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Abstract

Reduced neuronal functionality and poor neuronal recovery are among the
most detrimental outcomes in aging individuals and patients with
neurodegenerative diseases and/or traumatic brain injuries.

Therapeutic interventions face the major problems of effectively enhancing
the generation of new neurons and limiting the secondary tissue damage in
the CNS. The presence of long-lasting glial scar and chronic
neuroinflammation hinders the survival and proper integration of the limited

pool of new neurons in the pre-existing circuitry of the mammalian CNS.

In contrast to mammals, zebrafish possess numerous active stem cell niches
during adulthood as constant source of neurogenesis and display extensive
regenerative capacity in the CNS. The high regenerative potential correlate
with the ability to inactivate the immune response in a timely manner, thus
avoiding the long-lasting neuroinflammation observed in mammals. For
these reasons, understanding the cellular and molecular mechanisms
underlying the neurogenic potential and the regenerative capacity in the
injured CNS of zebrafish may play a pivotal role in the development of new
therapeutic approaches aimed to ameliorate the quality of life of aging
individuals and patients with neurodegenerative diseases and/or with CNS

injuries.

To this goal, I first validated the relevance of zebrafish as model to study the
development and progression of established age-associated hallmarks,
including reduced neurogenesis, exacerbated neuroinflammation and
telomere shortening. Furthermore, I demonstrated the role of granulins in
regulating the aging kinetics of the adult zebrafish CNS. Granulin-deficient
zebrafish showed premature aging in the brain, displaying typical age-related

hallmarks already during young adulthood.

Moreover, I extensively studied the regenerative response to a mild model of
traumatic brain injury and characterized the activation and de-activation of

microglial cells during the regenerative time course. I identified an injury-



induced pro-regenerative microglial population that is initially beneficial for
regeneration but needs to be inactivated in a timely manner to prevent long-
lasting neuroinflammation and tissue scarring. The pro-regenerative
microglial population was characterized by accumulation of lipid droplets and
phase-separated TDP-43 that were promptly cleared to complete
regeneration. Furthermore, I demonstrated that granulins play a pivotal role
in the regulation of microglial de-activation, promoting the clearance of lipid
droplets and phase separated TDP-43 in microglial cells, subsequently
stimulating their transition back to homeostasis. The translational value of
my research is strengthened by the presence of enhanced microglial reactivity
associated with lipid droplets and TDP-43 condensates in human patients

with stroke.

Altogether, the core data I present in this thesis identified granulins as key
regulators of aging kinetics and regeneration in the adult zebrafish CNS,
making them valuable targets for the development of new therapeutic
applications aimed to ameliorate age-associated hallmarks and pathological

outcomes caused by traumatic brain injuries in human patients.



Introduction

The human brain is one the most complex organs in our body. Billions of
different cells are perfectly interconnected, working as an orchestra
sustaining a complex network that shapes our daily life. The Central Nervous
System (CNS) receives and integrate information of the reality around us
through our senses and coordinate the function of several organs in our body.
Because of its delicacy, the CNS requires maximum protection, offered by the
hard bone of the skull, three additional membranes, called meninges, and the
blood-brain barrier (BBB), a barrier that safely prevent the entrance in the
brain of harmful pathogens and substances.

Unfortunately, several disturbances can perturb the tightly regulated CNS,
thus leading to the onset of neuropathologies that affect the quality of life of
numerous patients worldwide. The impact of aging, traumatic brain injuries
(TBI), and neurodegenerative diseases, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS) and frontotemporal dementia (FTD), increases considerably in
our society, leading to numerous deaths and disabilities, including cognitive
and physical impairments (Stocchetti and Zanier, 2016; Winblad et al., 2016).
For this reason, it i1s fundamental that the causes and mechanisms
underlying the abovementioned pathologies are characterized in order to
develop new therapies to ameliorate the quality of life of more than 50 million
patients affected worldwide (Stocchetti and Zanier, 2016; Winblad et al.,
2016).

To tackle these topics, I will first describe the hallmarks of aging and their
consequences on CNS functions. I will then introduce and compare the
cellular and molecular responses to TBI in mammals and zebrafish,
specifically focusing on similarities and differences underlying microglial cell
activation and de-activation. I will describe and highlight the importance of
liquid-liquid phase separation (LLPS) as growing evidence supports its
relevance in the context of brain injuries and neurodegenerative diseases.
Finally, I will introduce granulins as targets of my research project,

describing their known roles in the intact and injures CNS.



Hallmarks of brain aging

Aging can be defined as a series of alterations that affects living organisms,
progressively reducing the functional capabilities of different organs (Lopez-
Otin et al., 2013; Mattson and Arumugam, 2018). The CNS, as well as other
organ systems, is not spared by aging progression that can eventually result
in dramatic motor and cognitive deficits (Alexander et al., 2012; Levin et al.,
2014). In addition to such disabilities, brain aging is the main risk factor for
the development of most neurodegenerative diseases, including AD and PD
(Hou et al., 2019).

