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1. Introduction

1.1. Neuroglial diversity in the nervous system

The brain is an extraordinarily complex organ, characterized by an intricate network of
highly specialized cells. Together, these cells mediate a wide range of processes,
collectively supporting the brain’s integrated activity and enabling its diverse functions.
Despite the extensive knowledge scientists have gathered about the central nervous
system (CNS), precise mechanisms by which these cellular networks coordinate and
regulate overall brain function remain incompletely understood. Nonetheless, it is evident
that complex interactions among different cell types are fundamental to these processes.
As a starting point, the neural tissue is often divided into two main types of cellular
components: neuronal and glial cells that show a 1:1 ratio when considering the whole
brain!2, however this can vary significantly across brain structures. Generally, neurons
are thought of as the basic information processing units of the system, highly specialized
in transmitting electrical impulses and are organized into complex network architectures
via synaptic connections®*. The composition of the neuronal population is extremely
heterogeneous and can be further divided into various subtypes based on morphology,
transmitter use, genetic expression profile and connectivity patterns®®. This diversity is
considered to be fundamental for allowing the intricate information processing
mechanisms to manifest within the neural circuitry, ultimately allowing the nervous
system to perform the multitude of tasks essential for survival and adaptation®!!.
Beyond the intricate network of neurons lies an equally sophisticated ecosystem
of non-neuronal cells, generally referred to as glia. Importantly, these glial cells also
contribute to information processing with distinct spatial and temporal characteristics,
while they work in close cooperation with the brain's vascular network to perform

12-14

essential metabolic and homeostatic functions'<'*. The three primary types of glial cells

consist of astrocytes, oligodendrocytes and microglia, which collectively contribute to the
diverse processes that keeps the CNS functional'*>~!8, Importantly, these cellular partners
bare distinct, yet highly interdependent roles communicating through a wide variety of

intercellular interactions, just as interesting and nuanced as ones observed between

17,19-21

neurons . Briefly, astrocytes are involved in metabolic support by influencing

22-24

extracellular ionic composition and neurotransmitter regulation®==*, while they are also



known to release neurotrophic factors promoting the genesis and maturation of other
cellular components?>2’. Oligodendrocytes are primarily recognized for their role in
myelination, the process of forming a protective myelin sheath around axons, facilitating
the rapid conduction of nerve impulses*®°. Beyond myelination, oligodendrocytes also
play crucial roles in maintaining neuronal health by providing metabolic and trophic

support essential for energy production in axons?!-*

. Microglia mainly serve as the brain's
resident immune sentinels working in close co-operation with other CNS-associated
macrophages located at the borders of the parenchyma, generating dynamic responses to
environmental cues or tissue disturbances®*7. While being pivotal in orchestrating
neuroprotective and inflammatory processes, they modulate cerebral blood flow and
possess important roles during development and homeostasis by regulating synaptic
connections and neuronal activity!31419-38,

Collectively, the glial population of the CNS is being more and more recognized
for playing crucial roles in the emergence and propagation of neurological disorders, with
a spotlight directed specifically on their importance in regulating central immune
responses>+***°, Despite the increasing attention focused on glial dysfunction, underlying
mechanisms and effective targets for therapeutic interventions are still lacking,
concerning many of the most detrimental neurological disorders such as Alzheimer’s
disease (AD), Parkinson’s disease (PD) and multiple sclerosis (MS), among others?’#!~
4 Evidently, the challenge of understanding diseases with such complexity lies not only

in deciphering the contributions of numerous individual components but also in

thoroughly mapping interactions at the systemic level in both health and disease.

1.2. Neuroimmune crosstalk and CNS-associated macrophages

Neuroimmunology is a rapidly evolving interdisciplinary field investigating interactions
between the nervous and the immune system with a special focus on its contributions to
physiological and pathological states®. While the CNS is segregated by diverse border
structures built up by specialized epithelial and endothelial cells which limit the access of
peripheral immune cells and blood-derived substances to the CNS parenchyma, it is far
from being an immune-privileged site. Interestingly, advances in the field revealed the
existence of unique bidirectional pathways between the CNS and the immune system. For
instance, the autonomic nervous system (ANS) innervates all primary and secondary

lymphoid organs such as the thymus, bone marrow, lymph nodes, spleen, tonsils, gut,



lungs, peritoneum and the mucosal tissue of the skin***>. Within these organs, efferent
parasympathetic fibers of the ANS were shown to release acetylcholine (ACh), which
binds to muscarinic and nicotinic receptors abundantly expressed on macrophages,
dendritic cells, T cells, and B cells. This activation in turn can inhibit cytokine production

4446 Apart from cholinergic immune

and promote anti-inflammatory processes
modulation, sympathetic post-ganglionic fibers can also release norepinephrine (NE),
which acts on o and B adrenergic receptors (ARs) and can bidirectionally modulate
immune cell responses®. Furthermore, NE is also released into the blood stream from
sympathetic nerve terminals and the adrenal medulla during stress and other conditions,
from where it indirectly modulates blood and lymph flow, inflammatory cell recruitment,

4748 Additionally, afferent parasympathetic

and leukocyte production in the bone marrow
fibers, primarily those of the vagus nerve can detect pro-inflammatory cytokines like IL-
1B and relay this information to the brain in order to coordinate systemic immune
responses*®. Notably, neuroimmune signaling also involves the circumventricular organs
(CVOs), which are characterized by fenestrated capillaries that allow cytokines and
pathogen-associated molecular patterns (PAMPs) to access the CVO parenchyma®->!.
Specialized glial cells within CVOs highly express receptors for these molecules, and
their activation triggers neuroinflammatory responses while also modulating brain
circuits mediating sickness behavior, fever, and neuroendocrine regulation*->°. Upon
activation, these cells also produce and release cytokines into the blood stream which can
influence peripheral immune response through humoral routes®. Apart from CVOs,
immune regulation is also present at the borders of the CNS, where it is mediated through
various myeloid cells including specialized macrophages, mast cells and dendritic cells
(DCs)*#*2, Importantly, all of these cells express characteristic, myeloid-specific markers
(IBA1, F4/80 or EMR1, CX3CR1, MerTK, CD11b/c) and are the primary immune-
sentinels of these regions performing surveillance, remove cellular debris and maintain
local cellular integrity®®. They reside in areas within the choroid plexus, meninges and
the subarachnoid space, and are instrumental in regulating the transduction of immune
signals between the periphery and the CNS3%33->4, Fate-mapping studies revealed that both
meningeal and perivascular macrophages form a long-lived, self-renewing population,

which originate from yolk sac progenitors early during development®. In contrast,

choroid plexus cells - known as epiplexus cells — were shown to have a dual origin: while

10



its primary population originates from the yolk sac, a substantial portion is continuously
replenished by bone marrow-derived monocytes>>¢. Collectively, these cells are heavily
involved in guarding the health of the CNS at its borders and respond to any tissue

disturbance or pathogens with protective and restorative functions®>36-5%57

. For instance,
perivascular macrophages participate in the removal of amyloid- (AB) from the CNS
and maintain BBB-integrity through preserving the health of endothelial cells, while also
regulating capillary stability and vascular constriction®®. Choroid plexus-resident
macrophages among monocytes, mast cells and DCs were suggested to promote anti-
inflammatory states for leukocytes during immune cell trafficking towards the CNS and
promote recovery after injury®. Meningeal macrophages were shown to mainly perform
as sentinels for infection or tissue disturbance by surveying the cerebrospinal fluid (CSF)
and meningeal blood vessels, while they can either acquire anti- or pro-inflammatory
phenotypes to regulate immune responses?®. In line with this, genetic alterations of key
myeloid genes or disruption of myeloid-neuron interactions results in the severe
impairment of memory-related functions and social behavior, highlighting their

importance in CNS homeostasis®®>’

. Importantly, these CNS-associated macrophages
function in close cooperation with probably the most investigated, sole myeloid

population situated within the brain parenchyma, called microglia®’.

1.3. Microglia, the resident immune sentinel of the CNS
parenchyma

Microglia are tissue-resident macrophages colonizing the brain during early embryonic
development®®%° and are fundamental in orchestrating central immune responses, among
several other important roles. Microglia represent ~5-15% of CNS-resident cells, and
their myeloid identity was already suspected by Pio del Rio Hortega who first described
this cell type in 1918. Studies since then revealed that microglia are derived from
erythromyeloid progenitors (EMPs) originating from the yolk-sac at embryonic day 7.5-
8 (E7.5-8) in mice™®, Several key molecules have been implicated during the
development of microglia, such as DNAX-activation protein 12 (DAP12), interferon
regulatory factor 8 (IRFS), transcription factor PU.1 and runt-related transcription factor
1 (RUNXI1), colony-stimulating factor 1 (CSF1) and transforming growth factor beta
(TGF-B)>*°, Within the developing human brain, microglia progenitors can be detected

as early as 3 weeks during gestation, colonization of the spinal cord begins after 9 weeks
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and after 22 weeks microglia are widely distributed within the intermediate zone®!. After
differentiation and rapid proliferation, microglia populate the entire CNS forming a self-
renewing, long-lived cellular population. In particular, neocortical microglia in mice
showed a turnover rate of 26% per year with a median lifetime well over 15 months,
meaning that approximately half of the microglia population persists through lifetime$263,
Similarly, the turnover in humans showed a median rate of 28% a year with an average
lifetime of 4.2 years, while individual microglia can last potentially for decades®.
Importantly, other monocytes can be recruited to invade the brain parenchyma in special
conditions such as during CNS inflammation or when the microglial niche is
compromised. In line with this, studies emphasize the remarkable self-renewing
capabilities of microglia after genetic ablation, as they can rapidly proliferate and
repopulate the whole brain (within ~5 days) from clusters of highly proliferative cells,
independently from peripheral bone-marrow-derived myeloid cells®*. While the number
of microglia remains remarkably steady throughout life, they represent an extremely
heterogenous and dynamic population with diverse functional adaptations across different

contexts such as development, aging, health and disease® 3.

1.4. The microglial sensome

In order to fulfill their role as immune sentinels and homeostatic regulators, physiological
microglia display a unique transcriptomic profile often referred to as microglia ‘signature
genes’ or the microglial ‘sensome’. This includes a multitude of surface receptors which
control the phenotypic identity of microglia, mediate interactions with other CNS
constituents and enable the detection of tissue disturbances like the presence of pathogens,
toxins, injured cells and cellular debris®®~7!. The main signaling mechanism suggested to
maintain a mature microglia population involves CSFI1R and its ligands CSF1 and
interleukin-34 (IL-34) as knockouts of this pathway lead to the dramatic reduction of
microglia among other tissue macrophages’>’®. Of note, CSF-1 is mainly produced by
oligodendrocytes and astrocytes, while IL-34 is produced by neurons, highlighting the
importance of other CNS constituents shaping microglia identity’*. Transforming growth
factor B (TGF-P) and its microglial receptor TGF-BR2 is another key signaling pathway
which promotes homeostatic microglial states and prevents excessive activation and
inflammatory responses’®. In addition, several other core microglial pathways exist that

have marked impact on microglial states. For example, fractalkine signaling through
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CX3CRI plays a key role in shaping microglia phenotype, involved in microglia-neuron
interactions promoting neuroprotection and survival, while also mediating cell migration,
cytokine secretion, adhesion, apoptosis and phagocytosis both during development,
homeostasis, and upon injury”>~’8, The lysosomal cysteine protease Cathepsin S (Ctss or
CatS) is also widely expressed and released by microglia upon injury or by elevated
extracellular ATP levels and liberates soluble fractalkine from neurons, creating a
feedback loop for CX3CRI promoting the release of inflammatory mediators”-,
Importantly, CX3CRI1 is abundantly and selectively expressed in microglia, which
enables the wide use of this receptor as a promoter to investigate or manipulate microglia
functions’®. Triggering receptor expressed on myeloid cells 2 (TREM2) is predominantly
expressed in microglia and its role is widely investigated, particularly due to its
involvement in AD. TREM2’s primary function in microglia is mediating phagocytosis,
particularly regarding the clearance of AP and apoptotic neuronal debris by enhancing
microglial uptake capabilities®!**, TREM2 also plays a vital role in promoting microglial
survival and metabolic adaptation, particularly under the stress of neurodegenerative
processes, as it has been shown to maintaining metabolic fitness in microglia, enabling
them to respond effectively to pathological cues®!. G-protein-coupled receptor 34 (Gpr34)
through its ligand lysophosphatidylserine (LysoPS) is involved in mediating immune
responses and phagocytic behavior, sensing and responding to myelin debris by
promoting the expression of proinflammatory cytokines®>#¢. Purinergic P2Y 12 receptors
are Gi-coupled receptors activated by nucleotides like ATP/ADP and are also
predominantly expressed in microglia’. These receptors play a central role in shaping
microglia phenotype and function, as they are involved in a multitude of microglial
interactions with other CNS constituents including neurovascular coupling, monitoring
neuronal states through somatic junctions and detection of injured or infected
cellg!® 18198789 " Fyrthermore, P2Y12 receptors are widely investigated for regulating
chemotactic responses, which involves the directed movement of microglia processes
towards injured sites or elevated extracellular ATP levels®®’!. Similarly to P2Y12R,
Transmembrane protein 199 (Tmem199) is an evolutionarily conserved microglia-
specific marker also found in humans, while in contrast to P2Y12 it does not
downregulate in pathological states, such as in AD%2. Cystatin C (Cst3) and

hexosaminidase subunit B (Hexb) are also recognized as stable microglial markers across
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diverse physiological and pathological states implicated in protease inhibition and
lysosomal function. Importantly, Cst3 is upregulated in patients with MS, while heritable
Hexb deficiency results in Sandhoff disease®°. Collectively, this complex ‘sensome’
enables microglial states to be spatially and temporally dynamic while performing a wide
range of adaptive responses to environmental cues, ultimately resulting in a diverse
phenotypic landscape®7%7!, Importantly, microglial heterogeneity is commonly observed
across different brain regions, age and sex groups, while also being influenced by

97,98

circadian rhythm, peripheral cues such as microbiota’’~”® or by a wide array of systemic

diseases and pathological states”.

1.5. Functional diversity of microglia

Within physiological conditions, fully matured microglia show a ramified morphology
and perform micro-movements with their highly motile processes (1-2 pm/min),
constantly surveying their micro-environment®!. Importantly, a minor subset (~5%) of
microglial cell bodies can also dislocate and migrate through the brain parenchyma,
however this process — depending on brain region — typically occurs at a much slower

rate (1-2 pm/h) relative to process motility®>1%2

. Since microglia in undisturbed
conditions are evenly distributed within the tissue forming an almost crystal-like
topology, this form of scanning behavior is estimated to enable the microglia population

to scan the entire brain parenchyma within hours!®,

These sophisticated process
movements require cytoskeleton remodeling through bundling and membrane ruffling,
including the functional cooperation of surface receptors and ion channels such as
P2Y12R, P2X4R, P2Y13R, CX3CRI, adenosine receptor and the tandem pore-domain
halothane inhibited K+ channel (THIK-1)'"192, Importantly, THIK-1 is posited to be
tonically active, setting microglia membrane potential and maintaining ramified
morphology during surveillance, while purine and fractalkine receptors are possibly
involved in guiding directed movements upon activation by local cues!'®?. During these
seemingly randomized process movements, microglia have been shown to contact,
monitor and influence almost all CNS constituents including cells within the cerebral
vasculature, astrocytes, oligodendrocytes, synaptic junctions and neuronal soma at
specialized contact sites. In particular, microglia form cell-cell contacts with all the
cellular components of the neurovascular unit (NVU), such as perivascular macrophages,

13,89,103-105

pericytes, endothelial cells, astrocytes and neurons Importantly, these
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microglia-NVU contacts have been shown to influence cerebral blood flow, hypercapnia-
induced vasodilation and neurovascular coupling in a P2Y12R mediated manner, while
the CX3CL1-CX3CRI1 pathway is involved in modulating capillary constriction. These
microglia-mediated mechanisms are vital for maintaining the metabolic needs - including
glucose and oxygen - of CNS constituents.

Interestingly, direct contacts with neurons are posited to form dynamically in a
compartment-dependent manner'®. This is supported by the fact that neurons have an
extremely elaborate three-dimensional morphology with functionally segregated
compartments such as the somatic region, the axonal region and the axon initial segment
(AIS), dendritic regions and synaptic elements. Since these compartments have distinct
roles in neuronal signaling which involve different metabolic and regulatory needs, it is
likely that microglial contacts at these sites are also compartment-specific. For instance,
microglial contacts formed at neuronal somatic regions are called ‘somatic junctions’,
which represent an interface for microglia to monitor neuronal states through
mitochondria-related messenger molecules®®. Microglia can detect and respond to
changes in mitochondrial function like metabolic imbalance, oxidative stress,
inflammation, cellular injury or cell death!°%!97, Importantly, these microglia-neuron
contacts also rely on P2Y12R signaling, as disruption of this purinergic pathway results
in the reduction of somatic junction prevalence, which was correlated to increased infarct
volumes after acute brain injury induced by experimental stroke®. Contacts formed at
synaptic elements are possibly the most heavily investigated, with direct membrane-
membrane interactions between microglial processes, synaptic boutons and spines!%1%,
Microglia form contacts both with glutamatergic and GABAergic synapses and were
shown to be involved in the elimination of silent synapses and in activity-dependent
synaptogenesis during development and in adulthood!'!*!!!, In addition, direct microglia-
dendrite interactions were shown to induce filopodia formation'!2, The AIS together with
more distal axonal regions including the nodes of Ranvier also receive microglial contacts
that were shown to influence output signals and promote myelination!!*-!!5, Importantly,
microglia through these diverse connections are not only monitoring, but also influencing
neuronal activity, as it has been demonstrated that microglia can control mitochondrial
function, synaptic activity, depolarization and neuronal synchrony®®!1>!16 Apart from

direct interactions, microglia and neurons also communicate through a wide range of
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soluble substances such as neurotransmitters (GABA, glutamate), interleukins (IL-1p, IL-
10), fractalkine, purine nucleotides (ATP, ADP, adenosine), brain-derived neurotrophic
factor (BDNF) and tumor necrosis factor alpha (TNF-)!%2-117-119 Microglia are also
posited to communicate with neurons through intermediate cells including astrocytes and
cells within the NVU, or even through the interaction of different organ systems including
peripheral nerves via neuronal and humoral routes or by interactions through the gut-brain

aXiSIS,97,105,120,121

. Collectively, these microglia-neuron interactions were shown to be
pivotal during development in regulating neurogenesis, cell differentiation and migration,
synaptogenesis, synaptic remodeling, and removal of apoptotic or excess neurons and

synapses!227126,

1.6. Context-dependent changes in microglial phenotypes

Since homeostatic microglia are constantly surveying the brain parenchyma, changes in
environmental cues due to trauma, injury, infection or disease are quickly integrated
through the microglial sensome resulting in functional and phenotypic microglial

transformation*499-127.128

. Historically, microglial phenotypic states were categorized
rigidly by imposing a dichotomic view, which only distinguished ‘pro-inflammatory’ or
‘anti-inflammatory’, ‘activated’ versus ‘resting’, ‘ameboid’ or ‘ramified’, and M1 versus
M2 phenotypes. Importantly, recent high-throughput transcriptomic and single-cell
studies have revealed that microglial phenotypes form a multidimensional and context-
dependent spectrum, rather than conforming to simple binary or static states'3>!33, To this
end, traditional dualistic views are now considered to be outdated, as they do not reflect
properly the diversity of microglial phenotypes. Instead, microglia display a diverse array
of activation states, with overlapping gene expression profiles that reflect the complexity
of their responses to the CNS microenvironment!3?-134 For example, the Human
Microglia Atlas (HuMicA) has identified that multiple homeostatic and reactive
microglial subpopulations coexist in the human brain, each characterized by distinct gene
signatures and functional properties!'®. Importantly, this microglial heterogeneity is
influenced by region-specific cues, developmental stage and disease context, resulting in
unique transcriptomic and functional profiles across different CNS compartments and
states!3%133, Additionally, microglia also undergo distinct transcriptional changes during
development, aging, and in response to pathological insults, with gene clusters associated

with proliferation, synaptic pruning, immune surveillance, and inflammation being
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differentially regulated at each stage!3*

. While morphological changes - from highly
ramified to amoeboid forms - often accompany these functional transitions, these features
are also considered to be part of a broad morpho-functional continuum, rather than
discrete activation categories!3*!34, ITmportantly, microglial phenotypes are not terminally
locked into these states, as they can reversibly shift in response to evolving environmental
signals, which is ultimately governed by intricate epigenetic and transcriptomic
regulation. Consequently, microglial phenotypes in response to trauma, injury, infection
or disease are extremely heterogeneous and strongly depend on the pathological context
with a wide array of transcriptomic, proteomic and morpho-functional characteristics'®*.
Furthermore, it is increasingly evident that phenotypic states are not fixed or clearly

defined categories, as microglial phenotypes can change more freely and fluidly within a

multi-parameter space of states.

