerase

DNA 3

See Table 6 for details on primers. The temperature profile used in the PCR cycler is: 94°C for
3 min, 36 repetitions of the sequence 94°C (45 sec)- 60°C (45 sec)- 72°C (1 min), followed by

2 min at 72°C, and cooling down to 4°C.

Table 18: Genotyping protocol for IP3R2 KO mice

Material Concentration Volume (ul per well)
MilliQ H20 3.9
5x Green GoTag® flexi | 5x 2.5
buffer

dNTPs 10 mM 0.25
MgCl, 25 mM 1
WT forward 20 uM 0.25
WT reverse 20 pM 0.25
KO forward 20 uM 0.25
KO reverse 20 pM 0.25
Betaine 5M 2.5
GoTag® G2 flexi DNA | 5 U/ul 0.1
polymerase

DNA 1
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See Table 7 for details on primers. The temperature program run in the PCR cycler is: 94°C
for 4 min, 30 repetitions of the sequence 95°C (30 sec)- 55°C (1 min)- 72°C (1 min), followed
by 7 min at 72°C, and cooling down to 4°C.

Table 19: Genotyping protocol for Smo™" mice

Material Concentration Volume (pl per well)
5x Green GoTag® flexi | 5x 5
buffer

dNTPs 10 mM 0.5
MgCl, 25 mM 2
0IMR0013 20 uM 0.5
0IMR0014 20 uM 0.5
0IMR1834 20 uM 0.5
0IMR1835 20 uM 0.5
Betaine 5M 5
GoTag® G2 flexi DNA | 5 U/ul 0.2
polymerase

DNA 2

See Table 8 for details on primers. The temperature profile run in the PCR cycler is: 94°C for
1 min, 35 repetitions of the sequence 94°C (1 min)- 63°C (1 min)- 72°C (1 min), followed by

2 min at 72°C, and cooling down to 4°C.

Table 20: Genotyping protocol for Sunl-sfGFP mice

Material Concentration Volume (pl per well)
MilliQ H20 5.61

5x Green GoTag® flexi | 5x 3.9

buffer

dNTPs 10 mM 0.39

MgCl; 25 mM 1.56

0IMR9020 (control forward) | 20 uM 0.38

24500 (control reverse) 20 uM 0.38

36178 (transgene forward) 20 uM 0.38

15020 (mutant reverse) 20 uM 0.38
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Glycerol Standard Solution | 50% 1.95

GoTag® G2 flexi DNA | 5 U/ul 0.09
polymerase
DNA 2

See Table 9 for details on primers. The temperature profile used corresponds to the same
described under Table 17.

All the samples produced by following the above-described genotyping protocols were
analyzed with a Qiaxcel Analysis system.

3.2.2. RNA and protein sequencing

3.2.2.1. Tissue dissociation and magnetic-activated cell sorting (MACS)
C57BL/6JRj mice exposed to a SC or a HFHS diet for 4 months were sacrificed by cervical
dislocation and tissues rapidly dissected for downstream analysis. For transcriptomics,
hypothalami, hippocampi, and half cortices from 2 animals were pooled together by brain
region in distinct tubes prefilled with cold D-PBS; the same was done for proteomics, but with
4 mice in total. Cortices were chopped into smaller pieces with a scalpel. Tissue dissociation
and debris removal were performed following manufacturer’s instructions (Adult Brain
Dissociation Kit, Miltenyi BioTec). In order to specifically separate astrocytes from other cell
types, the resulting cell suspensions underwent magnetic-activated cell sorting (MACS)
procedure, using the astrocyte-specific surface marker ACSA2 (Batiuk et al., 2017) (Kantzer
et al., 2017). First, the total number of cells derived from the tissue dissociation was counted in
order to define the correct reagent and buffer volumes and the type of MACS columns to use
in the following steps. As the total number of cells derived from the cortices exceeded 107 cells,
all reagents volumes were scaled up and LS columns used, according to the manufacturer’s
protocol (Anti-ACSA2 MicroBead Kit, Miltenyi BioTec). For hypothalamic and hippocampal
samples instead, MS columns were used and standard procedure was followed (Anti-ACSA2
MicroBead Kit, Miltenyi BioTec), as the total number of cells counted was lower than 107. The
unlabeled cellular fraction (flow-through) was collected to validate the correct separation of
astrocytes from other cell types. Both the ACSA2 labeled and the unlabeled cellular fractions
were collected in cold PBS and centrifuged for 10 min at 3,000 x g and 4°C. The so-pelleted
cells were either directly stored at -20°C for successive protein extraction, or resuspended in
350 ul RLT buffer containing 3.5 ul of B-mercaptoethanol, and stored at -80°C until RNA

extraction.
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3.2.2.2. RNA isolation and sequencing
The RNA from sorted ACSA2* astrocytes was extracted (RNeasy Micro Kit; Qiagen) according

to the manufacturer’s protocol. Afterwards, cDNA synthesis and amplification were performed
(SMART-Seg® v4 Ultra® Low Input RNA Kit for Sequencing, Takara) following the user
manual provided with the kit. The mMRNA sequencing and transcriptomics data generation were
conducted by Novogene Europe, United Kingdom.

3.2.2.3. Protein extraction and sequencing

To perform protein extraction from ACSA2* astrocytes and ACSAZ2" cells previously isolated
via MACS, cells were washed one time in cold PBS by centrifugation (500 x g, 5 min, 4°C),
resuspended in 80 pl of cold RIPA buffer (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) containing 1% v/v of protease and phosphatase inhibitors mix (Thermo Fisher
Scientific Inc., Waltham, USA), and sonicated with a glass homogenizer (Duran Wheaten
Kimble, USA). The lysate was then centrifuged at 13,000 x g for 10 minutes at 4°C, the pellet
containing cell debris discarded, and the supernatant protein concentration evaluated with
Pierce BCA protein assay (Thermo Fisher Scientific Inc., Waltham, USA), according to the
manufacturer’s instructions.

The following sample preparation and mass spectrometry (MS) analysis were performed by Dr.
Natalie Krahmer from the Institute for Diabetes and Obesity (Helmholtz Zentrum Mdnchen).
In particular, 2 ug of proteins were boiled for 5 min at 95 °C, and then sonicated (Branson probe
sonifier output 3-4, 50% duty cycle, 3x 30s) in 4% SDC (sodium deoxycholate), 100 mM Tris
pH 8.5. After alkylation and reduction with 10 mM tris-(2-carboxyethyl)-phosphin-
hydrochlorid (TCEP), 40 mM 2-chloroacetamide (CAA), proteins were digested overnight with
1:50 (protein:enzyme) LysC and Trypsin at 37 °C. The resulting digested peptides were
acidified to a final concentration of 1% trifluoroacetic acid (TFA), centrifuged for clearing, and
loaded onto activated (30% methanol, 1% TFA) double layer styrenedivinylbenzene—reversed
phase sulfonated STAGE tips (SDB-RPS; 3M Empore) (Kulak et al., 2014). First, the STAGE
tips were washed with 200 ul 0.2% TFA, then with 200 ul 0.2% TFA and 5% acetonitrile
(ACN). The peptides were eluted with 60 pl SDB-RPS elution buffer (80% ACN, 5% NH4OH)
for single shot analysis. Samples were concentrated in a SpeedVac for 40min at 45 °C and
dissolved in 10ul MS loading buffer (2% ACN, 0.1% TFA). For MS analysis, 1 ug of peptides
was loaded onto a 50-cm column with a 75 uM inner diameter, packed in-house with 1.9 uM

C18 ReprosSil particles (Dr. Maisch GmbH) at 60°C. The peptides were separated by reversed-
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phase chromatography on a 120 min gradient (5-30% buffer B over 95 min, 30-60% buffer B
over 5 min followed by washout) using a binary buffer system consisting of 0.1% formic acid
(buffer A) and 80% ACN in 0.1% formic acid (buffer B) at a flowrate of 350 nl on an EASY-
nLC 1200 system (Thermo Fisher Scientific). A Quadrupole-Orbitrap instrument (Q Exactive
HF-X, Thermo Scientific) was used to acquire MS data, utilizing data dependent top-15 method
with maximum injection time of 20 ms, a scan range of 300-1650 Th, and an automatic gain
control (AGC) target of 3e6. Higher-energy collisional dissociation (HCD) fragmentation with
a target value of 1e5, and a window of 1.4 Th was used to perform protein sequencing. A
resolution of 60,000 was used to acquire survey scans, while a resolution of 15,000 was used
for HCD spectra, with maximum ion injection time of 28 ms and an underfill ratio of 20%.
Dynamic exclusion was set to 30 s.

3.2.2.4. Bulk transcriptomics and proteomics analysis

Bulk transcriptomics and proteomics data were analyzed by Dr. Viktorian Miok from the
Institute of Diabetes and Obesity (Helmholtz Zentrum Minchen). FastQC (Andrews, 2010) was
first used to evaluate the raw transcriptomics sequencing reads. The transcripts underwent first
a quality control check, followed by alignment and quantification against the reference index,
which was generated on the base of GRCm38 genome with Salmon (Patro et al., 2017), and
default parameters were set. Tixmeta (Love et al., 2020) was then used to summarize the
transcript abundances imported in R. The levels of gene expression were normalized following
a median ratio method with DESeq2 (Love, Huber and Anders, 2014). The transformed counts
were stabilized and principal components calculated on the variance. The comparison between
SC diet and HFHS diet groups within each brain region allowed the identification of
differentially expressed genes (DEGS), by using standard parameters and simple two-group
comparison Wald test. For proteomics, raw mass spectrometry data were analyzed with
MaxQuant software version 1.6.7.0. (Tyanova et al., 2016). Perseus software’s data imputation
component (Max Planck Institute of Biochemistry, Munich, Germany) (Tyanova et al., 2016)
was used to replace the missing values from the normal distribution. Student t-test was
performed to evaluate the statistically significant differences in protein levels between
experimental groups for every brain region. R’s ggplot2 package (Wickham, 2016) was used to
produce data principal component analysis graphs, R’s EnhancedVolcano (Blighe, Rana and
Lewis, 2021) and VennDiagram (Chen and Boutros, 2011) packages were utilized to generate
respectively Volcano plots and Venn diagrams. R Base package was used to perform the

integration analysis between transcriptomics and proteomics data, and the calculation of
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Spearman’s rank correlation coefficient. The heatmaps illustrating the expression of DEGs over
the groups were generated with R’s pheatmap package (Kolde, 2015), while gene ontology
(GO) enrichment analysis was performed and illustrated with R’s clusterProfiler (Yu et al.,

2012) and ggplot2 (Wickham, 2016) packages.

3.2.2.5. Generation of single-cells suspension from the ARC

The brains of 5-6 weeks old C57BL/6JR] mice were rapidly extracted, cooled in ice-cold
DMEM/F12 medium (Thermo Fisher Scientific Inc., Waltham, USA) and settled in a chilled
rodent brain matrix (ASl-instruments) laying on their dorsal surface. 1 mm-thick coronal
section containing the ARC was obtained by slicing the brain in the middle of the
hypothalamus, approx. 1 mm from the optic chiasm. The ARC was then isolated from the slice
by using a tissue puncher (1 mm diameter, Thermo Fisher Scientific Inc., Waltham, USA), and
immediately transferred to ice-cold DMEM/F12 medium. Per each sample, 6 ARCs were
pooled together before proceeding to enzymatic digestion. The tissue dissociation protocol was
adapted from M.D. Claudia Doege’s lab (Columbia University Medical Center). The pooled
tissues were washed with ice-cold D-PBS supplemented with Trehalose (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) (Saxena et al., 2012) solution (5% w/v), and
successively incubated for 16 min at 37°C in 200 ul of 4 mg/ml collagenase/dispase solution
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) supplemented with 5% w/v Trehalose.
After the incubation, the enzymatic solution was removed carefully without disturbing the
tissue, and replaced with 200 pl of papain/DNAse solution (steps 2 and 3 from Worthington
Biochemical Corporation catalogue) containing 5% w/v Trehalose, and incubated for 12 min at
37°C. The enzymatic solution was then removed and substituted with 200 ul of D-PBS
supplemented with 5% wi/v Trehalose and RNAseOUT (1/1000; Thermo Fisher Scientific Inc.,
Waltham, USA), in which the tissue was gently tritured. The resulting cell suspension was
filtrated drop by drop through a 40 um cell strainer, and centrifuged at 300 x g for 8 min at 4°C
in a big volume of D-PBS supplemented with 2% bovine serum albumin (BSA) solution
(Miltenyi BioTec). The pelleted cells were resuspended in D-PBS with 0.04% BSA and washed
by centrifugation at 300 x g for 10 min at 4°C. The supernatant was carefully removed and cells
resuspended in 40 pl of D-PBS with 0.04% BSA. The final cells concentration and vitality was
estimated by hemacytometer after trypan blue staining, and the volume was subsequently

adjusted to approx. 1000 cells/ul. Cells were kept on ice until further use.
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3.2.2.6. Single-cell RNA sequencing analysis

Single-cell RNA-seq libraries were prepared by Dr. Michael Sterr from the Institute of Diabetes
and Regeneration Research (Helmholtz Zentrum Mdinchen), and pre-analyzed by Dr. Thomas
Walzthoeni from the Core Facility Genomics/Bioinformatics Platform (Helmholtz Zentrum
Minchen). The cell suspensions were immediately used for single-cell RNA-seq library
preparation with a target recovery of 10000 cells. Libraries were prepared using the Chromium
Single Cell 3’ Reagent Kits v3.1 (10X Genomics, PN-1000121) according to the manufacturer’s
instructions. Illumina NovaSeq6000 system was used to pool and sequence the libraries (target
read depth of 50000 reads/cell), following 10X Genomics’ recommendations. The alignment
of the reads was performed by using the sequence and annotation files for the mouse genome
GRCm38 assembly and annotation release 100 from Ensembl. The index of the genome was
generated with the command “cellranger mkref” in the Cell Ranger software (version 3.1.0,
from 10X Genomics, Pleasanton, CA), while the command “cellranger count” was run to align
the reads, generate quality control (QC) metrics, estimate the numbers of valid barcodes, and
create the count matrices. Standard parameters were used when performing the analysis, except
for the adjustment of expected cells’ number. Python’s Scanpy package (v1.4.4) (Wolf, Angerer
and Theis, 2018) was used to generate an anndata object.