Aging research has advanced rapidly over the last years to identify genetic
and biochemical mechanisms regulating brain aging. This research has led to
the identification and categorization of several cellular and molecular
hallmarks of brain aging that include: (1) mitochondrial dysfunction and
dysregulated energy metabolism; (2) intracellular accumulation of radical
oxygen species (ROS) and lipids; (3) impaired autophagosome and proteasome
functions; (4) dysregulated neuronal calcium ion (Ca2*) influx and efflux; (5)
telomere attrition; (6) exhaustion of stem cell pool; (7) exacerbated
inflammation (Figure 1) (Mattson and Arumugam, 2018). It is worth
mentioning that the majority of aging hallmarks just defined have also been
identified in the aging CNS of zebrafish, strengthening the validity of this
model to study and compare cellular and molecular mechanisms of brain

aging (Van houcke et al., 2015).

Stem cell
exhaustion

Figure 1. Age-related hallmarks in the brain (Mattson and Arumugam, 2018. License
Number: 5081820121589).



The brain is an energy-demanding organ that requires 20% of body oxygen to
properly function. A high percentage of cellular energy is produced as
adenosine triphosphate (ATP) via oxidative phosphorylation (OXPHOS)
within mitochondria (Mattson et al., 2008). However, while performing their
physiological functions, mitochondria induce the formation of reactive oxygen
species (ROS), which can become harmful if not properly disposed and
buffered (Mattson and Arumugam, 2018; Mattson et al., 2008). Numerous
studies have demonstrated the aging impact on mitochondria within cells in
the CNS and revealed a number of age-related mitochondrial changes,
including mitochondrial enlargement and fragmentation (Stahon et al.,
2016), increased oxidative damage to mitochondrial DNA localized in
proximity to the free radical production sites (Keil et al., 2004), impaired Caz*
signaling (Calvo-Rodriguez et al., 2020) and dysfunctional electron transport
chain (ETC) (Adav et al., 2019).

Age-related changes in mitochondria have a strong impact on several cells in
the brain, and particularly on neurons. In fact, neurons are post-mitotic cells
that are rarely replaced during life. With aging, neurons accumulate
pathological proteins and aggregates that need to be degraded by
proteasomes and lysosomes to avoid neurodegeneration. Furthermore,
dysfunctional mitochondria produce excessive amounts of ROS that need to
be buffered by antioxidant defenses to maintain neuronal integrity and
survival. Failure to do so may result in the appearance of age-related diseases

and neuronal degeneration (Paul et al., 2007).

Lipids have also been found to accumulate within cells in the aging CNS and
their aberrant accumulation in lipid droplets (LDs) has been identified as
factor contributing to immune cell dysfunction and exacerbated inflammation
in the aging brain (Farmer et al., 2020; Marschallinger et al., 2020).

LDs are lipid storage organelles, mainly containing neutral lipids such as
glycerolipids and cholesterol, which can act as first-line intracellular defense,
promoting the activation of innate immunity (Bosch et al., 2020). As
pathogens often target host lipids in order to support their life and
propagation (Libbing et al., 2019), LDs can act as hubs to organize the host

defense. Specifically, clusters of immunity-related proteins are found within



LDs in response to infection, and are able to efficiently direct immune cells to
target intracellular pathogens (Bosch et al., 2020).

Another mechanism of defense is represented by the physical separation of
LDs and mitochondria in response to infection. This separation represents a
mechanism to reduce mitochondrial damage and to increase the amount of
LDs interacting with pathogens (Bosch et al., 2020).

Nonetheless, lipid metabolism needs to be tightly regulated to avoid marked
progression of numerous pathologies, including atherosclerosis, ALS, AD and
PD (Farmer et al., 2020; Hamilton et al., 2015; Pennetta and Welte, 2018). As
an example, excessive accumulation of LDs in macrophages that display
senescence markers has been found to be detrimental in atherosclerotic
lesions as it accelerates pathology progression by enhanced expression of
inflammatory cytokines and chemokines (Childs et al., 2016).

During aging, microglial cells, resident immune cells of the CNS, lose their
homeostatic signature, increase the expression of pro-inflammatory cytokines
and chemokines, display elevated levels of ROS and accumulate
dysfunctional lysosomes (Mosher and Wyss-Coray, 2014). Interestingly, it has
been demonstrated that microglia within aging brain also accumulate LDs
and exhibit a unique phenotype, characterized by elevated expression of
cytokines, defects in phagocytosis and high levels of ROS. These results have
been confirmed by validation in Grn-deficient mice (Marschallinger et al.,
2020), a model for FTD (Snowden et al., 2006; Wils et al., 2012), indicating
that LDs can actively contribute to the development of age-related

pathologies and neurodegenerative diseases.