1.7. Injury-induced central neuroimmune responses

Acute injury can induce radical changes in environmental cues within the brain
parenchyma, which is usually divided into primary/acute and secondary/delayed
phases!'3®137, The primary phase of injury involves the immediate mechanical damage to
the brain, leading to a localized necrotic area of neuronal and glial cells paired with the
rapid accumulation of cellular debris within minutes at the lesion site!3”. In addition, CNS
injury is often paired with BBB disruption, allowing the leakage of circulating molecules
into the brain parenchyma followed by vascular activation and the infiltration of
peripheral immune cells!3®13°, Consequently, the secondary phase of injury constitutes
biochemical, cellular and physiological events that are initiated during the primary phase
of the injury. Depending on the severity of the insult, these processes can last potentially
from hours to years and may result in gliosis, scar formation and a prolonged immune
response'®’. Within this phase, a series of biological processes are triggered which
ultimately result in necrosis, ischemia, excitotoxicity, apoptosis, edema, and

140-142 Necrosis is considered to be an uncontrolled form of cell death

inflammation
which typically occurs at the core of injured sites due to severe tissue damage and energy
failure, resulting in cell swelling, plasma membrane rupture, and the release of damage-
associated molecular patterns (DAMPs)!4. Additionally, necrotic processes also affect
peri-lesioned sites by the rapid diffusion of these injury-related soluble factors!36-144.145,

Ischemic events typically result from insufficient oxygen and glucose supply which
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disrupts the energy metabolism of cells, eventually causing ATP depletion and
mitochondrial failure, ionic imbalance, depolarization, and an excessive release of
glutamate into the extracellular space'®. Consequently, elevated glutamate
concentrations overstimulate extrasynaptic NMDA receptors on neurons leading to
massive Ca?" influx (excitotoxicity), triggering signaling pathways that activate pro-
apoptotic proteins and the programmed death of neurons'#. Importantly, necrotic cells
release a broad mixture of DAMPs rapidly and passively due to membrane rupture, which
include ATP, histones, heat shock proteins, extracellular RNAs (exRNAs) and high
mobility group box 1 (HMGBI). In contrast, apoptotic cells release DAMPs in a
regulated, stage-dependent manner which also includes ATP, HMGBI, histones and
exRNAs, which can modulate immune responses differently!#%14%, Microglia can rapidly
sense DAMPs through purinergic receptors and TLRs, which signaling pathways are vital
in orchestrating the inflammatory response!>°.

Within these conditions, the homeostatic state of microglia characterized by
ramified morphology and surveillant behavior can quickly transform near the affected

tissue and acquire reactive phenotypes!>!

. This activated state is often characterized by
transitioning into an amoeboid morphology paired with process polarization and cell body
migration towards injured sites®®. The injury-induced, directed process motility have been
shown to be guided by purinergic signaling (specifically P2Y12R) and involve the co-
operation of astrocytes!®!43, In particular, it has been demonstrated that P2Y12R is
widely expressed in homeostatic microglia, while gradual loss of P2Y 12R correlates with
transformation from ramified to an ameboid morphology. Along these lines, P2Y12R
knockouts do not respond with process extraction to the presence of exogenous
nucleotides (ATP) either via directly applied or released after focal laser ablations®93:133,
Subsequently, activation of P2Y12 receptors have been shown to potentiate THIK-1
activity resulting in reduced branching, activation of the inflammasome and the release
of pro-inflammatory cytokine IL-1B!%2. In addition, the presence of other DAMPs
including cellular debris, and reactive oxygen species (ROS) are integrated trough the
microglial sensome and can trigger the release of other mediators promoting
inflammation such as TNF-a, IL-6, IL-12, interferon-y (IFN-y), inducible nitric oxide
synthase (iNOS) and proteolytic enzymes (MMP9, MMP3)!44, These factors are posited

to ultimately promote neurotoxic processes and exacerbate the damage after injury!'#>.
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Along these lines, several studies demonstrated that TNF-a, IL-6 and IL-1f expression
increases during aging, which correlates well with the commonly observed increased
vulnerability to CNS injury in adult individuals'#¢-1*¥, Conversely, microglia within the
same injured environment can also acquire reactive phenotypes releasing anti-
inflammatory substances like IL-10, the IL-1 agonist IL-1ra, BDNF, TGF-p, insulin-like
growth factor (IGF1) and vascular endothelial growth factor (VEGF) which are posited
to promote tissue repair and facilitate the resolution of inflammation'#-!%°, Based on these
results, reactive microglial phenotypes were historically considered to be dualistic in their
nature, as they seem to both promote and decelerate the resolution of inflammation after
tissue disturbance!#+14-150 As stated above, such dichotomic views of ‘detrimental’ or
‘beneficial® microglial states are becoming outdated, as recent studies emphasize that
different microglial phenotypes coexist as dynamic and plastic responders to
environmental cues'*¢. Of note, the release of pro-inflammatory agents after the acute
phase of the injury is necessary for the recruitment of immune cells to protect against
invading pathogens and for the elimination of tissue debris, while anti-inflammatory
factors can ultimately downregulate the immune response upon the hiatus of such cues,
promoting regeneration and preventing excess inflammation'*°, Importantly, it is still not
well understood how exactly these microglial states are coordinated by intrinsic
transcriptomic processes and injury-related external signals, and in turn, how they

influence the activity of other CNS constituents.

1.8. Invention and evolution of acute brain slices

In the 1950s and 1960s Mcllwain and colleagues demonstrated through a series of seminal
experiments that viability and electrophysiological properties of neurons can be
maintained within isolated brain slices'>!!*2, Their legacy later on became one of the
cornerstones of neuroscientific research by contributing significantly to our current
understanding of processes ranging from nanoscale events to complex neuronal
circuits® 136158 Tnitially, Mcllwain and his collaborators pioneered both manual and
mechanical methods for preparing viable brain slices, including the invention of the
Mcllwain tissue chopper. In addition, they developed an integrated apparatus comprising
a slice chamber, perfusion system and thermostat, which allowed for the maintenance of
tissue viability during measurements!6!:162166 These advancements have laid down the

foundation of acute slice experimentation and facilitated the combination of different

19



techniques for investigating cellular processes within isolated tissues!6%163

. Later on,
numerous iterations in slice preparation methods were introduced, which further
enhanced the viability of cells by mitigating injury-related alterations during tissue
isolation. One of these novel methods involved ice-cold (~0—4°C) transcardial perfusion
prior to brain extraction and slicing!>®, which reduces the metabolic demand of cells and
slows down enzymatic processes. Consequently, ice-cold artificial solutions were also
utilized during tissue sectioning to minimize the extent of ischemic injury and preserve
cellular energy stores. After the slicing procedure, tissue sections are transferred into an
incubation chamber containing physiological temperature solutions (~34-37°C) to
support recovery and function!6>!%°, Importantly, while ice-cold solutions have been
shown to be beneficial for cellular viability, subsequent studies indicated that they alter
the ultrastructure, molecular composition and density of synaptic elements, often leading

817183 To this end, cutting solutions heated to physiological

to synaptic sprouting
temperatures have been utilized specifically to study synaptic mechanisms and
demonstrated several advantages over ice-cold solutions, including higher release

163,164 Another critical

probability and better preservation of synaptic processes
advancement was the introduction of protective cutting and recovery solutions in which
sodium ions (Na*) are partially or fully substituted with alternative ions such as sucrose
or N-methyl-D-glucamine (NMDG)!'6>1%:172 The aim of this technique is to reduce
excitotoxicity by limiting sodium-dependent depolarization and glutamate release during
slicing, while also preserving osmotic balance and preventing edema!®®. Adjusting the
concentrations of divalent cations, specifically by shifting magnesium (Mg?**) and
calcium (Ca?") levels is another strategy which was developed to protect neurons during
slicing. Within this medium, elevated Mg** concentrations can block NMDA receptor-
mediated excitotoxicity, while carefully balanced Ca** levels are essential for maintaining
synaptic transmission without exacerbating calcium overload!’!. In addition to ionic
modifications, the incorporation of antioxidant and volume-regulating compounds into
cutting and recovery solutions has further enhanced slice quality. Antioxidants were
shown to mitigate oxidative stress generated by ROS during tissue trauma, while volume-
regulating agents help to maintain cellular osmolarity and prevent swelling!63:174,

In addition to improvements in slice quality, the popularity of acute slice

experimentation was further facilitated by its ease of integration with other advanced
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experimental techniques. For example, high-density multielectrode arrays (HD-MEAs)
enabled simultaneous recording from hundreds to thousands of neurons with high spatial
resolution, allowing detailed analysis of synaptic activity and network dynamics within
specific brain regions'®®>. These arrays capture complex spatiotemporal patterns of
neuronal signaling that were previously inaccessible using traditional single-electrode
methods. Multi-slice recording systems increased experimental throughput by permitting
parallel electrophysiological recordings from multiple slices, thereby facilitating
comparative studies across different brain areas or experimental conditions!'¢%1¢7,
Alongside these developments, optogenetic tools also revolutionized ex vivo
experimentation by allowing precise, cell-type-specific control of neuronal activity
through genetically encoded light-sensitive proteins!®®!%°. When combined with
advanced optical imaging and stimulation techniques like structured illumination
microscopy using multi-mirror devices (MMD), optogenetics enabled high-throughput,
all-optical interrogation of cellular and circuit mechanisms, alongside other physiological
processes!®®. Moreover, acute brain slices provided an ideal platform for pharmacological
investigations due to their accessibility and controlled environment. The ability to apply
pharmacological agents directly to the perfusion medium allowed precise temporal and
concentration control over drug exposure, facilitating detailed studies of receptor
function, synaptic modulation, and network pharmacodynamics'’®. The ease of
pharmacological manipulation combined with advanced recording and stimulation
techniques have greatly enhanced the utility of slice preparations for dissecting the

molecular and cellular mechanisms underlying neuronal function.

1.9. Slice preparations as models for studying microglia

Initially developed to investigate neuronal circuits, acute brain slices have become
increasingly valuable for microglia research over the past decades. A key advantage of
slice preparations is that they preserve much of the native tissue architecture and local
cellular microenvironment, which allows detailed investigation using advanced
techniques such as optogenetics, high-resolution imaging, electrophysiology, and direct

175-177

pharmacological manipulation . As mentioned above, microglial behavior and

identity are strongly influenced by the environment and interactions with other CNS

75,178

constituents . While in vivo models provide the most intact environmental context —

including systemic influences like blood flow and immune signaling — acute slice
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preparations offer a balance between preserving these features and enabling increased
experimental control and reproducibility!’®!”. In particular, acute slices allow precise
regulation of the extracellular environment, direct drug application, and simultaneous
multimodal measurements. These advantages facilitate detailed, time-resolved studies of
microglial morphology, electrophysiology, gene expression, and interactions with
neurons and other glial cells!3H!131-183 Other ex vivo methods, including primary and co-
cultures, organoids, and microglia-like cell lines also provide advanced experimental
control, however, microglial phenotypes in these models tend to diverge further from

173,175,176 Recent

homeostatic signatures compared to those in slice preparations
transcriptomic-level comparisons between organotypic slice-resident, glial culture-
resident, and acutely isolated microglia demonstrate that homeostatic signature genes
correlate more closely with the in vivo state in slice preparations!’>!74, This is likely due
to the preservation — at least partially — of the original CNS architecture and critical cell-
cell interactions, such as CSF-1, IL-34, cholesterol, TGF-2, CX3CLI1, and CD22 that
are necessary for maintaining microglial homeostasis’. To this end, studies using slices
to investigate microglia in pathological contexts often emphasize that baseline behavior
and disease-related functions correlate well with in vivo observations!”’~'82. However,
significant differences between ex vivo and in vivo microglial states are also
recognized'31-187-189,

Despite the well-known sensitivity of microglia to environmental changes, only a
limited number of studies have systematically examined how slice preparation itself
affects baseline microglial behavior. Acute slices inherently contain numerous injury-
related cues, including dead or dying cells, cellular debris, elevated extracellular
purinergic nucleotides, blood-brain barrier disruption, and increased pathogen
presence!”7!%0, Transcriptomic analyses show that organotypic slices immediately after
preparation exhibit rapid increases in pro-inflammatory markers such as neurofilament H
(NF-H), IL-6, and TNF-a, alongside upregulation of microglial inflammatory signatures
including CD45, CD44, and CD68, as well as increased autofluorescence!”*!'7*. These
findings indicate a robust inflammatory state, where microglial phagocytic activity is
elevated due to apoptotic cells and debris. The duration and extent of these injury-induced

alterations remain unclear. While the inflammatory state subsides only after weeks in

culture, neurodegenerative markers and structural degradation begin to appear after
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177

approximately three weeks'’/. Microglial function is heavily regulated by purinergic

signaling via extracellular ATP, which is anticipated to increase significantly following
tissue injury due to the passive release of nucleotides from damaged neurons®°!:101,
Additionally, acute slices show downregulation of microglial P2Y12 receptors,
astrogliosis, mitochondrial dysfunction, morphological changes, and microglial
migration within 1-2 hours post-preparation!?%183-18¢ Microglia are highly motile cells
that respond rapidly to tissue disturbances by extending processes and migrating toward

%091 "To this end, acute slice preparations are widely used to study these

injury sites
mechanisms since they allow real-time imaging of microglial responses to various
stimuli. Many studies induce localized injury via focal laser ablation or pharmacological
agents such as ATP or LPS!°!, While these methods provide a well controlled induction
of injury signals, they are only additional to the baseline injury signal initially introduced
by the slice preparation itself. Changes may also impact network organization and
neuronal synchrony, since microglia are well known to regulate network architecture and
neuronal activity with diverse roles at synapses and neuronal somata!®. Based on this, it
is plausible that microglia can dynamically influence synaptic remodeling under these
conditions. Of note, synaptic sprouting is commonly observed in acute slices!?*12,
Taken together, environmental factors inherent to acute slice preparations are likely
to profoundly influence microglial phenotypes and in turn, impact network organization
and functioning, which processes remain insufficiently characterized. Moreover, acute
slice experiments employ a wide variety of methodologies, with each laboratory using
distinct tools, solutions and protocols, whose effects on microglial states are largely
unknown. Therefore, a systematic, time-resolved characterization of microglia residing
in acute slices, including the mechanisms underlying injury-induced activation and the

resulting alterations in network function, is essential to accurately interpret and

contextualize findings derived from these preparations.
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2. Objectives

2.1. Establishing a standardized acute slice time-series
paradigm

The first objective was to develop a rigorously controlled protocol for slice preparation
and incubation, with tissue fixation at well-defined time points. This standardization
aimed to minimize artefacts from methodological variability and ensure consistency
across experiments. To test the generalizability of certain methodological impacts, we
also included modified protocols and invited independent laboratories to contribute tissue
samples prepared with their native methods. All samples underwent identical post-
fixation processing and blinded analysis to assess how different methodologies influence

microglial responses.

2.2. Time-dependent characterization of microglial phenotypes

Using this framework, we aimed to perform detailed, time-resolved profiling of injury-
induced microglial changes. Time lapse or z-stack confocal imaging of fluorescent
microglia (CX3CR1"6F?) was planned to capture spatiotemporal dynamics, cell body and
process distribution, migration to injury sites, and purinergic (P2Y12R) receptor
expression via quantitative immunofluorescent labeling. We monitored multiple brain
regions and developmental stages to account for region- and age-dependent variability.
Additionally, time-dependent single-cell electrophysiology was employed to correlate
morphological changes with possible alterations in ion regulation and membrane

properties.

2.3. Investigating mechanisms underlying phenotypic changes

Our third goal was to explore signaling pathways regulating injury-induced microglial
transitions. We utilized genetic knockout models of mice lacking microglia-specific
receptors (P2Y12R, CX3CR1) or applied their selective pharmacological antagonists
(PSB 0739, AZD 1283). To study extracellular purinergic signaling, we developed a
novel transgenic mouse expressing the sensitive GRABatp fluorescent sensor
(ATP1.02Velut)y or delivered the sensor via viral vectors (AAV9-hsyn-cATP1.0) into

microglia-labeled mice strains (CX3CR1-cre/tdTomato). These approaches allowed
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simultaneous monitoring of microglial behavior and purinergic dynamics, including the

effects of receptor antagonism.

2.4. Assessing microglial impact on network architecture and
synchrony

Finally, we investigated whether microglial activity in acute slices influences synaptic
connectivity and neuronal synchrony. Given that microglia are well known regulators of
synaptic elements, we investigated via quantitative immunofluorescent labelling whether
microglia could also influence synaptic sprouting, a phenomenon which regularly occurs
in acute slice preparations. Using P2Y12R and CX3CRI1 genetic knockout mice and
microglia-depleted wild-type mice (via PLX3373 or PLX5622), we also aimed to
elucidate whether microglia might contribute to the spontaneous emergence of neuronal
synchrony by performing simultaneous electrophysiological recordings in hippocampal

slice preparations.
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3. Methods

3.1. Experimental animals

In the studies used for this thesis the following mice strains were used: CX3CR1*/6FP,

CX3CRI17" (knockout), P2Y127, NKCC1", CX3CR1-cre/tdTomato, ATP1.02Velutl or
C57Bl1/6] as control groups. In all experiments male mice were used, except for data
presented in Figure 12, Figure 13 and Figure 14b, where both genders were used in order
to obtain sufficient animal numbers from littermates. Mice were kept in the vivarium on
a 12-hour light/dark cycle and provided with food and water ad libitum. Temperature was

22 +2 °C paired with 50 + 10% humidity. Animals were housed 2-3/cage.

3.2. Standardized protocol for slice preparation, incubation
and fixation

To prevent bacterial contamination, all instruments and containers used for slice
preparation and incubation were thoroughly cleaned with 70% ethanol and rinsed with
distilled water before and after each experiment. For acute brain slice preparation, mice
were deeply anesthetized with isoflurane and decapitated. The brains were quickly
removed and placed in an ice-cold, carbogenated (95% O2/5% CO-) cutting solution for
at least 30 minutes prior to use, containing (in mM): 205 sucrose, 2.5 KCl, 26 NaHCO:s,
0.5 CaClz, 5 MgClz, 1.25 NaH:PO., and 10 glucose. Horizontal hippocampal slices
(300 um or 450 um for LFP recordings) were cut using a Leica VT1000S vibratome, with
the interval from decapitation to fixation / placement in the incubation chamber kept
within 5-10 minutes. After slicing, tissues were transferred to an interface-type chamber
with standard ACSF (in mM: 126 NaCl, 2.5 KCl, 26 NaHCOs3, 2 CaClz, 2 MgCls, 1.25
NaH:zPOs, 10 glucose; saturated with 95% 02/5% CO-) at 35 °C, which then cooled to
room temperature. Slices were supported by rectangles of sterile lens cleansing tissue
(Whatman) placed on a nylon mesh, allowing oxygenation of the tissue from the
humidified and saturated air above. At designated time points, slices were immersion-
fixed in 4% PFA for 1 hour. For experiments involving PSB-0739, both cutting and ACSF
solutions contained 10 pM PSB-0739. For perfusion fixation, mice were anesthetized and
perfused transcardially with 0.9% NaCl for 1 minute, then 4% PFA in 0.1 M phosphate
buffer for 40 minutes, followed by a 10-minute wash with 0.1 M PB. Brain regions

including the somatosensory cortex and ventral hippocampus were dissected and
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sectioned horizontally using a Leica VTI1200S vibratome at 50um for
immunofluorescence and 100 um for automated morphological analysis. Invited
laboratories who donated slice preparations used the following slice preparation
protocols:

Lab #2: deep isoflurane anesthesia; ice-cold, NMDG-based, HEPES-buffered
cutting solution (135 NMDG, 10 d-glucose, 4 MgCl,, 0.5 CaCl,, 1 KCl, 1.2 KH,PO4, 20
HEPES, 27 sucrose saturated with 100% O.); incubation: interface-type chamber filled
with reduced sodium and sucrose ACSF solution (in mM: NaCl 85, d-glucose 25, sucrose
55, KCI 2.5, NaH2PO4 1.25, CaCl2 0.5, MgCl12 4, NaHCO3 26, pH 7.3-7.4 saturated
with 95% 0.-5% CO»).

Lab #3: deep isoflurane anesthesia; ice-cold, sucrose-based cutting solution (in
mM: NaCl 60, sucrose 100, KCI 2.5, NaH2PO4 1.25, NaHCO3 26, CaCI2 1, MgCI2 5,
d-glucose 20 saturated with 95% O>—5% CO»); incubation: submerge-type chamber filled
standard ACSF solution (in mM: NaCl 125, KCI 3.5, NaH2PO4 120, NaHCO3 26, CaCI2
2, MgCl2 5, d-glucose 15, pH 7.3-7.4 saturated with 95% 0>—5% COx).