Single-cell RNA-seq data were analyzed by Dr. Viktorian Miok from the Institute of Diabetes
and Obesity (Helmholtz Zentrum Minchen), by using Python’s Scanpy package (v1.7.1) (Wolf,
Angerer and Theis, 2018). Cells were filtered using a minimum unique molecular identifier
(UMI) count of 500. A total count of 1e4 remaining cell vectors was obtained by linear scaling
when performing normalization in default settings. The top 50 principal components were used
to generate a k-nearest neighbor (kNN) graph (k = 100, metho = umap), based on which a leiden
clustering (resolution = 0.3, flavor = vtraag) was computed. The uniform manifold
approximation and projection (UMAP) plot was generated to illustrate the assignment of cell
identities to clusters, based on specific molecular markers expression. Further analyses were
performed on the leiden cluster corresponding to astrocytes (cluster 0). Only cells with a
minimum UMI count of 500 were further processed to 1e4 counts normalization, transformation
log (x+1) and principal component analysis (PCA) with 50 PCs. A KNN graph (k = 100, method
= umap) based on the PC space was generated. For each diet, a UMAP plot was developed and
superimposed by Leiden clustering. The absolute number of cells per each cluster is shown by
a barplot chart (matplotlib) (Hunter, 2007). The total number of DEGs (split in up- and down-
regulated) per cell type was identified by comparing SC diet group with 5d and 15d HFHS diet
groups with a Student’s t-test. The scVelo phyton package (https://github.com/theislab/scvelo)
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was implemented and utilized to analyze the RNA velocity (La Manno et al., 2018) of single
astrocytes. The pipeline velocyto (http://velocyto.org) was used to extract spliced and unspliced
reads, after creating a loompy file. To further continue the analysis, the file was switched to an
AnnData object by using Scanpy. After calculating the RNA velocities of each astrocyte using
scvelo python pipeline, the resulting graph was combined to the low dimensional UMAP plots.
Finally, for each diet, the potential driver genes of RNA velocity were identified by utilizing
the same pipeline, considering they halve high likelihoods in the dynamic models, with a
dynamic behavior.

3.2.3. Immunohistochemistry and imaging

3.2.3.1. Brain slicing and histology

Animals were transcardially perfused first with NaCl 0.9%, and then with a solution containing
4% PFAin 0.1 M PBS. Afterwards, brains were carefully extracted, post-fixed overnight at 4°C
in the same fixative solution (4% PFA), which was then substituted by 30% sucrose in 0.1 M
tris-buffered saline (TBS) with a pH of 7.2, in which brains were left to equilibrate for 24-48h
at 4°C. Successively, brains were frozen at -20°C for 1h, and sliced into 30 um coronal sections
on a cryostat. All brain slices were collected into 1M TBS. Next, 3-4 sections of interest
containing the medial ARC (Bregma between -1.58 mm and -1.82 mm) were selected, and
blocked for 1h in a solution composed by 0.25% porcine gelatin and 0.2% Triton X 100 in 0.1M
TBS (hamed SUMI). Afterwards, the brain slices were incubated with primary antibodies
correctly diluted in SUMI overnight at 4°C. The successive day, sections were washed four
times in 0.1M TBS, and incubated in the respective secondary antibodies diluted in SUMI for
2h at room temperature (RT). After four more rinses in 0.1M TBS, the penultimate of which
containing 4',6-diamidino-2-phenylindole (DAPI) (2 pg/ml), brain slices were mounted on

microscope slides, and left to dry for 1h at RT, before storing them at 4°C.

3.2.3.2. Confocal imaging

Between 1 and 20 days from immunohistochemistry, mounted sections were imaged. All
images were acquired using a confocal microscope (Leica TCS SP5) at 20x magnification with
an air-immersed objective. The final z-stack was composed by constant 2 um step sizes for a

total of 17-22 optical slices.
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3.2.3.3. Analysis of number and spatial location of cells

Images were analyzed with ImageJ/Fiji software on maximum intensity z-stack projections.
The assessment of cell numbers and spatial coordinates was performed within a defined region
of interest (ROI) in the cortex, hippocampus and hypothalamus. The ROI in the somatory-
sensory cortex was positioned consistently in an area including layers 4 and 5 (144334 um?),
while the ROI in the hippocampus was defined in a region including stratum radiatum, stratum
lacunosum-moleculare and dentate gyrus (96138 um?). In the hypothalamus, only the ARC was
analyzed, by positioning a ROl manually drawn as a right-angled triangle (approximately
105350 pm?) on the basis of DAPI staining and Allen Mouse Brain Atlas (Lein et al., 2007;
Atlas, 2011). The lower cathetus of the ROI (490 um) corresponded to the inferior border of
the ARC and defined the x-axis, while the second cathetus (430 um) was positioned at the edge
of the third ventricle, defining the y-axis. The analysis was done manually and blindly. The x/y
coordinates of each cell were defined roughly at the center of Aldh1L1+ nuclei, while for GFAP
immunoreactive astrocytes, the converging point between main processes was considered as
center of the cell. GFAP* cells located at the border of the third ventricle, and showing long
and straight processes were excluded from the analysis, as they could possibly be tanycytes,
rather than astrocytes. The analysis of the number of astrocytes in ARCs, cortices and
hippocampi was performed on the same slices in a consistent manner. The same ARC slices

were used to analyze the number and the spatial location of astrocytes.

3.2.3.4. Spatial distribution analysis

Spatial distribution of astrocytes in the ARC was analyzed by Dr. Viktorian Miok from the
Institute of Diabetes and Obesity (Helmholtz Zentrum Minchen). R’s plotly (Sievert, 2020)
and statspat (Baddeley and Turner, 2005) packages were utilized to create respectively 3D and
2D spatial point pattern density plots. The significance of the overall and local analysis of
spatial point pattern densities was estimated with a generalized linear model to fit the data
y~ By + By *diet + [, * mouse (mouse: random effect; diet: fixed effect), and with an
asymptotic Wald test to calculate the p-values (R-package Ime4). Moreover, the differences
between the cells present in each square along the diet groups was calculated using the same
statistical tests. R’s randomForest (Liaw and Wiener, 2002), mir3, mlr3learners, and mlr3viz
(Lang et al., 2019) packages were utilized to perform random forest classification. The Moran

| values were calculated with spatial auto-correlation ape (Paradis and Schliep, 2019).
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3.2.4. Fluorescence in situ hybridization (FISH)

To validate Aldh1L1 -RNA and -protein co-localization, and to assess Aldh1L1-RNA levels
changes in the ARC in response to a HFHS diet, Aldh1L1-CreER™::Sun1-sfGFP and
C57BL/6JRj mice were perfused with 0.9% w/v NaCl and a cold 4% solution of PFAin 0.1 M
PBS (pH 7.4). Afterwards, the brains were kept in 4% PFA solution at 4°C overnight, and
moved first to 10%, then 20%, and finally 30% sucrose in 0.1 M TBS solution each consecutive
day. The brains were then sliced in 10 um sections on a cryostat, after a period of 1-2h freezing
in -20°C. The slices were immediately mounted on SuperFrost Plus Gold slides (Fisher
Scientific) and kept in -80°C until further use. Within one month from the initial storage, slides
were warmed up for 30 minutes at 60°C, then incubated in 4% PFA solution for 15 minutes.
Next, the slides were treated with sequential 5 min-long steps of dehydration with 50%, 70%,
and 100% ethanol. After few minutes of air-drying, RNAscope® Multiplex Fluorescent
Reagent Kit v2- Mm (ACD, Advanced Cell Diagnostic, #323100) was applied to the slides
following the manufacture’s protocol. M. musculus Aldhl1L1 mRNA was targeted by using the
corresponding probe (RNAscope® Probe Mm-Aldhlll; ACD, #405891-C2), and Opal 570
Fluorophore Reagent (1/1000; Akoya Biosciences) for visualization. As the treatment with
proteases used in the protocol might weaken the GFP expression, a retrieval step was applied
to the slides by incubating them for 2 hours at RT with chicken anti-GFP (1/500, OriGene,
#AP31791PU-N) antibody diluted in 0.1% bovine serum albumin (BSA) in TBS, and then for
30 minutes with secondary rabbit HRP-conjugated anti-chicken 1gG (H&L) antibody
(1/1000 in 0.1% bovine serum albumin (BSA) in TBS, Rockland Immunochemicals, #603-
4302), and finally 15 minutes with Opal 520 Fluorophore Reagent (1/1000; Akoya Biosciences)
at RT. The slides were then mounted and stored at 4°C until imaging. Within 2 weeks, Z-stack
pictures of the slides were taken under a confocal microscope (Leica TCS SP8) with glycerin
oil-immersed 20X objective applying a 0.5 um z-interval, and keeping the same acquisition
parameters to all slides. Fiji software was used to analyze the pictures, on maximum intensity
Z-stack projections, on which the same ROI used before for IHC analyses was utilized to define
the ARC position. Within the ARC, the number of cells showing the highest density of
Aldh1L1-RNA, which allowed to identify the cellular form, was counted manually. Areas
showing low and sparse RNA expression were not considered for the quantification. All the

analyses were done blindly.

57



3.2.5. Statistics

GraphPad Prism (v8.2.1), R (v4.0.3, R Core Team, 2019), Python (v3.9.2,
http://www.python.org), and Perseus (v1.6.7.0, (Tyanova et al., 2016) were utilized to perform

all statistical and computational analyses. A generalized linear model combined to an
asymptotic Wald test was applied to assess cell numbers in the ARC. Only p-values < 0.05 were

considered statistically significant. All results are shown as means + SEMs.

58


http://www.python.org/

4. Results

4.1. Hypercaloric diet consumption impacts the molecular inter-regional

heterogeneity of astrocytes

4.1.1. The molecular profile of MACS-sorted astrocytes is influenced by their
anatomical location rather than the diet

In order to unravel the impact of a long-term hypercaloric diet consumption on the molecular
signature of astrocytes located in different brain areas, C57BL/6J male mice were exposed to a
standard chow (SC) or a HFHS diet for 4 months, after which cortices, hypothalami, and
hippocampi were rapidly dissected and dissociated into single-cell suspensions (Figure 5A).
Astrocytes from the dissected brain areas were isolated via magnetic-activated cell sorting
(MACS), by using the astrocyte cell surface antigen 2 (ACSAZ2) antibody, which targets the
membrane protein ATPase Na*/K* Transporting Subunit Beta 2 (ATP1B2), as previously
described (Batiuk et al., 2017; Kantzer et al., 2017). Bulk RNA-seq and proteomics analyses
were then performed on the samples obtained by MACS, using as negative control for
proteomics the unlabeled fraction (ACSA2") of cells (Figure 5A and B). The evaluation of
specific cell types enrichment in each fraction revealed that canonical astrocyte markers (e.g.
Aldh1l1, Agp4, Gfap, Slcla2, Slcla3) were highly enriched in ACSA2* cells, while almost
undetectable in ACSA2 cells, as expected (Figure 5B). Conversely, neuronal (e.g. Snap25,
Syp, Sytl, Tubb3), and microglia (e.g. Aifl, Itgam) specific molecular markers were highly
enriched in ACSAZ2" cells, and almost absent in ACSA2" fractions (Figure 5B). Moreover, it
was possible to observe that ACSA2" cells were also enriched with markers other than
astrocyte-specific, such as oligodendrocyte- (e.g. Mag, Mog), and mural cells- (e.g. Des,
Mustnl, Pdgfrb) specific, in transcriptome and proteome respectively (Figure 5B), in line with
previous evidences reporting that the anti-ACSA2 antibody might also target neural stem cells
and glial progenitors (Kantzer et al., 2017). In order to define the degree of molecular similarity
between ACSA2* astrocytes isolated from different brain areas of mice exposed to a SC or a
HFHS diet, their transcriptome and proteome were analyzed by using principal component
analysis (PCA) (Figure 5C). The PCA indicated that the anatomical location of ACSA2*
astrocytes influences their expression profile in a higher degree than the exposure to different
diets (Figure 5C). Therefore, the location of an astrocyte in the brain influences the

expressional variance of its molecular phenotype.
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Figure 5: MACS-purified astrocytes show molecular similarities based on their anatomical
location. (A) Schematic illustration summarizing the experimental procedure performed to selectively
isolate ACSA2" astrocytes from cortex (CTX; jade-green), hypothalamus (HPT; orange), and
hippocampus (HIPPO; purple) of mice fed with a SC or a HFHS diet for 4 months. After dissection and
dissociation of the brain areas, the resulting cell suspensions were incubated with ACSA2 antibody,
used to separate ACSA2" from ACSA2 cells via MACS. (B) Heatmap representing mean expression
levels of canonical markers for CNS cell types in ACSA2* (transcriptomics and proteomics) and
ACSA2 (proteomics) cells isolated from cortex, hypothalamus and hippocampus. Measurements are
indicated as column z-scores. Per each condition, 4 (proteomics) or 5-7 (transcriptomics) samples were
used, derived from mice fed with a SC or a HFHS diet for 4 months, and combined for the analysis. Per
each sample, brain tissue derived from 2 (bulk RNA-Seq) or 4 (proteomics) mice was pooled together.
(C) PCA plots of transcriptome and proteome datasets derived from ACSA2" astrocytes isolated from
cortex, hypothalamus and hippocampus of mice fed with a SC or a HFHS diet for 4 months. Each sample
is represented by one dot. All samples derived by one specific brain region are surrounded by a dashed
circle. ACSAZ2: astrocyte cell surface antigen 2; Aifl: Allograft inflammatory factor 1; Aldhll1:
Aldehyde Dehydrogenase 1 family member L1; Agp4: Aquaporin 4; Atplb2: ATPase Na'/K*
Transporting Subunit Beta 2; CTX: cortex; Des: Desmin; Gfap: Glial Fibrillary Acidic Protein; Gjal:
Gap Junction Protein Alpha 1; Gjb6: Gap Junction Protein Beta 6; HFHS: high-fat high-sugar; HIPPO:
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hippocampus; HPT: hypothalamus; Itgam: Integrin Subunit Alpha M; MACS: magnetic-activated cell
sorting; Mag: Myelin Associated Glycoprotein; Mog: Myelin Oligodendrocyte Glycoprotein; Mustn1:
Musculoskeletal, Embryonic Nuclear Protein 1; PC: principal component; Pdgfrb: Platelet Derived
Growth Factor Receptor Beta; SC: standard chow; Slcla2: Solute Carrier Family 1 Member 2; Sicla3:
Solute Carrier Family 1 Member 3; Slcolcl: Solute Carrier Organic Anion Transporter Family Member
1 C1; Snap25: Synaptosome Associated Protein 25; Syp: Synaptophysin; Sytl: Synaptotagmin 1; Tubb3:
Tubulin Beta 3 Class IlI.

