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1. ABSTRACT

Infectious diseases, such as COVID-19, can cause severe systemic inflammation, which
may even deteriorate to a life-threatening status called sepsis. Although it is immune-
privileged due to its protection by the blood brain barrier, the central nervous system
demonstrates rapid responses to systemic inflammation. Previous studies suggest
immune signals of systemic inflammation can be mediated by increased humoral
proinflammatory cytokines to induce inflammatory responses in the brain. In addition to
cytokines, many metabolites such as purines are also upregulated when responding to
systemic inflammation, though their contributions to neuroinflammation are still unclear.

Here, we show that systemic inflammation induced by peripheral endotoxin
lipopolysaccharide (LPS) could rapidly elevate the plasma adenosine level with reaching
its peak at 6 hours post LPS injection (hpi). Using in vivo 2P-LSM live imaging of a novel
adenosine sensor GRABad expressed in astrocytes, we revealed that peripheral
administration of adenosine could directly enhance the GRABa4o signal in the brain,
suggesting that elevated blood levels of adenosine could increase the extracellular
adenosine tone in the brain parenchyma. Furthermore, we detected elevated extracellular
adenosine levels in terms of increased GRABAaqo signal in the cortex of mice shortly after
LPS injection which also peaked at 6 hpi. These results strongly suggest adenosine in the
blood can contribute to the extracellular adenosine signal in the brain evoked by systemic
inflammation. Combining pharmacological intervention, immunohistochemistry, genetic
RiboTag technology and high-throughput RNA sequencing, cytokine array, quantitative
PCR, Western blot, and IMARIS-assisted image analysis, we showed that increased
adenosine could trigger astrocyte reactivity at the early phase (2-6 hpi) of the systemic
inflammation.

Using transgenic mouse models, we deleted A1 adenosine receptors (A1ARs), which are
Gi/o-coupled, specifically in astrocytes. After a peripheral injection of LPS into these mice,
we observed inhibition of an early astrocyte reactivity and reduced expression of proteins
related to neuroinflammation (such as CCL2, CCL5, and CXCL1). Subsequently, we found
a decrease in microglial activation, less disruption of the blood-brain barrier, improved
neuronal functions, and ultimately mitigated depression-like behavior induced by systemic
inflammation. We further expressed CNO-mediated hM4Di DREADD stimulation in A1AR-
deficient astrocytes at 2 and 4 hpi restored the neuroinflammation and depression-like
behavior of the astrocytic-A1AR deficient mice, highlighting astrocytes rather than
microglia as early drivers of neuroinflammation.

Taken together, our work unveils an important immune-mediated pathway, adenosine
signalling via A1ARs, which provokes neuroinflammation by triggering early astrocyte
reactivity in systemic inflammation of mice.
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2. ZUSAMMENFASSUNG

Infektionskrankheiten wie COVID-19 kénnen schwere systemische Entziindungen
hervorrufen, die sich sogar zu einem lebensbedrohlichen Zustand, der Sepsis, ausweiten
kénnen. Obwohl es aufgrund des Schutzes durch die Blut-Hirn-Schranke (BHS)
immunprivilegiert ist, reagiert das zentrale Nervensystem (ZNS) schnell auf systemische
Entzindungen. Frihere Studien deuten darauf hin, dass Immunsignale einer
systemischen Entziindung durch erhéhte humorale proinflammatorische Zytokine
vermittelt werden konnen, um Entzindungsreaktionen im ZNS auszulésen. Neben
Zytokinen werden auch viele Metabolite wie Purine als Reaktion auf systemische
Entziindungen hochreguliert, obwohl ihr Beitrag zur Neuroinflammation nach wie vor nicht
klar ist.

In dieser Studie zeigen wir, dass eine durch das Endotoxin Lipopolysaccharid (LPS)
ausgeldste systemische Entzindung die Adenosinkonzentration im Plasma rasch
ansteigen lasst und 6 Stunden nach der LPS-Injektion (hpi) ihren Hohepunkt erreicht.
Unter Verwendung von in vivo 2P-LSM Live-Imaging eines neuartigen genetisch kodierten
Adenosin-Sensors GRABAago, der in Astrozyten exprimiert wird, konnten wir zeigen, dass
die periphere Verabreichung von Adenosin das GRABago-Signal im Gehirn direkt
verstarken kann, was darauf hindeutet, dass erhdhte Adenosinspiegel im Blut den
extrazellularen Adenosin-Tonus im Gehirnparenchym erhéhen kénnen. Dartber hinaus
konnten wir kurz nach der LPS-Injektion erhohte extrazelluldre Adenosinwerte in Form
eines erhdhten GRABAdo-Signals in der Hirnrinde der Mause nachweisen, das ebenfalls
um 6 hpi seinen Hohepunkt erreichte. Diese begleitenden pathologischen Ereignisse
deuten stark darauf hin, dass Adenosin im Blutkreislauf zum gesamten zentralen
Adenosin-Signal, das durch systemische Entziindungen hervorgerufen wird, beitragen
kann. Durch die Kombination von pharmakologischen Eingriffen, Immunhistochemie,
genetischer RiboTag-Technologie und Hochdurchsatz-RNA-Sequenzierung, Zytokin-Array,
quantitativer PCR, Western Blot und IMARIS-unterstutzter Bildanalyse konnten wir zeigen,
dass eine erhdhte Adenosinmenge die Astrozytenreaktivitat in der frihen Phase (2-6 hpi)
der systemischen Entzindung auslésen kann.

In transgenen Mausmodellen haben wir A1-Adenosinrezeptoren (A1ARs), die
Gi/ogekoppelt sind, speziell in Astrozyten ausgeschaltet. Nach einer peripheren Injektion
von LPS in diese Mause beobachteten wir eine Hemmung der frihen Astrozytenreaktivitat
und eine verringerte Expression von Proteinen, die mit der Neuroinflammation
zusammenhangen (wie CCL2, CCL5 und CXCL1). In der Folge stellten wir einen
Rickgang der Mikroglia-Aktivierung, eine geringere Stérung der Blut-Hirn-Schranke,
verbesserte neuronale Funktionen und schliellich eine Abschwachung des durch die
systemische Entziindung ausgel6sten depressiven Verhaltens fest. Darliber hinaus haben
wir den chemogenetischen hM4Di-Rezeptor in A1AR-defizienten Astrozyten exprimiert,
um die Gi-Signalisierung nach CNO-Verabreichung bei 2 und 4 hpi zu induzieren, was die
Neuroinflammation und das depressionséhnliche Verhalten der astrozytaren-A1AR-
defizienten Mause wiederherstellte und Astrozyten statt Mikroglia als frihe Treiber der
Neuroinflammation hervorhob.

Unsere Forschung deckt einen bisher unbekannten Signalweg auf, durch den Adenosin
als Signalmolekul fungiert, um systemische Entzindungen zu vermitteln und
Neuroinflammation durch die Initierung einer frihen Reaktivitdt von Astrozyten zu
induzieren. Zudem prasentiert diese Studie erstmalig den Nachweis, dass friihe reaktive
Astrozyten eine treibende Kraft hinter der Neuroinflammation darstellen und nicht lediglich
als Effektoren der reaktiven Mikroglia agieren.
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3. INTRODUCTION

Sepsis is a life-threatening condition usually induced by unbridled systemic inflammatory
response to injuries or bacterial infections, leading to dysfunctions of multiple organs
(Hotchkiss and Karl, 2003). The elevated peripheral inflammation in septic patients could
subsequently induce severe neuroinflammation, called sepsis-associated encephalopathy
(SAE), leading to the impairments of the central nervous system (CNS) in terms of glial
activation, neuronal dysfunction, and blood-brain barrier (BBB) breakdown (Gofton and
Young, 2012). Notably, sepsis patients exhibit high levels of plasma purine metabolites
such as adenosine which positively correlates with mortality, highlighting the importance
of adenosine signaling in sepsis (Martin et al., 2000). However, the role of adenosine
signaling in SAE remains unknown.

3.1. Sepsis and sepsis-associated encephalopathy

Sepsis is a life-threatening organ dysfunction characterized by systemic and disordered
immune reaction to infections and injuries, which is the primary cause of preventable
mortality, becoming one of the major and most urgent public health challenges worldwide
(Reinhart et al., 2017; Singer et al., 2016). The features of sepsis essentially reflect the
body’s response to infection and include fever, hemodilution, tachycardia, hypotension,
hypoperfusion, leukocytosis, and epinephrine-associated hyperlactatemia, as well as end-
organ dysfunction, such as muscle degeneration, intestinal obstructions, acute lung injury,
acute kidney injury, cardiomyopathy, and encephalopathy (Agapito Fonseca et al., 2020;
Nunnally and Patel, 2019; Rocheteau et al., 2015).

Sepsis incidence per 100000

0 120t0 <200 M 540to <640
0 200t0<270 M 640to <1600
O 270t0 <340 M 1600 to <2500
O 340to <440 W 2500 to <3400
0 440to <540 M 3400t04300

Figure 1. Global sepsis incidence in 2017 (Rudd et al., 2020).

Arecent report on the Global Burden of Diseases highlights that there are nearly 50 million
cases of sepsis worldwide every year (Rudd et al., 2020), which affects both sexes and all
ages. Sepsis resulted in an estimated 11 million deaths in 2017, equivalent to a
standardized mortality of 148 per 100,000 people, representing nearly 20% of global
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deaths (Figure 1). Mortality rates of patients with septic shock in intensive care units are
~35% (Machado et al., 2017; Prescott et al., 2020; Rhee et al., 2017). Furthermore, almost
50% of sepsis survivors end up back in the hospital within one year, and around 16% of
sepsis survivors do not make it through the first year (Prescott and Angus, 2018; Prescott
et al., 2016; Shankar-Hari et al., 2016). Achieving universal sepsis prevention, diagnosis,
and treatment remains a significant challenge.

healthy BBB healthy brain sepsis-associated BBB dysfunction
encephalopathy

—
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—_— )

%A = ol ]

high spine density
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Figure 2. Schematic pathophysiological alterations in sepsis-associated
encephalopathy.

SAE results in disrupting BBB integrity, activating astrocyte and microglia to release
proinflammatory cytokines, causing neuroinflammation and neural damage in terms of
reduced spine density and neurotransmitter imbalance. Based on (Chung et al., 2020).

The brain is considered as one of the critical organs affected by systemic inflammation,
leading to the so-called SAE, among all affected organs in sepsis (Michelon et al., 2020;
Sankowski et al., 2015; Widmann and Heneka, 2014). As reported, ~70% of critically ill
patients with sepsis have any degree of SAE, such as agitation, disorientation,
hypersomnolence, and even coma (Andonegui et al., 2018; Gofton and Young, 2012).
Moreover, 180-day mortality rate of SAE increased to 55.41% (Sonneville et al., 2017).
However, the mechanism of sepsis-induced cerebral dysfunction has not been fully
investigated (Kozlov et al., 2017; Robba et al., 2018; Sonneville et al., 2013). Interestingly,
apparent infection was barely found in the CNS of SAE patients, while neuroinflammation
and oxidative stress was commonly observed in the brain (Catalao et al., 2017; Jesus et
al., 2020). Uncontrolled neuroinflammation was also regarded as a main process leaded
to brain dysfunctions during sepsis, contributing to BBB damage, altered neural activity,
and activation of microglia and astrocyte (Figure 2) (Adam et al., 2013; Hoogland et al.,
2015; Mazeraud et al., 2016; Michels et al., 2019; Shulyatnikova and Verkhratsky, 2020;
Tian et al., 2019). To understand how systemic inflammation induces the inflammatory
response in the brain, previous studies focused on elevated peripheral pro-inflammatory
cytokines (such as TNF-a, IL-1a, IL-1B, and IL-6) as immune signals to induce
neuroinflammation (Dantzer et al., 2008; Hodes et al., 2015). For instance, humoral IL-13
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and IL-6 can cross the BBB via saturable transport to directly activate astrocytes, microglia,
and neurons (Dantzer et al., 2008). Additionally, not only are peripheral cytokines
upregulated, but also the production of many metabolic molecules, such as the purine
nucleoside adenosine, is increased in systemic inflammation (Chiu and Freund, 2014).
However, the roles of those increased metabolic molecules in neuroinflammation are not
fully understood.

3.2. Animal model of septic inflammation

Sepsis triggers an intensified neuroinflammatory response, impacting the brainstem,
amygdala, and hippocampus, contributing to psychological disorders, cognitive
impairment, and potential fatality. Multiple murine models resembling sepsis-associated
neuroinflammation have been developed, each with unique strengths and limitations,
offering avenues for studying disease mechanisms and testing new interventions (Fink,
2014; Gentile et al., 2014; Kingsley and Bhat, 2016; Lewis et al., 2016; Nemzek et al.,
2008; Ozment et al., 2012; Stortz et al., 2017; van der Poll, 2012).

The most prevalent model involves injection with lipopolysaccharide (LPS), a component
of Gram-negative bacteria, activating the innate immune system. Peripheral LPS
administration induces a cerebral inflammatory response, inducing microglia reactivity,
astrocytes reactivity, and BBB disruption, leading to increase the expression of
proinflammatory cytokines and the infiltration of immune cell into the CNS (Nava Catorce
and Gevorkian, 2016; Qin et al., 2007; Vutukuri et al., 2018). The LPS-mediated activation
of the microglial NF-kB signaling pathway through TLR4 and CD14 (Kingsley and Bhat,
2016). The intensity and duration of the induced inflammatory response can be adjusted
by modifying LPS dose, administration route, and injection frequency (Lewis et al., 2016;
Meneses et al., 2018; Nava Catorce and Gevorkian, 2016). This model mirrors severe
sepsis physiology in humans and induces acute endotoxemia in mice. It is characterized
by systemic arterial hypotension, lactic acidosis, impaired myocardial contractility, a
transient TNF-a spike, and prolonged IL-6 elevation. Despite mice being less sensitive
than humans to LPS toxicity, this animal model remains widely used (Fink, 2014).

3.3. Main features of sepsis-associated encephalopathy
3.3.1. Blood-brain barrier dysfunction in sepsis-associated encephalopathy

The BBB is a dynamic and selective border that separates the brain parenchyma from the
blood. It consists of endothelial cells, astrocytic end-feet and pericytes, forming the
neurovascular unit (NVU) that controls molecular transport and maintains brain
homeostasis (Daneman and Prat, 2015; Profaci et al., 2020). The BBB maintains cerebral
microenvironment homeostasis by regulating ions and fluids movements, supplying
nutrients, contributing waste removal, and restricting immune cells infiltration as well as
inflammation (Abbott et al., 2006) (Figure 3).
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Figure 3. Blood-brain barrier dysfunction in sepsis-associated encephalopathy.

In this pathological process of SAE, the BBB integrity, crucial for CNS separation from
peripheral circulation, is disrupted by inflammatory factors released by reactive microglia
and astrocytes, leading to immune cells infiltration into the brain parenchyma.

Vascular ECs are the main cellular components of the BBB disrupted by systemic
inflammatory factors, through pattern recognition receptors, such as IL-13, TNF-a, IL-6
and LPS itself, in SAE (Gosselin and Rivest, 2008; Nagyoszi et al., 2010) (Figure 3).
Activation of pattern recognition receptors stimulate NF-kB enhancing cytokine release
and ROS generation which can further increase the expression of matrix
metalloproteinases (MMPs) (Masciantonio et al., 2017). Enhanced MMPs expression were
reported in sepsis patients as well as animal models, contributing to the degrade tight
junction proteins claudin-5, occludin, and zonula occludens-1, resulting in BBB breakdown
and peripheral immune cells infiltration (Barichello et al., 2022; Dal-Pizzol et al., 2013;
Erikson et al., 2020; Yazdan-Ashoori et al., 2011; Zeng et al., 2016; Zhao et al., 2016). In
addition, endothelial cells upregulate the expression of ICAM-1, ICAM-2, VCAM-1, and
PECAM on the vascular endothelium. Subsequently, leukocyte ligands adhere to these
endothelial cells and migrate towards chemoattractant mediators like CXCL8 and CCL2,
eventually infiltrating into the brain (Erikson et al., 2020; Handa et al., 2008; van der Poll
et al., 2017). Furthermore, the apoptosis and reduced proliferation of ECs were reported
in several septic animal models, contributing to elevate the permeability of BBB (Boitsova
et al., 2018; Yamazaki et al., 2019). In addition, other components of the NVU such as
astrocytes and pericytes also mediate inflammatory responses, oxidative stress, and
cellular responses in SAE (Wu et al., 2020). Recent studies using an LPS
(lipopolysaccharide)-induced systemic inflammation mouse model revealed that vascular
pericytes behaved as initial sensors of peripheral inflammation in terms of releasing the
chemokine CCL2 (Duan et al., 2018).
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Taken together, impaired BBB may act as an initiating link of SAE, resulting in the
infiltration of various cytokines and immune cells in the brain and causing neuronal
dysfunction and a series of neuropsychiatric symptoms with a high mortality.