3.3. Cross-sectioning and quantification of cell body/process
distribution

Acute brain slices (thickness: 300 um) were immersion-fixed with 4% PFA in 0.1 M
phosphate buffer solution at various time points: immediately after slicing (0 min), or
following 20 minutes, 1, 2, or 5 hours of incubation in an interface-type chamber. After a
fixation period of 1 hour, slices were washed in 0.1 M phosphate buffer, embedded flat
in 2% agarose, rotated by 90°, and then re-sectioned at 50 um using a Leica VT1200S
vibratome. The resulting sections were mounted on glass slides and coverslipped with
Aqua-Poly/Mount. Microglia expressing CX3CR1-GFP were visualized using a Nikon
Eclipse Ti-E inverted microscope equipped with a CFI Plan Apochromat VC x20 DIC
N2 objective (NA 0.75) and an A1R confocal system. Fluorescence was excited with a
488 nm laser, and image stacks at a resolution of 0.62 um per pixel were acquired using
NIS-Elements software. Maximum intensity projections spanning the full thickness of
each section were saved as TIFF files. Cell bodies were identified and masked in Fiji
using the “Analyze Particles” plugin, and these masks were subtracted from the original
images to isolate microglial processes. To validate volumetric measurements, the average

thickness of slices throughout the incubation period was assessed (meanz SD:
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262 +7 um), with no significant differences observed between groups (Kruskal-Wallis
test, p>0.05). For quantification, a grid dividing the section thickness into seven equal
zones was applied, allowing for the counting of cell bodies and measurement of
microglial process volume by integrated fluorescence density within each zone using Fiji.
Cell-body translocation was analyzed by recording the positions of cell bodies in Fiji and
measuring their distances from the bottom surface or the central Z-depth at both 0 min
and 5h. The sorted distance values from 0 min were subtracted from those at 5h to
determine the minimum distance each cell had to move to reach its final position. For
assessing process area coverage, images with masked cell bodies from slices fixed at
0 min and 5 h were binarized in Fiji, and the percentage of the area covered by processes

was calculated.

3.4. Z-stack acquisition and time-lapse imaging of microglia

Acute brain slices (300 um thick) were obtained from 80-day-old CX3CR1"/SFP mice as
previously described. Approximately one hour after slicing, z-stack images (1 pm
intervals) were captured using a Nikon C2 laser scanning confocal microscope with a x20
CFI Plan Apo VC objective (NA 0.75, WD 1.00 mm, FOV 1290.4 mm) at 488 nm, while
slices were continuously perfused with ACSF at 3 ml/min. Image stacks were acquired
every 20 minutes over a 6-hour period. Videos were processed using NIS Elements 5.00
and Imagel] 1.53f51. The same confocal system, paired with a x40 CFI Apochromat
Lambda S objective (NA 1.25, WD 0.18 mm, FOV 840 um), was used to monitor ATP
dynamics following ecto-ATPase inhibition with ARL 67156 (10 uM, Tocris) at a rate of
0.5 frames per second. To track ATP responses before and after secondary mechanical
injury, imaging was performed at x4 magnification (Plan Fluor objective, NA 0.13, WD
17.2 mm, FOV 3215.36 um) using a CoolLed pE-4000 light source and Hamamatsu
ORCA-Flash 4.0 camera. Secondary injuries were introduced manually with a sterile
blade, and imaging commenced within 1-2 minutes. For ATP visualization, the sensor
was either delivered via AAV injection into CX3CR1-cre/tdTomato mice, or slices were
prepared from ATP1.0AVglutl mice. The ages of animals used in these experiments

ranged from P19-20 to P69-99, as detailed in the figure legends.
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3.5. Automated morphological analysis

Acute slices harvested as described above underwent 1-hour immersion fixation after
designated intervals (0 min, 20 min, 1, 2, or 5 hours ) spent in the incubation chamber.
Following fixation, slices were washed in 0.1 M phosphate buffer (PB), embedded flat in
2% agarose blocks, and re-sectioned at 100 um thickness using a Leica VT1200S
vibratome (Fig. 1b). Sections from the middle region of incubated slices were immuno-
stained. To prevent tissue deformation, preparations remained free-floating during
imaging. Imaging occurred in 0.1 M PB using a Nikon Eclipse Ti-E inverted microscope
with a x60 water immersion objective (NA 1.2) and A1R confocal system, capturing
volumes at 0.2 pm/pixel resolution and 0.4 pm Z-steps. For 3D microglial morphology
analysis, we utilized the MATLAB-based Microglia Morphology Quantification Tool
(accessible at https://github.com/isdneuroimaging/mmgqt), which automatically derives
59 morphological parameters through 4 distinct analysis steps: 1: nuclei identification,

2: 3D skeletonization, 3: watershed segmentation, and 4: cell segregation.

3.6. Pre-embedding immunofluorescent labelling

Prior to immunofluorescent labeling, 50 pm-thick sections underwent sequential washes
in phosphate buffer (PB) and Tris-buffered saline (TBS). Sections were then blocked for
1 hour at room temperature in TBS containing 1% human serum albumin (HSA; Sigma-
Aldrich) and 0.03-0.1% Triton X-100. Primary antibody mixtures diluted in TBS were
applied overnight at room temperature, followed by TBS washes and subsequent
overnight incubation at 4°C with secondary antibody mixtures in TBS. After final TBS
and PB washes, sections were mounted on glass slides using Aqua-Poly/Mount. Imaging
was conducted on a Nikon Eclipse Ti-E inverted microscope equipped with a x60 oil
immersion objective (NA 1.4) and A1R confocal system. Imaging utilized 405, 488, 561,
and 647 nm lasers with line-serial scanning at 50 x 50 nm pixel resolution. Z-stacks were
acquired via NIS-Elements AR. Quantitative analysis involved at least two observers who
have been blinded to the origin of the data. For somatic contact assessment, cortical
regions were imaged using dual labeling of cell-type marker and a microglia marker (for
details see: Table 1). Cells were counted when fully contained within z-stacks, with
contacts defined by microglial processes touching >0.5 um of somatic surface without

gaps. Microglial process coverage was measured on 300 nm-step z-stacks: Kv2.1-positive
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cells were randomly selected, and contact area was calculated as (soma circumference X
section thickness) across slices. Synaptic contact analysis employed triple labeling (pre-
/post-synaptic markers + microglia). Pre- and postsynaptic channel thresholds were
adjusted in FIJI, with "fill holes" and "erode" applied. Automated particle tracking
identified synapses where pre- and postsynaptic puncta touched. A systematically random
subset was validated in original z-stacks, with microglial contact defined as processes

within 200 nm (4 pixels) of synapses.

3.7. Post-embedding immunofluorescent labelling

We adapted the method by Holderith et al.!® with minor modifications. Acute 300 um-
thick slices from CX3CR1"7f? mice were immersion-fixed at the given intervals. Fixed
slices were washed in 0.1 M phosphate buffer (PB) and 0.1 M maleate buffer (pH 6.0),
then treated with 1% uranyl-acetate in maleate buffer for 40 min (dark conditions). After
PB washes, slices underwent dehydration through an alcohol series and acetonitrile,
followed by embedding in Durcupan. Each block contained a full time-series from one
animal. Ultrathin sections (200 nm) cut with a Leica UC7 ultramicrotome spanned the
entire slice width and were mounted on Superfrost Ultra plus slides. Slides were heated
at 80 °C for 30 min, then oven-baked overnight. Sections were outlined with silicon
polymer, resin-etched with Na-ethanolate (5 min, RT), and rinsed through ethanol
gradients to distilled water. Antigen retrieval used 0.02 M Tris Base (pH 9) with 0.5%
SDS at 80 °C for 80 min. After TBST washes, blocking occurred in TBST with 6%
BlottoA, 10% NGS, and 1% BSA (1h), then primary antibodies in blocking solution
(overnight, RT, agitation). Secondary antibodies in TBST/25% blocking solution (3 h)
preceded final TBST/DW rinses and mounting in Slowfade Diamond.
Immunofluorescence analysis used a Nikon Eclipse Ti-E microscope with x60 oil
objective (NA 1.4) and AI1R confocal, employing 488/647 nm lasers at 50 x 50 nm
resolution (line-serial mode). Z-stacks were acquired via NIS-Elements AR. Quantitative
analysis involved at least 2 blinded observers. For P2Y12R expression, single CLSM
planes (avoiding top/bottom 40 pm) captured full slice cross-sections. Microglial profiles
(somata, thick/thin processes) identified by TMEM119/CX3CRI1-GFP were outlined,
expanded 250 nm inward/outward to create 500 nm-wide ROIs. P2Y12R intensity per
membrane unit was calculated as (integrated density / ROI length). Synapse density used

vGluT1/Homerl (glutamatergic) and vGAT/Gephyrin (GABAergic) markers. ROIs
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avoided somata, and presynaptic signals (validated by postsynaptic colocalization) were

measured as integrated densities in Fiji.

3.8. Time-lapse imaging of extracellular ATP and analysis of
microglial responses

ATP1.02Ve"! mice (P19-20 or P67-74 days) were used for ex vivo two-photon imaging.
Acute slices were prepared as previously described (5 slices/brain), containing
hippocampal and cortical regions. Each slice was divided into two separate groups: one
half imaged in hippocampal CA3, the other in cortical layer 2-3 (256x128 um windows).
The first slice was imaged within 8—13 minutes of sectioning, subsequent slices were
incubated at room temperature (~20°C) and imaged hourly. Per slice, 10 minutes of
imaging (0.5 frame/s) preceded z-stack acquisitions (3 um steps, ~3—4 minutes). For
imaging, a Nikon Eclipse FN1 microscope was used with A1R MP+ multiphoton system,
Chameleon Vision II Ti:Sapphire laser (680—1080 nm), and x25 water-dipping objective
(NA 1.1, WD 2 mm). Excitation was at 920 nm and captured with 550/88 nm emission
filter and GaAsP NDD PMT detector. recordings were analyzed in NIS-Elements 5.42.02
and ImageJ 1.53t. Mean Fluorescent Intensity (MFI) decreases were measured in flash-
free zones (12.5x12.5 pum ROIs; 4/slice). Z-stacks quantified signal decay over
time/depth using three 25x50 um ROIs/slice. ATP flashes were manually identified at
peak intensity for size, intensity, duration, rise/decay analysis. For microglial ATP
response studies, CX3CR1-cre/tdTomato mice (P96—119) received bilateral AAV9-hsyn-
cATP1.0 injections (3x100 nL; 1x10' vg/ml) at lateral cortex coordinates (AP:3, ML:3.6,
DV:4/3.2/2.5 mm). Slices prepared 57 weeks post-injection were imaged similarly
(256x128 um, 0.5 frame/s, three 4 pum Z-steps) at 930 nm excitation. ATP event
properties and microglial displacement were extracted from max-intensity projections.
Microglial process movement (% baseline change) was calculated: baseline = 100 s pre-
ATP signal; response = peak signal near ATP event or 100 s average post-event if no
peak. Some slices were pre-treated with 4 uM PSB0739 or 10 uM AZD8797 for 5
minutes. ATP sensor calibration used patch pipettes puffing ACSF with 10 nM—5 uM
ATP. K-means clustering was employed in Python 2.7.0 by using scikit-learn's
StandardScaler and Kmeans algorithms.
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3.9. Selective depletion of microglia

CX3CRIYCFP or C57B1/6J littermates received either control diet or PLX3397-
containing diet for three weeks to establish microglia-depleted cohorts. Additional 50 um
sections were obtained from immersion-fixed or perfusion-fixed acute slice preparations
through re-sectioning. Depletion efficacy was verified by confocal laser-scanning
microscopy of native GFP microglial signals, with total cell counts (via Fiji counting tool)
compared across identical cortical/hippocampal regions throughout the full depth of slice

preparations.

3.10. Whole-cell patch-clamp recordings of microglia

Standard protocols for patching microglia were followed!'®’. After designated incubation
periods, slices were individually transferred to a submerged recording chamber with
constant carbogenated (95% 02/5% CO2) ACSF perfusion at 3-3.5 ml/min. ACSF was
maintained at 300305 mOsm and continuously saturated with carbogen. Recordings
occurred at 33-34°C using a dual-flow heater (Supertech Instruments). The pipette
solution contained (in mM): 120 KCl, 1 CaCl., 2 MgClz, 10 HEPES, and 11 EGTA (pH
7.3, 280-300 mOsm), with pipette resistances of 3—6 MQ. Cells were visualized under an
Olympus BX61WI upright microscope with IR-DIC optics and UV illumination,
targeting GFP-positive microglia >50 pm below the slice surface. Initial voltage-clamp
at —40 mV facilitated gigaseal formation. After achieving whole-cell configuration, series
resistance was monitored with only <5% variation required as a criteria for enabling
analysis. Resting membrane potential was measured in current-clamp mode (0 pA, 10—
15 s), averaging a 5-s stable segment. Cells then received current-step trains (—2 to —10
pA in 2 pA increments, 10 ms duration, 100 ms intervals). Input resistance was calculated
via Ohm's law from voltage-current relationships. Recordings used a Multiclamp 700B
amplifier, digitized at 10 kHz (National Instruments USB-6353 DAQ), acquired with
custom C#NET/VB.NET software, and analyzed using Delphi/Python tools.

3.11. Perforated patch-clamp recordings of microglia

Slices were incubated for at least 1 hour before individual transfer to a submerged
recording chamber with carbogenated (95% 0:/5% CO2) ACSF perfusion at 3-3.5
ml/min. Normotonic ACSF (300-305 mOsm) and hypotonic ACSF (50% dilution) were
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maintained under carbogen saturation. Recordings occurred at room temperature. Daily-
prepared gramicidin-B stocks (100 mg/ml in DMSO) were diluted to 100 pg/ml in filtered
pipette solutions containing 100 uM Alexa Fluor 488 for membrane integrity monitoring.
Borosilicate pipettes were prefilled with gramicidin-free solution, then backfilled with
gramicidin/Alexa-488 solution (in mM: 120 KCI, 1 CaCl., 2 MgCl., 10 HEPES, 11
EGTA; pH 7.3, 280-300 mOsm; resistance 3-6 MQ). Cells were visualized under an
Olympus BX61WI microscope (IR-DIC/UV optics). At the beginning of the incubation
period, a solution of 25 pM/ml Alexa-594 conjugated isolectin B4 (microglia-selective
marker: 121413, ThermoFisher) dissolved in ACSF was pipetted on top of each slice (15
ml/slice) to visualize microglial cells. The Alexa-488 signal was monitored continuously
to exclude membrane-ruptured cells. Initial voltage-clamp at -40 mV preceded
perforation (35-50 MQ series resistance, typically achieved 25-30 min post-seal).
Recordings were required to have below <15% variation in series resistance to pass for
the analysis of current responses. After perforation, resting potential was measured in
current-clamp (0 pA, 2-5 s). Voltage-step trains (-140 to 60 mV, 20 mV increments, 100
ms duration, 3 repeats, 2000 ms intervals) were applied in normotonic ACSF and after 5
min hypotonic perfusion. Data acquisition used a Multiclamp 700B amplifier digitized at
10 kHz (National Instruments USB-6353) with custom C#NET/VB.NET software.
Steady-state currents (last 40 ms of steps) were extracted for I-V curve analysis (slope

between -40 mV and 0 mV) using Delphi/Python software.

3.12. LFP recordings of spontaneous SWR activity

Acute slices (450 pum thick, 6 per animal) were prepared pairwise from control and
microglia-depleted animals daily using identical solutions and equipment. To minimize
preparation-related artifacts, the slicing sequence and incubation chambers were
alternated between groups across consecutive recording days. Each experimental group
included littermate controls. After >1 hour incubation, slices from both conditions were
transferred pairwise to a dual-perfusion recording chamber for simultaneous local field
potential (LFP) measurements. Slices rested on a metal mesh with ACSF flowing above
and below (3-3.5 ml/min per channel) at 33—34°C (temperature control with Supertech
Instruments). The chamber position for each condition was alternated between
recordings. LFP recordings used ACSF-filled patch pipettes (3—6 MQ) positioned at 80—
100 um depth in the CA3 pyramidal layer for both conditions. Data acquisition employed
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a Multiclamp 700B amplifier, digitized at 10 kHz (National Instruments USB-6353
DAQ), and recorded via custom C#NET/VB.NET software.

3.13. Digital signal processing and SWR analysis

All data underwent offline processing and analysis using custom software developed in
Delphi 6.0 and Python 2.7.0. Signals were phase-preserved through two-way RC filtering.
Sharp wave ripples (SWRs) were pre-detected on 30 Hz low-pass-filtered recordings
using thresholds of 2-3 standard deviations (SD). Recordings without detectable events
at 2SD were classified as SWR-negative. All automated detections were manually
verified. Detected SWRs were analyzed measuring sharp wave amplitude (peak
amplitude on low-pass-filtered traces), SWR rate (inter-sharp wave intervals), and ripple
peak amplitude (the height of peaks on 200 + 30 Hz bandpass-filtered traces). The ripple
peak nearest to each SWR maximum served as the trigger for phase-preserved averaging.
Ripple amplitude was derived from the peak of the absolute bandpass signal after low-
pass filtering. For quantification, approximately 100 consecutive events showing the

highest amplitude values throughout each recording were selected.

3.14. Quantification and statistical analysis

All quantitative analyses were performed under blinded conditions. Biological replication
was achieved through multiple animal-derived preparations, with pooled results presented
in figures. Predefined exclusion criteria for slice quality (no visible macroscopic injury
due to excess mechanical stress or mishandling) and immunostaining integrity (evident
non-specific staining) were applied. Data normality was assessed via Shapiro-Wilk
testing to determine appropriate parametric or non-parametric analyses. For two
independent groups, Student's t-test or Mann-Whitney U-test was used. Three or more
groups were analyzed with one-way ANOVA, two-way ANOVA, or repeated-measures
ANOVA, followed by Dunn's, Dunnett's, or Tukey's post-hoc tests. All statistical analyses
used GraphPad Prism 10.0.0 (GraphPad Software, Boston, MA). Data are presented as
mean = SEM or median (Q1-Q3), with significance defined as p < 0.05 and denoted as:
ns (p > 0.05), * (p <0.05), ** (p <0.01), *** (p <0.001), **** (p <0.0001).
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3.15. List of antibodies

Table 1: List of primary and secondary antibodies

Primary
antibodies host source catalog nr. RRID
Gephyrin Mouse Synaptic Systems | 147 021 AB 2232546
GFP Chicken Invitrogen A10262 AB 2534023
Homerl Rabbit Synaptic Systems | 160 003 AB 887730
IBA1 Guinea pig Synaptic Systems | 234004 AB 2493179
Kv2.1 Mouse NeuroMab 75-014 AB 10673392
P2Y12R Rabbit Anaspec AS-55043A | AB 2298886
TMEMI119 Chicken Synaptic Systems | 400 006 AB 2744643
vGAT Guinea pig Synaptic Systems | 131 004 AB 887873
VGLUTI Guinea pig Synaptic Systems | 135 304 AB 887878
Secondary
antibodies host source catalog nr. RRID
Alexa 488
- - S-11223 -
Streptavidin
Jackson
Alexa 488 anti-
donkey ImmunoResearch | 703-546-155 | AB 2340376
chicken
Labs
Jackson
Alexa 488 anti-
. . donkey ImmunoResearch | 706-546-148 | AB_2340473
guinea-pig
Labs
Jackson
Alexa 488 anti-
. . donkey ImmunoResearch | 706-546-148 | AB_2340473
guinea-pig Lab
abs
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Alexa 488 anti- Thermo  Fisher
donkey o A-21202 AB 141607
mouse Scientific
Alexa 488 anti-
. donkey Jackson 711-546-152 | AB 2340619
rabbit B
Alexa 594 anti- .
. . goat LifeTech A11076 AB 141930
guinea-pig
Alexa 594 anti- .
donkey Invitrogen A-21203 AB 141633
mouse
Alexa 594 anti- .
_ donkey LifeTech A21207 AB_ 141637
rabbit B
Jackson
Alexa 647 anti-
‘ donkey ImmunoResearch | 703-606-155 | AB_ 2340380
chicken
Labs
Jackson
Alexa 647 anti-
. donkey ImmunoResearch | 711-605-152 | AB 2492288
rabbit
Labs
Jackson
Alexa 647anti-
. . donkey ImmunoResearch | 706-606-148 | AB 2340477
guinnea-pig
Labs
Biotinylated Vector
o goat . BA-9010 AB 2336114
anti-chicken Laboratories
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4. Results

4.1. Migratory behavior and process polarization
4.1.1. Microglia translocate towards the top surface of slice preparations

We first investigated how injured sites of acute slice preparations (top and bottom surface
of the slices) influence microglial cell body distribution without any additional damage
inflicted upon the tissue. To ensure consistency across all observations, we employed a
highly controlled preparation and incubation protocol, optimized for studying
spontaneously occurring SWR activity (Figure 1a). We routinely prepared standardized,
300 pm-thick acute hippocampal slices from the same depth (within 3.44 — 1.24 mm
interaural) obtained from CX3CRI1"SF? microglia reporter mice (P35 days old). To
examine time-dependent effects, tissue samples were immersion-fixed at specific time
points during incubation (0 min, 20 min, 1 hour, 2 hours, 5 hours). Within experiments,
we distributed slices from different depths evenly across the specified time-points, in
order to counter any artefact that might be introduced by a non-randomized sampling.
After fixation, slices were washed with PB and embedded into agarose blocks. To capture
microglial distributions along the depth of the slices, the preparations within the agarose
block were resliced into 50 um-thick sections using a vibratome. These sections were
then mounted onto glass slides (Figure 1b), and intrinsic microglial fluorescence
(CX3CRI1"CFP) was captured via a laser confocal system. To quantify microglial cell
body distribution and process remodeling, maximum intensity projections (MIP) of
confocal stacks encompassing the entire tissue thickness (50 pum) were analyzed. Cell
bodies were identified and masked using Fiji’s "Analyze Particles" plugin, which enabled
automated cell counting. These masks were then subtracted from the original images,
allowing for independent analysis of microglial processes. As a validation step, we
measured the average thickness of acute slices across the entire incubation period (mean
+ SD: 262 = 7 um) and found no significant differences between groups (Kruskal-Wallis
test, p > 0.05). For spatial quantification, we applied a standardized measurement grid
across the full thickness of each cross-section, dividing it into seven equal zones (Figure
Ic). Microglial cell body counts, and fluorescent intensity measurements of microglial

processes were performed within each zone. Process area coverage was determined by
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binarizing the images, masking out cell bodies, and measuring the percentage of the area

occupied by microglial processes.
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Figure 1: Paradigm for investigating microglial translocation in acute slice
preparations. (a) CX3CRIYCFP  littermates (males) were used to create slice
preparations. Slices were immersion-fixed at different time-points, embedded in agarose
blocks and re-sectioned. Ent/TeA/PRh areas were investigated. (b) Examples of maximum
intensity projection images of the analyzed cross-sections preserving top/bottom
directionality. Scale: 500 um (c) Original images were processed in Fiji to only contain
cell bodies or processes, then a grid (violet) was used for the systematic quantification of

cell body (top) and process distributions (bottom). Scale: 100 um.