4.1.2. MACS-sorted astrocytes from different brain areas display

transcriptional heterogeneity in response to a HFHS diet
Considering the impact of the anatomical location of an astrocyte on its molecular signature,
the next question was centered on exploring the extent to which an hypercaloric feeding could
influence the transcriptional profile of astrocytes, and whether specific regions of the brain
might be more affected than others. Therefore, the HFHS diet-induced transcriptional changes
in ACSA2* astrocytes MACS-isolated from diverse brain regions were analyzed, and a total of
4727 differentially expressed genes (DEGs) between SC and HFHS diet groups was identified
(Figure 6A and B; Table 21), 12 of which commonly expressed between cortex, hypothalamus
and hippocampus (Figure 6B). Interestingly, HFHS diet had the major impact on the
transcriptional signature of ACSA2" astrocytes located in the cortex (2514 non-overlapping
DEGs), rather than in other brain regions (868 non-overlapping DEGs in the hypothalamus, and
563 in the hippocampus) (Figure 6B). Furthermore, the majority of the so-identified DEGs was
down-regulated in cortex and hippocampus, and up-regulated in hypothalamus, following a

HFHS diet exposure, in comparison to the control group (Figure 6C; Table 21).

Table 21: Total number of DEGs, divided between up- and down-regulated, identified comparing SC
and HFHS diet groups in ACSA2" astrocytes isolated from different brain regions.

2819 1309 1510
1150 581 569
758 270 488

In order to determine which molecular pathways in astrocytes located in diverse brain regions
might be influenced by an hypercaloric diet, gene ontology (GO) enrichment analysis (Figure
6D) on the non-overlapping DEGs previously identified and hierarchically clustered (Figure
6A-C) was performed. Between the molecular pathways recognized with GO enrichment

analysis, pathways of interest were selected and classified based on the biological roles they
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are known to be involved in (Figure 6D). As previously mentioned, the majority of DEGs
identified between SC and HFHS diet groups was down-regulated (Figure 6C; Table 21), such
as cortices-derived astrocytic DEGs specifically involved in hormonal signaling regulation-
(“insulin receptor signaling pathway,” “response to insulin,” and “TOR signaling ), metabolic
stress- (“response to endoplasmic reticulum stress”), proliferation- (“regulation of mitotic cell
cycle”), inflammation- (“transforming growth factor beta receptor signaling pathway,” and “I-
kappaB kinase/NF-kappaB signaling”), and microvasculature- (“positive regulation of blood
vessel endothelial cell migration,” and “‘sprouting angiogenesis™) related pathways (Figure
6D). However, cortical DEGs involved in “intracellular lipid transport” pathway were mainly
up-regulated (Figure 6D). Moreover, in hippocampal astrocytes, down-regulated DEGs were
enriched in “cell-matrix adhesion,” and “regulation of angiogenesis” pathways (Figure 6D).
Finally, when analyzing the enrichment of DEGs identified in hypothalamic astrocytes, it was
possible to observe that hypercaloric diet induced a remarkable up-regulation of glucose
metabolism- (“pyruvate metabolic process™), lipid metabolism- (“fatty acid metabolic
process,” and “fatty acid oxidation”), and metabolic stress- (“response to reactive oxygen
species”) related pathways, while pathways involved in ECM and intercellular organization
(“regulation of cell junction assembly”), neuronal and synaptic regulation (“regulation of
synapse structure or activity,” “synaptic transmission, GABAergic,” and “AMPA glutamate
receptor clustering”) were majorly down-regulated (Figure 6D). Together, those data indicate
a particular susceptibility of astrocytes to an hypercaloric diet, which differently influences the

gene expression program of astrocytes located in specific brain areas.
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Figure 6: Hypercaloric diet induces transcriptional changes in MACS-sorted astrocytes from
distinct brain regions. (A) Volcano plots indicate the differential expression of genes comparing
ACSA2" astrocytes isolated from 4 months SC or HFHS diet fed mice, per each brain region. The log;
fold change (x-axis) is plotted against the -logio p-value (y-axis). Genes are indicated in red when
significant (p < 0.05), and in grey when not significant (p > 0.05). DEGs were identified with a two-
group comparison Wald test. (B) Venn diagram indicates the number of DEGs (p < 0.05) identified in
ACSAZ2" cells when comparing SC and HFHS diet groups in each brain area, and their unicity or overlap
between cortex, hypothalamus and hippocampus. (C) Heatmaps depicting normalized counts derived
from unsupervised clustering of DEGs (p < 0.05) identified per each brain region analyzed, when
comparing the transcriptome of ACSA2" astrocytes isolated from SC or HFHS diet fed mice. Each
column represents one sample, and SC or HFHS diet groups-derived samples are separated by a black
line. Each replicate is formed by the combination of tissues derived from 2 mice. Row z-score
normalized expression values are indicated in the color code. (D) Gene ontology (GO) enrichment
analysis on DEGs identified in the comparison between SC and HFHS diet groups, per each brain area.
Pathways of interest were manually selected. In the first panel on the left, the size of the dots represents
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the number of DEGs enriched per each pathway, and the color the degree of statistical significance. The
adjacent three panels on the right illustrate the significant (p < 0.05; in red) and not significant (p > 0.05;
in grey) DEGs identified in each pathway. The x-axis corresponds to log, fold change. Each panel
corresponds to one brain region. ACSAZ2: astrocyte cell surface antigen 2; CTX: cortex; DEGs:
differentially expressed genes; ECM: extracellular matrix; GO: gene ontology; HFHS: high-fat high-
sugar; HIPPO: hippocampus; HPT: hypothalamus; MACS: magnetic-activated cell sorting; NS: not
significant; SC: standard chow.

4.1.3. Hypercaloric diet remarkably affects hypothalamic astrocytes at post-
transcriptional level

Considering that the transcriptome levels not always precisely reflect the protein amount in a
cell, and its associated biological functions (Liu, Beyer and Aebersold, 2016; Buccitelli and
Selbach, 2020), the effect of a calorie-rich diet on the post-transcriptional profile of astrocytes
located in different brain regions was evaluated, in order to assess whether it mirrors the
observed transcriptional gene regulation changes. For this reason, using a similar approach as
described above, differentially expressed proteins (DEPS) between astrocytes derived from
mice fed with a SC or a HFHS diet were identified and compared between diverse brain regions
(Figure 7A and B). None of the so-identified DEPs were common between all three brain areas
analyzed (0 of 689 DEPs; Figure 7B), while 447 unique DEPs in the hypothalamus, 92 in the
cortex, and 124 in the hippocampus were detected (Figure 7B). In line with transcriptomics
analysis, the majority of DEPs identified comparing the proteome of astrocytes derived from
mice fed with a SC or a HFHS diet was down-regulated in all brain regions under analysis
(Figure 7C; Table 22).

Table 22: Total number of DEPs, divided between up- and down-regulated, identified comparing SC
and HFHS diet groups in ACSA2" astrocytes isolated from different brain regions.

102 28 74
456 205 251
131 36 95

Successively, GO enrichment analysis was performed specifically on the non-overlapping
DEPs previously identified, and metabolically relevant pathways manually selected (Figure 7C
and D). The analysis showed that astrocytes derived from cortex were enriched with DEPs
mostly up-regulated in glucose metabolism- (“cellular response to glucose stimulus) and

metabolic stress- (“response to reactive oxygen species”) related pathways, and mostly down-
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regulated in “positive regulation of G1/S transition of mitotic cell cycle” pathway (Figure 7D).
Furthermore, hypercaloric diet induced mainly a down-regulation of the DEPs identified in
hippocampal astrocytes, which were enriched in pathways involved in glucose metabolism
(“cellular carbohydrate metabolic process”), kinetics of vesicle release (“‘calcium ion transport
into cytosol”), and neuronal and synaptic regulation (“axon guidance”) (Figure 7D).
Interestingly, HFHS diet exposure predominantly influenced hypothalamic astrocytes at
proteome level, in comparison to astrocytes isolated from cortex or hippocampus, as shown by
the number of DEPs identified, and their enrichment in several crucial pathways (Figure 7B
and D). In particular, the DEPs in hypothalamic astrocytes were primarily up-regulated in
pathways associated with hormonal signaling regulation (“leptin-mediated signaling pathway,”
and “response to leptin”), lipid metabolism (“fatty acid catabolic process”), inflammation
(“positive regulation of inflammatory response”), and mostly down-regulated in glucose
metabolism- (“glycogen metabolic process,” and “glucose transmembrane transport”), kinetics
of vesicle release- (“calcium-mediated signaling”), neuronal and synaptic regulation-
(“regulation of neurotransmitter levels,” “glutamate receptor signaling pathway,” and
“regulation of neuronal synaptic plasticity”) related pathways (Figure 7D). Given the
differences observed between HFHS diet-induced transcriptomic and proteomic expression
changes in cortical, hippocampal, and hypothalamic astrocytes, a correlation analysis between
the two datasets was performed (Figure 7E). However, it was not possible to detect a significant
correlation between the transcripts and related proteins (Figure 7E), phenomenon which has
been already described along the literature, and currently under debate (de Sousa Abreu et al.,
2009; Payne, 2015). Together, those findings indicate that long-term exposure to a HFHS diet
affects the inter-regional molecular heterogeneity of astrocytes, with the most remarkable
changes in the proteome of hypothalamic astrocytes, and particularly in pathways involved in

the regulation of hormonal and nutritional signaling.
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Figure 7: Hypercaloric diet induces post-transcriptional changes in MACS-sorted astrocytes from
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significant DEPs are shown in grey (p > 0.05). P values for differential protein expression were analyzed
by Student’s t-test. (B) Venn diagram indicates the number of DEPs (p < 0.05) between SC and HFHS
diet groups in cortical, hypothalamic and hippocampal astrocytes, and their overlap or unicity. (C)
Heatmaps represent normalized proteome intensity values derived from unsupervised clustering of
DEPs (p < 0.05) identified in cortex, hypothalamus, and hippocampus, when comparing the proteome
of ACSA2" astrocytes from SC or HFHS diet fed animals. Each column indicates one sample, each one
composed by ACSA2" astrocytes derived from 4 animals. The color code illustrates row z-score
normalized expression values. A black line separates samples derived from SC or HFHS diet fed mice.
(D) Gene ontology (GO) enrichment analysis on DEPs (p < 0.05) identified in the comparison between
ACSA2" astrocytes derived from SC and HFHS diet groups. Pathways of interest were manually
selected. In the first panel on the left, the size of the dots represents the number of DEPs, and the color
the degree of significance. The adjacent three panels illustrate the significant (p < 0.05; in red) and not
significant (p > 0.05; in grey) DEPs identified in each pathway. The x-axis corresponds to log. fold
change. Each panel corresponds to one brain region. (E) Correlation analysis between transcriptome and
proteome derived from ACSA2" cells isolated from cortex, hypothalamus and hippocampus. The
transcriptome is plotted against -logio(p-value) multiplied with sign of the fold change of proteins. The
significant genes are represented in red (p < 0.05). The Spearman’s rank correlation coefficient is
indicated in the top left corner of each plot. ACSA2: astrocyte cell surface antigen 2; CTX: cortex;
DEPs: differentially expressed proteins; ECM: extracellular matrix; FC: fold change; GO: gene
ontology; HFHS: high-fat high-sugar; HIPPO: hippocampus; HPT: hypothalamus; MACS: magnetic-
activated cell sorting; NS: not significant; SC: standard chow; p: Spearman correlation coefficient.

4.2. Hypercaloric diet consumption impacts the molecular and spatial

profile of astrocytes located in the ARC

4.2.1. ARC astrocytes respond to hypercaloric diet in a fast, but transient
manner

Given the above described evidences showing that astrocytes respond differently to a HFHS
diet according to their location in the brain, with the most remarkable changes at proteome level
in the hypothalamus, the question which arouse next is whether an hypercaloric diet might
induce distinct molecular behaviors in astrocytes located within the same brain area.
Considering that the ARC is a crucial player in the control of systemic energy metabolism, in
which astrocytes play a main role (Jais and Brining, 2021; Gonzélez-Garcia and Garcia-
Céceres, 2021), the HFHS diet-induced transcriptomics changes over time in ARC-derived cells
were investigated.