3.3.2. Astrocyte reactivity in sepsis-associated encephalopathy

Astrocytes are homeostatic cells in the CNS maintaining the BBB integrity, modulating ion
and neurotransmitter homeostasis, fluid balance, neurogenesis, synaptic plasticity, and
neuroinflammation (Bushong et al., 2002; Halassa et al., 2007; Kirischuk et al., 2012; Oliet
et al., 2001; Verkhratsky et al.,, 2015). Moreover, astrocytes secrete more than 200
molecules, ranging from neuromodulators and growth factors to hormones, that diffuse
through the extracellular matrix and influence the activity of other cells in the CNS
(Verkhratsky et al., 2016).

Inflitrating immune cells Inflammatory astrocyte ATP CSPGS NO Reactive microglia
CCL2 IL-1B CXCL10
P Complement Factors
y TNFa ATP CSPGS NO —_—
¢ Q ) CCL2 CCL5 CXCL10 HA
‘LL/\/ Complement Factors Axon Guidance Molecules g
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Figure 4. Roles of astrocyte in sepsis-associated encephalopathy
Upregulated markers and pathways in the process of inflammatory astrocyte reactivity,
leading to microglia activation and immune cells infiltration.

Astrocytes also play a crucial role in both the initiation and the progression of SAE, as they
sense and respond to systemic inflammatory signals and modulate the local brain
environment, contributing to maintaining the BBB integrity and neuronal function (Kaplan
et al., 2020). Several studies have shown that sepsis impairs the antioxidant capacity of
astrocytes by reducing their ability to scavenge extracellular dehydroascorbic acid and
intracellular ascorbate, and increasing their production of INOS, leading to oxidative stress
and reduced glutamate uptake, which can exacerbate excitotoxicity and neuronal death
(Korcok et al., 2002). Sepsis also induces cytoskeletal and morphological alterations in
astrocytes for receiving and transmitting cytokine signals through receptors expressed on
their end-feet (Hasegawa-Ishii et al., 2016). Astrocytes then produce and release their own
cytokines, such as CCL2, IL1B, TNFa, LacCer, and G-CSF, which modulate
microenvironment, and disrupt the synaptic function and plasticity, leading to cognitive
impairment in sepsis (Fernandes et al., 2004; Hasegawa-Ishii et al., 2016; Mayo et al.,
2014; Parajuli et al., 2015; Villeda et al., 2011) (Figure 4). Astrocytes can also influence
the function of microglia, the resident immune cells of the brain, in the context of systemic
inflammation. For example, TLR4 stimulation and dopamine receptor D3 co-stimulation in
astrocytes can promote the acquisition of proinflammatory ability, such as increased
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expression of CCL2, iINOS, TNF-a, CSPGS, CXCL10, and IL1B, and reduced anti-
inflammatory factors levels, such as IL10 and TGFB, enhancing microglial reactivity and
neuroinflammation, leading to neuronal damage and behavior deficits (Cekanaviciute et
al., 2014; John et al., 2023; Montoya et al., 2019; Shulyatnikova and Verkhratsky, 2020).
In addition, recent studies have shown that astrocytes undergo metabolic changes in
response to sepsis mediated by the IL-6/AMPK signaling pathway, increasing their
mitochondrial biogenesis and ATP production to cope with the high-energy demand and to
restore the mitochondrial structure (Chen et al., 2018; Zhao et al., 2017).

Therefore, astrocytes are one of key mediators of SAE, as they regulate the BBB integrity,
the brain metabolism, the neuroinflammation and the neuronal function in response to
sepsis. Astrocytes can facilitate the course of neuroinflammation and brain dysfunction,
leading to encephalopathy and cognitive impairment. Understanding the molecular and
cellular mechanisms underlying astrocyte involvement in SAE may provide new
therapeutic targets and strategies to prevent and treat this devastating condition.

3.3.3. Microglia reactivity in sepsis-associated encephalopathy

Microglia, the innate immune cell of CNS, plays various roles in brain development,
homeostasis, and disease. In the development, microglia participate in the formation and
refinement of neural circuits, through pruning excess synapses and regulating synaptic
transmissions (Andoh and Koyama, 2021; Castro et al., 2022). Additionally, microglia also
act as scavengers and defenders of the CNS by phagocytosing microbes, dead cells,
protein aggregates and other harmful substances, as well as producing various
chemokines, cytokines and neurotrophic factors, modulating immune responses in the
CNS(Colonna and Butovsky, 2017; Schmidt et al., 2021).

Microglia are critically involved in the pathogenesis of SAE, inducing the release of
chemokines and inflammatory cytokines, contributes to brain defense and neuronal
damage (Hanisch, 2002) (Figure 5). Numerous studies have indicated that microglia
undergo morphological and functional changes in response to sepsis. For example,
microglia increase their expression of ED-1, a marker of phagocytic activity, and extend
their processes around the cerebrovascular system and the parenchyma, indicating a state
of activation and surveillance. The degree and duration of microglial activation depend on
the severity and timing of sepsis, as well as the brain region involved (Deng et al., 2013;
Semmler et al., 2005). Nevertheless, the long-term activation of microglia leads to
uncontrolled inflammatory response and even neuronal death. LPS strongly stimulates
microglia through TLR4 to produce proinflammatory cytokines (e.g. TNFa, IL-6, IL-1a, and
IL-1B) during SAE, leading to exacerbate the inflammatory injury and neuronal dysfunction
in the brain (Lee et al., 2020; Song et al., 2022).
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Figure 5. Roles of microglia in sepsis-associated encephalopathy

Microglia plays a critical role in BBB damage, neurotoxic astrocytes reactivity, and
neuronal death associated with SAE through various mechanisms, such as the production
of pro-inflammatory molecules (e.g. IL-1B3, IL-1a, IL-6, TNF-a, CCL2, ROS, NO),
contributes to cognitive impairments and acute neurological dysfunctions in SAE. Figure
taken from Li et al., 2020b.

In addition, microglia can recognize various damage-associated molecular patterns
(DAMPs), such as complement components, and cytokines, through different pattern
recognition receptors, such as TLR2, TLR4, TLR9 and NLRP3 (Maccioni et al., 2018; Ye
et al., 2019). These receptors activate intracellular signaling pathways, such as nuclear
factor-kB (NF-kB) and p38-MAPK, that regulate the expression of genes involved in
inflammation, apoptosis, and neuronal degeneration. For example, IL-13 and IL-6, which
are increased in the serum and cerebrospinal fluid of septic patients and animals, inducing
the production of proinflammatory cytokines (e.g. TNFa and IL-17A) via NF-kB signaling,
which can impair the BBB integrity, impact neuronal survival, disturb the memory in septic
patients (Danielski et al., 2018; Han et al., 2017; Van Gool et al., 2010). IL-17A and its
receptor IL-17R form a positive feedback loop between microglia and other immune cells,
such as Th1 and Th17 cells, that amplifies the role of inflammation in the brain and
aggravates SAE (Li et al., 2020a; Ye et al., 2019).
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Microglia also interacts with other cells of the NVU, such as astrocytes, endothelial cells
and neurons, modulating the phenotype and function of microglia through direct contact
or paracrine signaling (Montoya et al., 2019; Shimada and Hasegawa-Ishii, 2017). For
example, astrocytes can secrete cytokines, such as G-CSF and CCL11, which stimulate
microglial growth and migration, leading to oxidative stress and neuronal death
(Hasegawa-Ishii et al., 2016). Neurons can also communicate with microglia through
chemokines and neurotransmitters, such as CX3CL1, glutamate, and acetylcholine, which
bind to receptors on microglia and regulate their functional phenotype and overactivation
under inflammatory conditions (Gimenez et al., 2004; Li et al., 2020a; Wang et al., 2015;
Wolf et al., 2017).

Therefore, microglia play a critical role in maintaining CNS homeostasis, and defending
against pathogens or injury. However, during sepsis, microglia can also facilitate
neuroinflammation and brain dysfunction, resulting in encephalopathy and cognitive
impairment.

3.4. Adenosine signaling in physiology and pathophysiology

In addition to the role of inflammation itself in sepsis, other signaling such as purinergic
signaling, also plays an important role in sepsis which can provide new respect for therapy
of sepsis. In sepsis, afferent nerves (such as vagal nerves) triggered by peripheral
pathological stimuli induce aberrant neural activities in the CNS, thereby promoting the
release of extracellular ATP and adenosine from neural cells (Dantzer et al., 2008; Gourine
et al., 2007). Arecent in vivo study, utilizing a novel genetically modified ATP sensor known
as GRABA=rr, has provided compelling evidence of increased ATP release events in the
mouse brain following a peripheral LPS challenge. This indicates heightened levels of
extracellular ATP and its metabolites in the brain during inflammation. (Wu et al., 2022)
(Figure 6). Adenosine, formed from the sequential ATP metabolism, acts as a ubiquitous
chemical messenger to modulate the release of various neurotransmitters and, thereby,
neuronal excitability and synaptic plasticity via four types of ARs (A1, A2a, A2b, A3)
(Benarroch, 2008; Boison, 2008; Boison et al., 2010; Chiu and Freund, 2014; Wei et al.,
2011). Transcriptomic results show that A1AR was the most abounded expressed AR in
the brain among four types of ARs. Of note, astrocytes have the highest expressed AR of
the NVU, compared to pericytes and endothelial cells (Figure 7).

Under basal conditions, the extracellular adenosine levels are determined by the release
of adenosine from cells and the extracellular catabolism of adenine nucleotides (Chiu and
Freund, 2014; Wei et al., 2011). In most mammalian cells, adenosine is derived from the
dephosphorylation of AMP and the metabolism of methionine, which can be released in
the extracellular space via equilibrative nucleoside transporters (ENTSs). In the extracellular
space, adenosine is generated by a series of catabolism of extracellular ATP. The
extracellular ATP is hydrolyzed to ADP and AMP by ectonucleoside triphosphate
diphosphohydrolase 1 (ENTPD1, also known as CD39), then rapidly catabolized to
adenosine by the ecto-5’-nucleotidase Nt5e (also known as CD73) (Boison, 2008; Welsh
and Kucenas, 2018). In healthy tissues, newly generated extracellular adenosine is rapidly
taken by cells via ENTs, then metabolized either by adenosine kinase to form AMP or
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adenosine deaminase to generate inosine, which maintains low levels of extracellular
adenosine (25-250 nM).
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Figure 6. Extracellular and intracellular pathways regulating adenosine

production, and clearance.
Adenosine is the end product of ATP hydrolysis, modulates neuronal and glial functions.
The extracellular adenosine is mainly derived from the hydrolysis of ATP by enzyme CD39
and CD73, which targets type 1 purinergic (P1) receptors (A1, A2a, A2b and A3) (Allard et
al., 2020).
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Figure 7. Transcriptomic profile of ARs gene expressions in CNS cells.
Transcriptomic profile showed that ARs were widely expressed in the brain. Among four
types of ARs, A1ARs are the most abundant adenosine receptor in the brain, which were
highly expressed in OPC, oligodendrocyte and astrocyte.

Pathologic stimuli such as seizure, hypoxia and traumatic brain injury induce dramatic
increases of local adenosine levels up to 100-fold (Benarroch, 2008; Chiu and Freund,
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2014; Wei et al.,, 2011). Previous studies illustrated that the plasma adenosine
concentration increased significantly in human patients and animals with systemic
inflammation, modulating the innate and adaptive immune response by triggering various
G-protein-coupled ARs in peripheral immune cells (Cekic and Linden, 2016; Chiu and
Freund, 2014; Martin et al., 2000; Ramakers et al., 2011). In addition, adenosine can be
transported by equilibrative nucleoside transporters (ENTS), or as a small molecule can
bypass the tight junctions of endothelial cells (Latini and Pedata, 2001; Mikitsh and Chacko,
2014). Furthermore, adenosine can increase the permeability of BBB through A1 and A2a
ARs in endothelial cells, facilitating peripheral immune cells or even bacteria infiltrate into
the brain parenchyma (Bynoe et al., 2015b; Carman et al., 2011; Mills et al., 2008; Zhao
et al., 2020) The destroyed BBB integrity by systemic inflammation (partially due to the
detachment of vascular pericytes, and the elevated plasma adenosine level that increases
the permeability of endothelial cell TJs) (Carman et al., 2011; Nishioku et al., 2009) permits
even more adenosine entry from circulation to the brain parenchyma. However, in vivo
evidence and related molecular mechanism of the impact of such enhanced peripheral
adenosine signals on neuroinflammation remains elusive.
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4. AIMS OF THE STUDY

Previous research on SAE has primarily focused on the increased levels of
proinflammatory cytokines in the blood, such as TNFa, IL-1q, IL-183, and IL-6, which act
as immune signals inducing inflammatory responses in the CNS. Additionally, purine
metabolites such as adenosine have been observed to be elevated in the blood following
a systemic inflammation challenge. However, the role of adenosine signaling in
neuroinflammation remains largely undetermined.

Therefore, we aimed to investigate the contribution of adenosine signaling to SAE
in a mouse model of peripheral LPS-induced systemic inflammation and to unravel
the underlying molecular mechanisms with a particular focus on the astrocytic
A1AR signaling.

Specifically, we defined the following aims:

Aim 1. Determine the dynamic extracellular adenosine levels in the blood and brain
parenchyma of the mouse after an LPS challenge.

The concentration of extracellular adenosine in the plasma and brain of LPS challenged
mice were evaluated by an adenosine assay kit and in vivo 2P-LSM imaging of genetically
encoded adenosine sensor GRABago, respectively, at 0, 6, 24 hpi. To assess the
correlation between peripheral and cerebral adenosine levels, intraperitoneal injections of
adenosine were performed during 2P-LSM imaging of GRABAgo.

Aim 2. Assess the contribution of peripheral adenosine to neuroinflammation.

To achieve this aim, relative gene expressions of inflammatory factors in the brain were
evaluated by quantitative PCR (qgPCR) upon intraperitoneal administration of adenosine
and its analogues. In addition, the effect of pharmacological intervention of A1ARs on
neuroinflammation was investigated in LPS-challenged mice by gPCR and
immunostaining.

Aim 3. Characterize the role of glial A1ARs in neuroinflammation.