Our findings indicated that microglial cell bodies rapidly start to migrate towards the top
surface of acute slice preparations, with most pronounced changes occurring at the
superficial layer (Figure 2a). Over the course of 5 hours, the density of microglial cell
bodies in this region increased by 75% (two-way ANOVA, p <0.001). Notably, after just
2 hours of incubation, the uppermost layer exhibited a 42% higher density of cell bodies
compared to the bottom layer (Figure 2b, p < 0.01). This was a surprising observation,
since 1,5-2 hours of recovery spent in the incubation chamber is commonly considered
to be the earliest time-point for starting measurements during acute slice experimentation.
Importantly, the total number of microglia within the entire depth of cross-sections
remained stable throughout the experiments (43.07 cells / grid at 0 min vs. 41.50 cells /
grid at 5 hours; p = 0.788), indicating that cell loss did not contribute to the observed

redistribution. Interestingly, we did not observe significant changes at the bottom region
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of slices. We also wanted to explore potential signaling mechanisms driving microglial
displacement, so we tested two well-established pathways: P2Y12 receptor (P2Y12R)
signaling and fractalkine receptor (CX3CR1) signaling. Pharmacological inhibition of
P2Y12R with PSB0739 had only a little effect on microglial translocation, whereas
microglial migration towards the surface was significantly impaired in CX3CRI1-
knockout slices (p < 0.0001), highlighting the critical role of fractalkine signaling in this

process (Figure 2c¢).
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Figure 2: Microglial cell bodies translocate towards the top surface of acute slice
preparations. (a) Representative sections of processed images from acute slice cross
sections. Black dots indicate microglial cell bodies. Rectangles on the left indicate layers
of the grid used for analysis (top: blue, bottom: yellow) Scale: 50 um. Vertical bar plots
show cell body % with respect to grid layers. N = 3 animal, n = 3 slices/animal; P35 days;
mean £ SEM, two-way ANOVA, Tukey’s multiple comparison, F(24, 408) = 2.305,
p =0.0005. (b) Cell body distribution changes captured in time within the top (blue) and
bottom layers (yellow). N = 3 animal, n = 3 slices/animal; P35 days, mean £ SEM. Blue
stat.: compared to 0-min, black stat.: top/bottom means, two-way ANOVA, Tukey’s
multiple comparisons, F(24, 408) = 2.305, p = 0.0005. (¢) Cell body distribution changes
in control, PSB-treated and CX3CRI™~ conditions. Ctrl: N=3 animal, n=23
slices/animal; PSB: N = 2 animal, n = 3 slices/animal; CX3CRI~~: N = 3 animal, n = 3
slices/animal; P35 days;, mean = SEM; two-way ANOVA, Tukey’s multiple comparison,
F(2,60) =13.65, p<0.0001.
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4.1.2. Microglial processes polarize towards the top surface of slices

Since microglial processes move at rates that are orders of magnitude faster than their cell
bodies®’, we next examined process remodeling in the same cross-sections. As it was
described above, here we examined the % of the area occupied by microglial processes
within a single grid layer (microglial cell bodies were masked out). Similarly to cell body
redistribution, we observed a robust increase in microglial process density within the
uppermost layer of slices (Figure 3a). Process coverage in this region increased by 21%
within 2 hours (p < 0.05) and reached a 29% increase after 5 hours (p < 0.0001).
Conversely, the bottom layer exhibited a 15% reduction in process density as early as 2
hours post-slicing (p < 0.05) and a 23% decrease by the 5-hour mark (p < 0.0001).
Inhibiting P2Y12R or disrupting CX3CR1 signaling prevented these changes, further

supporting a key role for fractalkine signaling during the redistribution of microglial
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Figure 3: Microglial processes redistribute towards the top surface. (a) Representative
sections of processed images. Fluorescent signal (CX3CRIYCTP, green) indicates
microglial processes without their cell bodies. Rectangles on the left indicate layers of
the grid used for analysis (top. blue, bottom: yellow) Scale: 50 um. Vertical bar plots
show the % of the area occupied by processes with respect to grid layers. N = 3 animal,
n =3 slices / animal; P35 days; mean = SEM, two-way ANOVA, Tukey’s multiple
comparison, F(24,408) = 4,766, p < 0.0001. (b) Process distribution changes captured
in time within the top (blue) and bottom layers (vellow). N =3 animal, n=3
slices/animal; P35 days;, mean = SEM. Blue and yellow stat.: compared to 0-min, black
stat.: top and bottom means compared, two-way ANOVA, Tukey’s multiple comparisons,

F(24,408) = 4,766, p < 0.0001. (c) Process distribution changes in control, PSB-treated
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and CX3CRI1™ conditions. Ctrl: N = 3 animal, n = 3 slices/animal; PSB: N = 2 animal,
n = 3 slices / animal; CX3CRI™": N = 3 animal, n = 3 slices/animal; P35 days;, mean +
SEM; two-way ANOVA, Tukey’s multiple comparison, F(2,60) = 17.23, p < 0.0001.

4.1.3. Process polarization captured by 2-photon time-lapse imaging

We also wanted to capture these microglial responses in real time, so we performed
continuous time-lapse confocal imaging of CX3CR17S*? [abelled microglia within acute
slices for at least 6 hours after preparation. Acute slices were prepared in exactly the same
manner as for the previous experiment (Figure 4a). These recordings revealed that
individual microglial cells indeed exhibit directed movement towards the top surface of
the tissue, in agreement with our quantitative measurements (Figure 4b). Based on these
observations, we concluded that cell bodies and processes display robust coordinated
migration patterns in acute slices, as they are collectively shifting towards the uppermost

layer of the slice, as supported by both our anatomical and real-time imaging data.
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Figure 4: Real time imaging of cell body and processes migration. (a) We used
CX3CRI"CFP mice (males, P45-80 days) to create 300 um thick acute slice preparations.
Subsequently, slices were immediately transferred into a recording chamber, where
microglial cell bodies and processes were continuously tracked via 2P imaging for 6
hours. (b) Representative images taken from time-lapse 2P imaging sessions:
Translocation of a single microglial cell body (indicated with red dot) and its processes
(CX3CRIVCFP white) towards the surface of the acute slice preparation (stripped white
line). Scale: 10 um.
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4.1.4. Time-lapse imaging reveals rapid changes in microglia

morphology

It is well documented, that upon injury or in certain pathologies microglia can transform
their morphology into a more amoeboid shape by retracting their processes, which
corresponds to a less ramified shape, also referred to as the ‘activated’ phenotype**. In
this case, they display a dramatically decreased number of process endings, which
probably enables the migration and reorganization of cell bodies and processes towards
injured sites. We hypothesized that microglia in acute slices are likely to display this
phenotypic transformation after slice preparation, considering their previously observed
cutting-induced migratory response (Figure 2-3). This notion was supported by looking
at individual microglia morphologies in our time-lapse imaging recordings, where we
indeed observed robust transitioning of microglia morphology to a more “activated”
phenotype. (Figure 5a). We initially decided to also confirm this quantitatively, by
comparing the total percentage of area covered by processes (Figure 5b) in the cross-
sections of acute slices used for the investigation of process redistribution (Figure 3a).
This comparison showed that the area covered by microglial processes are significantly
reduced when comparing acute slices at 0 min with slices that were incubated for 5 hours

(Mann—Whitney (two-sided), p <0.0001).
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Figure 5: Time-lapse imaging of microglial morphological transformation. (a)

CX3CRI"CSFP signal of individual microglia during time-lapse imaging in acute slice
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preparations. Scale: 10 um. (b) Area covered by microglia processes at ) min (orange)
vs. 5 hours (purple) spent in incubation. N =3 animal, n = 3 slices/animal, P35 days;
Mann—Whitney (two-sided), p < 0.0001. Boxes: interquartile range, whiskers: min—max,

vertical bar: median.

4.1.5. Framework for quantifying morphological features of microglia

To systematically characterize the extent and timing of microglial transformations, we
decided to perform a detailed time-course analysis. Brain slices were obtained from
CX3CR17SP mice (P35 and P95 days, two separate experiments) and immersion-fixed
at time points as described earlier (Figure 6a). In this case, a separate set of mice from the
same age group were transcardially perfused to obtain control samples from the same
regions, to gain tissue samples that represented an undisturbed, more physiological state
for comparison (Figure 6a, bottom). To preserve fine structural details, fixed slices were
embedded in agarose and re-sectioned to obtain the middle 100 um section for each slice
(Figure 6b). This step was necessary to exclude regions of the tissue that were within the
vicinity (~40 pm) of acute slice surfaces during the incubation process, as we saw robust
migratory behavior (Figure 2-3) within these areas which would have confounded our
results. After this step, slices were immuno-stained with DAPI to label microglial cell
bodies, and with IBA1 to increase the visibility of fine processes. To minimize potential
distortions due to tissue mounting, all preparations were maintained in a free-floating
state until imaging. Imaging was performed in 0.1 M PB using a 60x water immersion
objective. Image stacks were collected at a high resolution (0.2 pm/pixel resolution with
a Z-step size of 0.4 pm). We acquired confocal z-stacks from cortical (Ent, TeA, PRh)
and hippocampal (CA2-3 stratum radiatum) regions from all time-points (Figure 6¢), and
applied an automated, unbiased morphological analysis software!®* to assess microglial
structural changes. This open-source MATLAB-based software was designed to
reconstruct the 3D-architecture of individual microglia and extract 59 parameters
describing their morphological feature, by applying automated cell segmentation (Figure
6¢, 1-2.), watershed-based separation (Figure 6c, 3.), and skeletonization (Figure 6c¢, 4.)

during analysis.
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Figure 6: Framework for quantifying morphological features of microglia. (a) Acute
slices were obtained from CX3CRI"CP (male littermates) and immersion-fixed after
different time-points (blue arrow), or slices were obtained from perfusion-fixed animals
(orange arrow). (b) Slices were re-sectioned in order to obtain the middle region
(100 um), and measurements were performed in Ent, TeA, PRh cortical and CA2-3
stratum radiatum hippocampal regions. (¢) Immuno-stained images (Scale: 20 um) were
analyzed in an automated pipeline: (1-2.) images are segmented into separate cells. (3.)
Cells are segmented into different compartments: cell body (yellow) and processes (blue)
of individual cells are identified. (4.) 3D-models of individual microglial skeletons are
constructed (right, bar: 10 um) (two independent experiments, N =4—4 animal, n =3
slices/animal). (Scale: 50 um).
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4.1.6. Quantitative morhological features indicate rapid transformation

of microglia towards an ameboid shape

We decided to use the parameters called ‘sphericity’ and ‘# of ending nodes’ for
quantification (Figure 7a-b), as these were previously described as reliable indicators
capable of capturing phenotypic transformation!84. In this case, the ‘sphericity’ parameter
quantified how amoeboid the structure of a given microglia is, where higher values
correspond to a more spherical shape (Figure 7b, black values). The # of ending nodes
parameter simply quantified the number of process endings for each microglia based on

the 3D-reconstructions (Figure 7b, violet values).
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Figure 7: Rapid transformation of morphological features in acute slice preparations.
(a) Maximum intensity projections of analyzed z-stacks from the cortex, across the
different time point after slice preparation (Scale: 50 um). (b) Representative examples
of individual microglia identified by the analysis tool (yellow: cell body; blue/purple:
processes, Scale: 5 um ) with quantified morphological parameters above (sphericity in
black and # of ending nodes in violet). Bottom: Reconstructions of skeletons
corresponding to the microglial cells above (violet dots: process endings, red dots: cell

body, Scale: 5 um).
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Our observations revealed drastic time-dependent changes in microglial morphology
within acute brain slices (obtained from P35 days old animals) on a population level
(Figure 8a). Quantitative analysis showed that microglial sphericity values (which
increase as cells retract their processes and adopt a more amoeboid shape) doubled
between 1- and 2-hours post-slicing in both cortical and hippocampal regions (Fig. 8a,
one-way ANOVA, p < 0.0001). At the same time, the number of process endings
exhibited a striking decline: Within 20 min, process endings dropped by ~50%. By 1-2
hours, process endings had decreased by ~80% compared to baseline levels (p < 0.0001).
We also investigated whether the observed changes would occur in older mice, by
analyzing the time-dependent morphological changes in slices prepared from 95-day-old
animals (Figure 8b), and we found that microglial phenotype changes tightly matched

those observed in slices from younger animals.
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Figure 8: Acute slice microglia rapidly transform their morphology in acute slices. (a)
Top: sphericity values of individual microglia in cortex (blue) and in hippocampus (red)
from P35-days-old animals. Bottom: number of process endings / microglia (# of ending
nodes). N =38 animals, one-way ANOVA, Dunnett’s multiple comparison, p < 0.0001
(comparisons from 20 min to 5 h time-points are made to 0 min) Boxes: interquartile

range, whiskers: min—max, vertical bar: median. (b) Same as in (a) for data obtained
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from P95-day-old animals. N =15 animals, one-way ANOVA, Dunnett’s multiple
comparisons, p < 0.0001. (¢c) Comparison of Sphericity and # of process endings values
between CX3CRI '~ (green), P2YI2R™'~ (purple), and WT (grey), N = 3 animal/condition
(only males), n =15 slices/animal, P35 days, two-way ANOVA with Tukey’s multiple
comparison test, p < 0.0001. Boxes: interquartile range, whiskers: min—-max, vertical

bar: mean.

4.1.7. P2Y12R and CX3CRI1 pathways modulate phenotypic transition

of microglia

We also wanted to investigate the molecular mechanisms which we did earlier during the
examination of migratory behavior (Figure 2-3c), namely, purinergic (P2Y12R) and
fractalkine (CX3CRI1) signaling. In this case, slices from P2Y12R™" mice showed a
significantly reduced magnitude of morphological changes at the 5-hour time point
compared to wild-type controls (Fig. 7c, violet, two-way ANOVA). In contrast, slices
from CX3CR1"~ mice exhibited accelerated microglial process retraction, reaching peak
changes at 2 hours post-slicing, but ultimately converging with control levels by 5 hours
(Figure 7c, green, two-way ANOVA). These findings indicate that both P2Y12R and
CX3CRI signaling contribute to the robust microglial response in acute slices, where
P2Y12R are likely to occupy a promoting function in microglial remodeling, while

CX3CRI seems to modulate the timing and extent of these changes.
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Figure 9: P2YI2R and CX3CRI1 pathways modulate phenotypic transition. (a)
Comparison of sphericity values between P2YI2R™~ (purple), CX3CRI™/~ (green), and
WT (grey) conditions. (b) Comparison of # (total number) of ending nodes between
P2YI2R™~ (purple), CX3CRI~~ (green), and WT (grey) conditions. N =3
animal/condition (only males), n =5 slices/animal, P35 days, two-way ANOVA with
Tukey’s multiple comparison test, p < 0.0001. Boxes: interquartile range, whiskers.: min—

max, vertical bar: mean.

4.2. Morphological transformation and electrophysiological
properties

4.2.1. Framework for comparing acute slice-resident microglia features

across different laboratories

Given the widespread use of a huge variety of techniques, tools, solutions and
methodologies during acute brain slice experimentation, we wanted to investigate how
generalizable our observations were to microglia in acute slices prepared by different
laboratories or with different techniques. First, we wanted to investigate slice preparations
that are created by independent laboratories, each using their own distinct, but well-
established protocols (Figure 10). Initially, we created a standardized protocol for the
experiment (Figure 10a) which was sent to the other labs to ensure the synchronization
of certain methodological parameters. The protocol contained instructions about the time-
points and method of fixation (0 min, 20 min, 1 hour, 2 hours, 5 hours, immersion-fixed),
as well as we asked researchers to keep track of surface direction (top/bottom of slices
during incubation). We also instructed the other labs to prepare acute slices from the same
region and with the same thickness (300 pm-thick acute hippocampal slices from 3.44 —
1.24 mm interaural depth). Importantly, we also specified that each slice should spend
1 hour in 4% PFA, and then transferred into wash plates containing 0.1 M phosphate
buffer (PB) and washed with PB 3 times for 10 min. All slices were stored and transported
by being submerged under 0.1 M PB, supplemented with 0.05 % sodium azide.
Importantly, while each lab maintained its native slicing and incubation methods, all

samples underwent identical histological processing, imaging, and analysis in a blinded
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manner at our laboratory (as described previously) in order to ensure methodological

consistency for the evaluation of differences.
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Figure 10: Framework for the blinded comparison of acute slice-resident microglia
prepared by different laboratories. (a) Schematics of experiment. Laboratories received
a protocol to synchronize slice parameters, fixation timepoints and methods, while they
were allowed to use their own native acute slice preparation method. (b) Measurements
were performed in Ent/TeA/PRh cortical areas, and in CA2-3 stratum radiatum region of
the hippocampus from C57Bl/6J animals (only males). (c¢) Acute slice preparations were
sent to our laboratory after preparation for transport where they were treated together
during immunostaining, imaging, and morphological analysis. (d) Maximum intensity
projections of confocal images showing microglia (IBA1) in the hippocampus (top, red)
and in the cortex (bottom, blue). Scale bar: 50um. (N=3-2-2 animal, n=1

slice/animal/timepoint).

4.2.2. Microglial phenotypic transformation is similarly prevalent in

acute slices prepared by different laboratories

In line with our earlier observations, both the sphericity of microglial cells (Figure 11a)
and the total number of ending nodes (Figure 11b) showed closely identical, gradual

changes towards an activated phenotype. We also obtained similar results considering
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microglial cell body migration and process movements (Figure 11c), suggesting that the

observed changes are generalizable features across different laboratories.
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Figure 11: Phenotypic transformation is prevalent in acute slices prepared by different
laboratories. (a) Quantification of extracted morphological features across different
laboratories regarding sphericity in hippocampus (left) and in cortex (right). N=3
animal/labl; 2 animal/lab#2; 2 animal/lab#3; n = 3 slices/animal, P65 days, one-way
ANOVA with Dunnett’s multiple comparison test, p < 0.0001. Boxes: interquartile range,
whiskers: min—max, vertical bar: mean. (b) Same as in (a), regarding # (total number) of
ending nodes/cell in cortex (left) and in hippocampus (right). N =3 animal/labl; 2
animal/lab#2; 2 animal/lab#3; n = 3 slices/animal, P65 days, median £ SEM, one-way
ANOVA with Dunnett’s multiple comparison test, p < 0.0001. Boxes: interquartile range,
whiskers: min—max, vertical bar: mean. (c) Bar plots representing measured changes of
microglial cell body numbers (left) and area covered by processes (right) in percentages
calculated between Omin and 5h across the top and bottom layers of acute slice
preparations. N =3 animal/labl; 2 animal/lab#2; 2 animal/lab#3; n = 3 slices/animal,
P65 days, median = SEM, two-way ANOVA with Dunnett’s multiple comparison test,
p <0.0001, mean = SEM.
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4.2.3 Phenotypic transformation does not depend on slice thickness or

temperature of cutting solution

We went on further to test more parameters that might influence the observed phenotypic
changes, so first we examined some modifications in cutting parameters that were
common between the laboratories during comparison. We also tested thick acute slices
(~450 pm thick) which are regularly used for the investigation of network

187.195 In this case, we found even more pronounced migratory behavior

mechanisms
towards the same direction (top surface of acute slices) both considering cell bodies and
processes (Figure 12a). While the majority of acute slice studies use ice-cold cutting
solutions, in some rare cases, warm temperatures were found to result in more viable cells
in the tissue!'®*1%4, Since temperature fluctuations can also modulate microglial function,
we went on to test whether warmer cutting solutions would influence morphological
transitions. In this case, we found identical trends to what we saw by using the ice-cold

cutting solution (Figure 12a-b), so we concluded that the ice-cold temperature is not a

considerable driving cause behind the observed phenotypic transition.