The selected timepoints for the analysis were 5 and 15 days (d) of a HFHS diet feeding,
considering that the body weight (BW) of mice exposed to a HFHS diet for 15d significantly
increases compared to SC diet fed animals (Gruber et al., 2021), while a shorter exposure to an
hypercaloric diet leads to the activation of hypothalamic inflammatory pathways and reactive
gliosis before a substantial BW gain (Thaler et al., 2012). For all those reasons, single-cell RNA
sequencing (SCRNA-Seq) was performed on the entirety of cells isolated from the ARC (19995
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cells analyzed after filtering from initial 21143 cells, of which SC diet = 6741 cells; 5d HFHS
diet = 5886 cells; 15d HFHS diet = 7368 cells; per each cell, a median of 1802 unique transcripts
was found). Successively, the cells were mapped into 14 different clusters by unsupervised
Leiden clustering (Figure 8A), and their identity was assessed based on the expression of brain
cell type-specific molecular markers (Figure 8A-C). The so-identified clusters included
neuronal (Rbfox3, Snap25, Syp, Sytl, Tubb3; 3322 cells; clusters 3 and 8), and non-neuronal
cells (16673 cells). The last consisted of astrocytes (Aldh1l1, Agp4, Atplb2, Gfap, Gjal, Gjb6,
Slcla2, Slcla3; 3921 cells; cluster 0), microglia (Aifl, Csflr, Cx3crl, Itgam, P2ryl12,
Tmem119; 2289 cells; clusters 6 and 9), oligodendrocytes (Mag, Mog, Oligl; 2360 cells;
clusters 5, 7, 10, 13), mural cells (Des, Mustnl, Pdgfrb; 515 cells; cluster 11), endothelial cells
(Cldn5, Pecaml, Slcolcl; 1466 cells; cluster 4), vascular and leptomeningeal cells (VLMCs;
Collal, Col3al, Lum; 109 cells; cluster 12), and ependymal cells (Ccdc153, Hdc, Rarres2,
Tmdsfl; 4933 cells; clusters 1 and 2) of which tanycytes occupied cluster 1 (Adm, Col23al,
Crym, Lhx2, Rax, Slcl6a2; 2547 cells) (Figure 8A-C). Interestingly, canonical astrocytic
markers were enriched in clusters 0, 1, and 2, with the strongest expression in cluster O;
however, ependymal cells well-known molecular markers were not highly present in cluster 0,
which was thence defined as “astrocyte specific” (Figure 8B). Next, the estimation of the
number of DEGs per each ARC cell population after 5d or 15d of a HFHS diet exposure in
comparison to the SC diet fed group identified astrocytes as the cell type with the highest
number of DEGs after 5d HFHS diet feeding (mostly up-regulated), drastically reduced after
15d HFHS diet exposure (Figure 8D and E). Aside astrocytes, all ARC cell types showed the
highest number of DEGs after 15d HFHS diet, which were mostly down-regulated (Figure 8D
and E). However, hypercaloric diet did not particularly affect microglia and mural cells at the
analyzed timepoints (Figure 8D and E). Interestingly, the two cell types with the highest
number of DEGs after 5d HFHS diet exposure, astrocytes and neurons, exhibited a poor number
of DEGs commonly expressed after exposure to both 5d (unique neuronal DEGs: 246 up-, 1
down- regulated; unique astrocytic DEGs: 643 up-, 9 down- regulated; common DEGs: 136 up-
, 0 down- regulated) and 15d HFHS diet (unique neuronal DEGs: 5 up-, 1403 down- regulated;
unique astrocytic DEGs: 25 up-, 21 down- regulated; common DEGs: 7 up-, 47 down-
regulated) (Figure 8F). Together, those data indicate that hypercaloric diet differently
influences the gene expression of specific ARC cell-types in a time-dependent manner, with
astrocytes showing a distinct transcriptomic response, compared to the surrounding cells. In

particular, 5d of exposure to a HFHS diet are sufficient to induce relevant, but transient,
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Figure 8: Hypercaloric diet induces time-dependent molecular changes in specific ARC cell types.
(A) UMAP plot realized on the complete sScRNA-Seq dataset, which includes all diet groups (19,995
cells analyzed, of which SC diet = 6741; 5d HFHS diet: 5886; 15d HFHS diet: 7368), with annotated
Leiden clusters superimposed. Each diet group is composed by the cells obtained from the dissection of
6 ARCs. Per each cell, a median of 1802 unique transcripts was detected. P values for differential
expression analysis were determined by two-tailed Student’s t-test. (B) The 14 clusters identified in (A)
are plotted against canonical markers for CNS-specific cell types. The color scale per each dot represents
the mean expression degree of the gene of interest per cluster, and the size of each dot indicates the
proportion of cells expressing the gene analyzed. (C) UMAP plot in (A) colored according to the cell
types identified in (B). (D) Graph showing the number of DEGs (adjusted p < 0.05) identified comparing
SC diet group with 5d or 15d HFHS diet groups per each cell type. (E) Plot describing the number of
the DEGs identified in (D) which are up- (red) or down- (blue) regulated, per each cell type. The squares
on the left are colored in light grey when indicating the DEGs identified comparing 5d HFHS diet and
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SC diet groups, while in dark grey when the DEGs derive from the comparison between 15d HFHS diet
and SC diet groups. (F) Venn diagrams indicating the number of common or unique up- (pink) and
down- (light blue) regulated DEGs between SC diet and 5d or 15d HFHS diet groups, between astrocytes
and neurons. 5d: 5 days; 15d: 15 days; Adm: Adrenomedullin; Aifl: Allograft inflammatory factor 1;
Aldh1l1: Aldehyde Dehydrogenase 1 family member L1; Aqp4: Aquaporin 4; Atplb2: ATPase Na'/K*
Transporting Subunit Beta 2; Ccdc153: Coiled-Coil Domain Containing 153; Cldn5: Claudin 5; Collal:
Collagen Type | Alpha 1 Chain; Col3al: Collagen Type IIl Alpha 1 Chain; Col23al: Collagen Type
XXII Alpha 1 Chain; Crym: Crystallin Mu; Csflr: Colony stimulating factor 1 receptor; Cx3crl: C-
X3-C Motif Chemokine Receptor 1; DEGs: differentially expressed genes; Des: Desmin; Gfap: Glial
Fibrillary Acidic Protein; Gjal: Gap Junction Protein Alpha 1; Gjb6: Gap Junction Protein Beta 6; Hdc:
Histidine Decarboxylase; HFHS: high-fat high-sugar; Itgam: Integrin Subunit Alpha M; Lhx2: LIM
Homeobox 2; Lum: Lumican; Mag: Myelin Associated Glycoprotein; Mog: Myelin Oligodendrocyte
Glycoprotein; Mustnl: Musculoskeletal, Embryonic Nuclear Protein 1; Oligl: Oligodendrocyte
Transcription Factor 1; P2ry12: Purinergic Receptor P2Y12; Pdgfrb: Platelet Derived Growth Factor
Receptor Beta; Pecaml: Platelet And Endothelial Cell Adhesion Molecule 1; Rarres2: Retinoic Acid
Receptor Responder 2; Rax: Retina And Anterior Neural Fold Homeobox; Rbfox3: RNA Binding Fox-
1 Homolog 3; SC: standard chow; Slcla2: Solute Carrier Family 1 Member 2; Slcla3: Solute Carrier
Family 1 Member 3; Slc16a2: Solute Carrier Family 16 Member 2; Slcolcl: Solute Carrier Organic
Anion Transporter Family Member 1 C1; Snap25: Synaptosome Associated Protein 25; Syp:
Synaptophysin; Sytl: Synaptotagmin 1; Tm4sfl: Transmembrane 4 L Six Family Member 1; Tmem119:
Transmembrane Protein 119; Tubb3: Tubulin Beta 3 Class 111; UMAP: uniform manifold approximation
and projection; VLMCs: vascular leptomeningeal cells.

4.2.2. HFHS diet impacts the transcriptional dynamics of ARC astrocytes in

a time-dependent manner
Considering the dynamic changes in the transcriptome of ARC astrocytes in response to a 5d
and a 15d HFHS diet exposure, the kinetics of gene expression in ARC astrocytes at the two
selected timepoints were additionally investigated. In particular, the astrocyte cluster in each
diet condition was further divided into sub-clusters by firstly applying uniform manifold
approximation and projection (UMAP), and secondly Leiden clustering (Figure 9A). The so-
identified astrocyte sub-clusters in SC diet group were four (named a, b, ¢, and d), such as in
15d HFHS diet group (named 0, 1, 2, and 3), while in 5d HFHS diet group three sub-clusters
were found (named 0, 1, and 2) (Figure 9A). However, in sub-cluster 3 only 15 cells were
present, therefore it was not considered in the following analyses. The sub-clusters 0, 1, and 2
showed a considerable similarity between the two HFHS diet groups, and a clear difference
with the sub-clusters a, b, ¢, and d in SC diet (Figure 9A). In particular, after the exposure to a
HFHS diet, the sub-cluster a followed a division into sub-clusters 0 and 1, whereas the three
sub-clusters b, ¢, and d were merged into sub-cluster 2 (Figure 9A). Considering this intriguing
observation, RNA velocity analysis (Bergen et al., 2020; La Manno et al., 2018) was performed
on the above-identified astrocyte sub-clusters, in order to understand how the shift in the
clustering between SC diet and HFHS diet groups takes place, and whether it might be
explained by changes in the transcriptional activity of ARC astrocytes. Interestingly, the RNA
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velocity in ARC astrocytes isolated from SC diet-fed mice was undirected and unsynchronized,
similarly to ARC astrocytes derived from the 15d HFHS diet-fed group (Figure 9A). On the
contrary, the RNA velocity was synchronized in ARC astrocytes isolated from 5d HFHS diet-
fed mice, exhibiting several directed flows, the major of which with two origin points in sub-
clusters 0 and 1, terminating in two specific areas in sub-clusters 1 and 2 (Figure 9A). This was
consistent with the transcriptional activity determined by the number of DEGs in astrocytes,
which increased after the exposure to a 5d HFHS diet, and reversed to similar levels as in SC
diet-fed mice after 15d HFHS diet feeding (Figure 8D and E). Of note, when comparing the
relative number of cells between 5d and 15d HFHS diet-fed mice, it was possible to observe
that it doubled in sub-cluster 1 (from 15.2% in 5d HFHS diet group to 31.3% in 15d HFHS diet
group), and it almost halved in sub-cluster 0 (from 22.7% in 5d HFHS diet group to 12.2% in
15d HFHS diet group) (Figure 9A). Finally, the potential driver genes of these transcriptional
dynamics were identified per each sub-cluster of ARC astrocytes, and then ordered by the
inferred latent time (Figure 9B), as previously described (Bergen et al., 2020). Among them,
crucial genes for the function of astrocytes and for their role in the control of metabolism were
further analyzed, by evaluating their sub-cluster-wise expression at the investigated timepoints
(Figure 9B and C). For example, cells belonging to sub-cluster a in SC diet group actively
expressed the driver genes Aldoc (critical for glucose metabolism) and Pcskln (involved in the
regulation of hormonal signaling) (Figure 9C). Moreover, cells belonging to sub-clusters 0 and
1 in both HFHS diet groups actively expressed ApoE, Clu (crucial role in lipid metabolism),
Gfap (astrocyte reactivity), Ucp2 (involved in mitochondrial dynamics), Vamp5 (vesicle
dynamics), and Ift43 (ciliary transport) (Figure 9C). Together, these data reveal that the
transcriptional activation of ARC astrocytes depends on the time of a HFHS diet exposure, with
a prominent response after 5d, which reverses to physiological-like levels after 15d of an
hypercaloric feeding. Moreover, the transcriptional changes resulting from 5d HFHS diet
feeding diversely affect specific subpopulations of ARC astrocytes, which actively express

individual driver genes at different levels in a time-dependent manner.
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Figure 9: The HFHS diet-induced transcriptional activation of ARC astrocytes is time-dependent.
(A) Per each diet group, the UMAP plot with Leiden clustering of astrocyte cluster is shown. RNA
velocity analysis is superimposed on the UMAP plots, with the red dashed lines indicating the points of
origin, and the green dashed lines the terminal areas of the RNA velocity flows. At the bottom left of
each UMAP plot, a pie chart represents the relative number (in percentage) of cells belonging to each

72



sub-cluster, whose absolute numbers are as it follows: SC diet: a = 210; b = 424; ¢ = 176; d = 314; 5d
HFHS diet: 0 = 282; 1 = 189; 2 = 772; 15d HFHS diet: 0 = 189; 1 = 468; 2 = 864; 3 = 15. (B) Per each
diet group, the expression of potential driver genes of RNA velocity is plotted against the inferred latent
time and represented by a heatmap. The association between the driver genes expression and the relative
sub-cluster identity is represented in the color code at the top of the heatmaps. The position on each
heatmap of selected genes of interest involved in astrocyte function and in the metabolic control is
highlighted on the right side of each plot. (C) The active expression of the potential driver genes selected
in (B) is illustrated by UMAP plots, which are divided by the analyzed diet groups. 5d: 5 days; 15d: 15
days; Aldoc: Fructose-bisphosphate aldolase C; ApoE: Apolipoprotein E; Clu: Clusterin; Gfap: Glial
Fibrillary Acidic Protein; HFHS: high-fat high-sugar; 1ft43: Intraflagellar Transport 43; Pcskln:
Proprotein Convertase Subtilisin/Kexin Type 1 Inhibitor; SC: standard chow; Ucp2: Uncoupling Protein
2; UMAP: uniform manifold approximation and projection; Vamp5: Vesicle Associated Membrane
Protein 5.