To identify the contribution of glial A1ARs to neuroinflammation, the relative gene
expressions of inflammatory factors were evaluated by qPCR in the brain of astrocyte,
microglia, and pericyte/OPC-specific A1AR deficient mice upon intraperitoneal
administration of A1AR agonists. In particular, the astrocytic, microglial, and neuronal
inflammatory responses, as well as the depression-like behavior, were investigated in
astrocytic A1AR-deficient mice after a peripheral LPS-challenge by combining
immunohistochemistry, genetic RiboTag technology and high-throughput RNA
sequencing, cytokine array, qPCR, IMARIS analysis, electrophysiology, and behavioral
analysis.
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5. MATERIALS AND METHODS
5.1. Materials

5.1.1. Chemicals, reagents, and kits

The chemicals, consumables, and kits used in this study were from various companies,
included Abcam (Cambridge, UK), Axon Labortechnik (Kaiserslautern, DE), B. Braun
(Melsungen, DE), BD Biosciences (Heidelberg, DE), Bio-Rad (Hercules, USA), Carl Roth
(Karlsruhe, DE), Eppendorf (Hamburg, DE), Invitrogen (Karlsruhe, DE), Merck (Darmstadt,
DE), Millipore (Burlington, USA), Qiagen (Hilden, Germany), R&D Systems(Minneapolis,
USA), Roche (Basel, CH), Sarstedt (NUimbrecht, Germany), Sigma-Aldrich (St. Louis,
USA), Tocris (Bristol, UK), Thermo Fisher Scientific (Waltham, USA), VWR International

(Radnor, USA).
5.1.2. Devices

Table 1. List of devices

Device Manufacturer

2Photon LSM Custom-made (Frank Kirchhoff’s lab)
AxioScan.Z1 Zeiss (Oberkochen, DE)

Bead sterilisator F.S.T. (Heidelberg, DE)

Centrifuges Eppendorf (Hamburg, DE)

ChemiDoc™ MP Gel Imaging System
Consort EV231 Power Supply
DRS-12 Rocking Shaker

Head holder

HybEZ™ Hybridization System
Infrared Thermometer (IRF 260-8S)
Isoflurane vaporizer

LSM880

Magnetic stirrer C-MAG HS 7
Micropipette Puller P-97

Mini Star Centrifuge

peqSTAR Thermo Cycler

Peristaltic pump LKB P-1

Pipettes

Preparations- and perfusion instruments

Quantum gel documentation system
Robot stereotaxic

Scales (CPA 8201/CPA 2245)
Surgical instruments

Vibratome VT1000S/VT1200S
Vortex Mixer

Water bath WNE14

Water facility Milli-Q

Bio-Rad (Miinchen, DE)

Merck (Darmstadt, DE)

neolLab (Heidelberg, DE)

Custom-made (Frank Kirchhoff’s lab)
Advanced Cell Diagnostics (Newark, CA)
Voltcraft (Hirschau, DE)

Harvard Apparatus (Holliston, USA),
Zeiss (Oberkochen, DE)

IKA Gmbh (Staufen im Breisgau, DE)
Sutter Instruments (Novato, US)

neolLab (Heidelberg, DE)

peglab Biotechnologie Gmbh (Erlangen, DE)
Pharmacia LKB (Uppsala, SE)

Brand (Wertheim, DE)

F.S.T. (Heidelberg, DE)

peglab Biotechnologie Gmbh (Erlangen, DE)
Neurostar (Tubingen, DE)

Sartorius (Gottingen, DE)

F.S.T. (Heidelberg, DE)

Leica Biosystems (Wetzlar, DE)

VWR International (Darmstadt, DE)
Memmert Gmbh (Schwabach, DE)
Merck (Darmstadt, DE)
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5.1.3. Buffers and aqueous solutions

The buffers or solutions used in this study were made with ultrapure water (ddH20)
obtained from Milli-Q water purification system (Merck, Germany). The concentrations that
were given are the final working ones.

Phosphate buffered saline (PBS, pH 7.4)

NaCl 137 mM
KCI 2.7 mM
NazHPO4 10 mM
KH2PO4 1.8 mM

4% Formaldehyde (FA, pH 7.4)

Paraformaldehyde(PFA) 4 Y% (w/v)
NaH2PO4 0.2 M
NazHPO4 0.2 M

Tris-Acetate-EDTA buffer (TAE)

Tris(hydroxylmethyl)aminomethane 40 mM
Acetid acid (100%) 20 mM
Ethylendiamintetraacetic acid 0.4 mM
EDTA, pH 8.0 0.5 M

Agarose gel in TAE buffer (1x)
Agarose Powder 2 %o (wW/v)
Ethidium Bromide 0.5 pg/mi

DNA extraction solution (pH 9.5)

KCI 0.3 M
EDTA 0 M
Tris-HCI 0.1 M

Neutralization solution in PBS (1x)
Bovine Serum Albumin(BSA) 3 Yo (Wiv)

Blocking buffer in PBS (1x)
Horse Serum(HS) 5 Y% (v/Iv)
Triton-X-100 0.3 Y% (viv)

Cutting solution in ddH20 (pH 7.4)

NaCl 87 mM
KCI 3 mM
Naz2H2PO4 1.3 mM
NaHCO3 25 mM
Glucose 25 mM
Sucrose 75 mM
MgCl2 3 mM
CaCl: 0.5 mM
HEPES 5 mM
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Incubation solution in ddH20 (pH 7.4)

NaCl 126 mM
KCI 3 mM
NazH2PO4 1.3 mM
NaHCO3 25 mM
Glucose 15 mM
MgCl2 1 mM
CaClz 2.5 mM

Perfusion solution in ddH;O (pH 7.4)

NaCl 126 mM
KCI 3 mM
NazH2PO4 1.3 mM
NaHCOs 25 mM
Glucose 15 mM
MgCl2 2 mM
CaClz 1 mM

Cortex buffer (pH 7.4)

NaCl 125 mM
KCI 5 mM
Glucose 10 mM
HEPES 10 mM
CaCl: 2 mM
MgSOa4 2 mM

Evans blue solution in PBS (pH 7.4)
Evans blue 4 Yo (w/v)

5.1.4. Enzymes

DreamTaqTM Hot Start Green DNA Polymerase was purchased from Thermo Fisher
Scientific (Waltham, USA).
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5.1.5. Drugs and Dyes
Table 2. List of drugs

Chicken anti-GFP (1:1000)

Rabbit anti- p65 (1:500)

Thermo Fisher Scientific

Name Working concentration Solvent Manufacturer
Tamoxifen 10 mg/mi Miglyol Caesar & Loretz
Ketamin hydrochlorid 100 mg/ml Saline Serumwerk Bernburg AG
Xylazin hydrochlorid 20 mg/ml Saline WDT
APCP 220 uM H20 Tocris
NBMPR 100 uM DMSO Sigma
Dipyridamole 40 uM DMSO Sigma
EHNA 100 uM H20 Sigma
lodotubericidine 10 uM DMSO Sigma
CPA 1 mg/ml Saline Abcam
2-Chloro-N6-
cyclopentyladenosine 37 mg/ml DMSO Tocris
DPCPX 1 mg/ml DMSO Abcam
CVv1808 1 mg/ml DMSO Tocris
Adenosine 2 mg/ml Saline Sigma
Tetrodotoxin Citrate (TTX) 1uM H20 Alomone Labs
5.1.6. Antibodies
5.1.6.1. Primary antibodies
Table 3. List of primary antibodies
Primary antibodies Manufacturer Ref.
Goat anti-Sox9 (1:500) R&D Systems Cat# AF3075
Rabbit anti-Iba1 (1:1000) Wako Cat# 019-19741
Goat anti-Iba1 (1:500) abcam Cat# ab5076
Mouse anti-NeuN (1:500) Millipore Cat# MAB377
Rat anti-CD31 (1:100) BD Pharmingen Cat# 550274
Rat anti-Ly6B (1:500) Bio Rad Cat# MCA771GT
Mouse anti-HA (1:500) Biolegend Cat# 901513
Goat anti-LCN2 (1:1000) R&D Systems Cat# AF1857

Cat# 10524234

Cell Signaling Technology Cat# 8242

Guinea pig anti-cFos (1:4000) Synaptic Systems

Cat# 226004
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5.1.6.2. Secondary antibodies

Table 4. List of secondary antibodies

Secondary antibodies Manufacturer Ref.

Donkey anti-rabbit IgG(H+L) Alexa

Fluor 488 (1:1000) Thermo Fisher Scientific Cat# A-21206
Donkey anti-rabbit IgG(H+L) Alexa

Fluor 546 (1:1000) Thermo Fisher Scientific Cat# A10040
Donkey anti-rabbit IgG(H+L) Alexa

Fluor 647 (1:1000) Thermo Fisher Scientific Cat# A-31573
Donkey anti-goat IlgG(H+L) Alexa Fluor

488 (1:1000) Thermo Fisher Scientific Cat# A-11055
Donkey anti-goat IgG(H+L) Alexa Fluor

546 (1:1000) Thermo Fisher Scientific Cat# A-11056
Donkey anti-goat IgG(H+L) Alexa Fluor

647 (1:1000) Thermo Fisher Scientific Cat# A-21447
Donkey anti-mouse IgG(H+L) Alexa

Fluor 488 (1:1000) Thermo Fisher Scientific Cat# A-21202
Donkey anti-mouse IgG(H+L) Alexa

Fluor 546 (1:1000) Thermo Fisher Scientific Cat# A10036
Donkey anti-mouse IgG(H+L) Alexa

Fluor 647 (1:1000) Thermo Fisher Scientific Cat# A-31571
Donkey Anti-Guinea Pig IgG(H+L)

Alexa Fluor 647 (1:1000) Jackson ImmunoResearch Labs Cat# 706-605-148
Donkey anti-chicken IgY(H+L) Alexa

Fluor 488 (1:1000) Thermo Fisher Scientific Cat# A78948
Donkey Anti-Rat IgG(H+L) Cy5-

AffiniPure (1:1000) Jackson ImmunoResearch Labs Cat# 712-175-150
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5.1.6.3. Primers

Table 5. List of primers

Primer sequences

Gene Primer Sequence (5’-3’) Purpose

Actb Forward CTTCCTCCCTGGAGAAGAGC RT-gPCR
Reverse ATGCCACAGGATTCCATACC

Cxcl1 Forward AGACCATGGCTGGGATTCAC RT-gPCR
Reverse CTCGCGACCATTCTTGAGTGT

Cxcl10 Forward AAGTGCTGCCGTCATTTTCT RT-gPCR
Reverse GTGGCAATGATCTCAACACG

Ccl2 Forward GTTGGCTCAGCCAGATGCA RT-gPCR
Reverse AGCCTACTCATTGGGATCATCTTG

Ccl5 Forward TGCCCACGTCAAGGAGTATTT RT-gPCR
Reverse TCTCTGGGTTGGCACACACTT

Len2 Forward ATGTCACCTCCATCCTGGTC RT-gPCR
Reverse CACACTCACCACCCATTCAG

Tnf Forward CCACCACGCTCTTCTGTCTAC RT-gPCR
Reverse AGGGTCTGGGCCATAGAACT

I1a Forward CGCTTGAGTCGGCAAAGAAAT RT-gPCR
Reverse CTTCCCGTTGCTTGACGTTG

I1b Forward TGCCACCTTTTGACAGTGATG RT-gPCR
Reverse TGATGTGCTGCTGCGAGATT

e Forward GAGTGGCTAAGGACCAAGACC RT-gPCR
Reverse AACGCACTAGGTTTGCCGA

Gfap Forward TGGAGGAGGAGATCCAGTTC RT-gPCR
Reverse AGCTGCTCCCGGAGTTCT

Pdgfra Forward TCCTTCTACCACCTCAGCGAG RT-gPCR
Reverse CCGGATGGTCACTCTTTAGGAAG

Pdgfrb Forward ATGAATCGCTGCTGGGCGCTCTTC RT-gPCR
Reverse TCAAAGGAGCGGATGGAGTGGTCG

ltgam Forward ATGGACGCTGATGGCAATACC RT-gPCR
Reverse TCCCCATTCACGTCTCCCA

GCaMP3 KI  Forward CACGTGATGACAAACCTTGG genotyping PCR

GCaMP3 KI  Reverse GGCATTAAAGCAGCGTATCC

GCaMP3 WT Forward CTCTGCTGCCTCCTGGCTTCT genotyping PCR

GCaMP3 WT Reverse CGAGGCGGATCACAAGCAATA

GLAST Forward GAGGCACTTGGCTAGGCTCTGAGGA genotyping PCR

GLAST Kl Reverse GGTGTACGGTCAGTAAATTGGACAT

GLAST WT Reverse GAGGAGATCCTGACCGATCAGTTGG

HA Forward GGGAGGCTTGCTGGATATG genotyping PCR

HA Reverse TTTCCAGACACAGGCTAAGTACAC

A1AR Forward CTTTGCCCTCAGCTGGCTACCG genotyping PCR

A1ARKI Reverse ATCGGAATTCGCTAGCTTCGGC

A1AR WT Reverse TTCTCGGGGTCAGGAGAGCACC

CXCT Forward TCAGTGTTTTCTCCCGCTTGC genotyping PCR

CXCTWT Reverse GTAGTGGTTGTCGGGCAGCAG

CXCTKI Reverse CAGTGATGCTCTTGGGCTTCC
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NGCE Forward GGCAAACCCAGAGCCCTGCC genotyping PCR
NGCE WT Reverse GCTGGAGCTGACAGCGGGTG
NGCE KiI Reverse GCCCGGACCGACGATGAAGC

5.2. Methods

5.2.1. Animals

The following animals were used in this study: C57BL/6N (wt); A1ARY mice (Scammell et
al., 2003); Glast-CreERT2 mice (Mori et al., 2006); Cx3cr1-CreERT2 mice (Jung et al.,
2000); NG2-CreERT2 mice (Huang et al., 2014); RiboTag mice (RIp22HA) (Sanz et al.,
2009); GCaMP3 reporter mice (Rosa 26-CAG-Isl-GCAMP3) (Paukert et al., 2014). To
generate cell type-specific ATAR knockout mice, A1AR™ mice were bred with Glast-
CreERT2 mice, Cx3cr1-CreERT2 mice, and NG2-CreERT2 mice to selectively delete
A1ARs in astrocyte, microglia, and OPC, respectively, after tamoxifen treatment. RiboTag
mice (RIp22HA) were used to isolate ribosome-bound translated mRNA in astrocytes after
crossing with A1AR"xGlastCreERT2 mice. To monitor Ca?* activity in astrocytes,
GCaMP3 reporter mice were crossed with A1AR"xGlastCreERT2 mice.

“Mice of both sexes aged 11-13 weeks were employed for most experiments. All animals
were kept at the CIPMM animal facility under controlled temperature-(22°C + 2°C) and
humidity-(45—65%) conditions with 12 h light/dark cycle and free access to food and water.
Animal care and procedures were conducted at the CIPMM animal facility, University of
Saarland, following European and German guidelines for the welfare of experimental
animals. Animal experiments were authorized by the Saarland state’s “Landesamt flr
Gesundheit und Verbraucherschutz” in Saarbriicken/Germany (animal license number:
65/2013, 12/2014, 34/2016, 36/2016, 03/2021 and 08/2021).” (Guo et al., 2024)

5.2.2. Genotyping

“The animal caretakers at the animal facility of the Center for Integrative Physiology and
Molecular Medicine (CIPMM, Homburg, DE) performed mouse sample biopsy and weaned
when the pups were between two and three weeks old. The sample was either tail (< 0.5
cm) or ear punch (d < 0.5 cm) biopsy and was kept at — 20 °C. The samples were shaken
(10 min) with 62.5 ul DNA extraction solution at room temperature (RT). After heating at
95 °C in the water bath for 20 min and then cooling down, 50 pl neutralization solution was
added. The DNA sample was stored at 4 °C until used. For genotyping, samples were
diluted 1:10 in ddH-0 with DreamTaq™ Hot Start Green DNA Polymerase (Thermo Fisher
Scientific, Dreieich, DE) and oligonucleotide primers. The PCR reactions were performed
in 96-well PCR plates in peqSTAR Thermo Cycler (peglab Biotechnologie Gmbh, Erlangen,
DE).” (Guo et al., 2024). The PCR reactions are detailed in Table 6.
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Table 6. PCR reaction protocols

PCR Hot Loop(35X) End

Start Annealing Elongation Denaturation

3 min 30s 1 min 30s 30s 5 min
A1AR KI 60 °C 60 °C
GCaMP3 58 °C 58 °C
GLAST 58 °C 58 °C

95 °C . 72°C 95C . 72 °C
CXCT 56 °C 56 °C
NGCE 60 °C 60 °C

5.2.3. Tamoxifen and lipopolysaccharide preparation and administration

“Following the previous description (Liu et al., 2023), tamoxifen (CC99648, Carbolution)
was dissolved in Miglyol (Caesar & Loretz, Hilden) at 10 mg/ml and intraperitoneally
injected to all mice crossed with CreERT2-driver mouse lines (100 mg/kg per body weight)
for five consecutive days at 4 weeks old.