450 um thick acute slices — P65 days room temperature (~20°C) cutting solution
A% cell body A% process ) # ending nodes sphericity
40-50 51015 -4 2 0 2 4 200 s 0.5- Wikl
Fkk [ top *% 7}-7-4 150- * 0s Kkkk ok
H * [ HH *okkek 4]
. *kkk b
] tH 100 | 031
H H . i
! . -
H‘T i 507 I : % £
Hil * HLJ F b as o1’
H bottom — 0-
o 0.0- Q
5h - Om 5h - Om SRS ,§\°f§‘°§‘

Figure 12: Phenotypic transformation does not depend on slice thickness or
temperature of cutting solution. (a) Bar plots represent measured changes of microglial
cell body (left) and area covered by processes (right) in percentages calculated between
0 min and 5 hours across the top and bottom layers of acute slice preparations (~450 um
thick). N=3 animals, n=3 slice/animal, P65 days, mean + SEM, two-way ANOVA with
Tukey’s multiple comparison test, p<0.0001. (b) Quantification of extracted
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morphological features from acute slices prepared with room temperature standard
ACSF cutting solution, regarding sphericity in cortex (left) and in hippocampus (right).
N=3 animals, P65 days, one-way ANOVA with Dunnett’s multiple comparison test;

asterisks indicate comparison with 0 min values, p<0.0001.

4.2.4. Phenotypic transformation is prevalent in acute slice preparations

harvested at earlier developmental stages

Microglia are well known to play important roles during development, which can differ
significantly from the functions that are carried out in more adult phases''’. Importantly,
acute slice experimentation is also widely used in developmental research, so we wanted
to examine whether phenotypic transformations occur to the same extent in slices
harvested earlier during development (P18-20 days). We found identical time-dependent
changes in these acute slices as well (Figure 13), which underscored the broad impact of

cutting-induced changes that were observed initially.
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Figure 13: Phenotypic transformation is also prevalent in acute slices harvested at
earlier stages (P18-20) during development.(a) Bar plots represent measured changes
of microglial cell body (left) and area covered by processes (right) in percentages
calculated between 0 min and 5 hours across the top and bottom layers of acute slice
preparations (~300 um thick). N=3 animals, n=3 slice/animal, P19 days, mean + SEM,
two-way ANOVA with Tukey’s multiple comparison test, p<0.0001. (b) Quantification of

extracted morphological features from acute slices regarding sphericity in cortex (left)

52



and in hippocampus (right). N=3 animals, P18-20 days, one-way ANOVA with Dunnett’s

multiple comparison test; asterisks indicate comparison with 0 min values, p<0.0001.

We concluded that phenotypic transformation in acute slice preparations is characterized
by robust migratory behavior towards superficial layers, paired with increased sphericity
and reduced branching, which was also prevalent within the deeper layers of slices.
Considering that these changes were highly reproducible across a variety of contexts
(different laboratories and experimental conditions), this phenotypic transformation is
likely to represent a general response induced by injury-related signals during the slice
preparation process, which does not depend on cutting techniques. Furthermore, these
results highlighted the important roles of P2Y12R and CX3CRI signaling pathways in

modulating these responses.

4.2.5. Microglia gradually depolarize during phenotypic transformation

in acute slice preparations

Functional states of microglia have been shown to be closely linked to changes in their
membrane properties. While ramified microglia typically maintain a hyperpolarized
resting potential (-40 to -50 mV)!”!, they can show chronic depolarization in response to
inflammatory signals, such as LPS or pro-inflammatory cytokines'’®, which state also
correlates with an activated phenotype. First, we wanted to investigate whether slice
preparation induces the same response in microglia, so we performed
electrophysiological recordings to monitor changes in their membrane properties over the
5-hour long incubation period which we used previously. We prepared acute slice time-
series in exactly the same manner as described before from CX3CR17f? animals and
performed whole cell patch-clamp recordings on microglia guided by the native GFP
signal (Figure 14a) within the CA2-3 stratum radiatum region. We used a special pipette
solution optimized for electrophysiological recordings of microglia, which did not
contain ATP or its metabolites in order to avoid activation (in mM: 120 KCI, 1 CaCly, 2
MgCl,, 10 HEPES, and 11 EGTA, pH: 7.3, 280-300 mOsm). Based on general
guidelines'”? and on our initial observations concerning superficial layers of acute slices,

only cells located deeper than ~50 um were targeted. All cells were initially in voltage-
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clamp mode and held at =40 mV holding potential during the formation of the gigaseal.
After the whole-cell configuration was established, resting membrane potential values
were measured by changing the recording configuration to current-clamp mode with 0 pA
for a short period of time (10—15 s) and evaluated from the recorded signal via averaging
a 5s period. Thereafter, responses to a pulse train of current steps (—2 to —10 pA with
2 pA increments and 10 ms duration) were recorded for the quantification of the input
resistance via Ohm’s law, based on the slope of voltage responses. After recording, each
recorded microglia were separated into 1-hour-long time-bins based on the time elapsed

from the cutting to the start of the recording.
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Figure 14: Phenotypic transformation coincides with microglial membrane potential
depolarization. (a) Acute slices obtained from CX3CRI+/GFP (male/female littermates).
Microglia were measured in whole cell patch-clamp, targeted ~50 um below the surface
(CA2-3 stratum radiatum). (b) Resting membrane potential(top)/input resistance(bottom)
during recovery. N =10 animal (7 males, 3 females), n =35 slices/animal, P90 days;
N =158 cells, one-way ANOVA, Dunnett’s multiple comparisons, F(4,150) =9.768,
p <0.0001 (top), ns (bottom). Boxes: interquartile range, whiskers: min—-max, vertical

bar: median.
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Our results showed that microglia gradually became more depolarized during the 5 hours
of the incubation period (Figure 14b, top), which reached significance as early as the 1-2
hours’ time-bin after slice preparation (n=158 cells, N=10 animals, one-way ANOVA
with Dunnett’s multiple comparison test, p<0.01), while we did not observe significant
changes in input resistance (Figure 12b, bottom). These results indicated that the tandem-
pore domain halothane-inhibited K™ channel 1 (THIK-1) - which has been implicated in

influencing microglial membrane potential'®?

- is likely to be downregulated upon
transitioning towards an activated state, which is in line with previous observations!'**.
Importantly, THIK-1 function has been shown to influence microglial states mainly under
physiological conditions!®?, which indicates that microglial membrane properties are
likely to be influenced by the activity of other ion-regulating channels after injury or in

pathological conditions.

4.2.6. The NKCC1 ion transporter modulates microglial membrane

properties both in physiological and pathological conditions

In an earlier study, the Na*-K*-2CI" cotransporter (NKCC1) has been shown to regulate
microglia phenotype and volume during pathological states!®>, since its expression and
functionality is increased within injured and posttraumatic conditions'*®!*’. We were
interested in whether the NKCCI1 can also influence microglia membrane properties in
acute slice preparations in response to injury or due to osmotic stress. To test this, we
employed perforated patch-clamp recordings on microglia from both wild-type (WT) and
microglia-specific NKCC1 knockout (NKCC17") mice. We used this method in order to
maintain the intracellular CI” concentration unaffected by the pipette solution, providing
a more accurate representation of the cells' native state (Figure 15a). Recordings were
conducted in voltage-clamp mode at a holding potential of -40 mV, with voltage steps
ranging from -140 mV to +60 mV in 20 mV increments, each lasting 100 ms. This setup
enabled the construction of I-V plots for individual cells, allowing us to compare
membrane properties of WT and NKCC1~microglia. To further explore the role of these
channels, we exposed the cells to a hypotonic ACSF solution (50% dilution for 5 minutes)
in order to induce cellular swelling. This condition is known to activate volume-regulated

anion channels (VRACs), which are largely Cl~ permeable!®!”°, By comparing the
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current responses under normotonic and hypotonic conditions, we aimed to identify the

characteristics of the swelling-induced currents.
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Figure 15: NKCCI ion transporter modulates microglial membrane properties and
phenotype. (a) Schematic representation of the experiment. Perforated patch-clamp
recordings were performed on isolectin B4—labeled microglial cells in acute hippocampal
slice preparations. Current responses to a train of voltage steps were measured in
voltage-clamp mode (holding potential: —40 mV). (b) Example traces of recordings from
WT (black: normotonic, gray: hypotonic) and NKCCI”~ (purple: normotonic, violet:
hypotonic) animal. Traces show responses at —140 and +60 mV voltage steps in both
conditions. (c) Left: Average I-V curve responses from WT in normotonic (N = 11 cells,
black with SEM) and in hypotonic (N = § cells, gray with SEM) condition. Right: Average
I-V curves from NKCC1” in normotonic (N = 11 cells, purple with SEM) and in hypotonic
(N = 8 cells, violet with SEM) condition. (d) Input resistance of WT versus KO cells in
normotonic condition. (F) Input resistance of WT versus KO cells in hypotonic condition.

Mann—Whitney, p < 0.05. (e) Resting membrane potential in normotonic condition of WT
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versus NKCC1 KO microglial cells measured in current-clamp mode (0 pA injected

current). Boxes: interquartile range, whiskers: min—max, vertical bar: median.

We observed distinct differences between WT and NKCC1-- microglia, as the I-V curves
revealed that knockout microglia exhibited significantly higher input resistance compared
to WT, particularly at more positive voltage levels under both normotonic and hypotonic
conditions (Figure 15¢). Specifically, as also indicated by the slope of the I-V curves
between the -40 mV and 0 mV, we measured significantly higher input resistance in
knockout microglia when compared to WT (Figure 13e, Mann—Whitney, p < 0.05).
Despite these differences, the resting membrane potential did not show a statistically
significant difference (Mann—Whitney, not significant). This suggested that while
NKCCI1 deletion affects ion regulation, it does not alter the resting membrane potential
significantly. To further analyze the effects of NKCC1 deletion, we isolated the swelling-
induced current component by subtracting the currents obtained under normotonic

conditions from those recorded during the hypotonic response.
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Figure 16: Absence of NKCCI transporter leads to reduced intracellular CI
concentration. (a) Calculated swelling-induced I-V curve responses (Nyt = 11 cells, Nxo
= § cells, with SEM) (b) Input resistance of WT versus KO cells in normotonic condition.
(F) Input resistance of WT versus KO cells in hypotonic condition. Mann—Whitney,
p <0.05. (e) Resting membrane potential in normotonic condition of WT versus NKCCI
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KO microglial cells measured in current-clamp mode (0 pA injected current). Boxes:

interquartile range, whiskers: min—max, vertical bar: median.

The resulting I-V plot of the swelling-induced currents showed a more negative reversal
potential in KO cells (Figure 16a, Mann—Whitney, p < 0.05). This finding indicated lower
intracellular CI” concentration in knockout microglia. Finally, we calculated the driving
force (DF = Viest — Eswen) for each WT and knockout cell, which provided a more direct
measure of ion regulation efficacy than ionic reversal potentials. Our results showed
significantly higher DF values in knockout microglia compared to WT (Figure 16b,
Mann—Whitney, p < 0.05). This supported the hypothesis that the absence of NKCCl1
leads to reduced intracellular C1” concentration, affecting the cells' ability to regulate ions

effectively.

4.3. Injury-induced ATP dynamics and microglial responses

4.3.1. Framework for investigating extracellular ATP dynamics in acute

slice preparations

Our results showed that microglial cell body migration (Figure 2c), process extension
towards the slice surface (Figure 3¢) and gradual morphological transformation (Figure
9) were all markedly affected by P2Y 12 signaling solely at baseline conditions. All these
results were indicative of elevated purinergic signaling in acute slices after the preparation
process. We aimed to understand the spatial and temporal patterns of extracellular ATP
release and its implications for microglial function, so we made use of a genetically
encoded fluorescent ATP sensor (GRABatp), which allows for the dynamic monitoring
of extracellular ATP with high temporal resolution®%,

First, we generated a novel mouse strain (ATP1.02Ve"") which expressed the
GRABAtp sensor in VGIuT1 positive neurons. Slices were prepared from mice aged
between P67-74 days, and we employed two-photon imaging to record 10-minute-long
videos (256 x 128 um image size, 0.5 frame/s rate, 920 nm excitation wavelength)
capturing the fluorescent signal of a single image plane ~50 um below the surface of acute

slice preparations (Figure 17a). We were focusing on regions of the cortex (entorhinal,
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temporal association, perirhinal) and hippocampus (CA 2-3 str. radiatum). Time-lapse
imaging was followed by z-stack acquisitions from the same regions to also capture
extracellular ATP gradients along the depth of slice preparations (Figure 17a). This

process was repeated hourly after slice preparation to monitor changes over the 5-hours

of incubation.
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Figure 17: Framework for investigating extracellular ATP dynamics in acute slice
preparations. (a) Ex-vivo 2P imaging of the ATP sensor (GRABrp) in VGIluTI neurons,
followed by z-stack acquisition. (N = 3 animals, males, ~P70 days). (b) Representative

images of the 10-minutes-long videos recorded immediately after cutting from regions of
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the hippocampus (green) and cortex (blue). Scale: 20 um. (¢) Representative images
taken from the time-lapse video showcasing the effect of NTPDase inhibitor (ARL67156,
10 uM), resulting in gradual increase of ATP signal. Note, that NTPDase blockade does
not abolish focal ATP release events. Scale bar: 20 um. (d) Graph representing the effect
of NTPDase inhibitor (ARL67156, 10 uM), which resulted in gradual increase of ATP
signal, while also preserving smaller peaks indicating focal ATP release events. (e) ATP
sensor signal before and after a 100 nM ATP puff from a pipette within the acute slice
tissue ~50 um below the surface. ATP was diluted in standard ACSF (left). The measured
normalized MF1% signal of ATP puffs elicited with different ATP concentration pipette
solutions (right). Note that the ATP sensor signal scales linearly with ATP concentration.

Scale bar: 5 um.

4.3.2. Passive efflux of ATP from injured cells form an increasing

extracellular ATP gradient towards acute slice surfaces

The imaging experiments from the first slices revealed high fluorescent signal which
rapidly decayed during the 10 minutes of recording. This result suggested elevated
extracellular ATP levels in both the hippocampal CA3 region and cortical layers shortly
after slice preparation (Figure 17b). We wanted to confirm that the rapid decrease in mean
fluorescent intensity (MFI) was not the result of optical bleaching but reflected the
activity of extracellular ecto-ATPase. To this end, we used the ecto-ATPase blocker
ARL67156, while ATP dynamics were similarly monitored, but for a longer imaging
period (Figure 17¢). In this case, we used slices that were incubated for at least 4 hours,
where we did not observe immediate, high fluorescent intensity and decreasing signal
characteristics. At baseline conditions, the MFI signal was stable on a longer timescale
and only displayed small peaks that were the result of small, focal ATP increase-events
realized in a flash-like activity pattern (Figure 17d). Following NTPDase inhibition, the
MEFT signal rapidly increased, indicative of functional ecto-ATPase activity that can
rapidly metabolize extracellular ATP which in turn manifests as a decrease in the MFI
signal. Importantly, the observed ATP flashing activity as evidenced by the small peaks
on the MFI signal persisted after NTPDase inhibition. We also wanted to calibrate the

measured intensity of the signal by the direct application of solutions with given ATP
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concentrations. To this end, we used standard recording pipettes filled with 10, 50, 100
nMor 0.5, 1, 5 uM ATP, diluted in standard ACSF. The pipettes were positioned within
the tissue ~50 pm below the slice surface during time-lapse imaging sessions, while the
ATP solution was delivered by the application of gentle puffs (Figure 17e, left). We
observed immediate, ATP concentration-dependent focal increases in MFI signal, which
showed a nice linear correlation between concentration and signal intensity. These results
confirmed that - within our experimental setting - the dynamic changes in GRABatp
fluorescent intensity reflected functional alterations of extracellular ATP levels in a linear
fashion within the 50 nM - 5 uM range.

Our quantifications showed that the initially high fluorescent signal followed by
gradual decrease (Figure 17b, 18b) was most prominent near the acute slice surface, as
evidenced by our confocal z-stacks (Figure 18a). Importantly, these images indicated that
the intensity gradient showing higher extracellular ATP levels near the surface was
largely maintained throughout the total 5 hours of experimentation, with gradually
decreasing overall intensity both in areas of the hippocampus and in the cortex (Figure
18c). Based on the characteristics of these signals, we hypothesized that this signal was a
direct consequence of cutting-induced passive ATP outflow from injured cells, which
resulted in higher extracellular concentration near the cutting surface due to a higher ratio
of injured cells. Based on our NTPDase inhibition data (Figure 17c,d), we concluded that
these signals were gradually decreasing as a direct consequence of the functional ecto-

ATPase activity within the slices.
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Figure 18: Slice cutting results in the passive efflux of ATP from injured cells with an
increasing gradient towards cut surfaces. (a) ATP sensor signal (MFI1%) showing a

continuous decrease of extracellular ATP levels from early slices (measured within the
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first hour after slice preparation). Two-way RM ANOVA, Time: F(1.169, 21.04) = 67.03,
p <0.0001. Regions: F(I, 18) =0,3801, p=0,5452, mean = SEM. (b) Side-views of
confocal Z-stacks captured within each hour after slice preparation: elevated ATP levels
at the slice surface (0-25 um, left). Horizontal scale: 20 um, vertical scale: 125 um. (c)
Quantification of (b), ATP levels show a time-dependent decrease (5-h vs. to 0-1 h). Two-
way RM ANOVA, Tukey’s multiple comparison, F(4,64)=38.267, p<0.0001,
mean £ SEM (N = 3 animals, n = 3 slices, 4 ROlIs/region).

4.3.3. Slice cutting also induces endogenous, focal ATP release events

Interestingly, we found another type of extracellular ATP activity which comprised of
intense, focal flashing events (Figure 19a), that were regularly observed in all slice
preparations across different time-points. To characterize this flashing activity, we
isolated the event-related peaks from the background MFI signal (Figure 19b). Our
quantification showed that while ATP events similarly occurred both in regions of the
hippocampus and the cortex (Figure 19b), both event intensity and incidence were higher
in the cortex (Figure 19¢). The average ATP event incidence was 12.3 + 2.2 in the
hippocampus and 25.4 + 5.2 in the cortex during the 10-minute imaging periods,
resembling systemic inflammation- or laser ablation-induced flashing activity in vivo?®.
These results indicated that slice cutting induces two different types of extracellular ATP
dynamics: the passive outflow of ATP from injured cells maintaining a gradient towards
the acute slice surface (Figure 18), accompanied by endogenous, focal ATP release events

sustained for hours after slice preparation (Figure 19).
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Figure 19: Slice cutting induces endogenous, focal ATP release events. (a) Occurrence
of ATP flashing activity in the hippocampus (green, top row) and in the cortex (blue,
bottom row), timelines at the bottom show the evolution of two specific ATP events within
the green/blue squares (10 s/image). Scale: 20 um. (b) AF/F graphs showing focal ATP
event peaks measured from hippocampus (green) and cortex (blue) that were isolated
from the background. (c) Intensity/incidence values of focal ATP events in cortex
(n =360, green) vs. hippocampus (n =181, blue). Incidence number represents ATP
events/10-min imaging/slice. Mann—Whitney (two-sided), p < 0.0001, median + SD (left);
unpaired t-test (two-sided), p = 0.0258, mean = SEM (right).

4.3.4. Secondary-injury induced extracellular ATP dynamics mimic

slice cutting-induced release events

We wanted to examine whether we could replicate the injury-related induction of elevated
fluorescent signal by inflicting secondary injuries at later time-points during the
incubation process. To test this, a secondary injury was inflicted manually using a sterile
blade between 10 minutes-long imaging sessions. For these experiments, the ATP sensor
was delivered via AAV injections to CX3CR1-cre/tdTomato mice or slices were prepared

from the previously described ATP1.04Vel!! mice. The age of mice varied between P19-
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20 and P69-99. Our results confirmed that at sites of secondary injuries the same sudden
rise in extracellular ATP and consequent decay manifested (Figure 20a) as we observed
in the case of early imaging of slices immediately after slice preparation (Figure 20a).
The difference between injured and non-injured areas were most apparent when we
compared the MFI signal from both regions and with areas recorded at baseline conditions
(Figure 20b). The effect was observable even ~ 4 hours after slice preparation with
immediate, intense ATP responses, which was prevalent in both older (P74 days) and late

postnatal (P20 days) animals.
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Figure 20: Secondary injury-induced extracellular ATP dynamics mimic slice cutting-
induced release events. (a) Secondary mechanical injuries resulting in immediate,
intense ATP release (red) compared to non-injured sites (blue) or at baseline conditions
(green) recorded ~4 hours after slice preparation. (b) Quantification of the difference in
baseline fluorescent intensity and consequent decay, which develops similarly in slices
from both P74 and P20 mice. N=5 animals, n=3 slices/animal. Two-way repeated
measures ANOVA with Geisser-Greenhouse correction, **p<0.01 for secondary injury
vs non injured areas and not significant for non-injured areas in injured vs non injured

slices. Scale bar: 500 um.