4.2.3. The time of a HFHS diet exposure differently influences the expression
pattern of Aldh1L1 and GFAP in the ARC

As widely explained in paragraph 1.1.4, astrocytes express a range of specific molecular
markers, of which GFAP is the most well-known. Considering that GFAP expression has been
reported to change in response to particular physiological or pathological states (Pekny and
Pekna, 2014), the putative effect of a HFHS diet on the expression of astrocyte-specific
molecular markers in the ARC has been investigated. In particular, the question was directed
on unraveling whether the HFHS diet-induced modifications in the transcriptional activity of
ARC astrocytes described above might also concern the expression of astrocyte canonical
markers. Therefore, the HFHS diet-induced expression of selected astrocyte-specific molecular
markers was analyzed at single-cell resolution in the astrocyte cluster, where no distinct sub-
clusters were observed, indicating that the mere expression of astrocyte-enriched markers is not
sufficient to determine individual subpopulations of cells (Figure 10A). Interestingly, although
Aldh1L1 has been described as expressed in the majority of astrocytes (Cahoy et al., 2008), its
expression level along the astrocyte cluster in all three diet conditions was rather poor and
similar to GFAP, compared to all the other markers selected (Figure 10A). Moreover, the
exposure to 5d HFHS diet affected the number of cells expressing Aldh1L1 (36.3%) and GFAP
(19.3%) in a higher amount than the other molecular markers, such as Aqp4, Atplb2, Gjal,
Gjab, Slcla2, and Slcla3 (10-15%) (Figure 10B). On the contrary, the increase of the number
of cells expressing Aldh1L1 (7%) and GFAP (1.5%) was lower than the other selected markers
after 15d HFHS diet (25-30%) (Figure 10B).
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Figure 10: Different times of exposure to a HFHS diet diversely influence the expression of
astrocyte-specific molecular markers. (A) The UMAP plots show the expression of selected astrocyte-
specific canonical markers along the cluster identified as “astrocyte” in sScRNA-Seq dataset. The plots
are divided per marker and per diet condition. (B) The bar plots indicate the increase (in percentage) of
the number of cells expressing the astrocyte-specific molecular markers selected within the astrocyte
cluster identified in the sScRNA-Seq dataset. The graph on the left shows the percentage of increase of
the number of cells after the exposure to a 5d HFHS diet, compared to a SC diet, while the plot on the
right shows the percentage of increase of the number of cells after 15d HFHS diet feeding, in comparison
to 5d HFHS diet. The minor percentage increase of the cell numbers observed in the first plot on the left
is indicated by a dashed line (10%). The bars describing the percentage of increase of AldhlL1- and
GFAP- expressing cells are shown in green and magenta respectively, as they represent the molecular
markers impacted the most and the least by a HFHS diet exposure for 5d and 15d respectively. 5d: 5
days; 15d: 15 days; Aldhll1l: Aldehyde Dehydrogenase 1 family member L1; Agp4: Aquaporin 4;
Atplb2: ATPase Na*/K* Transporting Subunit Beta 2; Gfap: Glial Fibrillary Acidic Protein; Gjal: Gap
Junction Protein Alpha 1; Gjb6: Gap Junction Protein Beta 6; HFHS: high-fat high-sugar; SC: standard
chow; Slcla2: Solute Carrier Family 1 Member 2; Slcla3: Solute Carrier Family 1 Member 3; UMAP:
uniform manifold approximation and projection.

Considering the interesting difference in the HFHS diet-induced RNA level changes of
Aldh1L1 and GFAP in comparison to the other astrocyte-specific molecular markers in the
ARC, a confirmation of such a molecular response was further investigated at the protein level.
In particular, the quantitative assessment of the HFHS diet-induced response of AldhlL1- and
GFAP- expressing astrocytes in the ARC was performed by using a transgenic mouse model,
the Aldh1L1-CreER"2::Sun1-sfGFP line, which derived from the crossing of Aldh1L1-CreER™
mice (Winchenbach et al., 2016) with Sunl-sfGFP tagged mice. The rationale behind the use
of this particular mouse model consists in the fact that it allows to clearly identify Aldh1L1-
expressing cells, as the green fluorescent protein (GFP) is expressed within their nucleus; the
identification might otherwise be problematic because of the poor efficacy of the commercially
available anti-Aldh1L1 antibodies for immunohistochemistry. Therefore, after feeding the
animals with a SC or a HFHS diet, tamoxifen was injected to induce the Cre-dependent GFP
expression specifically in the nuclei of AldhlL1" cells, which number in the ARC was then
quantified. Interestingly, the total number of astrocytes expressing AldhlL1l in the ARC
significantly increased after both 5d and 15d of exposure to a HFHS diet, in comparison to a
SC diet (Figure 11A and B). However, the number of Aldh1L1" cells in the ARC significantly
diminished from 5d to 15d of feeding with a HFHS diet (Figure 11A and B). A similar result
was observed at the RNA level, as the number of cells positive for Aldh1L1-RNA in the ARC
of wildtype mice increased after 5d HFHS diet feeding compared to SC diet fed animals, and
decreased from 5d to 15d of exposure to a HFHS diet (Figure 11C-E). Nevertheless, the HFHS

diet-induced increase in the number of Aldh1L1" cells in the ARC was not associated to a pro-
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proliferative profile, as the number of AldhlL1-expressing astrocytes in a mitotic stage was

close to zero in all diet conditions (Figure 11F and G).

A SC diet 5d HFHS diet 15d HFHS diet B
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Number of Ki67+/Aldh1L1+ cells/ARC

Figure 11: The number of AldhlL1-expressing astrocytes in the ARC increases in a non-
proliferative manner after the exposure to a HFHS diet. (A) Representative pictures of GFP-
expressing nuclei in Aldh1L1" cells (green) in the ARC (segmented triangle-shaped white line with an
area of approximately 105350 um?) of Aldh1L1-CreER™::Sun1-sfGFP mice fed with a SC or a HFHS
diet for 5 and 15 days. Scale bar: 100 um. (B) Quantitative analysis of the number of Aldh1L1" cells in
the ARC of the Aldh1L1-CreER™::Sun1-sfGFP mice represented in (A) in each diet condition analyzed.

76



The segmented red line indicates the number of Aldh1L1" cells in SC diet-fed control mice. In each diet
group, n = 32 (ARCs derived from 4 animals). ##p = 0.005; ****p < 0.0001. (C) Representative image
(left) and detail enclosed in the white square enlarged (right) showing the co-localization (yellow circles)
between the GFP (green) in the nuclei of Aldh1L1-expressing cells and the Aldh1L1-RNA (white) in
SC diet-fed Aldh1L1-CreER™:Sun1-sfGFP mice. Scale bars = 100 um. (D) Representative images of
the Aldh1L1-RNA (white) expression in the ARC of wildtype mice fed with a SC or a HFHS diet for 5
and 15 days. The ARC is defined by a segmented white line and it has an area of approximately 105350
um?. Scale bar = 100 um. (E) Bar plot depicting the 5d or 15d HFHS diet-induced changes in the number
of cells positive for Aldh1L1-RNA in the ARC of the wildtype mice represented in (D). N = 21 (SC
diet; from 4 mice); n = 27 (5d HFHS diet; from 5 mice); n = 26 (15d HFHS diet; from 5 mice). **p =
0.0059; #p = 0.0355. (F) Representative pictures showing the co-localization between GFP expression
(green) in the nuclei of Aldh1L1-expressing cells and anti-ki67 antibody (yellow) in the ARC (area of
approximately 105350 um? enclosed in the segmented triangle-shaped white line) of Aldh1L1-
CreER™::Sun1-sfGFP mice fed with a SC or a HFHS diet for 5 and 15 days. Scale bar: 100 um. (G)
Bar plot indicating the number of AldhlL1-expressing cells positive for ki67 in the ARC of the
Aldh1L1-CreER™::Sun1-sfGFP mice represented in (F). N = 28 (SC diet; from 7 animals); n = 16 (5d
and 15d HFHS diet; from 4 animals per condition). 5d: 5 days; 15d: 15 days; AldhlL1: Aldehyde
Dehydrogenase 1 family member L1; ARC: Arcuate Nucleus of the Hypothalamus; GFAP: Glial
Fibrillary Acidic Protein; GFP: Green Fluorescent Protein; HFHS: high-fat high-sugar; SC: standard
chow. P values were assessed by using a generalized linear model. Results are expressed as mean =+ the
SEM.

Thereafter, in order to explore the effect of a HFHS diet on the expression pattern in the ARC
of GFAP as well, a regular GFAP antibody staining was performed on the brain slices derived
from the Aldh1L1-CreER™%:Sunl1-sfGFP mice described above. As a consequence, it was
possible to quantitatively analyze the co-expression of Aldh1L1 and GFAP in the ARC of mice
exposed to different diet regimes. In line with previous observations (Thaler et al., 2012;
Horvath et al., 2010), the number of GFAP™ astrocytes in the ARC significantly increased after
the exposure to a HFHS diet for both 5d and 15d (Figure 12A and B). However, it was possible
to observe that only a partial number of astrocytes in the ARC simultaneously co-expressed
GFP and GFAP signals (Figure 12C), which suggests that the previously observed HFHS diet-
induced increase in the number of Aldh1L1" and GFAP™ cells in the ARC (Figure 11A and B;
Figure 12A and B) might be influenced by the single or co-expression of the two molecular
markers. For this reason, the number of astrocytes single- or co- expressing GFAP and/or GFP
in the ARC of mice exposed to a SC or a HFHS diet was quantified, after distinguishing three
astrocytic populations: Aldh1L1"/GFAP- (indicated by white arrow in Figure 12C), Aldh1L1
/IGFAP" (indicated by white chevron in Figure 12C), and Aldh1L1"/GFAP* (indicated by white
pentagon in Figure 12C) cells. In a similar way described for Aldh1L1* and GFAP™ cells
(Figure 11A and B; Figure 12A and B), the number of AldhlL1"/GFAP" and
Aldh1L1*/GFAP* cells in the ARC significantly increased in response to a HFHS diet exposure
for both 5d and 15d, when compared to the SC diet group (Figure 12C and D). Moreover, the
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number of Aldh1L1*/GFAP- cells decreased in the ARC of mice fed with a HFHS diet for 15d,
compared to 5d HFHS diet-fed mice (Figure 12C and D), similarly to Aldh1L1" cells (Figure
11A and B). However, differently from GFAP™ cells (Figure 12A and B), the number of
Aldh1L1/GFAP* astrocytes in the ARC significantly increased after the exposure to a HFHS
diet for 5d, but not 15d (Figure 12C and D). Furthermore, among the brain areas analyzed, the
HFHS diet-induced increase in the number of Aldh1L1/GFAP™ astrocytes was selective to the
ARC, as in the cortex (somatory-sensory region, layers 4-5) their number rather decreased after
15d HFHS diet feeding (Figure 12E and F), while in the hippocampus (CAL1 region between
stratum radiatum, stratum lacunosum-moleculare, and dentate gyrus) their number was
unchanged after the exposure to a HFHS diet (Figure 12G and H). Contrarily, HFHS diet
induced a significant increase in the number of Aldh1L1*/GFAP cells in both the ARC, the
cortex and the hippocampus (Figure 12C-H). Moreover, the HFHS diet-induced increase in
the number of Aldh1L1*/GFAP* cells was present in both the ARC and the hippocampus, but
not the cortex, which might be due to the very low number of cells stained with the anti-GFAP
antibody in this brain region (Figure 12C-H). Together, these data indicate that HFHS diet
induces rapid and brain region-specific molecular responses in astrocytes, such as an increase
in the number of cells expressing Aldh1L1 and/or GFAP. In particular, among the brain areas
studied, the increase in the number of Aldhl1L1/GFAP* astrocytes is selective to the ARC,
while the increased number of Aldh1L1*/GFAP- cells can be observed in the cortex and in the

hippocampus as well.
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Figure 12: The effect of a HFHS diet on the number of astrocytes expressing Aldh1lL1 and GFAP
is brain-region specific. (A) Representative pictures of GFAP immunolabeling (magenta) in the ARC
(segmented triangle-shaped white line with an area of approximately 105350 um?) of AldhlL1-
CreER™::Sun1-sfGFP mice fed with a SC or a HFHS diet for 5 and 15 days. Scale bar: 100 um. (B)
Quantitative analysis of the number of GFAP* cells in the ARC of the Aldh1L1-CreER™::Sun1-sfGFP
mice represented in (A) in each diet condition analyzed. The segmented red line indicates the number
of GFAP cells in SC diet-fed control mice. In each diet group, n = 32 (ARCs derived from 4 animals).
***p = 0.0005; ****p < 0.0001. (C) Representative images showing the co-localization between
Aldh1L1" (green) and GFAP* (magenta) cells in the ARC (segmented triangle-shaped white line with
an area of approximately 105350 pm?) of Aldh1L1-CreER"::Sun1-sfGFP mice exposed to different
diets. Scale bar = 100 um. In the top right corner of the middle picture, an enlargement of the detail
enclosed in the white square below is shown (scale bar = 20 um). The three astrocyte populations under
analysis are pointed: AldhlL1"/GFAP" (white arrow), AldhlL1/GFAP* (white chevron), and
Aldh1L1"/GFAP* (white pentagon). (D) The bar plot indicates the HFHS diet-induced changes in the
number of Aldh1L1"/GFAP" (green), Aldh1L1/GFAP" (magenta) and Aldh1L1*/GFAP* (blue) cells in
the ARC of the Aldh1L1-CreER™::Sun1-sfGFP mice represented in (C). For each diet group, an = 32
(ARCs from 4 mice) was used. **p = 0.0018; ****p and ####p < 0.0001. (E) Representative pictures
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showing the co-localization between Aldhl1L1* (green) and GFAP* (magenta) cells in the somatory
sensory cortex (area analyzed enclosed in the segmented square of about 144334 um?) of Aldh1L1-
CreER™::Sun1-sfGFP mice exposed to different diets. Scale bar = 100 um. (F) The bar plot indicates
the HFHS diet-induced changes in the number of Aldh1L1"/GFAP (green), Aldh1L1/GFAP" (magenta)
and Aldh1L1"/GFAP* (blue) cells in a selected region of the somatosensory cortex of the AldhlL1-
CreER™::Sun1-sfGFP mice represented in (E). N = 12 (from 4 mice; SC diet and 5d HFHS diet); n =
15 (from 5 mice; 15d HFHS diet). **p = 0.0019; ****p < 0.0001; *p = 0.027. (G) Representative images
showing the co-localization between Aldh1L1* (green) and GFAP* (magenta) cells in the hippocampal
CALl region (area analyzed enclosed in the segmented square of about 96138 um?) of Aldh1L1-
CreER™::Sun1-sfGFP mice exposed to different diets. Scale bar = 100 um. (H) The bar plot indicates
the HFHS diet-induced changes in the number of Aldh1L1"/GFAP (green), Aldh1L1/GFAP" (magenta)
and Aldh1L1*/GFAP* (blue) cells in a selected region of the hippocampal CA1 area of the AldhlL1-
CreER™::Sun1-sfGFP mice represented in (G). N = 12 (from 4 mice; SC diet and 5d HFHS diet); n =
15 (from 5 mice; 15d HFHS diet). ****p < 0.0001; *p = 0.012. 5d: 5 days; 15d: 15 days; Aldh1L1:
Aldehyde Dehydrogenase 1 family member L1; ARC: Arcuate Nucleus of the Hypothalamus; GFAP:
Glial Fibrillary Acidic Protein; GFP: Green Fluorescent Protein; HFHS: high-fat high-sugar; SC:
standard chow. P values were assessed by using a generalized linear model. Results are indicated as
mean + the SEM.