For the endotoxin challenge, mice aged 13 weeks were intraperitoneally (i.p.) injected with
5 mg/kg of lipopolysaccharide (LPS, Sigma, DE) or endotoxin-free PBS from 1 p.m. to 3
p.m.(CET) and maintained for up to 72 h after injection (Hasel et al., 2021a).” (Guo et al.,
2024)

5.2.4. Plasma adenosine measurement

“To assess plasma adenosine level, 0.4 ml blood was drawn from the right ventricle of
deeply anesthetized mice with a syringe containing 0.4 ml ice-cold stop solution (220 uM
APCP, 100 uM NBMPR, 40 uM dipyridamole, 13.2 mM Na2-EDTA, 118 mM NaCl, 5 mM
KCI), to prevent adenosine formation and transport. After spinning (1000g, 4°C, 10 min),
plasma was kept at -80°C until analysis. The plasma adenosine concentration was
determined with an adenosine assay kit (Fluorometric, Abcam), following the protocol. The
fluorescence was recorded at excitation/emission = 535/587 nm.” (Guo et al., 2024)

5.2.5. BBB permeability by Evans blue

“EB (4% w/v in saline, 2 mL/kg) was injected into the tail vein 2 hours prior to euthanizing
the mice. Then, Mice were perfused through the left ventricle with ice-cold PBS to eliminate
intravascular albumin-Evans blue. Next, half of the brains were rapidly taken out, weighed,
and homogenized in 1 mL of PBS. After the initial homogenization, 1 mL of 50%
trichloroacetic acid was added, followed by vortex for 2 min. After centrifugation (1000g,
4°C, 30 min), the supernatant was transferred to 96 well plate. Fluorescence intensity was
recorded at 620 nm on a microplate fluorescence reader and contrasted with a standard
curve (serial dilutions of the stock dye solution in the concentration range of 0, 1.25, 2.5,
5, 10, 20 ug/mL). The Evans blue amount was computed and expressed per gram of brain
tissue.” (Guo et al., 2024)
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5.2.6. Stereotactic injections of adeno-associated viruses

“Adeno-associated viruses (AAV) were stereotactically injected into 10-week-old mice with
modifications of previous study (Nagai et al., 2019). In brief, mice were administered 5
mg/kg of carprofen 1 hour before injection (i.p.). Then, under continuous inhalational
isoflurane anesthesia (5% for induction and 2% for maintenance with 66% O and 33%
N20), the mouse head was fitted and secured by blunt ear bars in a stereotactic apparatus
(Robot stereotaxic, Neurostar), and the mouse eyes were covered by Bepanthen (Bayer,
Leverkusen). After sterile cleaning and skin incision, viruses were injected at a rate of
0.1 yl min~" with a 10 pl Nanofil syringe (34 GA blunt needle, World Precision Instruments)
into the striatum (1.1 mm anterior to bregma, 1.2 mm from sagittal suture at a depth of 3
mm from the skull surface) or cortex (1.9 mm posterior to bregma, 1.5 mm from sagittal
suture at a depth of 0.5 mm from the skull surface). The syringe was kept in the place for
10 min after the injection was completed, to avoid liquid reflux. The skin was closed by
simple interrupted sutures (non-absorbable, F.S.T.). Carprofen were administered once
per day for three consecutive days and received tramadol hydrochloride in the drinking
water (400 mg/L) after surgery for seven days. Mice were used for experiments 3 weeks
post virus injection. Viruses used were: AAV2/5 GfaABC1D-GRABAago Virus (2.3 x 102
genome copies/ml); AAV2/5 GFAP-hM4Di-mCherry virus (3.04 x 10> genome copies/ml);
AAV2/5 GFAP-tdTomato virus (1.1 x 10" genome copies/ml), 0.8 ul for striatum, 0.5 pl for
cortex, respectively.” (Guo et al., 2024)

5.2.7. Pharmacological analysis of adenosine signaling

“To pharmacologically activate adenosine receptors, adenosine (5 mg/kg per body weight)
was intraperitoneally injected every hour untill 6 hours after the first injection; NECA (1
mg/kg), CPA (1 mg/kg), and CCPA (0.3 mg/kg) were intraperitoneally injected once at 0
hpi, respectively; DPCPX (1 mg/kg) was intraperitoneally injected 4 hours after LPS
(5 mg/kg). To further amplify inflammatory response, CPA (1 mg/kg) was intraperitoneally
injected 4 hours after LPS (1 mg/kg). Mice were analyzed at 6 hours post injection.” (Guo
et al., 2024)

5.2.8. Cranial window implantation

“Cranial window implantation was performed on GRAB.q, Virus injected mice as previously
described (Cupido et al., 2014; Kislin et al., 2014). The skull of the mice was exposed and
underwent a craniotomy followed by removal of the dura in the primary somatosensory
cortex (d 3-4 mm, centered 1.5-2 mm posterior to bregma, 1.5 mm from the sagittal medial
axis). The glass coverslip (d 3 mm, Glaswarenfabrik Karl Hecht GmbH) and a custom-
made holder for head restraining with dental cement (3M. DE). Animals received canonical
post-surgical care; three-day habituation training and imaging was performed one week
after cranial window implantation.” (Guo et al., 2024)

5.2.9. In vivo imaging of extracellular adenosine levels

“In vivo imaging from GRAB.q, Virus injected mice was performed using a custom-made
two-photon laser-scanning microscope (2P-LSM) setup. Awake mice were maintained
head-fixed and placed into a smooth plastic tube to acquire stable recording imaging at
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different time points after LPS challenge. In the adenosine & SR-101 administration
experiments, 1.5% isoflurane was given to the head-fixed mice via a custom-made nose
mask. Solutions of adenosine (0, 5, 10 or 20 mg/kg) and SR101 (20 mg/kg) were prepared
in isotonic saline solution and administered after 200 frames of baseline recording (~ 88
s). Squared FOVs (512 x 512 ym) were chosen at a 60-80 um depth from the surface with
910-nm laser. The laser power under the objective was adjusted from 5 to 30 mW,
depending on the focal plane depth. Single focal plane images were acquired with a 2.28
Hz frame rate (1.4 us pixel dwell time) and a resolution of 512 x 512 pixels.” (Guo et al.,
2024)

5.2.10. Reverse transcription-polymerase chain reaction (RT-PCR)

“Deeply anesthetized mice were perfused with ice-cold PBS. Cortex and striatum were
dissected in ice cold PBS. Total RNA of cortex and striatum were isolated with the RNeasy
mini kit (Qiagen, DE) according to the instructions. cDNA was reversed by using
Omniscript RT kit (Qiagen, DE). RT-PCR was performed using EvaGreen (Axon, DE) with
CFX96 Real Time System (BioRad). The program was used: 95 °C for 10 min, then 42
cycles at 95 °C for 15 sec, 60 °C for 1 min. Primers (Table 5) were designed to work at
approximately + 60°C and the specificity was assessed by melt curve analysis of each
reaction indicating a single peak. The expressions of Gfap, ltgam, Pdgfra, Pdgfrb, Cxcl1,
Cxcl10, Ccl2, Ccl5, Lcn2, 116, Il1a, II1b, Tnf were measured and normalized to (B-actin.”
(Guo et al., 2024)

5.2.11. Immunohistochemistry

“After perfusion with 1x PBS and 4% paraformaldehyde (PFA). the brain was collected and
post fixed in 4 % PFA overnight (4°C). Fixed brains were sliced into coronal sections of 35
pm thickness by using a Leica VT1000S vibratom. Sections were incubated for 1 h in
blocking buffer (5 % HS, 0.3 % Triton X in 1x PBS) at room temperature and incubated
with primary antibodies, diluted in the blocking solution, overnight at 4°C. The next day,
sections were washed 3 times in 1x PBS (10 min per times) and incubated for 2 h with
secondary antibodies and DAPI diluted in blocking buffer at room temperature in the dark.
Subsequently, the sections were washed and mounted on the slide.” (Guo et al., 2024)

5.2.12. Image acquisition and analysis

“Whole brain slices were scanned with the semi-automatic slide scanner AxioScan.Z1
(Zeiss, Oberkochen) as described before (Huang et al., 2020). Cell counting from whole
brain slices was manually performed using ZEN software (Zeiss, Jena). cFos intensity
within Sox9* and NeuN* areas were automatically measured by using the machine
learning function of the ZEN software. For the 3D reconstruction of microglia, confocal
images were taken by LSM 710 and LSM780 confocal microscope (Zeiss, Oberkochen)
with 1 um intervals. Reconstruction of the microglial surface was performed using IMARIS
(Version 9.6, Oxford Instruments) at the following settings: surface detail 0.700 um
(smooth); thresholding background subtraction (local contrast), diameter of largest sphere:
2.00. Next, the surface reconstruction was used as template for filament reconstruction
with the following settings: detect new starting points: largest diameter 7.00 uym, seed
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points 0.300 um; remove seed points around starting points: diameter of sphere regions:
15 um. After filament reconstruction, individual data sets of Sholl analysis were exported
into separate Excel files for further analysis. Image processing, three-dimensional
reconstruction, and data analysis were performed in a blind manner regarding the
experimental conditions.” (Guo et al., 2024)

5.2.13. Ribosome immunoprecipitation (IP)

“Cortical regions were isolated from mouse brains after perfusion with ice-cold HBSS and
stored at —80°C until further processing. Tissues were lysed in ice-cold buffer containing
50 mM Tris (pH 7.4), 100 mM KCI, 12mM MgCl,, 1% NP-40, 1 mM DTT, 1x protease
inhibitor, 200 U/ml RNasin, and 0.1 mg/ml cycloheximide (10% wi/v) using a Precellys 24
homogenizer. Lysates were cleared by centrifugation at 10,000 g for 10 min at 4°C and
supernatants were collected. The supernatants were incubated with anti-HA antibody
(1:100; Covance) for 4 h at 4°C with gentle rotation. Dynabeads Protein G (Thermo Fisher
Scientific, US) were washed three times with lysis buffer and added to the antibody-bound
supernatants (100 pl per sample). The samples were incubated overnight at 4°C with
gentle rotation. The next day, the beads were washed three times with high-salt buffer
containing 50 mM Tris, 300 mM KCI, 12 mM MgClz, 1% NP-40, 1 mM DTT, 1x protease
inhibitor, 100 U/ml RNasin, and 0.1 mg/ml cycloheximide for 5 min at 4°C. The beads were
then resuspended in 350 ul of RLT buffer from the RNeasy Micro Kit (Qiagen, DE) and
RNA was extracted according to the manufacturer's protocol.” (Guo et al., 2024)

5.2.14. Next-generation RNA sequencing

“The library was prepared and sequenced by Novogene using the following methods. RNA
quality and quantity were assessed using 1% agarose gel electrophoresis and Bioanalyzer
2100 (Agilent Technologies, USA). mRNA was enriched from total RNA using oligo(dT)25
magnetic beads and fragmented randomly. First-strand cDNA was synthesized using
random hexamers and reverse transcriptase, followed by second-strand cDNA synthesis
using lllumina buffer, ANTPs, RNase H, and E. coli polymerase |. The cDNA products were
purified, end-repaired, A-tailed, and ligated with adapters. PCR amplification was
performed to enrich the fragments with indexed P5 and P7 primers. The library quality and
quantity were verified using Qubit 2.0, real-time PCR, and Bioanalyzer 2100. The libraries
were sequenced on the Novaseq6000 platform (lllumina) using the paired-end 150 bp
(PE150) strategy.” (Guo et al., 2024)

5.2.15. RNA-seq data processing

“‘RNA-seq reads were quality-checked using FastQC and aligned to the GRCm38 mouse
genome with HISAT2 v2.0.5 (Kim et al., 2019) using default settings. Gene counts were
obtained using featureCounts v1.5.0-p3 (Liao et al., 2014). DEseq2 v1.20.0 (Love et al.,
2014) was used for downstream analysis in R. Genes with normalized counts below 10
were filtered out. Differentially expressed genes (DEGs) were defined as those with false
discovery rate (FDR) below 0.05. Differential expression analysis was performed with the
‘DESeq’ function using default settings and log fold changes were shrunk. Heatmaps of
DEGs with FDR < 0.05 and log-fold-change > 1 at any time point were generated with
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pheatmap v1.0.12 (Kolde, 2019). Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis of selected gene sets was performed
with ClusterProfiler v3.8.1 (Yu et al., 2012). Transcription factors were predicted using
Metascape v3.5.20230501 (Han et al., 2018; Zhou et al., 2019) with the DEGs from
DEseq2.” (Guo et al., 2024)

5.2.16. Cytokine expression analysis

“The cortex and striatum were isolated from 1-mm coronal brain slices after perfusion with
ice-cold PBS and stored at -80°C until further analysis. Brain homogenates were prepared
in PBS with 1x protease inhibitor cocktail (Roche, CH) and protein concentration was
determined using the BCA assay kit (Thermo Fisher Scientific, USA). 200 ug of protein
lysate were applied to each membrane of the Proteome Profiler Mouse Cytokine Array Kit
(R&D Systems, USA) and Proteome Profiler Mouse XL Cytokine Array (R&D Systems,
USA) following the manufacturer’s protocol. Membranes were blocked, incubated, and
washed as instructed. Four membranes were simultaneously exposed to X-ray film (Fuji)
for 15 min. The pixel density of each spot on the membrane was measured using Image J
software and adjusted for background and normalized to control.” (Guo et al., 2024)

5.2.17. Acute brain slice preparation

“Acute brain slices were prepared from 11- to 13-week-old mice using a previously
described method (Zhao et al., 2021a). Briefly, mice were anesthetized with isoflurane
(Abbvie, Ludwigshafen, DE) and euthanized them by cervical dislocation followed by
decapitation. Brain was swiftly dissected the and placed into an ice-cooled, carbogen-
saturated (5% CO2, 95% 02) cutting solution containing various electrolytes and glucose.
300 um-thick sections were cutted corresponding to the primary somatosensory cortex
(AP -1.6 £ 0.6) with a vibratome VT1200S (Leica Biosystems, Wetzlar, DE) using a 0.12
mm/s cutting speed and a 1.9 mm cutting amplitude. The slices were incubated for 30 min
on a custom-made nylon-basket submersed in artificial cerebral spinal fluid (ACSF)
containing 126 mM NaCl, 3 mM KCI, 25 mM NaHCOs;, 15 mM glucose, 1.2 mM NaH2PO4,
1 mM CaCl, and 2 mM MgCl; at 32°C. Then the slices were took out from the water bath
and placed them to RT with continuous oxygenation before use.” (Guo et al., 2024)

5.2.18. Ca?* imaging in hippocampal slices

“The individual acute brain slices were transferred to a self-made imaging chamber under
a custom-made 2P-LSM and fixed them by stainless steel rings with 1 mm-spaced nylon
fibres (Farmingdale, USA). The imaging chamber was continuously perfused with an
oxygenated perfusion solution at a flow rate of 2—5 ml/min by a peristaltic pump LKB P-1
(Pharmacia LKB, SE). Squared field of views (FOVs, 170 x 170 ym) were chosen from the
cortical layers II-lll of the ctx at a depth ranging from 30 to 100 um from the slice surface
and displaying a uniform astroglial distribution. We performed focal CPA (0.1 mg/ml) and
SR101 (0.1 mg/ml) application by borosilicate glass pipettes (Sutter Instrument, US)
mounted on 3-axis micromanipulator units (Luigs & Neumann GmbH, DE) controlled by a
SM5 Remote Control station (Luigs & Neumann GmbH, DE). Cortical astrocytic Ca?*
activity was recorded upon drug application using custom-made detection and MATLAB-
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based analysis software (MSparkles v1.8.18) as previously described (Rieder et al., 2022).
Fluorescence fluctuations at basal Ca?* concentrations (Fo) were computed along the
temporal axes of each individual pixel using a polynomial fitting in a least-squares sense.
The range projection of AF/Fo was then used to identify local fluorescence maxima, serving
as seed points for simultaneous, correlation-based growing of regions of activity (ROAs).”
(Guo et al., 2024)