4.3.5. Focal ATP events can be separated into two distinct clusters

Since our observations revealed a previously undescribed, focal type of ATP dynamics,
we went on to characterize this phenomenon in more detail. Initially, we observed that
the ATP event parameters (amplitude, duration, area) showed a log-normal distribution
with a high degree of variance, suggesting different mechanisms or sources behind ATP
release. To see whether these parameters might reflect distinct types of focal events, we
went on to deploy K-means clustering analysis. This method revealed at least two separate
groups in both regions of the hippocampus and in the cortex, differentiating a
dimmer/faster/smaller (flash) and a significantly brighter/slower/bigger (surge) subset of
events. By comparing the event parameters to events evoked by mechanical puffs of ATP
from pipettes (Figure 21, black circles), flash intensities were usually around or below
the 100 nM ATP concentration range, while surges were between the 100 nM—1 uM ATP
range. Importantly, most of the ATP events did not exceed ~1 uM concentration,

indicating effective degradation upon release.
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Figure 21: Focal ATP events can be separated into two distinct clusters. K-means
clustering reveals two different event clusters. The size of dots correspond to the size of
flashes/surges (black indication) from the hippocampus (green/yellow) and the cortex
(blue/purple). Black circles indicate ATP puffs with different concentrations.
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4.3.6. Distinct clusters of ATP events show evolving temporal dynamics

Further quantification of event parameters indicated that there is a significant separation
in all measured parameters when comparing the two identified clusters of flashes with
surges (Figure 22a) both in the case of hippocampal and cortical events. Our initial
observations indicated that there might be a time-dependent evolution of the different
event types, so we went on to investigate the time-course of clustered events. This
analysis revealed that the prevalence of surges significantly increased between 1-2 hours
of slice preparation (Figure 22b), while it gradually decreased towards the 5th hour of the

recovery period, similarly in the hippocampus and the cortex.
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Figure 22: Focal ATP events form two distinct clusters with evolving temporal
dynamics. (a) ATP flash/surge characteristics show significant separation in all
measured parameters (event intensity, duration, area), Mann—Whitney (two-sided),
p<0.0001 (N=23 animals, n= 10 slices, 55 slices/timepoint). Boxes: interquartile
range, whiskers: min—max, vertical bar: median. (b) Cluster prevalence changes over

time after slice preparation. Note: substantial increase of ATP surge (yellow:
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hippocampus and purple: cortex) prevalence 1-2 h after slice preparation (N =3

animals, n = 10 slices, 5—5 slices/timepoint).

4.3.7. ATP event characteristics are slightly modulated by microglial

receptor antagonists

Direct, localized application from pipettes or passive ATP outflow from injured cells
during laser ablations had been shown previously to attract microglial processes®*’!.
Importantly, both P2Y12R and CX3CR1 signaling pathways have been implicated to be
critical during process movement and locomotor activity, as also indicated by our results
concerning the migratory behavior towards the slice surface (Figure 2-3c). Since we
observed robust endogenous flashing ATP activity, which was maintained for hours after
slice preparation, we wanted to examine whether these focal ATP events could also
influence microglia process locomotion and function in a P2Y 12R/CX3CR1-dependent
manner. To this end, we used viral injections (AAV9-hsyn-cATP1.0) to express the
GRABAtp sensor in cortical neurons of microglia reporter mice (CX3CR1-cre/tdTomato,
P96-119). After 5-7 weeks of expression, we performed ex vivo two-photon imaging
experiments similarly as described before (256 % 128 um image size, 0.5 frame/s rate) but
in this case we used 930 nm excitation wavelength and simultaneously imaged 3 planes
that were 4 um apart. This configuration enabled us to capture both microglia process
movements and focal ATP events more effectively in a larger tissue volume. Time-lapse
images were converted into maximum intensity projection (MIP) videos for analysis.
Since we wanted to explore possible roles of P2Y12R and CX3CRI1 signaling, we also
performed recordings in the presence of their receptor antagonists PSB0739 and
AZDS8797, respectively.

K-means cluster analysis revealed the same separation of events to flash/surge
cluster groups both at baseline conditions and in the presence of P2Y12R or CX3CRI1
antagonists, with some alterations in parameter values (Figure 23a). Quantification
revealed that ATP surges were more intense in slices subjected to CX3CR1 blockade
compared to control and PSB conditions. On the other hand, the CX3CR1 blockade also
resulted in shorter, while P2Y12R blockade in longer duration times of ATP surges
compared to control (Figure 23b).
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Figure 23: Focal ATP release event characteristics are slightly modulated by microglial
receptor antagonists. (a) K-means clustering analysis of event parameters in
control/PSB/AZD conditions. Dot sizes represent the area of events (scale in right) Grey:
control, pink: PSB, green: AZD show flashes, black: control; purple: PSB; yellow: AZD
show surges (N =9 animals, n = 6 ctrl, 8 PSB, 5 AZD treatment). (b) Comparison of ATP
flash/surge characteristics of control, PSB and A treatment. Two-way ANOVA, Tukey’s
multiple comparisons, Intensity: F(I1, 206) = 92.31, Duration: F(I1, 206) = 133, Area:
F(l, 206) =115.8, p<0.0001 (N =9 animals, n =6 ctrl, 8§ PSB, 5 AZD-treated slices).

Boxes: interquartile range, whiskers: min—max, vertical bar: mean.

4.3.8. Framework for investigating microglial process recruitment by

endogenous focal ATP events

Importantly, time-lapse recordings indicated that microglia processes might be rapidly
(within 1-3 min) recruited to spontaneously emerging focal ATP events with a directed

movement (dm) towards the center of flashes/surges (Figure 24a). To quantify process
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locomotion induced by endogenous ATP dynamics, individual ATP events were
extracted from MIP time-lapse videos to contain baseline (before peak), surge peak
(maximum intensity of the event) and post event regions (Figure 24a-b). We identified
the ROIs as the area occupied by the surge/flash event at maximum peak intensity. The
corresponding changes of the fluorescent (cATPs, green) and microglia-related signals
(tdTomato, red) were extracted in a baseline-corrected manner from these regions (Figure
24b, 25). The changes in the tdTomato signal corresponded to directed microglia process
movements, which were quantified as the difference between baseline (100 s before the
ATP event peak) and the first detected peak (Figure 24b, movement peak). When there
were no detectable peaks within 300 s after the peak in cATPs signal, a 100 s region of

the tdTomato signal following the cATPs signal peak was averaged and taken as a change

value.
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Figure 24: Quantification of microglia process recruitment by surge ATP events. (a)
Representative MIP images taken from videos recorded to capture ATP events (green)
and consequent process displacement (red) in control conditions (black, top row) or in
the presence of P2YI2R (purple, middle row) and CX3CRI (green, bottom row)
antagonists. White dotted circles demarcate ROIs indicating the ATP event area at
maximum intensity (surge peak). Scale bars: 10 um. (b) AF/F traces show the evolution

of ATP surges in time (green) separated to three main phases: baseline, surge peak and
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post event, which were used for quantification. Superimposed AF/F signal shows the
process accumulation (red) measured within the ATP surge territories (ROIs), as

demarcated in a) with white dotted circles.

We also analyzed events within the flash cluster group in the same manner as in case of
surges, and we found that these events were also readily recruiting microglial processes
(Figure 25). Our initial observations indicated that process movements were impaired in
the presence of P2Y 12R and CX3CRI1 antagonists, both in the case of surge/flash events
(Figure 24-25).
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Figure 25: Flash ATP events recruit microglia processes similarly to surges.
Representative MIP images displaying ATP flash events (green) and consequent process
displacement (red) in control conditions (black, left) or in the presence of P2YI2R
(purple, middle) and CX3CRI (green, right) antagonists. White dotted circles demarcate
ROlIs indicating the ATP event area at maximum intensity (flash peak). Scale bars: 5 um.
AF/F traces show the evolution of ATP flashes in time (green), and superimposed AF/F

signal shows the process accumulation (red) measured within the ATP flash territories.

Quantification showed that blockade of P2Y12R or CX3CRI receptors largely prevented
microglia process recruitment to flashes, while movements towards surges were less
affected by AZD treatment (Figure 26a). Interestingly, no effect on movement speed was
observed, indicating that P2Y 12 and CX3CR1 blockade might specifically influence the

initiation of directed process movements (Figure 26b). The majority of ATP events were
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followed by direct movement, while blocking P2Y 12 receptors reduced the prevalence of
directed process movement significantly, and CX3CR1 receptor antagonists moderately
(Figure 26¢). In control slices, a significantly higher proportion of ATP events elicited
directed movements at earlier time-points after slice preparation (44 events before, and
22 events after 3 hours of incubation), which difference was diminished in the presence
of PSB (12 vs. 15) or AZD (26 vs. 26, Figure 26¢). Microglia movement to ATP flashes
was affected by both P2Y12R and AZD, whereas movements to ATP surge events were
only affected by PSB (Figure 26d). Overall, our data indicated that directed microglial
process recruitment to focal ATP events are mediated by P2Y12R and CX3CRI1

signaling, contributing to microglial phenotype changes in acute brain slices.
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Figure 26: Focal ATP events dynamically recruit microglial processes in a P2Y12- and
CX3CR1-dependent manner. (a) Microglia process recruitment to flashes/surges
represented as the difference in tdTomato signal (A%MFI) within flash/surge areas
(ROIs). (b) Latencies of process movements (N = 9 animals, n =6 ctrl, 8 PSB, 5 AZD-
treated slice), measured as time elapsed between surge/flash peak and process movement
peak (as described in Figure 22-23) Kruskal-Wallis-test with Dunn’s multiple
comparison test, A%MFI: p<0.0001 (left), Latency: p=0.19 (right). Boxes:
interquartile range, whiskers: min—max, vertical bar: median. (c¢) Directed movements
(dm - by both flash and surge events) recorded during early (2-3 h) vs. late (3—6 h) time-
points after slice preparation. Numbers at the top (#: XX) correspond to number of events.
(N =29 animals, n=6 ctrl, 8§ PSB, 5 AZD treated slices). (d) Distribution of process
movement prevalence in response to flashes / surges (9 animals, 6 ctrl, 8 PSB, 5 AZD
treated slice). Numbers at the top (#: XX) correspond to number of events. The colors of

dark grey (control), pink (PSB), green (AZD) represent the prevalence of microglial
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process movements towards flashes, the colors black (control), purple (PSB), yellow
(AZD) represent movements towards surges (N =9 animals, n =6 ctrl, 8§ PSB, 5 AZD-
treated slices) Light grey areas represent events with no corresponding directed

movement from microglia.

4.4. Injury-induced changes in P2Y12 expression and
microglia-neuron interactions

4.4.1. Framework for quantifying time dependent P2Y12 receptor

expression in acute slice preparations

Our results so far demonstrated important functional roles for P2Y12R in acute slice
conditions, since it was implicated in microglia process polarization (Figure 3),
morphological transformation (Figure 9) and in directed motility towards ATP-release
events (Figure 26). Importantly, previous studies have shown that P2Y 12 signaling also
plays a pivotal role in sensing and influencing neuronal activity and fate®’, while it can
undergo significant downregulation upon injury or inflammatory challenges?’!. Since our
observations in acute slice preparations indicated robust injury-related actions that were
effectively modulating microglia phenotype, we wanted to quantitatively examine
whether changes in P2Y12R expression occur in line with these mechanisms during the
incubation process.

To this end, we created acute slice time-series from CX3CR1"f? animals, and
preparations were immersion-fixed at different timepoints during incubation as described
previously, but this time we only investigated regions of the cortex (Figure 27a). For the
quantitative visualization of P2Y 12R we employed a post-embedding immunofluorescent
labelling technique (Figure 27b), allowing for unbiased assessment of labelling intensity

1.202 was slightly modified for this

changes?*?. The technique described by Holderith et a
study. In brief, fixed slices were washed in phosphate buffers (PB), treated with 1%
uranyl-acetate, dehydrated in ascending alcohol series, and finally embedded in resin
blocks (Figure 27b-1). Each block contained all slices from a respective time series of
one animal. Ultrathin sections were cut at 200 nm thickness, ensuring each section

contained the full width of all acute brain slices (Figure 27b-2). Thereafter, sections were

encircled with silicon polymer to retain incubating solutions on glass slides, resin-etched,

72



and primary/secondary antibodies were applied in the blocking solution at room
temperature (Figure 27b-3). Following further washes, slides were rinsed in distilled
water, sections were mounted, coverslipped and finally went through confocal imaging
while ensuring that measurements along the whole depth (except for the top and bottom
40 um region) of acute slices can be performed (Figure 27b-4). Quantitative analysis of
images was performed by at least two observers, who were blinded to the origin of the

samples and the experiments.
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Figure 27: Framework for quantifying time dependent P2Y12 receptor expression in
acute slice preparations. (a) CX3CRIFT littermates (N = 3 animals, only males, P35
days) were used to create acute slice time-series. Measurements were performed within
Ent/TeA/PRh cortical areas. (b) After fixation, slices were dehydrated and embedded into
resin blocks (1), ultrathin slices were cut onto glass slides (2), and resin etching was
followed by post-embedding P2Y12R immunofluorescent labelling (3). Finally, z-stack
images were gathered from preparations via high-resolution CLSM (4). Each ultrathin
section represented the whole cross-section of one acute slice (4), measurements were
done throughout the whole depth range of acute slices within a single image plane. (c)

P2YI12R labelling via the post-embedding technique. Microglial cell bodies (left), thick
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processes (middle), thin processes (right) and P2YI2R labelling (top) or P2YI2R
labelling only (bottom). Scale: 2 um.

4.4.2. P2Y12 receptors are rapidly downregulated in acute slices, most

prominently at thick and thin microglial processes

In line with the robust extracellular purinergic activity evidenced immediately after acute
slice preparation, we observed a consistent, rapid decrease in P2Y 12R labelling intensity
during the incubation process (Figure 28a). Most prominent changes were already
prevalent after 1 hour of incubation, followed by a slight increase towards the 5-hour
timepoint (Figure 28b). The loss of P2Y12R was most pronounced in thick and thin
processes, with decreases of 25% (after 20 minutes) and 29% (after 1 hour), respectively,

and a 20% decrease (after 1 hour) in microglial cell bodies.
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Figure 28: Rapid downregulation of P2Y12 receptors is most prominent on thick and
thin processes. (a) P2YI2R labelling using the post-embedding labeling technique.
Microglial cell bodies (left), thick processes (middle), thin processes (right) and P2Y12R
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labelling (top) or P2YI2R labelling only (bottom). Scale: 2 um (N =3 animal, n =3
slices/animal). (b) Quantification of P2Y12R labelling intensity at microglia cell body
(left), thick processes (middle) and thin processes (right.) N = 3 animal, P35 days; n =3
slices/animal; One-way ANOVA, Dunnet’s multiple comparisons, Body: F(4,
40) =2.746, p = 0.04 (left), Thick: F(4, 62) =9.698, p<0.0001 (middle), Thin: F(4,
154) = 13.09, p < 0.0001 (right), mean + SEM. Comparisons are made to 0 min values.

4.4.3. Gradual decrease in soma contact prevalence is preceded by rapid

initial increase in somatic area coverage

Since P2Y12R-signalling is crucial for the formation of somatic junctions which
represent main interaction sites between microglial processes and neuronal soma®®, we
wanted to investigate whether the prevalence of these contacts or the area covered on
neuronal cell bodies by microglial processes was affected by the downregulation of
P2Y12R. To this end, we used the classical pre-embedding approach on acute slice time-
series prepared from CX3CR17CFP littermates and enhanced the GFP-signal of microglia
to locate process endings, while we used Kv2.1 labelling to identify neuronal cell bodies
(Figure 29a). Neuronal somata were considered to receive a contact when there was no
space between neuronal soma and microglial process labeling on at least a 0.5 um long
co-localized segment. The area of process coverage was measured with a step size of
300 nm on single-channel images, while Kv2.1-positive cells were randomly selected
between those which were fully included in the captured volume. The surface was
calculated by measuring the circumference of the soma on every section and multiplied
by the thickness of the section. The surface of microglial process contacts was measured
in a similar manner.

Our analysis revealed a gradual decrease in the percentage of neuronal soma
contacted by microglial processes, dropping by ~23% after 5 hours of incubation (Figure
29b). Initially, microglial process coverage doubled immediately after cutting, indicating

rapid microglial actions, but decreased back to control values after 5 hours (Figure 29c¢).

75



oy

soma contact prevalence c process coverage on soma

ns *%

ns
100-*1_ NS % s 301 . *
3 o |7
g 801 3
8 9 201
c 4 >
§ % 8 ,
T 40 3.
§ =10 i
Sl
X
JU JEL NN
g\\‘ AN o ﬂbg\\\ AN 0 o

Figure 29: Gradual decrease in soma contact prevalence is preceded by rapid initial
increase in somatic area coverage. (a) Representative section of MIP image created from
z-stacks used to quantify microglial contact prevalence/process coverage on neuronal
soma. White arrows: areas where microglial processes form putative contacts on
neuronal soma (overlap of microglia and Kv2.1 labelling, Scale: 5 um). CX3CRI"/CFF
littermates (only males, P65 days). (b) Quantification of contact prevalence (left) and
somatic coverage of neurons (right) by microglial processes (N =3 animals, n = 7-9
regions of interest analyzed/timepoint, 30-60 neurons/timepoint P65 days). One-way
ANOVA, Dunn’s multiple comparisons, F(5,36) =9.118 p<0.0001 (left),
F(5,235) = 3.409, p = 0.0054 (right), mean + SEM.

4.4.4. 3-dimensonal dipartite model reveals that microglia morphology

significantly influences somatic junction prevalence

While these results confirmed a robust downregulation of P2Y12R in thick and thin
microglial processes during the incubation period, sufficient receptor expression seemed
to have persisted in order to maintain functional P2Y12R-signalling and somatic
junctions. Furthermore, the initial, rapid increase of somatic area covered by microglia
processes seemed to be a counter-active mechanism in response to tissue disturbance.
Importantly, the rapid downregulation and subsequent plateau of P2Y12R expression on
thick and thin processes (Figure 28b) seemed to follow a different pattern in time when
compared to the gradual loss of somatic junctions (Figure 29b). On the other hand,
gradual morphological changes (Figure 8) seemed to align well with changes in contact

prevalence (Figure 29b). We were interested in whether the observed decrease in process
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numbers and length during morphological transformation could have manifested in the
observed decrease in somatic junction prevalence. To answer this question, we employed
a 3-dimensional bipartite model of neurons and microglia, which was supported by basic
anatomical and morphological parameters taken from our datasets and from the
literature?®* (Figure 30a,b). In brief, the model was designed to generate a bipartite graph
with a fixed number of neurons (200) and microglia (30) randomly positioned within an
area without overlapping, so that the density of neurons was 90000 / mm?. Neurons had
15 pm and microglia had 10 um sized cell bodies (in diameter). Microglia were randomly,
but evenly distributed within the area, where microglial cell bodies were not allowed to
be closer than 30 um. Upon contact generation, each microglia had a maximum reach set
as a parameter (30 and 20 um in our case), and if a given neuron was within reach, a
contact was established (Figure 30, b, c). The graph was randomly generated 100 times
and contact distributions of neurons and microglia was calculated as mean + SEM across
the different simulations (Figure 30c,d).

The model showed that microglia with a maximum reach of 30 um were sufficient
in covering the whole neuronal population with only ~2% of neurons left without somatic
contacts at a given time (Figure 30c). Importantly, the model also indicated that the
majority of microglia had been connected to 10 neuronal partners on average, which
results were consistent with our anatomical observations (unpublished data) measured at
baseline conditions (Figure 30a, ¢, ¢). When we decreased the maximum reach of
individual microglia to 20 um, we observed a significant increase in the number of
uncontacted neurons (~20%), while both of these changes were also in line with our
measurements regarding morphological transformation (process length in vivo: 29.34 +
1.09 um vs. 5 hours after slice preparation: 18.29 + 14.18 pm) and decrease in somatic
junction prevalence after 5 hours spent in incubation (Figure 30b, d, f). Ultimately, these
results demonstrated that the model could effectively reproduce key anatomical features
of microglia-neuron somatic contacts, while also suggesting that the measured decrease
in somatic contact prevalence is likely to arise due to differences in microglial

morphology between the 0-minutes and 5-hour timepoints.
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Figure 30: Constraints in microglia morphological features significantly decreases
somatic junction prevalence. (a) 3-dimensional reconstruction of an acute slice
preparation showing neurons (DAPI, grey) and microglia (CX3CRIVCFT, green)

immediately (0 min) after slice preparation. (b) Same as in (a), but the slice were fixed 5
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hours after preparation. (c¢) Representative instance of a randomly generated bipartite
graph of neurons (n= 200, grey) and microglia (n= 30, green) with anatomically relevant
features. Maximum reach for individual microglial processes is 30 um. Neurons left
without somatic junctions are colored to red. On the top right corner, a representative
instance of a randomly selected microglia from the graph is shown with its processes. (d)
Similar as in a) with maximum reach for microglial processes set to 20 um. (e) Bar graphs
displaying percentages of neurons (left, grey) and microglia (right, green) with given
number of somatic junctions/microglia processes, respectively. Format: mean + SEM.
Values are averaged across a 100 randomly generated graph with maximum reach set to
30 um. Bar representing percentage of neurons with (0 somatic connections is colored

red. (f) Similar as in c) with maximum reach for microglial processes set to 20 um.