4.2.4. Astrocytes expressing AldhlLl and GFAP in the ARC undergo a

spatial reorganization in response to a HFHS diet

The results collected so far indicate that astrocytes in the ARC respond to a HFHS diet with
transcriptional time-dependent changes, which include an alteration in the expression pattern
of specific astrocyte-enriched proteins, such as AldhlL1 and GFAP. Considering the HFHS
diet-induced increase in the number of AldhlL1- and GFAP- expressing astrocytes, the
individual areas of such an increase within the ARC were further identified by performing a
topographical analysis of those cells in the ARC of Aldh1L1-CreER™:: Sun1-sfGFP mice. To
do so, a cartesian coordinate system was superimposed to the region of interest (ROI) matching
the ARC, where the origin of axes coincided to the median eminence (ME), the x axis to the
lower edge of the ARC, and the y axis to the vertical boundary of the third ventricle (Figure
13A). For each Aldh1L1*/GFAP:, AldhlL1/GFAP*, and Aldh1L1*/GFAP" astrocyte, the
cartesian coordinates indicating the distance in pm from the ME were found and used to
measure the local density pattern of each astrocyte population (Figure 13A and B).
Interestingly, these three astrocyte populations appeared to be concentrated in different areas
of the ARC according to the molecular marker - Aldh1L1 and/or GFAP — expressed, in control
mice fed with SC diet (Figure 13B). In particular, the highest density of Aldh1L1*/GFAP- cells
could be detected in an individual region close to the ME (x = 120 um; y = 0 pm), while
Aldh1L1/GFAP* cells highest concentration was found in two different points more distant
from the ME than Aldh1L1*/GFAP cells (x = 250 um; y = 50 um and x = 0 pm; y = 400 pm)
(Figure 13B). On the contrary, Aldh1L1*/GFAP" cells were mostly concentrated in several
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small areas throughout the ARC, with the maximal density peaks not overpassing the first 200
um in the x direction from the ME (Figure 13B). Considering the differences existing between
the three astrocyte populations in the ARC under physiological conditions, further divergences
in their spatial distribution following the exposure to a HFHS diet were investigated by using a
generalized linear model (Figure 13C and D). Specifically, the ARC was divided into equal
squares with an area of 50 um? each, and the variation in the number of cells between SC diet
and HFHS diet groups was calculated in each square and overall the entire ARC (Figure 13C).
Consistently with the previous results (see paragraph 4.2.3), the number of AldhlL1*/GFAP",
Aldh1L1/GFAP*, and Aldh1L1"/GFAP™" astrocytes increased in response to a HFHS diet in
specific areas of the ARC, with 5d of a HFHS diet exposure inducing a greater effect on
Aldh1L1"/GFAP - and AldhlL1*/GFAP" cells than 15d of feeding with a HFHS diet (Figure
13C and D). Moreover, several small areas of the ARC were affected by a HFHS diet exposure,
with the number of Aldh1L1"/GFAP and AldhlL1"/GFAP™ cells increased uniformly and
without a peculiar pattern, while the number of Aldh1L1/GFAP" cells increased in specific

regions within 150 pm in the x direction from the ME (Figure 13C and D).
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Figure 13: The spatial distribution of astrocytes expressing AldhlL1 and GFAP in the ARC is
influenced by the exposure to a HFHS diet. (A) Representative pictures of GFP-expressing nuclei in
Aldh1L1" cells (green) and GFAP immunolabeling (magenta) in the ARC (segmented triangle-shaped
white line with an area of approximately 105350 um?) of Aldh1L1-CreER™::Sun1-sfGFP mice fed with
a SC diet. The picture at the bottom is an enlargement of the top one, and represents the method used to
define the cartesian coordinates for each astrocyte studied within the ARC. The position of the x/y axes
(red) is indicated, and the cartesian coordinates of an example cell (red circle) are reported. Scale bars:
100 um. (B) Spatial point patterns analysis of the kernel density in the ARC of the three astrocyte
populations under study (AldhlL1"/GFAP, AldhlL1/GFAP*, and AldhlL1"/GFAPY) in AldhlL1-
CreER™::Sun1-sfGFP mice fed with a SC diet. The plots are represented in 3D (upper figure) and 2D
(lower figure), with a color-coded kernel density scale. In the 2D plots, a white grid formed by 50 um?
large areas is superimposed to the colormap, where the average number of astrocytes located in each
square is indicated (white). N = 32 (ARCs from 4 mice). (C) Spatial point patterns analysis of the kernel
density in the ARC of the three astrocyte populations under study (Aldh1L1"/GFAP", Aldh1L1/GFAP",
and Aldh1L1*/GFAP") in Aldh1L1-CreER™::Sun1-sfGFP mice fed with a SC diet, and a HFHS diet for
5 or 15d. A color-coded kernel density scale is represented in each plot, where a white grid formed by
50 um? large areas is superimposed. In each area, the average number of astrocytes there located is
indicated in two different colors: white when the comparison between SC and HFHS diet is not
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significant, and in green when it is significant (p < 0.05). N = 32 (ARCs from 4 mice). ****p < 0.0001;
**p =0.0042; ***p = 0.00053. (D) Subtraction plots generated by comparing the kernel density pattern
in SC diet group to 5d or 15d HFHS diet groups, and subtracting the first from the last two groups, per
each astrocyte population studied (Aldh1L1"/GFAP", Aldh1L1/GFAP®, and Aldh1L1"/GFAP") in the
ARC of Aldh1L1-CreER™::Sun1-sfGFP mice. The subtraction is applied in each 50 um? large area by
using a generalized linear model, and a significant result (p < 0.05) is reported with a green star. 5d: 5
days; 15d: 15 days; Aldh1L1: Aldehyde Dehydrogenase 1 family member L1; ARC: Arcuate Nucleus
of the Hypothalamus; GFAP: Glial Fibrillary Acidic Protein; GFP: Green Fluorescent Protein; HFHS:
high-fat high-sugar; n.s.: not significant; SC: standard chow. P values were assessed by using a
generalized linear model.

Finally, the spatial organization into local clusters of Aldh1L1*/GFAP-, Aldh1L1/GFAP*, and
Aldh1L1"/GFAP™ astrocytes in the ARC and their behavior following an hypercaloric diet
exposure was evaluated. To do so, the spatial dispersion and coherence of each astrocyte
population in the ARC of SC diet, 5d and 15d HFHS diet fed mice were measured by
determining the Moran | autocorrelation coefficient (Schmal et al., 2017) (Figure 14).
Interestingly, the spatial dispersion of AldhlL1*/GFAP,, AldhlL1/GFAP*, and
Aldh1L1"/GFAP™ astrocytes in the ARC gradually increased in response to a HFHS diet
exposure, as indicated by the progressive decrease of the Moran | coefficient from SC diet to
first 5d HFHS diet and then 15d HFHS diet conditions (Figure 14). Of note, the spatial domain
occupied by Aldh1L1*/GFAP- astrocytes in the ARC increased in response to a HFHS diet,
populating the area previously occupied by Aldh1L1/GFAP* cells under standard conditions
(Figure 14). Moreover, the spatial domain occupied by Aldh1L1*/GFAP* astrocytes in the
ARC represents less than the 1% of the total ARC region in all three diet conditions, when
compared to the other astrocyte populations under study (Figure 14). Together, these data
suggest that HFHS diet induces a topographical remodeling of Aldh1L1*/GFAP-, AldhlL1
/IGFAP?, and Aldh1L1"/GFAP® astrocytes in the ARC, promoting their spatial dispersion over

time.
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Figure 14: HFHS diet induces a gradual spatial dispersion of astrocytes expressing Aldh1L1 and
GFAP in the ARC. In each experimental group, the random forest classifier is applied to determine the
spatial domains occupied by Aldh1L1"/GFAP", Aldh1L1/GFAP", and AldhlL1"/GFAP" astrocytes in
the ARC of Aldh1L1-CreER™::Sun1-sfGFP mice. In the top right corner of each plot, a pie chart
indicates the percentage of spatial domain occupied by each astrocyte population analyzed in the ARC.
The level of cellular spatial dispersion in each plot is indicated by the Moran | value (top right). SC diet:
Moran | = 0.049, p-value <0.05; 5d HFHS diet: Moran | = 0.026, p-value <0.05; 15d HFHS diet: Moran
1 =0.008, p-value <0.05. 5d: 5 days; 15d: 15 days; Aldh1L1: Aldehyde Dehydrogenase 1 family member
L1; ARC: Arcuate Nucleus of the Hypothalamus; GFAP: Glial Fibrillary Acidic Protein; HFHS: high-
fat high-sugar; SC: standard chow. P values were assessed by using a generalized linear model.

4.3. Hypercaloric diet-induced GFAP up-requlation in the ARC and body

weight gain correlate with specific molecular pathways

4.3.1. HFHS diet-induced GFAP up-regulation in the ARC is mediated by
Shh signaling pathway and I1PsR2-dependent calcium activity

As previously described along this thesis, an increase in GFAP expression can be observed in
the ARC of mice exposed to a HFHS diet, although the molecular mechanisms behind this
process, and its functional meaning are still largely unexplored. Therefore, the contribution of
selected molecular pathways in HFHS diet-induced GFAP up-regulation in the ARC has been
investigated. Considering evidences showing that astrocytes develop a reactive phenotype via
Shh signaling in response to an acute brain injury (Sirko et al., 2013), the effect of an astrocyte-
specific postnatal ablation of the Shh downstream protein Smo on HFHS diet-induced increase
in GFAP expression in the ARC has been investigated. For this reason, Smo deletion
specifically in astrocytes has been first induced by tamoxifen injection, and successively
Smo™M::nGFAP-CreER™ mice and their littermate controls have been fed with a SC or a HFHS
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diet for 5 or 15d, after which the number of GFAP* cells in the ARC was quantified (Figure
15A and B). As expected, HFHS diet feeding for both 5 and 15d induced a significant increase
in the number of GFAP™ cells in the ARC of wildtype control animals (Figure 15A and B).
Interestingly, such an increase was maintained after 5d, and blunted after 15d of a HFHS diet
exposure in the knockout (KO) animals, when compared to SC diet fed mice (Figure 15A and
B). Indeed, the number of GFAP™ cells in the ARC of KO mice fed with a SC diet or a 15d
HFHS diet was comparable (Figure 15A and B). In addition, calcium-mediated signaling in
hypothalamic astrocytes was identified as impacted by a HFHS diet (Figure 7D). For this
reason, considering that IP3R2 represents the major component of spontaneous and Gg-coupled
receptor-induced Ca?* signaling in astrocytes (Agulhon et al., 2012), where it is highly enriched
(Sharp et al., 1999; Holtzclaw et al., 2002), IPsR2 KO mice have been used to investigate the
effect of Ca?* signaling on HFHS diet-induced GFAP up-regulation in the ARC. As before,
IPsR2 KO mice and their littermate controls received a SC diet or a HFHS diet for 5 or 15d,
after which the number of GFAP™ cells in the ARC was quantified (Figure 15C and D).
Similarly to Smo™"::nGFAP-CreER™ mice, 15d HFHS diet fed IPsR2 KO mice had blunted
the increase in the number of GFAP* cells in the ARC, compared to SC diet fed animals, which
was instead present in their littermate controls under the same diet (Figure 15C and D).
However, in contrast to what reported above, 5d of a HFHS diet exposure were not sufficient
to induce an increase in the number of GFAP* cells in the ARC of neither IP3R2 KO mice or
their wildtype littermates, which might be explained by differences in the genetic background
of the mice (Figure 15C and D). Together, these results suggest that perturbations in the Shh
signaling pathway in astrocytes and in the IP3R2-dependent calcium activity restore the number
of ARC GFAP-expressing astrocytes at 15d HFHS diet, as they play a time-dependent active

role in the modulation of GFAP expression levels in the ARC.
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Figure 15: Perturbations in Shh signaling in astrocytes and IP;R2 expression affect HFHS diet-
induced increased number of GFAP" cells in the ARC. (A) Representative images of GFAP
immunolabeling (magenta) in the ARC (segmented white line) of Smo™™::hGFAP-CreER™ mice and
their littermate controls exposed to different diets. Scale bars = 100 um. (B) The bar plot indicates the
HFHS diet-induced changes in the number of GFAP™ cells (magenta) in the ARC of the Smo"™::hGFAP-
CreER™ mice represented in (A). SC diet, wildtype mice: n = 26 (ARCs from 5 mice); 5d HFHS diet,
wildtype mice: n =35 (ARCs from 6 mice); 15d HFHS diet, wildtype mice: n= 18 (ARCs from 3 mice);
SC diet, knockout mice: n = 26 (ARCs from 5 mice); 5d HFHS diet, knockout mice: n = 18 (ARCs from
3 mice); 15d HFHS diet, knockout mice: n = 34 (ARCs from 6 mice). ****p < 0.0001. (C)
Representative pictures of GFAP immunolabeling (magenta) in the ARC (segmented white line) of
IPsR2 KO mice and their littermate controls exposed to different diets. Scale bars = 100 um. (D) The
bar plot indicates the HFHS diet-induced changes in the number of GFAP* cells (magenta) in the ARC
of the IPsR2 KO mice represented in (C). SC diet, wildtype mice: n = 34 (ARCs from 6 mice); 5d HFHS
diet, wildtype mice: n =20 (ARCs from 4 mice); 15d HFHS diet, wildtype mice: n = 28 (ARCs from 6
mice); SC diet, knockout mice: n = 38 (ARCs from 7 mice); 5d HFHS diet, knockout mice: n = 22
(ARCs from 4 mice); 15d HFHS diet, knockout mice: n = 53 (ARCs from 10 mice). ****p < 0.0001.