5.2.19. Electrophysiology of brain slices (LTP)

“LTP recordings from dorsal hippocampus were performed as previously described (Wang
et al., 2016; Zhao et al., 2021b). Briefly, acute hippocampal brain slices were prepared as
mentioned above. Afterwards, slices were transferred to the recording chamber and
continuously perfused with oxygenated ACSF containing (in mM)1 MgCl, and 2.5 CaCl; at
a flow rate of 2-5 mL/min. Field excitatory postsynaptic potentials (fEPSP) were recorded
by a micropipette of 1-3 MQ resistance filled with ACSF in CA1 of hippocampus by
stimulating Schaffer collaterals of CA3 using stimulus isolator and a biopolar electrode
(WPI). Picrotoxin (50 uM) was perfused in the bath to inhibit ionotropic y-aminobutyric acid
type A receptors (GABAARSs). Stimulus duration was 200 us, current injection was 30—80
MA. To evoke LTP, triple 8-burst stimulation (TBS3) was used. TBS consisted of 10 bursts
(4 pulses each burst, 100 Hz) delivered at an interburst interval of 200 ms, and repeated
once at 10 s. The stimulation intensity was adjusted to evoke ~30-60% of the maximum
response. Waveform analysis was performed by Igor pro v6.3.7.2. The statistical analysis
was conducted in Graphpad Prism. All experiments were conducted at RT.” (Guo et al.,
2024)

5.2.20. Behavior test

“‘Depression-like behavior was assessed after LPS challenge with open field and sucrose
preference tests, following modified methods from previous studies (Fang et al., 2022; Liu
et al., 2018). For the open field test, mice were placed at a random corner of a square
open field (50 cm length x 50 cm width x 38 cm height) facing the wall and recorded their
movement for 10 minutes. The open field tests were performed before and after LPS
challenge. The duration in the center area (s), distance moved (cm) and speed (cm/s) were
analyzed with EthoVision XT 11.5 (Noldus Technology). For the sucrose preference test,
single-housed mice were habituated to two drinking bottles for 2 days. After habituation,
mice were presented with 1% sucrose water and tap water in drinking bottles for 2 days.
The positions of the bottles were swapped daily. Water and sucrose intake daily were
measured by weighing the bottles. Sucrose preference was calculated as the percentage
of sucrose intake over total fluid intake and averaged it over the 2 days of testing. The
sucrose preference test was performed before and after LPS challenge.” (Guo et al., 2024)

5.2.21. In vivo activation of hM4Di

“Three weeks after microinjection of AAV2/5-GFAP-hM4Di-mCherry or AAV2/5-GFAP-
tdTomato into the striatum or cortex, CNO (2 mg/kg; dissolved in saline) was
intraperitoneally administered two times to mice to active Gi signaling at 2 hours and 4
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hours post LPS challenge, respectively. 6 hours or 24 hours after LPS challenge, animals
were used for behavior tests or immunohistochemistry.” (Guo et al., 2024)

5.2.22. Statistics and reproducibility

“The statistical analyses of all data were performed with GraphPad Prism 9.5.1 (GraphPad,
San Diego). For all immunostainings, two randomly selected brain slices of each mouse
were studied. In addition, For the analysis of Iba1, more than 8 ROIs per mouse was
analyzed. For cytokine array, cortex from 2 mice were pooled for each cytokine array
membrane. For normally distributed dataset, unpaired t-tests, paired t-test (for studies of
behavior), one-way ANOVA and two-way ANOVA were used (indicated in each figure
legend), while the Kruskal-Wallis test was used for non-normally distributed datasets. P-
values are indicated in the figures and legends. For the in vivo experiments, each data
point represents the data obtained from a single mouse (except for electrophysiology). The
total mouse numbers are indicated in the figure legends. For electrophysiology, each data
point refers to a slice and the mouse number is indicated in the figure legends. Normal
distributed datasets are shown as mean + SEM. else are shown as the median £ IQR are
indicated as thick and thin dashed lines, respectively. p-value of < 0.05 was considered
statistically significant.” (Guo et al., 2024)
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6. RESULTS

6.1. Systemic inflammation augmented adenosine levels in the blood and
brain.

Intraperitoneal administration of LPS is widely used for inducing septic systemic
inflammation in mice, which can enhance the expression of genes associated with
infammation, astrocyte or microglia reactivity in the brain (Hasel et al., 2021b; Kang et al.,
2018). In this study, we i.p. injected LPS (5 mg/kg) into C57BL/6N wild-type mice and
analyzed the relative mRNA levels of genes related to inflammation (Cxcl1, Cxcl10, Ccl2,
Ccl5, Il1a, II1b, 1I6, and Tnf), astrocyte reactivity (Lcn2 and Gfap), microglia reactivity
(Itgam), and pericyte marker (Pdgfrb) in the cerebral cortex at 0, 2, 6, and 24 hours post
LPS injection (hpi) by quantitative PCR (qQPCR) (Figure 8A). We observed that most of
these genes were upregulated already at 2 hpi (except ltgam), and many of inflammatory
genes (Cxcl1, Cxcl10, Ccl2, Ccl5, ll1a, Il1b, 116, and Tnf) reached peak between 2-6 hpi.
In addition, the expression of Pdgfrb, decreased significantly after LPS injection, probably
representing dysfunctional changes of the NVU (Figures 8B-8D). These results highlight
the rapid neuroinflammatory responses, particularly from astrocytes and pericytes, to
systemic inflammation, indicating that brain is highly sensitive to systemic inflammation.
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Figure 8. Peripheral LPS challenge altered the gene expression of glial markers as
well as chemokines and cytokines.

(A) Schematic experimental illustration. (B-D) Expression levels of glial marker genes (B),

proinflammatory cytokine genes (C), and chemokine genes (D) after PBS/LPS injection (n

= 3 mice per group).
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It is known that plasma adenosine levels were elevated in sepsis patients and positively
correlated with mortality in sepsis (Martin et al., 2000). In line with previous studies, plasma
adenosine levels were rapidly elevated after LPS injection, peaked at 2-6 hpi, and returned
to baseline at 24 hpi (Figures 9A and 9B). Studies have shown that systemic inflammation
could impair the integrity of BBB (Banks et al., 2015; Haruwaka et al., 2019; Varatharaj
and Galea, 2017). Additionally, adenosine has the potential to directly open BBB via
endothelial adenosine A1 and A2a receptors (Bynoe et al., 2015a; Carman et al., 2011).
Thus, extravasation of Evans blue (EB) dye was used to evaluate the disruption of BBB
following LPS challenge. EB was injected intravenously (i.v.) into mice two hours before
analysis (Figure 9A). Intriguingly, the disruption of the BBB was detected at 2 hpi, peaked
at 6 hpi, and decreased at 12 and 24 hpi (Figure 9C), which was consistent with the
changes in plasma adenosine level.

E 2.2 T 4 *okk
=3 [=
¥ 2 £ é
LAAR A BN 2 18] 30 S5l A
02 6 12 24" [hours] 8 ," ...... £3 / N
c 1.44 % Se- gg § §~~
Y PBS/LPS (ip.) ¥ analysis § 2221 2 2 %
] S y
Y Evans blue (2 hours prior analysis) E 1.0 gé N fo)
& 0.6 &
= 0
02 6 12 24 02 6 12 24
Hours post LPS injection Hours post LPS injection

Figure 9. Peripheral LPS challenge increased adenosine levels in the blood.

(A) Schematic illustration of plasma adenosine level experiment and brain EB
extravasation experiment. (B) Plasma adenosine concentration post peripheral LPS
injection (n = 5 mice for each time point). (C) EB extravasations in the brain post peripheral
LPS injection (n = 3 mice for each time point).

To investigate whether systemic inflammation could also elicit extracellular adenosine
levels in the brain parenchyma, we expressed a newly developed genetically encoded
GPCR-Activation-Based adenosine fluorescent sensor (GRABago) in cortical astrocytes
and performed 2-photon laser-scanning microscopy (2P-LSM) imaging in awake mice
(Figures 10A and 10B) (Peng et al., 2020; Wu et al., 2023). Fluorescence intensities of
GRABAq, increased at 2 hpi, and further increased at 6 and 24 hpi (Figures 10C and 10D),
indicating that the extracellular adenosine level was increased in the brain parenchyma in
LPS-induced systemic inflammation.
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Figure 10. Peripheral LPS challenge increased adenosine levels in the brain.

(A-B) Schematic illustration of the principle of the GRABado sensors (A) and cortical
extracellular adenosine level measurement post LPS injection by using GRABadb in vivo
2P-LSM live imaging (B). (C) Representative fluorescence images(up) and pseudocolor
images (down) of GRABado signals post peripheral LPS injection. Scale bar = 50 um. (D)
Comparison of relative fluorescence intensities (F.I.) of GRABado acquired in the LPS/
Saline injection mice. The recording of 0 h after LPS/Saline injection was used as Fo (n =
3 mice per group).

We then investigated whether elevated plasma adenosine level could directly affect the
homeostasis of extracellular adenosine in the brain. Adenosine (20 mg/kg) and
sulforhodamine 101 (SR101, 20 mg/kg) were injected i.p. to GRABag.-expressing mice
under 2P-LSM live imaging (Figure 11A). Increased GRAB4. fluorescence intensities were
detected in the cortex following adenosine injection, accompanied by an increase in
SR101 fluorescence intensities in the cerebral vessels, while injection of saline and SR101
did not result in increased GRABag, fluorescence intensities (Figures 11B and 11C).
Furthermore, we observed that GRABag4 fluorescence intensities increased dose-
dependently when various doses of adenosine (5 - 20 mg/kg) were applied (Figure 11D),
suggesting that elevated plasma adenosine level directly contribute to augmenting brain
extracellular adenosine levels.

Altogether our results show that LPS-induced systemic inflammation provoked a rapid
increase in adenosine level in the blood resulting in BBB dysfunction, which may contribute
to elevating the extracellular adenosine level in the brain at the early phase of systemic
inflammation. However, the role of enhanced adenosine signaling in systemic inflammation
remains unknown.
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Figure 11. Plasma adenosine contributed to the increase of adenosine levels
in the brain.

(A) Schematic illustration of injection of adenosine supplemented with SR101 (i.p.) during
the in vivo imaging of GRABado. (B) Representative pseudo color images of GRABado
signals and SR101 signals after a peripheral adenosine and SR101 injection. Scale bar =
50 um. (C) Increase in GRABAado signal(green) after the injection of adenosine (20 mg/kg,
i.p.) was concomitant with the increase in SR101 signal (red) in blood vessels (BV), while
GRAB.do signal was not altered after saline injection. (D) Relative fluorescence intensities
of GRABAado upon applications of various dosages of adenosine. The baseline was used
as Fo. (baseline n = 6 mice, saline n = 3 mice, ado 5 mg/kg n = 4 mice, ado 10 mg/kg n =
4 mice, ado 20 mg/kg n = 5 mice)

6.2. Peripheral administration of adenosine activated astrocytic A1ARs and
induced neuroinflammation.

To determine whether adenosine could evoke cerebral inflammatory response, we
intraperitoneally injected adenosine (5 mg/kg) or PBS once per hour to wild-type control
(ctl) mice (Figure 12A), due to the short half-life time of adenosine in the blood (~ 1 h)
(Chiu et al., 2014). After 6 hours after the first injection, inflammation related gene
expression levels in cerebral cortex were quantified by gPCR.

As Figure 12B shown Lcn2, expressed by reactive astrocytes (Bi et al., 2013; Kim et al.,
2017), was significantly upregulated upon adenosine injection, indicating adenosine
administration could induce the astrocyte reactivity. Moreover, the expression levels of
several proinflammatory chemokine/cytokine genes such as, Cxcl1, Ccl2, Tnf and ll1a
were rapidly increased as response to adenosine administration. To confirm this result,
NECA, an adenosine analogue with longer half-life (~ 5 h) (Bynoe et al., 2015b), was
injected to ctl mice to reduce the impact of multiple injections. Chemokine/cytokine genes
expression was analyzed at 6 hpi by gPCR (Figure 12A).

We observed that several inflammatory chemokine/cytokine genes such as Cxcl1, Cxcl10,
Ccl2, Tnf, 116 as well as astrocytic reactive gene Lcn2 were upregulated in the brain upon
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NECA administration (Figure 12C). Taken together, these results suggest that elevated
peripheral adenosine directly promotes cerebral proinflammatory factor expression.
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Figure 12. Peripheral adenosine, NECA, CPA administration evoked inflammation-
related genes expression in the brain.

(A) Graphic illustration of adenosine, NECA, and CPA administration. (B-D) Expression of

inflammatory genes in the mouse cortex upon adenosine, NECA, CPA administration (n =

3 mice per group).

To determine which AR is responsible for provoking cerebral inflammatory gene
expression, we injected a selective A1AR agonist CPA (half-life = ~ 0.5 h) to ctl mice as
A1ARs are the most abundant AR in the CNS (Elmenhorst et al., 2007; Sebastiao and
Ribeiro, 2009). Upregulated gene expressions related to inflammation/astrocyte reactivity
were detected at 6 hpi in the cortex (Figure 12D). Furthermore, administration of a low
dose of LPS (1 mg/kg, LPS™") combined with CPA significantly augmented the expression
of all tested chemokine/cytokine related genes in the cortex compared to LPS"°¥ + PBS
group (Figure 13A). Moreover, DPCPX, a selective A1AR antagonist, suppressed the
expression of inflammation-related genes (e.g., Cxcl10, Ccl2, Lcn2, Tnf, and II6) in the
cortex of mice exposed to high-dose LPS (5 mg/kg, LPS"") (Figure 13B), as well as
reduced glial reactivity and aberrant neuronal activity (Figures 13C and 13D). Taken
together, our results indicate that A1AR signaling is directly involved in the induction of
neuroinflammation.
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Figure 13. A1AR involved in upregulating inflammation-related genes in the brain.
(A) CPA further upregulated the inflammation-related genes in the cortex induced by a
peripheral LPS"* (1 mg/kg, i.p.) injection. (n 3 mice per group). (B) DPCPX
administration reduced the inflammation-related genes in the cortex induced by a
peripheral LPSMe" (5mg/kg, i.p.) injection. (n = 3 mice per group). (C) Representative
images of immunoreactivity of c-Fos in Sox9* astrocytes and NeuN* neurons in the mouse
cortex upon LPS and A1AR antagonist (DPCPX) injection (left). c-Fos expression in
astrocytes and neurons was reduced by DPCPX (right) (n = 3 mice per group). (D)
Representative images of immunolabeled nuclear p65* microglia upon LPS and DPCPX
injection (left). Nuclear p65* microglia were reduced by DPCPX (right) (n = 4 mice in
LPS+Veh group, n = 3 mice in LPS+DPCPX group).

To determine the contribution of A1ARs on astrocyte, microglia, pericyte, and
oligodendrocyte lineage cell to peripheral adenosine-induced neuroinflammation, we
crossed GLAST-CreERT2 mice (Figures 14A and 14B), CX3CR1-CreERT2 mice, and
NG2-CreERT2 mice (Huang et al., 2014; Jung et al., 2000; Motori et al., 2013) with floxed
A1AR mice (Scammell et al., 2003) to generate inducible astrocytic A1AR conditional
knock-out mice (termed GLACxA1AR" cKO), microglial A1AR conditional knock-out mice
(termed CXCTxA1AR"Y), and pericyte/oligodendrocyte lineage cells conditional knock-out
mice (termed NGCExA1AR™), respectively. In addition, RiboTag reporter (Sanz et al.,
2009) was introduced to the breeding to specifically and directly purify mRNAs
(MRNARP°T9) from Cre-expressing cells to avoid the artifacts introduced by cell isolation
procedures (Haimon et al., 2018). We were able to show a significant reduction of Adora1
expression in astrocytes of GLACxA1AR™ (het) (by ~40%) and GLACxA1AR" (cKO) (by
~60%) mice compared to ctl mice at six days after Cre activity induction, which was also
confirmed by RNA-seq 9 weeks after tamoxifen injection, suggesting successful gene
excision of Adora7 in astrocytes of GLACxA1ARY mice (Fig. 14C and 14D). We also
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observed significant reduction of Adora? in microglia of CXCTxA1AR" mice and
pericyte/oligodendrocyte lineage cells of NGCExA1AR" mice (data not shown) with the
same strategy.
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Figure 14. Generation and validation of astrocyte-specific A1AR deficient mice by
qPCR and RNA-seq.