4.4.5. Microglia-synapse interactions are altered after slice preparation

Acute slice preparations have been extensively used in the past to examine mechanisms
behind synaptic plasticity, such as long-term or short-term potentiation/depression
(LTP/D or STP/D). Conversely, it also has been demonstrated that the density of synaptic
elements can rapidly increase after acute slice preparation in the form of synaptic

190-192 " while underlying mechanisms have not yet been revealed. Importantly,

sprouting
microglial cells are long recognized as pivotal regulators of synaptic elements, both
during development and in the adult CNS87:11%112 Since we observed dramatic changes
in case of somatic contacts, we also wanted to explore whether interactions with synaptic
elements are altered after the insult of slice preparation. To investigate the role of
microglial influence on both glutamatergic and GABAergic synapses, we employed the
previously described post-embedding approach to label synaptic elements and microglial
processes in acute brain slices (Figure 27). Synapses were identified via the co-
localization of pre- and postsynaptic markers VGLUT1 (vesicular glutamate transporter
1) and Homerl1 in case of glutamatergic, while VGAT (vesicular GABA transporter) and
Gephyrin were used for GABAergic synapses (Figure 31a, 32a, 33c). Double staining

techniques were employed to ensure specificity and sensitivity, validated by the sufficient

match between pre- and postsynaptic markers. Regions of interest (ROIs) were randomly
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selected within the neuropil, deliberately avoiding cell bodies to focus on synaptic
regions.

First, we looked at microglial contacts with distinct synaptic elements (Figure
31a). Interestingly, we observed rapid alterations in microglial contact prevalence with
glutamatergic synapses, where contact numbers increased by 46% immediately after
slicing, then gradually returned to baseline (Figure 31b, left). This response closely
mimicked the behavior we saw in case of somatic area coverage (Figure 29c¢). In contrast,
GABAergic synapses showed a 33% decrease with microglial contacts within 20 minutes,

further dropping to 47% after 5 hours (Figure 31b, right).
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Figure 31: Microglia-synapse interactions are altered after slice preparation. (a) Single
image planes from confocal z-stacks used for the quantification of synaptic contact
prevalence by microglial processes on glutamatergic (left) or GABAergic (right)
synapses. (Insets show channel pairs from boxes, pre- and postsynaptic marker, microglia
and postsynaptic marker, microglia, and presynaptic marker, merged.) White arrows
indicate individual synapses contacted by processes (bars: 1um). CX3CRI/CFF
littermates were used (only males, P65 days). (b) Bar plots show microglial contact
prevalence onto glutamatergic (left) or GABAergic (right) synapses (N =3 animals,
n=15-18 ROI analyzed / timepoint, P65 days) Kruskal-Wallis, Dunn’s multiple
comparisons, p = 0.019 (left), p < 0.0001 (right), mean £ SEM (compared to 0 min).
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4.4.6. Microglia are key modulators of synaptic sprouting in acute slice

preparations

Next, we used the quantitative post-embedding labeling (Figure 32a) to examine whether
the commonly observed synaptic sprouting is also observable in our acute slices. Indeed,
analysis showed that both glutamatergic and GABAergic synaptic densities increased
over time. Glutamatergic synapses showed a 20% increase already after 1 hour, and
peaked at a 28% increase after 5 hours, while GABAergic synapses peaked at 20%

increase after 2 hours (Figure 32b).
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Figure 32: Synaptic sprouting occurs in acute slice preparations at baseline conditions.
(a) MIP images of confocal z-stacks used for the quantification of glutamatergic and
GABAergic synaptic densities, created by using the post-embedding technique.
Glutamatergic labeling by the co-localization of vGLUTI (purple) and Homerl (green,
left, bar: 5 um) zoomed-in inset show glutamatergic labeling (right, top, bar: 1 um). The
inset at the bottom show GABAergic labeling by the co-localization of vVGAT (purple) and
Gephyrin (green, right, bar: 1 um) labelling. (b) Synaptic density changes of
glutamatergic (left) and GABAergic (right) synapses at given time-points after acute slice
preparation (N =6 animal, n =6 regions analyzed / slice / timepoint, P65 days);
Kruskal-Wallis, Dunn’s multiple comparisons, p = 0.0024, mean + SEM (compared to
0 min).

In order to assess the role of microglia during synaptic sprouting, synaptic densities were
measured similarly in slices prepared from control mice or mice treated with PLX5622,

a CSF1R inhibitor known to eliminate microglia in vivo (Figure 33a). This treatment was
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administered for three weeks prior to slice preparation, which led to the successful
depletion of microglia from the CNS (Figure 33b). Previous studies have shown that
depletion of microglia with PLX3373 or PLX5622 does not substantially alter neuronal
cell numbers or morphology, nor does it cause cognitive or behavioral deficits, although
a slight increase in dendritic spine numbers has been observed?*#-2%, Surprisingly, the
expected increase in glutamatergic synaptic density was abolished during the absence of
microglia, resulting in a 27% lower density compared to controls after 5 hours (Figure
33d, left). GABAergic synapses initially increased in density, peaking at 1 hour, but then
significantly decreased by 2 hours (Figure 33d, right). These results highlighted the role
of microglia in regulating synaptic dynamics in acute brain slices. Importantly, microglia
appeared to facilitate glutamatergic while repressing GABAergic synapse formation in
the early stages (under 1 hour) following acute slicing. These findings underscored the
critical role of microglia in influencing the neuronal network through microglia-neuron

interactions, even within acute brain slices following tissue injury.
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Figure 33: Microglia are key modulators of synaptic sprouting in acute slice
preparations. (a) CX3CRICFP littermates (only males) were used to create control

(CTRL; N =3, P65 days, brown) and microglia depleted (DEPL; N = 3, P65 days; blue)
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subgroups. Slice preparations were obtained from both groups and immersion-fixed at
different timepoints. (b) MIP images taken from control (left) or depleted (middle) slices
(scale: 100 um). White arrows show a few remaining identified microglia within the
depleted slices. Left: Quantification comparing the total number of microglial cells in
control (brown) vs. depleted (blue) slices (N = 6 animal/condition, P65 days); Mann—
Whitney (two-sided), p < 0.0001, median+SD. Boxes: interquartile range, whiskers:
min—max, vertical bar: median. (c¢) MIP images created from confocal z-stacks used to
compare densities of glutamatergic (left) or GABAergic (right) synapses in control (top)
or depleted (bottom) slices (bar: 5um). (d) Comparison of glutamatergic(left) or
GABAergic(right) density changes during incubation. Averages of control (brown) vs.
depleted condition (blue). (N =6 animal / condition, n = 6 regions analyzed / slice /
timepoint, P65 days); Two-way RM ANOVA, Tukey’s multiple comparisons,
F(4,184) =4.668, p = 0.0013 (left), F(4,184) = 19.08, p < 0.0001 (right), mean + SEM.

4.5. Microglial influence on network synchrony

4.5.1. Network synchrony emerges in parallel with synaptic sprouting in

acute slice preparations

Previously we observed that microglia are actively increasing somatic coverage on
neuronal soma immediately after slice preparation (Figure 29c), as well as their presence
at glutamatergic connections (Figure 31b), which ultimately influenced synaptic
sprouting (Figure 33d). Importantly, microglia can exhibit a dual role within the CNS, as
in certain conditions microglia fulfill neuroprotective roles through synaptic maintenance
and promoting tissue repair by the secretion of cytokines. However, microglia can also
release neurotoxic substances and pro-inflammatory cytokines which can exacerbate
neuronal damage!#*14>207, We wanted to examine whether alterations in microglia
function observed after acute slice preparations are supportive in nature and could
positively influence network activity. The sharp wave-ripple (SWR) complex is a widely
studied synchronous activity originating in the CA3 region of the hippocampus,
associated with essential cognitive processes such as memory formation, consolidation,
and planning?®. Importantly, our slice preparation method was initially developed to

investigate the mechanisms behind SWR generation, since within these slice preparations
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SWR activity spontaneously emerges within the CA3 region after sufficient time spent in
recovery within the incubation chamber!87-18%.209,

We utilized our slice preparation technique to investigate whether observed
changes in microglia-neuron interactions are contributing to the recovery of neuronal
synchrony and facilitate the emergence of SWRs. First, we created thick (~450 um) acute

17/SFP mice which were hourly transferred into a recording

slice preparations from CX3CR
chamber while preserving the original orientation (the surface of acute slices within the
incubation chamber remained at the top within the recording chamber), where electrodes
within pipettes filled with artificial cerebrospinal fluid (ACSF) were placed into the CA3
region of the hippocampus to perform local field potential (LFP) recordings (Figure 34a).
The pipettes were positioned at a depth of ~80-100 um below slice surface, ensuring

188 allowed

accurate measurement of neuronal activity. The dual flow recording chamber
ACSEF to flow both above and below the slices at a rate of 3—3.5 ml/min per channel,
maintaining a temperature of 33-34 °C. This setup ensured optimal conditions for
neuronal activity to emerge. From the LFP recordings SWRs were detected above a
threshold of 2 times the standard deviation (SD) of the signal (Figure 34b). From these
recordings we analyzed various SWR features, including peak amplitude, SWR rate and
ripple amplitude (Figure 34c). Initially, our recordings confirmed that SWR events with
stable amplitude and frequency parameters only emerged after 2 hours spent in the
incubation chamber (Figure 34b,c), which aligned with the time-point when
glutamatergic and GABAergic synaptic densities peaked during synaptic sprouting
(Figure 32b). These results suggested that microglia mediated synaptic sprouting might

have contributed to the recovery of neural synchrony.
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Figure 34: SWR emerges after synaptic sprouting in acute slice preparations. (a)
Schematic representation of experiment. CX3CRICTT littermates (N=8,; P65 days) were
used to create acute hippocampal slice preparations and placed into an interface-type
incubation chamber. Subsequently, slices were transferred hourly into a recording
chamber to measure sharp-wave ripple (SWR) activity via local field potential recordings
(LFP) registered from the CA3 pyramidal layer of the hippocampus. (b) Representative
LFP recordings (left) measured after 1 (vellow) or 2 hours (purple) spent in incubation.
Grey lines represent detected SWR events. Bars: 10 s, 50 uV. Representative averaged
traces of detected SWRs (right, N=#50 in total) measured after 1 hour (vellow: average,
grey: individual events) or 2 hours (purple: average, grey: individual events) of
incubation. Bars: 100 ms, 25 uV. (¢) Quantification of SWR amplitude (left), rate (right)
and Ripple amplitude (right) comparing events measured after different time spent in the
incubation chamber before recording. N=8 animals, P65 days, One-way ANOVA with
Tukey’s multiple comparison test, p<0.05 (left), p<0.01 (middle), p<0.05 (right).
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4.5.2. Microglia contribute to the emergence of network synchrony in

acute slice preparations

To test microglial influence on the emergence of SWR activity, we devised a similar
experiment where we went on to systematically compare the emergence and observed
features of SWR activity in acute slice preparations harvested from control or loss of
microglial function animals. To this end, acute slice preparations were similarly obtained
from control (CX3CR1"S? littermates), microglia depleted (CX3CR1"/CFP littermates,
PLX3397 was used for depletion, see: Figure 33b), P2Y12R knockout (P2Y12R"") or
CX3CR1 knockout animals (CX3CR17). Knockout mice had control mice (C57Bl/6J
mice) as a comparison from the same age group (~65 days old). Each recording day six
slices from control or loss of function animals were prepared in pairs, which were also
measured in a pairwise manner to ensure consistency (Figure 35a). This included
simultaneous slice harvest, incubation and measurement of slices, while the same
solutions and equipment were used throughout each experimental day. The position of
slices within the recording chamber was also alternated in order to minimize artefacts that

might arise from the experimental configuration.
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Figure 35: Framework for investigating the emergence of SWR activity in control and
loss of microglia function acute slices. (a) Schematic representation of experiment.
Acute hippocampal slices were obtained from control or loss of function groups and slices
were measured in a pairwise manner. SWR activity was recorded from CA3 pyr.
Depletion: CX3CRI"CFP [ittermates (only males) were subjected to 3 weeks of either
control/ PLX3397 diet (CTRL; N =6, P65, gold, DEPL; N =6, P65; blue) Knockouts:
C57BIl/6J (N=35 and N=6) vs. P2YI2KO (N =5) or CX3CIKO (N = 6), P65 days). (b)
Representative LFP recordings (left; bar: 30s, 50 uV), average SWR events (right,
N =50, Scale: 100 ms, 25 uV) from control (top, gold) and depleted (bottom, blue) slices.
Grey lines: individual SWR events. (¢) Same as in b), control (top, gold) and P2YI2RKO
(bottom, purple) slices. (d) Same as in b), control (top, gold) and CX3CRIKO (bottom,

green) slices.

In order to track the emergence of SWR activity, each pair of slices were recorded for 30
minutes, and if no detectable SWR event was present during the recording, the slice was
considered unable to generate SWR activity. We went on to quantify the emergence of
SWR activity within these conditions (Figure 36). Our results indicated that microglia-
depleted acute slice preparations were significantly less sufficient in generating detectable
SWR activity (control: 50% vs. depleted: 11%), while loss of P2Y 12R had a minor effect
(control: 46.6% vs. P2Y12K0: 33.3%), and CX3CRI1 function did not influence the
prevalence of SWR in acute slices (control: 52.8% vs. CX3CR1¥°: 52.8%).
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Figure 36: Spontaneous emergence of SWR activity is impaired in depleted and
P2Y12R knockout slices. (a) Pie-charts represent SWR activity occurrence in control

(gold), and depleted (blue) acute slice preparations. (b) Same as in a) but controls are
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compared to P2YI2KO (purple). (c) Same as in a) but controls are compared to
CX3CRIKO slices (green). The grey area represents no spontaneous SWR activity (N = 6
ctrl vs. 6 depl animal, N=75 ctrl vs. 5 P2Y12KO animal, N=35 ctrl vs. 5 CX3CRIKO

animal, 5 slices/animal, P65 days).

We went on to analyze the characteristics of the recorded SWR events in order to reveal
further differences that might have been the consequence of microglia function loss.
Importantly, our results showed significant alterations within the parameters of
spontaneously occurring SWR parameters (Figure 37). We observed that the amplitude
of SWRs were significantly impaired in microglia depleted slices (ctrl vs. depleted: ~4,6-
fold p<0.0001; ctrl vs. P2Y127": ~1.7-fold, p<0.05; ctrl vs. CX2CR17": ~ 1,5-fold,
p <0.05). We only observed significant difference in SWR rate when comparing control
with depleted slices (ctrl vs. depleted: ~1.6-fold, p <0.05), while the amplitude of ripple
frequency was significantly impaired in all comparisons (ctrl vs. depleted: ~2.1-fold,
p<0.001; ctrl vs. P2Y127:~1.3-fold, p<0.001; ctrl vs. CX2CR17/:~1.2-fold,
p<0.001; Mann-Whitney test). Taken together, these results suggest that the positive
influence of microglia on SWR activity observed in acute slice preparations is in part
mediated by microglial P2Y12R- and CX3CR1-signalling, and that microglial actions

were pivotal for the maturation of ex vivo acute slices.
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Figure 37: The absence of microglia, microglial P2Y12 or CX3CRI1 dysregulates sharp-
wave ripple activity. Quantification of SWR amplitude (left), rate (middle) and Ripple
amplitude (right) from control (gold), depleted (blue), P2Y12 KO (purple), and CX3CRI
KO (green) slices. (N = 6 ctrl vs. 6 depleted animal, N =5 ctrl vs. 5 P2Y12 KO, N =5 ctrl
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vs. 5 CX3CRI KO animal, 5 slices / animal, P65 days); Mann—Whitney (two-sided),
p <0.001. (Each group had its own controls from littermates.) Boxes: interquartile range,

whiskers: min-max, vertical bar: median.

Importantly, the observed phenotypic changes of microglia paired with their influence on
somatic and synaptic elements ultimately resulted in more resilient SWR activity, also
highlighting the pivotal role of microglia in facilitating recovery after injury imposed by
the slice preparation process. Taken together, these results underscored the
neuroprotective nature of microglia in modulating neuronal viability, activity and

network synchrony.
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5. Discussion

Acute brain slices represent a well-established experimental approach that has been
instrumental in studying the CNS from the scale of individual synapses to complex
neuronal networks. Studies utilizing this technique have yielded seminal discoveries
concerning all the different constituents of the CNS including neurons and glial cells
collectively. Importantly, an increasing number of studies emphasize that cellular
components of the CNS are highly interconnected and depend on each other for proper
functioning, creating a need for more synergistic experimental approaches and holistic
thinking in the future. Since microglia has been shown to be particularly sensitive to
environmental cues while they interact dynamically with all other cell types!®-2>-11%-136,
they are ideally positioned for investigating mechanistic roles behind these interactions.
We deliberately utilized this feature as we systematically tracked alterations of acute slice
microglial functions and their influence on neuronal networks during an experimentally
relevant timeframe, using various sample sets from multiple laboratories. Furthermore,
we employed advanced experimental techniques including a highly sensitive fluorescent
ATP sensor to reveal previously undocumented features of injury-related mechanisms
taking place after slice preparation. We show that while injury induces marked phenotypic
changes in microglia, they preserve protective roles to maintain viability and spontaneous
activity of neuronal networks in a P2Y 12R- and CX3CR1-dependent manner. We believe
that mechanisms revealed here have important implications beyond acute slice
experimentation or studies centered around microglia, while it could definitely facilitate
improvements in ex vivo methodologies. Finally, findings on injury-related microglial

actions may also have important implications for common neurological disorders.

5.1. Injury-induced cell body and process migration

First, we studied how injured areas within acute slice preparations influenced microglial
cell body motility and process polarization at baseline levels, without any additional
stimulus presented after slice harvesting. While locomotor and process polarization
behavior have been previously observed in acute slices, these investigations all employed
additional application of ATP or tissue insult via laser ablations'?®!83, Importantly, active

migration of microglia within the brain parenchyma is a characteristic response to
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neuronal injury and inflammation in vivo, widely studied with the same experimental
approaches”®!. To the best of our knowledge, here we presented the first population-
level description of baseline cell body and process distribution changes along the full
depth of slices, investigated in an experimentally relevant timeframe for most ex vivo
studies (0 to 5 hours after slicing). Migration and chemotactic responses have been shown
to be governed by extracellular ATP which acts as a guiding signal for microglia via
purinergic receptor activation, particularly through P2Y12 receptors??*21%211 Qur results
are in line with these observations, while we demonstrate that microglia sense and
gradually reorganize their cell body and processes along the extracellular ATP gradient
in a P2Y 12- and CX3CR-dependent manner, facilitating targeted migration towards areas
of neuronal injury, and possibly initiating neuroprotective responses®!2. It has to be noted
here, that oxygenation levels along the depth of the slice, as well as higher neuronal
activity at the top surface could also manifest as a gradient signal®!*-2!*> which might affect
microglia distribution. Importantly, the ability of microglia to traverse across the neuropil
could be critical in case of acute slices, considering the high volume of damaged tissue
that needs to be maintained near the cut surfaces. The repositioning of microglial cell
bodies is probably essential for recapitulating a homeostatic environment across the
injured parenchyma, as it is well-documented that activated microglia display a facilitated
phagocytic capacity necessary for clearing cellular debris??. This might be particularly
important, given that early recognition and effective clearance of non-viable cells are
known to be critical factors during aging and in neurodegenerative disorders®®!262!1, The
deployment of activated microglia into the injured areas is also likely to mitigate neuronal
excitotoxicity and promote recovery via the release of trophic molecules like TGF-B1
where it is most needed?!?2!6, making this phenomenon an essential constituent of
microglial neuroprotection. While the pivotal role of ATP as a signaling molecule in
mediating these mechanisms is already well established, our results demonstrate that the
CX3CL1-CX3CRI1 signaling pathway also seems to be critical, implicated mostly in cell
body migration towards injured sites. Indeed, the CX3C family of chemokines has been
proposed as a candidate for neuronal rescue signal, as healthy neurons highly express
fractalkine repressing microglial activation, while downregulation of fractalkine in

injured neurons can allow microglial activation to occur’®8,
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5.2. Structural changes and morphological transformation

Our findings indicated that morphological transformation of microglia represented a
generic response to injury after acute slice preparation, since comparable changes were
seen in younger (P35 day) and older (P95 day) mice, and even at earlier stages during
postnatal development (P18-20). We also demonstrated that different slice preparation
techniques carried out by independent laboratories did not influence the gradually
increasing density of reactive microglia morphology along the whole depth of acute
slices. When comparing these results with studies that investigated other types of
pathological conditions, microglia 1hour after slice preparation showed similar
morphological characteristics to what was observed at peri-infarct cortical areas and in

experimental stroke models!3+217-219

using the same automated morphology analysis tool.
Moreover, a ~50% drop in the number of process endings represented a similar difference
to what microglia showed in tissue samples from control vs. Alzheimer’s disease
patients??’. Importantly, this difference already occurred as early as 20 minutes spent
within the incubation chamber. Taken together, these results further support the notion
that the observed morphological alterations represent functional adaptations of microglia
during the transitioning from homeostatic to pathological conditions, allowing an
adequate response to changing environmental demands. In such conditions, activated
states characterized by retracted processes allow for more effective migratory behavior to
injured sites, while they also seem to be critical in enhancing the phagocytic capacity and
ability to clear cellular debris?!!. Importantly, these morphological adaptations were
demonstrated to be triggered by extracellular ATP, which is readily released upon
injury?®. When released, ATP serves as a reliable signal contributing directly to structural
changes, while the transformation could also be modulated by various pro-inflammatory
mediators like IL-1p and TNF-0?2!. Thus, the observed morphological plasticity of
microglia seem to be pivotal in combating injury-induced alterations and subsequently

promote tissue recovery.