86



5d: 5 days; 15d: 15 days; ARC: Arcuate Nucleus of the Hypothalamus; GFAP: Glial Fibrillary Acidic
Protein; HFHS: high-fat high-sugar; IP:R2: Inositol 1,4,5-Trisphosphate Receptor Type 2; KO:
knockout; SC: standard chow; Smo: Smoothened; WT: wildtype. P values were assessed by using a
generalized linear model.

4.3.2. Perturbations in Shh signaling pathway, IP:R2-dependent calcium
activity, and GFAP expression correlate with changes in the body weight
gain

Although HFHS diet-induced increased number of GFAP* cells in the ARC has been widely

described (Thaler et al., 2012; Horvath et al., 2010; Gonzélez-Garcia and Garcia-Céaceres,

2021), the functional meaning of such a process and its correlation to HFHS diet-induced body

weight gain has been poorly debated. Therefore, in order to assess whether altering selected

mechanisms mediating GFAP up-regulation in the ARC might affect specific metabolic
parameters, the body weight gain of mice with perturbations in the molecular pathways
described above was measured. In particular, the body weight gain of the previously used

Smo™M::nGFAP-CreER™, IPsR2 KO mice, and their control littermates following a SC diet or

a HFHS diet feeding for 5 or 15d was monitored. In line with previous evidences (Gruber et

al., 2021; Thaler et al., 2012), the wildtype littermates of the Smo™™::hGFAP-CreER™ mice

gained a significant body weight after the exposure to a HFHS diet for 15d, but not 5d,
compared to SC diet fed mice (Figure 16A). A similar behavior was observed in the animals
with an astrocyte-specific deletion of Smo, although the 15d HFHS diet-induced body weight
gain was less evident than in their wildtype littermates (Figure 16A). Likewise, 5d of a HFHS
diet exposure were not sufficient to induce a significant body weight gain in the wildtype
littermates of IPsR2 KO mice, while the last ones instead gained a considerable body weight,
when compared to the same mice fed with a SC diet (Figure 16B). In addition, both IP;R2 KO
mice and their wildtype littermates similarly gained a substantial body weight in response to
15d HFHS diet feeding, in comparison to SC diet fed animals (Figure 16B). Finally, the effect
of a GFAP deletion itself on the body weight gain following a HFHS diet exposure was
assessed. In particular, the feeding with a HFHS diet for 15d, but not 5d, was sufficient to
induce a considerable body weight gain in both GFAP KO mice and their wildtype controls,
compared to the same mice fed with a SC diet (Figure 16C). However, such an increase was
higher in the wildtype mice than in the GFAP KO animals (Figure 16C). Together, these
evidences suggest that dysregulations in specific molecular pathways, which might mediate the
HFHS-induced increased number of GFAP* cells in the ARC, differently affect the body weight
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gain of mice exposed to an hypercaloric diet. In particular, perturbations in the astrocyte-
specific Shh signaling pathway and in GFAP expression lead to a 15d HFHS diet-induced
diminished body weight gain in comparison to wildtype mice, while interferences in calcium
signaling are related to a significant body weight gain after only 5d of a HFHS diet feeding,

diversely from wildtype mice.
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Figure 16: Alterations in specific molecular pathways associated to HFHS diet-induced GFAP up-
regulation affect the body weight gain of mice fed with an hypercaloric diet. The plots show the
body weight gain (grams) of Smo™"::nGFAP-CreER™ (A), IPsR2 KO (B), and GFAP KO (C) mice and
their littermate wildtype controls (A-C) exposed to a SC diet or a HFHS diet for 5 or 15 days. The plots
on the left indicate the grams gained by the animals after 5d of a HFHS diet feeding (light blue)
compared to a SC diet (dark blue), while the graphs on the right depict the grams gained by the mice
after 15d of a HFHS diet exposure (light blue) compared to a SC diet (dark blue). (A) Wildtype mice,
5d HFHS diet: n = 17; wildtype mice, 15d HFHS diet: n = 10; knockout mice, 5d HFHS diet: n = 11;
knockout mice, 15d HFHS diet: n = 5. ***p = 0.0004; *p = 0.018. (B) Wildtype mice, 5d HFHS diet: n
= 14; wildtype mice, 15d HFHS diet: n = 8; knockout mice, 5d HFHS diet: n = 18; knockout mice, 15d
HFHS diet: n = 13. ***p = 0.0007; ****p < 0.0001. (C) Wildtype mice, 5d HFHS diet: n = 33; wildtype
mice, 15d HFHS diet: n = 19; knockout mice, 5d HFHS diet: n = 25; knockout mice, 15d HFHS diet: n
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= 16. ****p < 0.0001; **p = 0.021. 5d: 5 days; 15d: 15 days; g: grams; GFAP: Glial Fibrillary Acidic
Protein; HFHS: high-fat high-sugar; IP:R2: Inositol 1,4,5-Trisphosphate Receptor Type 2; KO:
knockout; SC: standard chow; Smo: Smoothened; WT: wildtype. P values were assessed by using a
two-way ANOVA multiple comparison.

89



5. Discussion

Here | reported how hypercaloric diet triggers distinct changes in the molecular profile of
astrocytes located in different brain regions. Moreover, ARC astrocytes exhibited a diverse
transcriptional activity, number, and spatial arrangement depending on the expression of
specific molecular markers and on the HFHS diet exposure time. Moreover, | explored putative
molecular pathways which might mediate HFHS diet-induced GFAP up-regulation in the ARC,
and their impact on the body weight gain which follows the exposure to an hypercaloric diet.

5.1. The HFHS diet-induced molecular response of astrocytes is encoded

by their anatomical location in the brain
Based on previous evidences revealing as astrocytes play a specific role in the control of
metabolism, e.g. showing opposing roles in appetite regulation, depending on the specific
circuits they are embedded in (Chen et al., 2016; Garcia-Caceres et al., 2016; Varela et al.,
2021; Yang, Qi and Yang, 2015; Patel et al., 2021; MacDonald et al., 2020), it is important to
always preserve the anatomical location of these glial cells, and thus their interactions with the
local networks, while conducting astrocyte-centered studies. For this reason, the effect of an
hypercaloric diet was evaluated on astrocytes isolated from three different brain regions (cortex,
hypothalamus, hippocampus) in this study. In fact, the transcriptional and post-transcriptional
profiles of astrocytes showed a remarkable inter-regional heterogeneity in both SC diet- and
HFHS diet- fed mice, which might highlight a diversity in astrocyte functions according to the
brain location and to their interaction with specific local circuits. This is in line with previous
findings, demonstrating for example age-related differences in the transcriptome of astrocytes
collected from cortex, cerebellum and hypothalamus (Boisvert et al., 2018), or expression of
unique sets of genes in astrocytes isolated from different brain regions (including thalamus,
hypothalamus, hippocampus, cortex, nucleus accumbens, caudate putamen) (Morel et al.,
2017), such as differences in the transcriptome, proteome and morphology of astrocytes located
in hippocampus and striatum (Chai et al., 2017). Moreover, the results described in this thesis
indicate that the similarities in the molecular phenotype among astrocytes were determined in
a more substantial manner by the brain area they derived from, rather than by the effect of a
HFHS diet. However, the chronic exposure to an hypercaloric diet induced remarkable changes
at both RNA and protein levels in astrocytes within different brain regions. At transcriptional

level, unlike astrocytes located in the hippocampus, both cortical and hypothalamic astrocytes
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appeared to respond to a HFHS diet with changes in pathways related to hormonal and nutrient
regulation, with a more pronounced involvement of cortical astrocytes in insulin response, and
of hypothalamic astrocytes in glucose and lipid metabolism. However, at protein level, the
hypothalamus emerged as the area with the highest astrocyte specialization in hormonal and
nutrient regulative processes, in line with previous evidences describing the importance of
hypothalamic astrocytes in sensing and responding to hormonal and nutritional cues for the
regulation of feeding behavior and systemic metabolism (Kim et al., 2014; Garcia-Caceres et
al., 2016; Gao et al., 2017b). Of note, the down-regulation of pathways involved not only in
neuronal and synaptic regulation, but also in calcium-mediated signaling in hypothalamic
astrocytes, following a long-term exposure to a HFHS diet, might influence their inter-cellular
communication with surrounding astrocytes, neurons and other cell types, contributing to the
dysregulation of circuitries involved in the control of feeding behavior, and the subsequent
obesity onset, as previously discussed (Garcia-Caceres, Yiand Tschop, 2013; Kalin et al., 2015;
Harada, Kamiya and Tsuboi, 2016; Lee et al., 2020; Gonzalez-Garcia and Garcia-Caceres,
2021). The different regulation and enrichment of the same molecular pathways in cortical,
hypothalamic and hippocampal astrocytes in response to a HFHS diet supports the concept of
the existence of specialized populations of astrocytes, characterized by different roles and
interactions with the surrounding environment, depending on their physical location in the

brain.

5.2.  The highest transcriptional activity of astrocytes among other cell
types in the ARC reveals their crucial role within the first 5 days of a
HFHS diet feeding

Astrocytes have not only been described as characterized by a pronounced inter-regional
heterogeneity, but also an intra-regional one, as shown by the differences in the expression of
specific astrocyte-enriched proteins, and in the capability of regulating diverse neuronal circuits
within the same brain area (Perea et al., 2014; Martin et al., 2015; Farmer et al., 2016; Ben
Haim and Rowitch, 2017). For this reason, the relevance of hypothalamic astrocytes in response
to an hypercaloric diet was further confirmed by analyzing their transcriptional activity within
the ARC, a crucial region of the hypothalamus, whose astrocyte involvement in response to a
HFHS diet has been already described (Horvath et al., 2010; Thaler et al., 2012). In particular,
the changes in the transcriptional activity of ARC astrocytes were assessed by sequencing the
RNA at single-cell level in two critical timepoints of a HFHS diet feeding, before and after the

arousal of significant changes in the body weight of mice. The analysis indicated that ARC
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astrocytes are the fastest responders to 5d of exposure to a HFHS diet, as indicated by the
highest number of DEGs among all ARC cell types, and the remarkable activation of their
transcriptional activity, but this response was transient and reversed to a control-like pattern at
15d of a HFHS diet feeding, when animals gained a significant body weight. Moreover, such a
time-dependent transcriptional responsive pattern was only observed in astrocytes, which
supports the responsive distinction of these glial cells over other ARC cell types upon an
hypercaloric diet. This might indicate that astrocytes in the ARC play a critical role in the initial
days of an hypercaloric diet feeding, before any body weight change, while the surrounding
cells might respond in a later time not only to a HFHS diet itself, but also to signals and
molecules released by the previously activated astrocytes in the surrounding environment, when
the body weight of the animals is already altered. Although hypothalamic astrocytes have been
already reported as rapid responders to an hypercaloric diet (Thaler et al., 2012), evidences
indicate microglia to be concomitant fast responders, by rapidly producing and releasing
inflammatory markers, which in turn affect the activity of neighboring cells, such as astrocytes
and neurons (Valdearcos et al., 2014). However, in this study it was not possible to observe
such a picture after 5d of a HFHS diet exposure, which might derive by time-dependent
fluctuations in microglia activation, not visualized at the selected timepoints. As the most
remarkable changes in the transcriptional activity of ARC astrocytes were observed after 5d of
a HFHS diet exposure, it was questioned how specific genes of interest might be affected by
this response. Interestingly, particular genes involved in metabolic and astrocytic functions,
such as Aldoc, Pcskln, Clu, ApoE and Gfap, were expressed at different levels between
astrocytes in both physiological conditions and in response to an hypercaloric diet, with the
cells presenting the highest expression being grouped accordingly to their transcriptional
similarity. However, the limitations of this analysis prevent to question whether those cells
might be considered a separated astrocytic population and form a specialized domain in the

ARC, particularly sensitive to a HFHS diet feeding.