(A) Schematic illustration of mouse breeding for astrocyte-specific A1AR deficient mice
(GLACxA1AR™M cKO). (B) Representative image of RiboTag expression (indicated by HA-
tag) in Sox9* astrocytes. Scale bar = 50 ym. (C) Adora1 expression in astrocytes was
reduced in A1ARt (het) and cKO mice one week after tamoxifen injection by using gPCR
(n = 3 mice per group). (D) Adora1 expression in astrocytes was reduced in cKO mice 9
weeks after tamoxifen injection by using RNA-Seq (n = 3 mice per group).

Previous study reported adenosine can evoke rapid onset calcium responses via A1 or
A2b receptors (Rittiner et al., 2012), which can be used for monitoring adenosine receptor
activation, and adenosine receptor loss function. To confirm the function loss of A1AR in
our mutant mice upon tamoxifen administration, a genetically encoded Ca?* reporter
(Rosa26-GCaMP3) (Paukert et al., 2014) was introduced to our mutant mice to monitor
Ca?* responses. 8 weeks after inducing Cre recombination, ex vivo slice recordings of Ca?*
response to A1AR selective agonist CPA were performed by 2P-LSM (Figure 15A). Notably,
CPA application evoked rapid Ca?* responses in ctl mice which was not observed in cKO
mice, indicating A1AR function was lost in cKO mice (Figures 15B-D).

To determine which glial cell contributes more to peripheral adenosine-induced
neuroinflammation, we injected CCPA (a more selective A1AR agonist) to GLACXA1AR™
mice, CXCTxA1AR"" mice, NGCExA1AR" mice and their littermate ctl mice. We observed
that the expression of several upregulated cytokines and chemokines (e.g., Tnf, ll1a, Ccl2,
Cxcl10) was significantly attenuated in GLACxA1AR™" (cKO) mice (Figure 16A), which are
not observed in CXCTxA1ARY mice, NGCExXA1AR"" mice (Figure 16B and 16C),
indicating astrocytes are the effector of adenosine triggered neuroinflammatory response
rather than microglia, OPC, and pericytes.

Taken together, our result strongly suggests that plasma adenosine can evoke
neuroinflammation via astrocytic A1AR signaling. However, the underlying mechanism of
astrocytic A1AR mediating neuroinflammation remains unclear.
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Figure 15. Validation of astrocyte-specific A1AR deficient mice by Ca?* imaging.
(A) Schematic illustration of mouse breeding for Ca2* imaging and experiment plan. (B)
Images showing the change of Ca2* activity during the recording in ctl and GLACxA1AR
(cKO) mice. The rightmost images show automatically detected regions of interests (ROIs)
with dynamic Ca?* activities by a custom-made tool MSparkles. (C) Heatmap plot showing
amplitude and duration of spontaneous Ca?* events detected from all ROls. (D) Six ROls
were selected to show the characteristics of Ca?* events.
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Figure 16. Astrocytic A1AR promoted inflammation-relative gene expression.

(A-C) Inflammation-related genes expression in GLACxA1AR"" mice (A), CXCTxA1AR™
mice (B), NGCExA1AR"" mice (C), and ctl mice upon CCPA injection.

6.3. A1AR signaling promoted the inflammatory reactivity of astrocytes in the
early phase of systemic inflammation.

To assess the function of astrocytic A1AR signaling in the early phase of LPS induced
systemic inflammation, we first performed the immunostaining marker for reactive
astrocytes. Although Gilial fibrillary acidic protein (GFAP) is the most widely used marker
for reactive astrocytes (Eng et al., 1971), it is difficult to detect significant changes in cortex
during the early phase of LPS-induced systemic inflammation by immunostaining (Norden
et al., 2016). Indeed, the immediate early gene Fos family is frequently used to indicate
rapid reactivity of astrocytes and neurons (Ceccatelli et al., 1989; Cruz-Mendoza et al.,
2022; He et al., 2019). Therefore, we investigated the time course of astrocyte reactivity
after LPS (5 mg/kg) injection by immunostaining of c-Fos along with astrocyte marker Sox9
on mouse brain slices (Figure 17A). We observed that the expressions of c-Fos were not
unaltered in the astrocytes of both groups at 0, 2, and 24 hpi. However, the expression of
c-Fos in cortical and striatal astrocytes of ctl mice was significantly upregulated at 6 hpi,
which was attenuated by the deficiency of astrocytic A1ARs (Figures 17B-17D),
suggesting astrocytic A1AR signaling plays a critical role in the early phase of systemic
inflammation.
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Figure 17. A1AR-deficient astrocytes were less reactive to the peripheral LPS
challenge.

(A, C) Representative images of c-Fos expression in Sox9+ astrocytes(arrowheads) of

cortex and striatum post LPS injection. Scale bar = 20 um. (B, D) Astrocytic c-Fos

immunofluorescence intensity (arbitrary unit, a.u.) was enhanced at 6 hpi in the cortex and
striatum of ctl which was inhibited in cKO mice.
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Figure 18. Transcriptional profile of astrocyte after systemic LPS challenge.

(A) Heatmap of cell type-specific marker gene expression showed immunoprecipitation
(IP) of RiboTag enriched astrocyte-specific genes. OPC: oligodendrocyte precursor cell,
OL: oligodendrocyte, EC: endothelial cell (B) PCA (principal component analysis) of the
RNA-seq dataset (n = 3 mice per group). (C-E) Volcano plots showed gene expression
changes in cKO group compared to ctl group at 0 hpi (C), 6 hpi (D), 24 hpi (E).

To understand the molecular changes of A1AR-mediated astrocyte reactivity, we purified
mRNA from cortical astrocytes by RiboTag strategy and cortical homogenates, then
performed high-throughput RNA-sequencing (RNA-seq). To confirm the cell type
enrichment, marker genes of astrocyte, microglia, neuron, OPC, oligodendrocyte, and
endothelial cell were shown in heatmap (Figure 18A). mRNA of astrocyte marker genes
was strongly enriched in immunoprecipitated ctl and cKO groups (IP) compared to mRNA
from cortical homogenates (input). Next, we compared the differences of gene expression
between the ctl astrocytes and A1AR-deficient astrocytes at 0, 6, 24 hpi. Principal
component analysis (PCA) separated the ctl astrocytes and A1AR-deficient astrocytes at 6
and 24 hpi, but not at 0 hpi (Figure 18B). In A1AR-deficient astrocytes, we identified 12 (4
up, 8 down), 185 (38 up, 147 down), 2643 (1465 up, 1178 down) differentially expressed
genes (DEGs) at 0, 6, 24 hpi, respectively, compared to ctl astrocytes (Figures 18C-18E).
Among the downregulated genes in A1AR-deficient astrocytes at 6, 24 hpi, many are key
regulators related to inflammatory responses, such as Fos, Jun, Junb, Nfkb2, Nfkbiz, Rela,
Ccl2, Cxcl1, Cxcl10, Mmp12, which are significantly increased in ctl astrocyte after LPS
challenge.
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Figure 19. A1AR activation shaped the astrocytic transcriptional profile after
systemic LPS challenge.

(A) Profile representation of the temporal gene expression pattern for each cluster at 0, 6,

24 hpi. (B) Heatmap of altered gene expression (Padj < 0.05) from astrocytic mRNARiboTag

of male cKO and ctl mice in any of the three time points (n = 3 mice per group). Clustering

was done with 7 K-means. (C) GO term of each cluster.

Further analysis utilizing Hierarchical Clustering analysis combined with K-means
classified DEGs at 0, 6, 24 hpi into 7 distinct clusters (Figures 19A and 19B). At the early
phase of systemic inflammation (6 hpi), 426 genes within clusters 6 and 7 exhibited rapid
upregulation in ctl mice, which were mainly related to inflammatory chemokines and
cytokines (e.g., Ccl2, Ccl5, Ccl22, Cxcl1, Cxcl10, Mmp3, and ll1a), inflammatory
transcription factors (e.g., Nfkbiz, Nfkb2, Cebpd, Stat3, etc.), early responding markers of
reactive astrocytes (e.g., lfit1, 2, 3), and antigen presentation (e.g., TIr3, H2-D1, H2-K1)
(Dozio and Sanchez, 2018; Hasel et al., 2021b). Interestingly, the expression of
proinflammatory genes was inhibited in A1AR-deficient astrocytes of cKO mice. Notably,
many immediate early genes and their transcription factor, presented in cluster 7 (e.g., Fos,
Egr1, Jun, and Junb), were rapidly upregulated in ctl astrocytes at 6 hpi and subsequently
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down-regulated to baseline at 24 hpi as previous studies reported (Dozio and Sanchez,
2018; Hasel et al., 2021b; Kodali et al., 2021), which were also inhibited in in A1AR-
deficient astrocytes of cKO mice at 6 hpi, consistent with c-Fos immunohistochemistry
results. Compared to genes in cluster 7, genes in cluster 6 (e.g., Ccl5, Cxcl10, Mmp3,
Stat3) maintained high expression level in the ctl astrocytes at 24 hpi but were also
inhibited in A1AR-deficient astrocytes. In addition, these genes in clusters 6 and 7 were
primarily annotated to inflammation-related Gene Ontology Biological Process terms (GO-
BP), indicating LPS induced inflammatory responses were inhibited in A1AR-deficient
astrocytes (Figure 19C).

In clusters 1, 2, 3, and 4, 989 genes exhibited slight dysregulation in both ctl and A1AR-
deficient astrocytes at 0, 6 hpi but were upregulated in cluster 4 and downregulated in
clusters 1, 2, and 3 in ctl astrocytes at 24 hpi. However, these genes in A1AR-deficient
astrocytes at 24 hpi were only slightly altered. Furthermore, GO-BP analysis revealed
genes in these clusters contributes to ‘double-strand break repair’ (e.g., Msh3, Fancm,
Xpa, etc. in cluster 4), ‘positive regulation of nervous system development’ (e.g., Ank2,
Mpdz, Gabrd, etc. in clusters 1, 2), and ‘regulation of neurotransmitter secretion’ (e.g.,
Pcdh1, Plpp3, etc. in clusters 1, 2), suggesting LPS-induced DNA damage and
neurotransmitter deficiency were attenuated in A1AR-deficient astrocytes at 24 hpi which
may be considered as the consequence of attenuated inflammatory response in A1AR-
deficient astrocytes at 6 hpi.
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Figure 20. Expression changes of A1/A2 astrocyte marker gene expression in A1AR-
deficient astrocytes post LPS injection.

Comparation of the mean expression of pan-reactive, A1-neurotoxic, and A2-
neuroprotective marker genes in cortical astrocyte by heatmap.

Regarding of reactive astrocytes, previous studies classified reactive astrocytes into two
subtypes, neurotoxic (A1) and neuroprotective (A2) astrocytes, based on the specific
upregulated gene expression sets (Clarke et al., 2018; Liddelow et al., 2017a). In our
model, we observed most marker genes of A1/A2 astrocyte (except Fbin5, Clcf1) were
upregulated in ctl astrocytes at 6 hpi (Figure 20). Furthermore, all A1 astrocyte marker
genes expression remained at high level at 24 hpi, while many of A2 astrocyte marker
genes expression was decreased at 24 hpi (e.g., Tgm1, Pix3, Sphk1, Emp1, Ptgs2,
Slc10a6, Tm4sf1, B3gnt5, Cd14, Stat3). Many of A1 astrocyte marker genes (e.g., H2-T23,
H2-D1, Gbp2, ligp1, Psmb8), A2 astrocyte marker genes (e.g., Clcf1, Tgm1, Ptx3), and
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reactive astrocytes pan marker genes (e.g., Lcn2, Steap4, S1pr3, Timp1, Cxcl10, Cd44,
Osmr, Cp, Vim) were also decreased in A1AR-deficient astrocytes at both 6 hpi and 24 hpi,
indicating A1AR-deficient astrocytes were less reactive to systemic LPS challenge.

To investigate the involved signaling pathways, a GSEA-based KEGG pathway analysis
(GSEA-KEGG) was performed (Figures 21A and 21B). We observed the suppression of
pathways related to the inflammatory response in A1AR-deficient astrocytes of mutant
mice at 6 hpi (e.g., ‘NF-kappa B signaling pathway’, ‘JAK-STAT signaling pathway’, ‘IL-17
signaling pathway’, ‘NOD-like receptor signaling pathway’, “TNF signaling pathway’, etc.)
(Han et al., 2021; Sofroniew, 2020). Concurrently, GSEA-GO-BP analysis highlighted the
suppression of genes associated with inflammation-related GO terms (e.g., ‘interleukin-1
production’, ‘toll-like receptor signaling pathway’, ‘receptor signaling via JAK-STAT’, ‘I-
kappaB/NF-kappaB signaling’, ‘inflammatory response, cytokine response’, ‘interferon-
gamma production’, etc.) in A1AR-deficient astrocytes at 6 hpi (Figures 21C and 21E).
Furthermore, Metascape analysis revealed that the suppressed genes in A1AR-deficient
astrocytes at 6 hpi were under the control of transcription factors (e.g., Cebpb, Fos, Jun,
Nfkb1, Stat3, etc.) known to regulate downstream proinflammatory pathways of reactive
astrocytes (Figure 21D) (Han et al., 2021).

Taken together, our results demonstrated that adenosine triggered the inflammatory
response of reactive astrocytes via A1ARs during the early phase following a peripheral
LPS challenge, potentially influencing the subsequent progression of neuropathology.

6.4. Astrocyte reactivity in the early phase of systemic inflammation boosted
the inflammatory response of microglia as well as global
neuroinflammation.

Astrocyte as well as microglia are the key mediators of neuroinflammation. Previous
studies suggested that interaction between astrocyte and microglia contributes to the
modulation of neuroinflammation (Bhusal et al., 2023; Han et al., 2021; Kwon and Koh,
2020; Linnerbauer et al., 2020). However, pioneering studies predominantly delved into
the late phase of this model. Here, our findings strongly suggest an adenosine-mediated
rapid response of astrocytes (2-6 hpi) regulates the expression of inflammation-related
genes (e.g., Ccl2, Ccl5, Cxcl1, Cxcl10, ll1a, and Il1b), which can trigger reactive microglia
(Jha et al., 2019). Therefore, we hypothesized that astrocytes could modulate microglia
reactivation in the early phase of systemic inflammation rather than just be the effector of
reactive microglia.

We first investigated the reactivity of microglia in LPS-induced neuroinflammation model
by detecting nuclear translocation of p65, a co-factor of NF-kB which serves as a pivotal
mediator of microglial inflammatory responses (Borst et al., 2021; Liu et al., 2017) (Figure
22A). In the cortex of ctl mice, the percentage of nuclear p65" microglia rose from
approximately 13% at 2 hpi to nearly 90% at 6 hpi, then reduced to 30% at 24 hpi.
Conversely, this percentage fell to around 9% at 2 hpi, 50% at 6 hpi, and 13% at 24 hpi,
respectively, in the cortex of cKO mice (Figure 22B). A similar reduction in nuclear p65*
microglia was also observed in the hippocampus and striatum of cKO mice at 6 hpi
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(Figures 22C and 22D). However, the microglial densities in both ctl and cKO mice were

similar at 0 hpi, 2 hpi, 6 hpi, and 24 hpi (data not shown).
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Figure 21. Pathway analysis of RNA-seq data obtained from cortical astrocytes of

A1AR-deficient and ctl mice post LPS injection.