5.3. Electrophysiological correlates of phenotypic transition

To date, electrophysiological data from in vivo microglia have not been published,

meaning that such correlates of an undisturbed, physiological state is not yet available.
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The vast majority of electrophysiological investigations focusing on microglia have been
conducted in isolated cell-cultures or in acute and organotypic slices'’®!7!, Microglia
within isolated cell cultures typically display an activated state characterized by amoeboid
morphology, which correlates with a unique pattern of inwardly and outwardly rectifying

K* currents paralleled by decreased input resistance!”!.

Importantly, acute and
organotypic slices have been shown to preserve a microglial phenotype that is closer to
the resting state when compared to isolated single-cell cultures. This was also reflected
in their electrophysiological signatures, as within brain slices the inwardly/outwardly
rectifying currents only appeared as a consequence of additional injury-related insults like
facial-nerve cut, ischemic insult or induced status epilepticus before slice preparation!”°.
These results demonstrated that microglia are capable of radically transforming their
electrophysiological identity during phenotypic transformation, since acute slice
microglia compared to cultures were shown to display higher input resistance, slightly
depolarized resting membrane potential (between -40 and -20 mV) and lack of voltage-
gated K" currents during baseline conditions. Importantly, the resting membrane potential
of microglia has been shown to correlate with morphology in acute slices, suggesting that
the activity of THIK-1 K" channels are mainly responsible for stabilizing the membrane
potential and morphology within the ramified state, while locally increasing extracellular

102222 Tt has been proposed that transitioning

K" concentration can decrease ramification
into a more reactive phenotype might reflect a decreased expression of THIK-1, as
activation via LPS treatment can result in significantly downregulated THIK-1 mRNA

102 Tmportantly, our results supported the idea that

paired with more ameboid morphology
membrane depolarization, rapid P2Y 12R downregulation and transition of microglia into
a reactive morphology are co-occurring features of microglia in acute slices, confirming
that THIK-1 is probably continuously downregulated after tissue disturbance. Since
THIK-1 has been postulated to be less important in shaping microglial function during
injury or inflammation, this necessitated the exploration of other candidates influencing
microglia membrane properties. Our results indicated that NKCC1 channels are ideally
placed to shape the electrophysiological identity of microglia both at resting state and
upon tissue disturbance, by directly influencing microglial membrane properties and CI°
ion regulation during these conditions. Importantly, it has also been demonstrated that

NKCCI is involved in shaping microglia morphology and primed inflammatory state??>.
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5.4. Extracellular coding of injury-related signals

We used a newly developed, highly sensitive ATP sensor expressed by glutamatergic
neurons within the hippocampus and the cortex to monitor extracellular ATP dynamics.
It is well documented that extracellular ATP, and its derivatives can markedly influence
microglial responses through NTPDase and P2YI2R mediated actions®®?2+

227 Importantly, we demonstrated in line with others that acute brain tissue damage

results in elevated extracellular ATP levels??%-23!

, while the microglial process
recruitment to spontaneously emerging focal ATP events in acute slice preparations have
never been described before. As expected, our results indicated elevated ATP-levels close
to the slice surfaces, and the manifestation of ATP gradients were likely the main driving
force behind the observed microglial dislocation and prevalent morphological
transitioning occurring throughout the slices. Additionally, our observations reinforced
general guidelines established by others during electrophysiological investigations, which
states to avoid measurements taking place within the top 50 um of slice preparations!’?.
We show that this region does not only include a higher density of dead cells, but extreme
levels of extracellular ATP sustained for hours after slice preparation paired with a
gradually increasing density of activated microglia intruding into the area. We
demonstrated the existence of a unique form of endogenous, sustained purinergic activity
manifested deep within the tissue, consisting of several minutes long focal ATP release
events between the nanomolar to micromolar range, sustained for hours after slice cutting.
Since the acute slice model is widely used in developmental brain research, we also
performed these experiments on slices from early postnatal mice (~P19-20). Interestingly,
we observed the very same mechanisms as in adulthood with regard to all of our
observations. The immediate ATP release induced by injury, subsequent decay of ATP
levels and flashing ATP events were all observed on a similar time- and intensity-scale
in slices from a wide (P19-P119) age range. Based on event characteristics, flashing ATP
activity is likely to represent a form of endogenous, spatiotemporal injury-encoding
mechanism mainly driven by astrocytic activity, which was recently described in
vivo??240 While the astrocytic origin of these events have been confirmed by these

studies, we observed ATP events near several neuronal cell bodies, supporting the notion
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of ATP release from neuronal source. Importantly, these events were also recruiting
microglial processes towards the occupied area. Based on the high variance of ATP event
characteristics that separated them into distinct clusters of flashes and surges, it is possible
that such signals can manifest simultaneously with distinct cellular origins. Due to the
lack of appropriate tools to selectively block ATP release from different sources, the
precise origin of endogenous ATP events within acute slices are yet to be confirmed by
future studies. Extracellular ATP is known to be influenced by NTPDase and Ecto-5’-
nucleotidase enzymes, which metabolize ATP to ADP, AMP and adenosine,
respectively??>232, Upon ecto-ATPase blockade we observed the rapid elevation of
extracellular ATP levels which maintained, or in some cases even enhanced the
occurrence of these ATP events, possibly via ATP induced ATP release. Importantly, we
observed regional differences in ATP event characteristics, which could either be the
result of non-homogeneous sensor expression or may also reflect differences in

responsiveness to injury within distinct brain regions.

5.5. Influence of endogenous ATP events on microglia and neurons

We observed that microglia responded readily to focal ATP events by P2Y 12R-dependent
fast process movements. Importantly, P2Y 12 receptors represent a core marker for
microglia in the healthy brain®-233234] while downregulation of P2Y12R is generally
associated with reactive phenotypes and microglial dysfunction both in vivo and in ex
vivo conditions®>?33-238, We demonstrated with a fully quantitative post-embedding
method?*? that rapid downregulation of P2Y12R occurs extensively at thick and thin
processes of microglia already after 1 hour spent in incubation. Importantly, this rapid
and sustained decrease was paralleled by the prolonged responsiveness of microglia
processes to focal ATP events within the investigated time window (0-5 hours) and
possibly beyond, indicating a close connection between the two phenomenon.
Interestingly, resting-state microglia within the healthy brain is often described to have
highly motile processes constantly surveying the brain parenchyma, which behavior was

102 Conversely,

posited to not involve P2Y 12R signaling but depend on THIK-1 activity
several studies utilizing acute brain and retinal preparations posited that ramified

morphology and baseline motility is preserved ex vivo!”-!¥2, Our results strongly indicate
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that baseline motility of microglia processes in acute slices represent a distinct behavior
when compared to the surveying state observed in vivo, as it is generally guided by
endogenous ATP events through P2Y12R signaling. Importantly, despite the observed
P2Y12R downregulation in ex vivo conditions microglia seem to retain their ability to
extend their processes towards the extracellular presence of ATP irrespective of it being
endogenously released, directly applied or passively released by laser-induced tissue
ablation. It is important to note that purinergic signaling has also been postulated to
regulate neuronal activity via extracellularly produced or glia-derived adenosine?3%-24
which can contribute to A1R mediated feedback suppression?*-2*!, Specifically, ATP had
been shown to trigger the recruitment of microglia processes in vivo, which resulted in
the conversion of ATP to AMP by the microglial hydrolyzing ectoenzyme CD39, which
is converted to adenosine by CD73 also expressed by microglia and other cells'*. Based
on these, it is an interesting possibility that the observed injury-induced ATP events
followed by process recruitment might represent an elevated form of microglia-mediated
negative feedback mechanism which operates in order to protect the neuronal network
from excessive activation. In addition to purinergic signaling, we demonstrated that the
blockade of CX3CRI1 receptors also impaired microglia process recruitment towards ATP
flashes. The main function of the neuronal CX3CLI is posited to provide an inhibiting
effect that is keeping microglia phenotypes within the quiescent, surveilling mode’®.
Interestingly, microglia-neuron fractalkine interactions have been shown to inhibit
NMDA-mediated Ca?>* influx and neuronal apoptosis, further supporting the
neuroprotective nature of microglia within these conditions?*?. Taken together, these
observations strengthened the notion that microglia are key players in encoding and
transducing signals related to neuronal injury. Following insult, the rapid release of ATP
serves as a beacon that orchestrates microglial responses to cellular distress in a P2Y 12
and CX3CR1-dependent manner, which induces neuroprotective behavior essential for

maintaining homeostatic neuronal activity.

5.6. Alterations of microglia-neuron interactions

Collectively, our results concerning phenotypic states of microglia demonstrated marked

alterations in cell body and process distribution, morphology, P2Y12R expression,
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parallelled by injury-induced extracellular ATP dynamics affecting process movements.
Importantly, these observations were all expected to influence microglia—neuron
interactions, particularly through P2Y12R signaling, known to be important for
microglial interactions with neuronal somata under various conditions®-!12184237 Tndeed,
our data indicated that while the prevalence of somatic junctions slowly and gradually
decreased, the percentage of somatic area covered by microglial processes showed a more
than two-fold increase immediately after slice preparation, similar to what is observed in
vivo after acute ischemia®. Our 3D modeling of microglia-neuron somatic junctions
revealed that resting-state microglia morphology and density within the cortex is optimal
for covering the whole neuronal population. However, changes in morphology,
particularly a shorter maximum reach of processes, can in itself cause an increased
number of uncontacted neurons, similar to what we measured directly after 5 hours of
incubation. These results indicate that microglia maintains as many somatic junctions as
physically possible, despite the robust, injury-induced structural and morphological
transformation limiting its reach, which highlights the importance of these interaction
sites. This was paralleled by a similar, rapid increase of contact prevalence at
glutamatergic synapses, while contacts on GABAergic synapses were gradually
decreasing. Several previous studies have demonstrated that synaptic sprouting is a

190—

characteristic feature of acute slice preparations'*12, but the underlying mechanisms

have not yet been revealed. Microglia are well-known regulators of synaptic elements in

various conditions throughout development and aging!%8:116.243-245

, as they are capable of
secreting cytokines and growth factors, which can promote synaptic plasticity and
facilitate the formation of new synaptic connections in response to neuronal injury. To
this end, we investigated whether acute slice microglia might also contribute to synaptic
density changes. Indeed, we found that the absence of microglia profoundly impaired
synaptic sprouting. Of note, elevated GABAergic synaptic density in microglia-depleted
mice observed immediately after cutting could be explained by effects not related to
injury, as the lack of microglia has been shown to elevate GABAergic synapse density in
vivo?*®, While microglial contacts can directly facilitate spine formation of functional
synapses! 08243245247 "the rapid microglia-mediated effects in ex vivo brain slices were
surprising. Nonetheless, their observed capacity to influence synaptic sprouting to this

extent immediately after injury might involve both the removal of unwanted or damaged
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synapses and the facilitation of new synaptic connections. One possible mechanism could
be the release of brain-derived neurotrophic factor (BDNF) from activated microglia,
which had been shown to promote synaptic growth and neurorepair®®®. Importantly,
revealing more about microglial actions on sprouting within this context could be
fundamental for the development of therapeutic strategies concerning neurodegenerative

9

diseases®®. Thus, further studies will be required to understand the molecular

mechanisms underlying these effects.

5.7. Microglia-dependent modulation of network synchrony

Finally, our results demonstrated that the observed microglia-related mechanisms actively
influenced the emergence of SWR activity in hippocampal acute slice preparations,
largely mediated by purinergic, and moderately by fractalkine mechanisms. These results
indicated that the presence of microglia and P2Y12R/CX3CR1 signaling is essential for
the recovery of physiological-like network activity in ex vivo slices. These results
indicated that in other conditions related to tissue disturbance, interventions aimed to
inhibit these microglial actions could also render the neuronal network less capable of
producing healthy activity patterns. In line with our observations, previously it has been
demonstrated that hippocampal field excitatory postsynaptic potentials (fEPSPs) recover
in correlation with synaptic changes in ex vivo slices!®!. We also show that a huge
increase in SWR amplitude, rate and frequency occurs in line with synaptic sprouting
reaching a balanced state of excitatory/inhibitory synaptic densities. These notions are
supported by the fact that SWR generation relies on sufficiently large tonic excitatory
activity followed by the action of reciprocally connected parvalbumin-positive basket
cells'®”. These results indicate that a delicate balance is maintained between excitation
and inhibition by microglia-related actions during the course of sprouting, allowing
SWRs to emerge. Results from other studies support these notions, as partial depletion of

116 as well

microglia promoted asynchronous activity without overall change in frequency
as microglia depletion had been shown to decrease spontaneous or evoked glutamatergic
activity?°. In addition to synaptic reorganization, previously described neuroprotective
roles mediated by P2Y12R and CX3CRI signaling are also likely to be key contributors

in recapitulating and maintaining the neuronal network in a homeostatic state. Through
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these pathways, microglia could actively influence various neuronal parameters,
including excitability and synaptic transmission. Moreover, local release of ATP and
cytokines by activated microglia can alter neuronal membrane properties directly,
changing action potential firing and synaptic plasticity?®!. It has also been established that
microglia can dampen excess neuronal activity through the release of ATP acting on
A1R'™, These results further support the notion that microglia are critical in maintaining

the neuronal network within a physiological regime after tissue disturbance.

5.8. Future directions

Our results demonstrate that microglia in acute slices undergo rapid phenotypic
transformation towards a more reactive phenotype and can actively influence the neuronal
network through altered microglia—neuron interactions. In particular, we highlighted the
role of purinergic- and fractalkine-signaling in mediating these actions, which needs to
be considered during ex vivo experimentation in the future. However, it is important to
note that other signaling pathways could also influence microglia—neuron
communication, including presently unknown forms of interactions. Since microglial
morphology strongly reflects the state of the tissue and the progression of pathological
actions, monitoring these changes and comparing related microglial phenotypes could
facilitate the exploration of new underlying mechanisms. Furthermore, more refined ex
vivo models and paradigms for tissue preparation could also be established by high
throughput screenings of microglial features, as they represent an efficient and reliable
readout for homeostatic state?*>2%3, Previous attempts to facilitate the viability of ex vivo

160,163 " qur observations indicate that

tissue samples mainly focused on neuronal readouts
microglial features should also be considered during further developments. We also aim
to highlight the importance of interactions between microglia and the neuronal network,
which may be further emphasized by the sensitivity of microglia to a broad range of
changes in their environment. While at present, the cellular composition of acute slices
may not represent an undisturbed physiological state, ex vivo models represent
instrumental tools for examining various factors contributing to the reactivity of

microglia, with broad future implications to test how alterations in microglial function

might contribute to certain pathologies. Further studies could also explore sex-related
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differences, which could potentially influence the observed microglia-related effects.
Testing the effect of different types of anesthetics within such conditions could also have
important implications, since the widely used isoflurane before slice preparation has been
shown to modulate microglial process dynamics!®2. Importantly, future research
endeavors should aim to further elucidate the nuanced roles of microglia in pathological
and physiological contexts. Our results demonstrate that acute slice preparations provide
a powerful platform for investigating the roles and interactions of microglia with other
constituents of the CNS. A deeper understanding of such mechanisms would be essential
for the development of therapeutic interventions concerning a plethora of neurological
diseases. Hopefully, our results will be useful in the future for other explorations and
contribute to a better understanding of how microglia influence neural circuit dynamics

in health and disease.
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6. Conclusions

Results presented in this thesis explored injury-induced behavior of acute slice-resident
microglia in a detailed, time-dependent manner. We utilized a newly developed, highly
sensitive ATP sensor to monitor extracellular ATP dynamics, revealing elevated ATP
levels near slice surfaces, with ATP gradients driving microglial dislocation and
morphological transformation. Our findings indicate that both migratory behavior and
transitioning into an amoeboid morphology are influenced by P2Y12R and CX3CRI1
signaling. Additionally, our electrophysiological experiments indicate that microglia
gradually depolarize during this process, while we identify NKCCI1 channels as key
mediators of ion-regulation contributing to microglial phenotype and function.
Furthermore, we demonstrate the existence of a previously unknown form of purinergic
activity deep within the tissue, characterized by focal ATP release events that persist for
hours after slice preparation. This injury-induced, endogenous purinergic activity occurs
across a wide age range and in multiple brain regions, exhibiting significant heterogeneity
in event size, intensity, and duration. Microglia respond rapidly to these ATP events via
P2Y12R- and CX3CR1-dependent fast process movements. In parallel, we observed
robust, rapid downregulation of P2Y12R at both thick and thin microglial processes.
Interestingly, despite P2Y12R downregulation, microglia retain their ability to extend
processes toward ATP events, indicating that a sufficient number of receptors remain
functional to sustain microglial responsiveness. Furthermore, our results reveal marked
injury-induced alterations in microglia-neuron interactions in acute brain slices. While
the prevalence of somatic junctions gradually decreases during incubation, the somatic
area covered by microglial processes increases rapidly after cutting. In parallel, contact
prevalence at GABAergic synapses shows a continuous decreasing trend, whereas contact
numbers at glutamatergic synapses initially increase. In line with these observations, the
absence of microglia impairs synaptic sprouting during the incubation process, suggesting
that microglial interactions can directly influence synaptic regulation in acute slices.
Finally, we revealed that microglia-related mechanisms actively promote the spontaneous
emergence of neuronal synchrony in hippocampal slices, which mechanisms are also
mediated by P2Y12R and CX3CRI1 signaling. These findings underscore the dynamic
role of microglia in acute slices, responding quickly to injury and modulating network

structure and function to facilitate the restoration of neuronal activity.
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7. Summary

Acute brain slices represent a well-established experimental approach for investigating
the CNS from nanoscale events to complex circuits. Simultaneously, it also serves as an
invaluable tool for examining microglia, the primary immunocompetent cellular
population within the CNS. However, it is important to keep in mind that microglia
exhibit rapid and dynamic phenotypic alteration due to injury introduced by the slice
preparation process, which significantly influences microglial interactions with other
CNS constituents. Our results demonstrate that injury-induced microglial phenotypes are
actively engaging in processes that ultimately promote the reorganization of the neuronal
network and facilitate the recapitulation of network activity. Along these lines, results
discussed in this thesis imply that functional alterations of microglia should be considered
by all studies using ex vivo models, since their immunogenic activation due to injury can
also robustly influence the functioning of other CNS-resident cells. Importantly, while
the process of slice preparation inherently involves tissue damage, it simultaneously
provides a unique opportunity to gain insights into these microglia-related processes and
their contributions to network functioning. Our findings provide a comprehensive
framework for the functional investigation of microglial phenotypic transitions in a time-
dependent manner, which could provide more insights into these processes in future
research endeavors. Importantly there are still invaluable lessons to be learned about how
changes in environmental conditions shape microglial phenotypes, which processes are
likely to involve currently unknown pathways and mechanisms. Hopefully, these findings
will inspire others to utilize these models in order to simulate time-dependent changes in
microglial states. In addition, it would be equally beneficial to explore pathways which
could inhibit such transitioning into reactive phenotypes. These experiments could
facilitate the understanding and treatment of CNS diseases that are influenced by chronic
alterations in microglial function, which concerns nearly all of our currently untreatable
and most detrimental neurodegenerative disorders. These possibilities are highlighting
the potential of acute slice models both as a tool for basic research and as a translational

platform for the development of therapeutic strategies modulating microglial activity.
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