5.3.  HFHS diet-induced changes in the AldhlL1l and GFAP spatial
expression levels in the ARC might be associated to different functional

states of astrocytes

Considering the clear responsiveness of ARC astrocytes to a HFHS diet, highlighted by the
SCRNA-Seq study here described, the next question was to identify whether this response might
concern particular subtypes of astrocytes defined according to the expression of well-known

canonical markers. Two astrocyte-specific molecular markers were identified as selectively
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responsive to an hypercaloric diet: Aldh1L1 and GFAP. Although GFAP has been extensively
described as a main hallmark of reactive astrogliosis associated to a hypertrophic phenotype in
both physiological and pathological conditions, including obesity (Horvath et al., 2010; Thaler
et al., 2012; Pekny and Pekna, 2014; Sofroniew, 2014), the role of Aldh1L1 has never been
deepened in this sense. Along this study, | showed for the first time that hypercaloric diet
induces an increase in the number of cells expressing not only GFAP, but also Aldh1L1, in the
ARC, before and after a significant body weight gain, and that this markers expression is
differently distributed along the ARC. Although astrocytes have been reported to proliferate in
certain pathological conditions, such as following a traumatic brain injury (Susarla et al., 2014;
Sirko et al., 2013), astrocyte proliferation following a HFHS diet exposure has never been
described. Accordingly, I could not find any evidence of astrocyte proliferation in the ARC
following the exposure to a HFHS diet for 5 or 15 days, particularly in regards to Aldh1L1-
expressing cells. This suggests that the HFHS diet-induced increase in the number of Aldh1L1*
(and most probably also in GFAP™) cells in the ARC does not derive from this cell type
proliferation, but rather from a novel AldhlL1 (or GFAP) expression in astrocytes, not
expressing these molecular markers under physiological conditions. Of note, differences at
cellular transcriptional and post-transcriptional levels, which existence has been already
previously discussed (Liu, Beyer and Aebersold, 2016; Buccitelli and Selbach, 2020), were
found here: the astrocyte response to an hypercaloric diet might lead to an increase in RNA
levels of specific genes, successively translated into proteins, which amount might be high
enough to sustain their function for a longer period of time on a HFHS diet, and thus explain
the return of RNA to normal levels concomitant to a high protein level. Furthermore, astrocytes
expressing GFAP and AldhlL1l were found to occupy different territories in the ARC,
suggestive of specific intra-regional functions, with the occupancy of AldhlL1 particularly
increased following the intake of an hypercaloric diet. So far, intra-regional molecular and
physiological differences between astrocytes have been only observed within the cortex
(Lanjakornsiripan et al., 2018; Morel et al., 2019; Bayraktar et al., 2020), and the spinal cord
(Molofsky et al., 2014). However, the data here reported suggest the putative existence of an
intra-regional heterogeneity between astrocytes in the ARC as well, as regards to their spatial
organization, which changes according not only to the diet, but also to the concomitant or
separate expression of Aldh1L1 and GFAP. The concept of astrocyte heterogeneity is further
strengthened by the fact that AldhlL1 and GFAP respond diversely to a HFHS diet across
different brain areas, which might indicate a distinct involvement of these proteins in astrocyte-

related functions. However, the impact of AldhlL1l and GFAP expression on the specific
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function of astrocytes, which might in turn affect the surrounding neuronal activity, is still
unexplored. In this study, the expression of AldhlL1 and GFAP in astrocytes is induced in
response to an hypercaloric diet, with the latter one specifically observed in the ARC, without
acting as specific markers of different astrocyte subpopulations. Therefore, the molecular
diversity of ARC astrocytes could entail transient functional states of these glial cells required
for synapse remodeling, for the switch between a resting/active state of local networks, and for
the reorganization of circuits necessary for neuronal homeostasis; all this without altering the
common basic cellular features, and without identifying different astrocyte subpopulations.
Interestingly, HFHS diet leads to abnormal perturbations in the ARC neuronal circuits (Ké&lin
et al., 2015; Jais et al., 2020; Jais and Briuning, 2021), which might lead to (or be caused by)
the increase of GFAP and Aldh1L1 levels in the surrounding astrocytes, responding to the

modifications in the local homeostasis.

54. HFHS diet-induced body weight gain might be prevented or

strengthen by manipulating astrocyte-specific molecular pathways

Whether astrogliosis, which accompany several pathological conditions affecting the CNS, is a
detrimental or beneficial astrocyte reaction for the brain and the whole-body correct functioning
is still largely under debate (Pekny and Pekna, 2014; Sofroniew, 2014). Several independent
studies tried to elucidate the functional role of GFAP, which over-expression denotates
astrogliosis, by deleting this protein in mice and observing the effect on astrocyte phenotype
and on the function of surrounding neurons (Pekny et al., 1995; McCall et al., 1996; Liedtke et
al., 1996; Otani et al., 2006). However, the results reported were different, with the GFAP
deletion leading to no abnormalities in the physiology and behavior of mice in one case (Pekny
et al., 1995), or to an impairment in the myelination and white matter vascularization in another
study (Liedtke et al., 1996), or to consequences on the function of surrounding neurons (McCall
et al., 1996; Otani et al., 2006). Moreover, the functional meaning of HFHS diet-induced GFAP
up-regulation in the hypothalamus, and particularly in the ARC, has never been explored up to
date. For this reason, along this study, | evaluated whether GFAP ablation might affect a basic
metabolic parameter, such as the body weight, which in normal conditions increases following
a HFHS diet exposure. Although the body weight gain of GFAP KO animals exposed to a
HFHS diet followed the trend of wildtype mice fed with the same diet, their gain was slower
and less significant than the control mice one. This first evidence might suggest a more
detrimental than beneficial role of HFHS diet-induced GFAP up-regulation in the ARC on the

body weight of animals. However, this evidence alone is not solid enough to demonstrate the

94



role of HFHS diet-induced GFAP over-expression in the ARC, also considering the fact that
mice globally lacking GFAP might develop compensatory mechanisms, such as the increase in
the expression of other types of intermediate filaments, like vimentin, in line with previous
studies (Kamphuis et al., 2015; Galou et al., 1996; Pekny et al., 1999). Therefore, | targeted
molecular pathways associated to HFHS diet-induced increased number of GFAP™ cells, in
addition to the global GFAP ablation, in order to find more evidences associated to the putative
detrimental effect of ARC GFAP up-regulation on the body weight. Indeed, both IPsR2 and
astrocyte-specific Smo ablation led to an attenuated GFAP expression in the ARC following a
HFHS diet exposure, especially in response to 15d of a HFHS diet feeding, compared to
wildtype mice. Interestingly, while the effect of astrocyte-specific Smo ablation on the body
weight was similar to GFAP deletion, IP3R2 ablation seemed to mainly affect the body weight
of mice exposed to a HFHS diet for 5 days, with a significant increase, contrarily to wildtype
animals. This might indicate that, even though both molecular pathways are associated to HFHS
diet-induced GFAP up-regulation in the ARC, their role in this process might be time-
dependent. Moreover, the analysis of single molecular pathways associated to HFHS diet-
induced GFAP over-expression in the ARC might not be sufficient to conclude whether this
event might have a beneficial or detrimental connotation, considering as well possible and

diverse compensatory mechanisms that each pathway might present.

5.5. Conclusion and outlook

Taken together, the data presented along this thesis indicate that astrocytes are molecularly
different based on their anatomical location, and that their transcriptional and post-
transcriptional changes might explain their functional role in the control of metabolism in health
and obesity. Considering the increased prevalence of obesity and associated comorbidities in
the modern world, a deeper understanding of the cellular and molecular mechanisms associated
is urgently needed. This thesis suggests that further studies concerning astrocyte role in the
development of obesity would be worth to pursue. In particular, the functional correlation
between the spatial- and time- dependent expression of astrocyte-specific molecular markers
and the activity of surrounding cells and neuronal circuitries would help to unravel the
mechanisms behind the HFHS diet-induced perturbations in the systemic homeostasis.
Moreover, the evidences showing AldhlL1l to be particularly responsive to a HFHS diet,
together with GFAP, indicate that the concept of astrogliosis might need to be reconsidered, by
including this marker - and possibly others not analyzed in this work - over-expression as an

additional possible hallmark of HFHS diet-induced astrogliosis. Finally, although the
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understanding of the nature of HFHS diet-induced astrogliosis is of primary importance to have
the possibility to develop target-specific drugs to prevent obesity, we are still far away from the

complete knowledge of astrocyte role in such a process.
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Gjal Gap Junction Protein Alpha 1
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GLT-1 Glutamate transporter 1

GLUT Glucose Transporter

GLUT-1 Glucose Transporter 1

GLUT-2 Glucose Transporter 2

GO Gene Ontology

GPCR G-Protein Coupled Receptor
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GWAS Genome-Wide Association Studies
HCD Higher-Energy Collisional Dissociation
Hdc Histidine Decarboxylase

HFHS High-Fat High-Sugar

hGFAP Human Glial Fibrillary Acidic Protein
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HPLC High Performance Liquid Chromatography
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HRP Horseradish peroxidase

lcv Intracerebroventricular

Ift43 Intraflagellar Transport 43

IgG Immunoglobulin G
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IKK IkB Kinase

IL Interleukin
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1.p.
IP3
IP3R2

Itgam
IVC
JNK
Kir4d.1
Kissl
kNN
KO
LC
LepR
LH
Lhx2
LPL
Lum
MACS
Mag
MBH
MC
MC3R
MC4R
MCR
MCT1
ME
mG
MgCl,
Mog
MRI

Intraperitoneal

Inositol Triphosphate

Inositol Triphosphate type 2 Receptor
Insulin Receptor

Integrin Subunit Alpha M
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c-Jun N-terminal Kinase

Inwardly rectifying potassium 4.1 channel
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k-Nearest Neighbor

Knockout

Locus Coeruleus

Leptin Receptor
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LIM Homeobox 2

Lipoprotein Lipase

Lumican

Magnetic-Activated Cell Sorting
Myelin Associated Glycoprotein
Medio-Basal Hypothalamus
Melanocortin

Melanocortin Receptor 3
Melanocortin Receptor 4
Melanocortin Receptor
Monocarboxylate Transporter 1
Median Eminence

Cell membrane localized eGFP
Magnesium Chloride

Myelin Oligodendrocyte Glycoprotein

Magnetic Resonance Imaging
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MS
MSH
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NaCl
NaxHPO4
NaH2PO4
NaOH
NF-kB
NG2
NPY

NS

NTS
Oligl
P2ry12
PBS

PC

PCA
PCR
Pcskln
Pdgfrb
Pecaml
PFA
PLC
PMSF
POMC
pSTAT3
Ptc

PVN
QC

Rarres2

Mass Spectrometry

v-Melanocyte Stimulating Hormone
Musculoskeletal, Embryonic Nuclear Protein 1
Sodium Chloride

Sodium Phosphate Dibasic

Sodium Phosphate Monobasic

Sodium Hydroxide

Nuclear Factor-kB

Neuron Glial 2

Neuropeptide Y

Not Significant

Nucleus Tractus Solitarius

Oligodendrocyte Transcription Factor 1

Purinergic Receptor P2Y12

Phosphate Buffered Saline

Principal Component

Principal Component Analysis

Polymerase Chain Reaction

Proprotein Convertase Subtilisin/Kexin Type 1 Inhibitor
Platelet Derived Growth Factor Receptor Beta
Platelet and Endothelial Cell Adhesion Molecule 1
Paraformaldehyde

Phospholipase C

Phenylmethylsulfonyl Fluoride
Pro-Opiomelanocortin

Phosphorylated Signal Transducer and Activator of Transcription 3
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Paraventricular Nucleus of the Hypothalamus
Quiality Control
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141



Rax
Rbfox3
RIPA
RN
RNA-seq
ROI
ROS

RT

RTL
S1008
SC
SCRNA-Seq
SDB-RPS
SDC
SEM
SFO

Shh
Slcl6a2
Slcla2
Sicla3
Slcolcl
Smo
Snap25
SNARE
SNP
SOCS-3
SOX9
Syp

Sytl
TBS

Retina and Anterior Neural Fold Homeobox
RNA Binding Fox-1 Homolog 3
Radio-Immunoprecipitation Assay

Raphe Nucleus

RNA sequencing

Region of Interest

Reactive Oxygen Species

Room Temperature

RNA Lysis Buffer

S100 calcium binding protein beta

Standard Chow

Single cell RNA sequencing
Styrenedivinylbenzene—Reversed Phase Sulfonated
Sodium Deoxycholate

Standard Error of the Mean

Subfornical Organ

Sonic hedgehog

Solute Carrier Family 16 Member 2

Solute Carrier Family 1 Member 2

Solute Carrier Family 1 Member 3

Solute Carrier Organic Anion Transporter Family Member 1 C1
Smoothened

Synaptosome Associated Protein 25
Soluble NSF Attachment Protein Receptor
Single Nucleotide Polymorphism
Suppressor of Cytokine Signaling 3
SRY-Box Transcription Factor 9
Synaptophysin

Synaptotagmin 1

Tris-Buffered Saline
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TCEP Tris (2-carboxyethyl) phosphine hydrochloride

TFA Trifluoroacetic Acid

TH Tyrosine Hydroxylase

TLR Toll-Like Receptor

TLR4 Toll-Like Receptor 4

Tm4sfl Transmembrane 4 L Six Family Member 1
Tmem119 Transmembrane Protein 119

TRAP Translating Ribosome Affinity Purification
Tubb3 Tubulin Beta 3 Class 111

Ucp2 Uncoupling Protein 2

UMAP Uniform Manifold Approximation and Projection
UMI Unique Molecular Identifier

Vamp5 Vesicle Associated Membrane Protein 5
VGIuT2 Glutamate Vesicular Transporter 2
VLMCs Vascular and Leptomeningeal Cells

VMH Ventromedial Hypothalamic Nucleus
WHO World Health Organization

WT Wildtype

wiv Weight per Volume

Y1R Neuropeptide Y Receptor type 1
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