(A) Selected GSEA-KEGG pathway analysis of the astrocytic RNA-seq dataset between
the cKO and ctl groups at 6 hpi. (B) Selected GSEA plot of the enriched KEGG pathways
related to inflammation between the cKO and ctl groups at 6 hpi. (C) Selected GSEA-GO
pathway analysis of the astrocytic RNA-seq dataset between the cKO and ctl groups at 6
hpi. (D) Prediction of transcription regulators following expression pattern of sub-clusters
(cluster 6 and 7 in Figure 17D) by Metascape analysis(Han et al., 2018; Zhou et al., 2019).
(E) Category net plot of selected enriched GO pathways relative to G protein-coupled
receptor signaling pathway. The color gradient indicates the fold changes between the

cKO and ctl groups.
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Figure 22. Astrocytic A1AR deficiency inhibited microglial p65 expression after LPS
challenge.

(A) Representative images of p65 immunoreactivity in Iba1* microglia post LPS injection.

Arrowheads indicated Iba1* microglia with nuclear p65. Scale bar = 20 ym. (B-D)

Proportions of nuclear p65* microglia were reduced in the cortex, hippocampus, and

striatum of cKO mice post LPS injection compared to ctl mice (n = 4 mice in ctl/ cKO at 0

hpi, n = 6 mice in ctl/cKO at 2 hpi, 6 hpi, and 24 hpi).
To investigate the functional changes of microglia, e.g. phagocytic ability, in our cKO mice
after LPS challenge, the cumulation of CD68* lysosome volume in microglia was
calculated by microglial 3D reconstruction (Figure 23A). In line with the p65* results,
reduced CD68" lysosome volume was observed in our cKO mice at 6 hpi and 24 hpi
compared to ctl mice, which was not observed at 0 hpi (Figure 23B). Altogether, our results
revealed that a systemic LPS challenge initiates astrocyte activation in the early phase via
A1AR to augment microglial reactivation.
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Figure 23. Astrocytic A1AR deficiency reduced microglial lysosomes after LPS
challenge.

(A) Representative images and 3D reconstructions of CD68* and Iba1* volume post the
LPS injection by IMARIS. Scale bar = 10 um. (B) Percentage of CD68* volume in microglia
in the cortex of cKO mice were reduced post LPS injection compared to ctl mice (n=6 in
ctl and cKO at 0 hpi, 6 hpi, and 24 hpi).

Previous studies show activation of microglia normally reduces the ramified morphology
and P2ry12 gene expression, which is used for evaluating microglia activation and
inflammation in the brain(Adrian et al., 2023; Vidal-ltriago et al., 2022). Therefore, the
morphology change of microglia was analyzed in both ctl and cKO mice (Figure 24A). In
healthy conditions (0 hpi), microglia exhibited comparable ramified morphology in ctl and
cKO mice. After LPS challenge, the microglia in ctl mice demonstrated increased
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intersections in the Sholl analysis, reduced total process length, decreased occupied area,
and declined segment number, while the change of microglial morphology was ameliorated
in cKO mice (Figures 24B and 24C). In addition, P2ry12 gene expression was rapidly
reduced in both ctl and cKO mice at 6 hpi. It was recovered to baseline in cKO mice at 24
hpi, but not in ctl mice(Figure 24D). Taken together, our data suggests that activation of
microglia was decreased in the absence of astrocytic A1AR signaling.
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Figure 24. Astrocytic A1AR deficiency inhibited microglial activation and global
neuroinflammation upon peripheral LPS challenge.

(A) Morphology of Iba1* microglia post the LPS injection. 3D reconstruction was obtained

using IMARIS. Scale bar = 10 um. (B) Sholl analysis of Iba1* microglia at 0 hpi, 6 hpi, 24

hpi (n = 3 mice per group). (C) Total process length of Iba1* microglia in cKO and ctl mice

post LPS injection (n = 3 mice per group). (D) Relative expression of P2ry12 was elevated

in the cortex of cKO mice at 24 hpi (n =3 mice per group).

Since reactive astrocyte and microglia can release multiple proinflammatory factors as
response to systemic inflammation (Giovannoni and Quintana, 2020; Hanisch, 2002), we
then investigated the cytokine expression in the brain at the early phase of LPS-induced
systemic inflammation (6 hpi) (Figures 25A and 25B). Under healthy conditions, the
expression level of all detected cytokines showed a similar pattern in the cortex and
striatum of ctl and cKO mice. However, the expression level of many proinflammatory
cytokines and chemokines released by reactive astrocyte (e.g., CXCL1, CXCL10, CXCL12,
ICAM-1, LCN-2, MMP3) and many other cytokines and chemokines released by reactive
astrocyte and microglia (e.g., CCL2, CCL5, CCL12, IL-1a, CXCL2, etc) were significantly
increased in the cortex of ctl mice at 6 hpi, which was alleviated in cKO mice (Figure 25A).
Consistently, ctl mice also showed enhanced cytokine and chemokines expression in the
striatum at 6 hpi, while cKO mice exhibited a similarly reduced pattern of inflammatory
response (Figure 25B).
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Taken together, adenosine signaling via A1ARs triggers astrocytic rapid response at the
early phase of systemic inflammation, enhancing microglial activation and exacerbating

global neuroinflammation.
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Figure 25. Astrocytic A1AR deficiency inhibited global neuroinflammation at 6 hpi
upon peripheral LPS challenge.

(A) Cytokine expression in the cortex of ctl and cKO mice was measured by a proteomic

profiling assay at 6 hpi (samples from 3 mice were pooled for each group). Color bar range

is between 0.5 and 9.5, out range value was labelled with dark blue. (B) cytokine

expression in the striatum of ctl and cKO mice was measured by a proteomic profiling

assay at 6 hpi (samples from 3 mice were pooled for each group).

6.5. Astrocytic A1AR signaling activation impaired BBB integrity in systemic
inflammation.

Adenosine signaling itself or proinflammatory cytokines and chemokines could mediate
BBB integrity via multiple pathways. A recent study shows the microglia could migrate to
blood vessels and impair BBB integrity via the CCL5-CCR5 axis in systemic inflammation
(Haruwaka et al., 2019). In line with the previous study, we also found that the migration
of microglia to blood vessels rose from ~35% at 0 hpi to ~50% at 6 hpi and 24 hpi, which
only slightly increased from ~35% at O hpi to ~43% at 6 hpi and ~43% at 24 hpi (Figures
26A-26C), which may due to less CCL5 expression in cKO mice, suggesting BBB
dysfunction was reduced in cKO mice. To evaluate the integrity of the BBB, EB was
intravenously injected after LPS injection. After 24 hours of circulation, EB leakage was
lower in the brain parenchyma of cKO mice (~10 pg/g tissue), compared to ctl mice (~22
Mg/g tissue) (Figure 26D). These results suggested the absence of astrocytic A1ARs
reduced systemic inflammation-induced BBB disruption. Systemic inflammation induces
neutrophil infiltration into the brain parenchyma, related to disrupted BBB and upregulated
chemokine (e.g., CXCL1) and extracellular matrix protein (e.g., ICAM-1) (Huang et al.,
2023; Rummel et al., 2010). Ly6B immunostaining confirmed reduced infiltration of Ly6B*
cells into the brain parenchyma at 24 hpi in cKO mice compared to ctl (Figures 26E and
26F). In summary, astrocytic A1AR deficiency alleviates systemic inflammation-induced
BBB impairment
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Figure 26. Astrocytic A1AR deficiency reduced BBB disruption and neutrophil
infiltration post peripheral LPS injection.

(A) Representative images of immunolabeled Iba1* microglia and CD31* blood vessels at
24 hpi. Perivascular microglia were indicated by arrowheads. Scale bar = 20 ym. (B)
Proportion of perivascular microglia was reduced in cKO mice compared to ctl mice (n =
4 mice in ctl/ cKO at 0 hpi, n =5 mice in ctl at 6 hpi, n = 3 mice in cKO at 6 hpi, n = 6 mice
in ctl at 24 hpi, n = 4 mice in cKO at 24 hpi). (C) CD31* area was not altered in cKO and
ctl mice at 0 hpi, 6 hpi, 24 hpi. (D) EB extravasation was reduced in the brains of cKO mice
compared to ctl mice which were injected with EB at O hpi and analyzed at 24 hpi (n = 3
mice per group). (E) Representative images of immunolabeled Ly6B* neutrophils in brain
parenchyma at 24 hpi. Scale bars = 200 um. (F) The density of Ly6B* cells were reduced
in the brain of cKO mice compared to ctl mice at 24 hpi (n = 7 ctl mice and 8 cKO mice).

6.6. A1AR-mediated astrocyte activation promoted aberrant neuronal
functions and depression-like behavior in systemic inflammation.

A common symptom of SAE is aberrant neuronal functions mediated by proinflammatory
factors, such as CCL2, CCL3, LCN-2 (Vachharajani et al., 2005; Xin et al., 2023) (Duan et
al., 2018). To define the role of astrocytic A1ARs in LPS-induced aberrant neuronal
hyperactivity, co-immunostaining of NeuN (a pan marker for neuron) and c-Fos were
analyzed (Figure 27A). The c-Fos immunostaining intensity gradually increased in the
cortical neurons of ctl mice at 6 hpi and 24 hpi, which was lower in the cKO mice (Figure
27B). Similarly, a decreased intensity of c-Fos in NeuN* neurons was observed in the
striatum of cKO mice at 24 hpi, compared to ctl mice (Figures 27C and 27D), indicating
the activation of astrocytic A1AR contributed to aberrant neuronal activity in systemic
inflammation.

Systemic inflammation was reported to transiently impair the response of hippocampal
neurons to repeated synapse stimulation, in terms of long-term potentiation (LTP) (Izumi
et al., 2021; Shemer et al., 2020; Wu et al., 2021). To probe the impact of astrocytic A1AR
on neuronal fitness, we performed extracellular electrophysiological recordings on acute
slices from the dorsal hippocampi of ctl and cKO mice at 0 hpi, 6 hpi, and 24 hpi (Figure
28A). Neurons of ctl and cKO mice displayed comparable LTP after PBS injection (Figures
28B and 28C). However, cKO mice displayed a greater preserved LTP than ctl mice at 6
hpi (Figures 28B and 28C). Moreover, cKO mice displayed a better recovery of LTP at 24
hpi, compared to ctl mice (Figures 28B and 28C). These findings suggest that
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hyperactivation of astrocytes via A1ARs in systemic inflammation causes

neuronal function in the hippocampus.
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Figure 27. Astrocytic A1AR deficiency prevented aberrant neuronal hyperactivation

after LPS treatment.

(A) Representative images of c-Fos immunoreactivity in cortical NeuN* neurons after LPS
injection. Scale bar = 20 um. (B, C) c-Fos immunofluorescence intensities (a.u.) in NeuN*
neurons in cortex and striatum of cKO mice were reduced compared to ctl mice at 6 and
24 hpi (n = 4 mice in ctl/ cKO at 0 hpi, n =5 mice in ctl at 6 hpi, n = 3 mice in cKO at 6 hpi,
n =6 mice in ctl at 24 hpi, n = 4 mice in cKO at 24 hpi in B; n = 4 mice per group in C).
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Figure 28. Astrocytic A1AR deficiency protected LTP of the mice after LPS treatment.
(A) Graphical description of LTP measurement protocol. (B) Scatter plots showing LTP
induced by stimulation of Schaffer collateral (SC) — cornu ammonis (CA) 1 synapses with
TBS in acute hippocampal slices from ctl and cKO at 0 hpi, 6 hpi, 24 hpi. Averaged fEPSP
are plotted versus time (n = 11 slices in ctl at 0 hpi, n = 12 slices in cKO at 0 hpi, n =9
slices in ctl at 6 hpi, n = 10 slices in cKO at 6 hpi, n = 11 slices in ctl at 24 hpi, n = 12 slices
in cKO at 24 hpi). (C) LTP evoked in hippocampi of cKO and ctl mice.

Peripheral administration of LPS induces an onset of sickness behavior in mice,
characterized by hunched posture and reduced food and water intake, peaking between
2-6 hpi. Subsequently, depression-like behavior emerges, such as decreased locomotion
in the open-field test and loss of preference for sweetened water, peaking at 24 hpi
(Dantzer et al., 2008; Kang et al., 2018). To assess depression-like behavior induced by
systemic inflammation, we performed the open-field test and sucrose preference test at
24 hpi (Figure 29A). Both ctl and cKO mice exhibited reduced locomotion after LPS
injection, whereas cKO mice demonstrated increased total traveled distances compared
to ctl mice (Figures 29B and 29C). Of note, PBS injected ctl and cKO mice showed similar
performance of locomotion. In addition, sucrose preference test showed that while
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peripheral LPS challenge substantially reduced sucrose preference in ctl mice from 24-48
hpi (~45%), with partial recovery to ~60% from 48-72 hpi, cKO mice displayed only partial
impairment (~65%) from 24-48 hpi, nearly fully recovering to a healthy level (~80%) from
48-72 hpi (Figure 29D). Taken together, our findings indicate the role of astrocytic A1AR
activation in contributing to depression-like behavior triggered by systemic inflammation.
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Figure 29. Astrocytic A1AR deficiency ameliorated depression-like behavior of the
mice after LPS treatment.

(A) Schematic illustration of open-field test and sucrose preference test post PBS/LPS
injection. (B) Representative trajectory analysis of ctl and cKO mice in 10 min in the open-
field test at 24 hpi. (C) cKO mice displayed protected locomotion compared to ctl mice at
24 hpi (n = 15 mice in ctl PBS group, n = 12 mice in cKO PBS group, n = 12 mice in ctl
LPS group, n = 10 mice in cKO LPS group). (D) cKO mice displayed less LPS-induced
decreased in sucrose preference than ctl after LPS injection (n = 11 mice in ctl group, n =
20 mice in cKO group).

6.7. Enhancing Gi signaling in A1AR-deficient astrocytes restored
neuroinflammation upon peripheral LPS challenge.

A1ARs are known as G, protein-coupled receptors, suggesting Gi signaling response was
also compromised in the astrocyte of cKO mice. In addition, accumulating evidence
suggests striatum is the core brain region, contributing to the development of severe
depression-like behaviors in LPS-induced systemic inflammation (Klawonn et al., 2021).
Hence, to rescue the phenotype we observed in astrocytic A1AR cKO mice, we expressed
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) GFAP-hM4Di-
mCherry in the striatum of ctl and cKO mice by using AAV to artificially stimulate G;
signaling upon clozapine N-oxide (CNO) administration (Figure 30A). 4 weeks after AAV
injected, we observed ~97% of Sox9* striatal astrocyte was labeled with mCherry, while
only ~1% of NeuN" neuron was labeled with mCherry (Figures 30B and 30C). To explore
whether A1AR-Gi signaling is crucial to induce the activation of astrocytes, we injected
CNO into GFAP-hM4Di expressed and GFAP-tdTomato expressed cKO mice at 2 hpi and
4 hpi to specifically stimulate Gi signaling in A1AR-deficient astrocytes (Figure 30D). We
observed increased c-Fos expression, in terms of c-Fos intensity, in the striatal hM4Di-
expressed astrocytes, compared to tdTomato-expressed astrocytes (Figure 30E),
indicating that Gi signaling could reactive A1AR-deficient astrocytes in systemic
inflammation. As activation of astrocyte contributed to microglia reactivity, we did double
immunostaining of |Ibal and p65 to access the microglia reactivity (Figure 30F).
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Consistently, we observed increased nuclear p65* microglia in the striatum of GFAP-
hM4Di expressed cKO mice, rather than GFAP-tdTomato expressed cKO mice (Figure
30E), suggesting that stimulation of astrocytic Gi signaling could enhance microglia
response at the early phase of systemic inflammation.
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Figure 30. Activation of Gi signaling in A1AR-deficient astrocytes restored the

astrocytic and microglial response to peripheral LPS challenge.
(A) Schematic illustration of activation of Gi signaling in A1AR deficient astrocytes
experiment employing DREADD hM4Di and experimental plan. (B) Representative image
of hM4Di expression indicated by mCherry in the Sox9* astrocytes. Scale bar = 50 um. (C)
hM4Di was expressed in 94% of striatal astrocytes, with > 84% specificity (n = 3 mice). (D)
Representative images of immunolabeled reactive A1AR-deficient astrocytes by c-Fos
immunostaining after LPS and CNO injection. Scale bar = 50 ym. (E) Activation of hM4Di
increased c-Fos expression in hM4Di-mCherry* A1AR-deficient astrocytes after LPS
injection (n = 4 mice per group). (F) Representative images of immunoreactivity of p65 in
Iba1* microglia in cKO mice with astrocytic tdT or hM4Di expression after LPS and CNO
injection. Scale bars = 50 um. Arrowheads indicates Iba1* microglia with nuclear p65
expression. (G) Nuclear p65* microglia was increased in hM4Di-expressing cKO mice after
LPS and CNO injection compared to ctl mice(n = 4 mice per group).

Furthermore, to explore the consequence of activating Gi signaling in A1AR-deficient
astrocytes, we used cytokine array to explore the expression of proinflammatory factors in
AAV-infected brain regions at 24 hpi. In line with previous results, we observed reduced
cytokine expression in tdT-expressed cKO mice, compared to tdT-expressed ctl mice.
However, we observed comparable expression levels in h4MDi-expressed ctl and cKO
mice (Figures 31A and 31B). We also observed similar expression pattern in hM4Di-
expressed cortex (Figures 31C and 31D). These results indicate a uniform and extensive
impact of Gi signaling in astrocytes throughout various brain regions, which contributes to
the advancement of neuroinflammation indicating activation of astrocytic Gi signaling at
early phase of systemic inflammation promotes proinflammatory cytokine expression.
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Figure 31. Activation of Gi signaling in A1AR-deficient astrocytes restored global
inflammation to peripheral LPS challenge.

(A, C) The expression of 40 cytokines in the striatum and cortex of AAV-infected ctl and

cKO mice was measured by a proteomic profiling assay after LPS and CNO injection. (B,

D) Enhancing Gi signaling in cKO mice increased cytokine expression after LPS and CNO

injection (samples from 3 mice were pooled for each group).

Additionally, we conducted the open-field test and observed that the alleviated LPS-
induced depression-like behavior, in terms of total distance moved, in cKO mice could be
exacerbated to the level of control mice upon enhance of astrocytic Gi signaling (Figures
31A-31C). In conclusion, our data indicates that systemic inflammation induced early
reactivity of astrocyte via A1AR signaling plays a pivotal role in promoting
neuroinflammation and driving the pathogenesis of SAE.
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Figure 32. Activation of Gi signaling in A1AR-deficient astrocytes restored the
depression-like behavior of mice to peripheral LPS challenge.

(A) Representative trajectory analysis digitally tracked movement of ctl and cKO mice

injected with LPS and CNO in the open-field test at 24 hpi. (B, C) Enhancing Gi signaling

in A1AR-deficient astrocyte reduced locomotion in the open-field test (n = 12 mice in ctl-

tdT+CNO group, n = 11 mice in cKO-tdT+CNO group, n =9 mice in ctl-hM4Di+CNO group,

n = 13 mice in cKO-hM4Di+CNO group).
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7. DISCUSSION

Systemic injection of LPS induced rapid and dramatic immune responses both in
peripheral organs and CNS. Since the penetration of LPS across the BBB is minimal, it is
still unclear which signals stimulate the CNS immune system (Banks and Robinson, 2010).
Some studies suggested pro-inflammatory cytokines produced by peripheral immune
systems can pass through BBB and induce neuroinflammation (Banks, 2005; Licinio and
Wong, 1997; Pan and Kastin, 2002). In our study, we identified adenosine serves as an
immune signaling, leading to early astrocyte reactivity, provoking microglial responses,
and inducing neuronal dysfunction.

7.1. Extracellular adenosine level is increased in the blood and brain in
systemic inflammation.

In accordance with earlier research, elevated levels of adenosine were found in the plasma
of patients suffering from septic shock or volunteers who received an LPS injection (Martin
et al.,, 2000; Ramakers et al., 2011). Similarly, we observed a rise in extracellular
adenosine levels in the blood of rodents during the initial phase of systemic inflammation,
peaking between 2-6 hours and returning to baseline levels at 12 and 24 hours post LPS
injection. However, it's challenging to measure the cerebral extracellular molecular levels
without causing injury or implantation. Recent studies directly demonstrated that peripheral
LPS challenge increased extracellular ATP levels in the mouse brain Using a novel
genetically modified ATP sensor (GRABatr1.0), overcoming the technical challenges in
separating intracellular and extracellular ATP in vivo (Wu et al., 2022). Of note, the
extracellular adenosine level is highly determined by a close balance of production,
transport, and degradation. Thus, it is plausible that elevated extracellular ATP in the brain
also leads to adenosine accumulation. Here, we utilized an innovative genetically modified
adenosine sensor called GRABago (with an EC50 of approximately 60nM) to examine the
levels of extracellular adenosine. Our findings indicate that there was a rapid increase in
cerebral extracellular adenosine levels at 2 hpi, reaching a peak at 6 hpi, and remaining
elevated for at least 24 hours. These results are consistent with previous findings in the
context of inflammation or hypoxia (Benarroch, 2008; Chiu and Freund, 2014). However,
the origin of extracellular adenosine in the brain is still elusive.

Additionally, adenosine can be transported by equilibrative nucleoside transporters (ENTs)
or directly bypass the tight junctions (TJs) of endothelial cells due to its small size (Latini
and Pedata, 2001). Moreover, adenosine can enhance the permeability of the BBB through
A1 and A2a ARs in endothelial cells(Carman et al., 2011). Our 2P-LSM results strongly
suggest that elevated adenosine level in the blood could increase the extracellular
adenosine level in the brain, although the origin of central extracellular adenosine is still
unclear.

7.2. Adenosine signaling provokes neuroinflammation via astrocytic A1ARs.

Adenosine signaling is widely acknowledged as a protective molecule that performs
defensive roles in the CNS (Borea et al., 2016). Adenosine receptors are widely expressed
in all the cells in the CNS. In our study, we observed enhanced proinflammatory cytokines
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and chemokines in the brain upon peripheral adenosine, adenosine analogue, and A1AR
agonist administration, which can be at least partially inhibited by intercepting astrocytic
A1ARs. Increasing evidence indicates that adenosine can participate in immune
modulation of the CNS mainly through A1 and A2a ARs, although recent studies suggest
A2b and A3 ARs are also involved in immune modulation (Coppi et al., 2020; Farr et al.,
2020; Marti Navia et al., 2020; Pedata et al., 2014). For example, the administration of A2a
AR antagonist SCH-58261 induces regional-specific microglia activation in response to
quinolinic acid injection (Minghetti et al., 2007), which also can reduce M1 markers and
prevent the recruitment of activated microglia in other studies (Colella et al., 2018; Rebola
et al., 2011). The reduced microglia activation is also observed by the application of an
A3AR agonist, IB-MECA (Terayama et al., 2018). The selective A3AR agonist 2-CI-IB-
MECA was effective in controlling microglial reactivity induced by elevated hydrostatic
pressure, with potentially positive implications in glaucoma (Ferreira-Silva et al., 2020).
Additionally, a recent study shows activation of A2bAR promotes IL-6 production and
proliferation in primary microglia culture (Merighi et al., 2017). Moreover, stimulation of
A1AR inhibits microglial activation induced by ATP, and both A1AR agonists and A2aAR
antagonists prevent inflammatory effects in microglia, showing a synergistic effect when
combined (Luongo et al., 2014; Marucci et al., 2021). However, our data shows stimulation
of A1AR provokes proinflammatory cytokine and chemokine expression, exacerbating
microglia activation and neuroinflammation. Indeed, this pro-inflammatory effect is
inhibited by knock-out astrocytic A1AR, suggesting A1AR has multiple functions in different
glial cells, highlighting a complex interplay between peripheral and central adenosine
signaling. Thus, adenosine, much like its precursor ATP, can function as a damage-
associated molecular pattern (DAMP) molecule in neuroinflammation, with its effects
varying depending on the context.

7.3. Loss of astrocytic A1ARs attenuate LPS-induced neuroinflammation.

7.3.1. A1AR activation was involved in triggering astrocyte reactivity at the early
phase of neuroinflammation.

Astrocytes are the most abundant glia in the CNS, providing metabolites and growth
factors to neurons, facilitating synapse plasticity, and regulating the balance of ions, fluid,
and neurotransmitters in the extracellular environment (Lee et al., 2022; Pekny and
Nilsson, 2005). In neuroinflammation, astrocytes, as immune-competent cells, can
recognize danger signals, respond by secreting cytokines and chemokines, and activate
adaptive immune defense (Cordiglieri and Farina, 2010). GFAP is most used to identify
astrocyte activation, which is also a hallmark of CNS pathologies (Sofroniew, 2009).
However, GFAP is not a proper marker to investigate the fast reactivity of astrocytes, due
to its unaltered expression levels at the early stage of neuroinflammation. In our study, we
find c-Fos expression is rapidly upregulated in cortical astrocytes, reaching ~100% at 6
hours post LPS injection, which could be a reliable marker for fast astrocytic activation.
Indeed, our astrocytic RNARP°™3 sequencing shows massive changes in the transcriptional
profile of proinflammatory cytokine and chemokine 6 hours after LPS injection. In line with
previous study (Hasel et al., 2021), many of these altered cytokines or chemokines (e.g.,
CXCL1, CXCL10, CXCL12, ICAM-1, LCN-2, MMP3) are released by reactive astrocytes,
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contributing to the expression level of cytokines and chemokines in the brain. Of note, the
specific molecules that initiate or enhance such rapid astrocyte reactivity to systemic
inflammation remain unidentified (Patani et al., 2023). Our data shows removing astrocytic
A1AR can significantly ameliorate this rapid astrocytic response and reduce the
expression of cytokines and chemokines in the brain. Furthermore, deletion of astrocytic
A1AR can also reduce the proinflammatory gene expression provoked by adenosine and
its analogue. Our data provide solid evidence that humoral or extracellular small molecules,
e.g., adenosine, can contribute to the reactivity of astrocytes at the early stages of LPS-
induced systemic inflammation. In this context, adenosine could be a new member of
DAMP molecules that mediate neuroinflammation by triggering the early response of
astrocyte via A1AR signaling.

7.3.2. Astrocyte-microglia interaction in neuroinflammation.

Astrocytes and microglia can rapidly respond to systemic inflammation in terms of a robust
change of transcriptomic profile (Hasel et al., 2021a; Kodali et al., 2021; Shemer et al.,
2020). However, astrocytes were usually considered as the follower of microglia activation.
In particular, a previous study shows microglial released IL-1a, TNF-a, and C1q induce
the A1 subtype of reactive astrocyte, which drives the apoptosis of neurons and
oligodendrocytes (Liddelow et al., 2017). Another study shows microglia TGF-f signaling
inhibits astrocyte reactivation and reduces neuroinflammation after stroke (Cekanaviciute
et al., 2014). Our RNA sequencing results show a series of proinflammatory genes rapidly
upregulate in astrocytes 6 hours after LPS injection, which has been reported to promote
microglial NF-kB expression, microglial phagocytosis, and global neuroinflammation. The
removal of A1AR signaling in astrocytes can partially inhibit the elevation of
proinflammatory genes in astrocytes, further reducing microglia NF-kB expression,
microglial phagocytosis and overall neuroinflammation. Stimulation of astrocytic Gi
signaling, downstream of A1AR, restores the microglia activation and global
neuroinflammation in astrocytic A1AR-deficient mice at the early stages of systemic
inflammation. Our findings suggest that adenosine acts as an immune signal in systemic
inflammation, which triggers astrocyte via A1AR enhancing microglia activation at the early
phase of systemic inflammation. Consequently, reactive microglia could also influence
astrocyte reactivity, leading to a temporal change in the transcriptomic profiles to induce
the neurotoxic A1 astrocyte at 24 hours post LPS challenge, suggesting that astrocytes
are not only the targets of reactive microglia but also drive microglia activation in
neuroinflammation.

7.3.3. Astrocyte mediates peripheral immune cell infiltration in neuroinflammation.

All four types of adenosine receptors existed in all immune cells, regulating the reactions
of immune cells. For example, A1ARs promote neutrophil phagocytosis and chemotaxis,
whereas A2a and A2b ARs inhibit neutrophil activation (Corriden et al., 2013; Riff et al.,
2021; Wang and Chen, 2018). Moreover, adenosine has the ability to increase BBB
permeability via A1 and A2a ARs, facilitating peripheral immune cell infiltration (Bynoe et
al., 2015; Hasko et al., 2005; Kim and Bynoe, 2015). Furthermore, the microglia could
migrate to blood vessels and impair BBB integrity via the CCL5-CCR5 axis in systemic
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inflammation (Haruwaka et al., 2019). Our data shows increased adenosine levels in the
blood at 2-6 hours post LPS injection, suggesting peripheral immune cells are activated at
the early stages of systemic inflammation. Indeed, our data show elevated extracellular
adenosine levels at 2-24 hours post LPS injection and an increased number of
perivascular microglia, which increases the BBB permeability and promotes neutrophil
infiltration. Due to each astrocyte extending its end-feet to envelop at least one blood
vessel (Hosli et al., 2022), neutrophil infiltration and BBB dysfunction are prevented by the
deletion of astrocytic A1AR. Our study provides new evidence that astrocytic A1AR
mediates BBB function and peripheral immune cell infiltration.

7.3.4. Astrocyte-neuron interaction in neuroinflammation.

Astrocytes are essential for maintaining neuronal homeostasis in the central nervous
system (CNS). They perform various functions such as providing metabolic and
bioenergetic support, clearing neurotransmitters from synaptic clefts, buffering
extracellular potassium, scavenging reactive oxygen species (ROS), regulating cerebral
blood flow, and supporting axonal guidance and synaptogenesis. Disruptions in any of
these functions can lead to significant neuronal dysfunction, as seen in various
neurodegenerative diseases, such as AD, PD,and ALS. Astrocyte activation, or reactive
astrocytosis, is a common response in almost all neurodegenerative diseases and is
characterized by morphological changes and altered gene expression. This process is
typically triggered by various stimuli, including PAMPs and DAMPs. Upon activation,
astrocytes can produce a wide range of chemokines and inflammatory mediators that
contribute to neuroinflammation. Our study provides new evidence that adenosine acts as
a type of DAMP to modulate astrocytic proinflammatory response in LPS-induced
neuroinflammation, leading to neuronal aberrant activation, LTP impairment, and
sickness/depressive-like behavior. However, further investigation is needed to determine
which astrocytic signaling pathways modulate microglia activation, neuronal dysfunction,
and sickness/depressive behavior to gain new insights into the progression of
neuroinflammation in sepsis.
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8. CONCLUSION

In conclusion, we present compelling evidence that adenosine, a ubiquitous signaling
molecule, serves as an immune mediator exacerbating neuroinflammation by initiating
early astrocyte reactivity through A1 adenosine receptors (A1ARs). This process
contributes to the pathogenesis of sepsis-associated encephalopathy (SAE). To the best
of our knowledge, this is the first report of adenosine as a small molecule that induces
such early astrocyte reactivity via A1AR signaling. Furthermore, our findings provide novel
insights into the role of early reactive astrocytes, suggesting they act as drivers of
neuroinflammation rather than simply being secondary responders to reactive microglia.
Given that A1ARs are the most prevalent adenosine receptors in the brain and are also
expressed in other cell types, including pericytes, microglia, and oligodendrocyte precursor
cells, understanding their contribution to neuroinflammation could significantly advance
our knowledge of adenosine signaling in inflammation-related CNS diseases. This
understanding may lay the groundwork for future therapeutic strategies.
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