As previously mentioned, the removal of pathological aggregates and
dysfunctional organelles is a key defense in the CNS and is particularly
important in neurons. Damaged cellular components are identified, targeted
and degraded by specific cellular components, including lysosomes via
autophagy and proteasomes. In the case of autophagy, damaged molecules,
aggregates or dysfunctional organelles are enclosed in the phagosome which
then fuses with lysosomes. The formation of the phago-lysosome is followed
by release of hydrolases which degrade the targeted species (Galluzzi et al.,
2017). Proteins that undergo proteasomal degradation are targeted by
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ubiquitination, performed by a complex of four enzymes (E1, E2, E3, E4) that
produce complex ubiquitylation patterns, recognized by the proteasome and
subsequently degraded (Tai and Schuman, 2008). With aging, neuronal
autophagy is impaired and results in the accumulation of autophagosomes
with undegraded aggregates and lipids, and dysfunctional mitochondria.
Proteasomal degradation 1is also affected as elevated numbers of
polyubiquitinated proteins are detected in neurons within aging brain

(Mattson and Arumugam, 2018).

Ca2* is a key regulator of neuronal circuitry. Upon release of excitatory
neurotransmitter glutamate, sodium ion (Na*)-AMPA receptors are activated
in postsynaptic dendrites. The activation of AMPA receptors results in the
depolarization of the membrane and Ca2* influx through N-methyl-D-
aspartate (NMDA) glutamate receptors and voltage-gated Ca2* channels. The
transient increase of cytosolic Ca2* modulates the expression of kinases and
phosphatases, regulating the phosphorylation of proteins in dendrites,
promoting cytoskeletal remodeling, local protein synthesis and neuronal
plasticity (Cohen et al., 2015; Kindler and Kreienkamp, 2012; Mattson, 2012).
During aging, neuronal regulation of Ca2+* dynamics is compromised, leading
to increased concentration of cytoplasmic Ca2*, which subsequently leads to
dysregulation of protein phosphorylation and gene expression (Gant et al.,
2006). Furthermore, abnormal concentration of intracellular Ca2*can directly
promote the activation of calpains and trigger caspase-mediate apoptosis and
PARP1-mediated cell death, thus leading to neuronal damage and death
(Mattson, 2000).

Ca2+ regulatory functions are not limited to neurons. Other non-excitable
cells, including microglia, are affected by changes in Ca2* concentration
(Brawek et al., 2021; Mizoguchi and Monji, 2017; Del Moral et al., 2019; Wang
et al., 2019). In physiological conditions, Ca2* signaling has low incidence on
microglial functions. However, in response to disturbance of tissue
homeostasis, Ca?* signaling become important for several processes in
microglial cells, including proliferation, migration and secretion of pro-
inflammatory molecules (Brawek et al., 2021; Mizoguchi and Monji, 2017; Del
Moral et al., 2019; Wang et al., 2019). Notably, during aging microglial cells
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respond to smaller changes in Ca2* and, as Ca2* signaling is also involved in
regulation of phagocytosis, this observation correlates with microglial
reduced phagocytic activity and dysfunctionality (Brawek et al., 2021; Del
Moral et al., 2019). These results indicate that Ca?* signaling is not only
involved in the regulation of excitable cells (neurons) but also non-excitable
cells (microglia), making it an important process to be studied to further
characterize the development of a dysfunctional phenotype in microglial cells

during aging.

The terminal part of eukaryotic chromosomes are capped by telomeres, arrays
composed by TTAGGG repeats (Moyzis et al., 1988). Telomere-specific
proteins, including TRF1, TRF2, POT1, TIN2, TPP1 and Rapl, form a
complex known as shelterin and protect chromosome ends. This mechanism
is required to distinguish telomeres from site of DNA damage, inhibiting the
activation of the canonical DNA damage response that would target and
process chromosome ends by DNA repair (De Lange, 2005). Lack of shelterin
protective activity leads to telomere dysfunction, which can subsequently
result in apoptosis or senescence (Karlseder et al., 1999).

In addition to possible damages caused by shelterin dysfunction, telomeres
can be particularly susceptible to telomere shortening with each round of cell
division in cells lacking telomerase activity (Lopez-Otin et al., 2013; Mattson
and Arumugam, 2018). In the majority of differentiated somatic cells that do
not display sufficient expression of telomerase (Kim et al.,, 1994) - a
specialized DNA polymerase that has the capacity to replicate the terminal
ends of linear DNA molecules - telomeres are shortened to critical length and
can trigger specific DNA-damage responses (DDR). These responses can
subsequently lead to cell-cycle arrest, also known as “replicative senescence”
(D’Adda D1 Fagagna et al., 2003).

The direct link between aging and telomeres has been shown by studies
demonstrating that mutations in telomere-protective genes are sufficient to
cause the premature onset of age-related pathologies (Armanios et al., 2009).
Notably, the premature aging phenotype developed by telomerase-deficient
mice can be rescued by genetic re-activation of telomerase activity in aging

mice (Jaskelioff et al., 2011). Furthermore, aging kinetics can be delayed
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without increasing the incidence of cancer in adult mice by targeted
activation of telomerase (Bernardes de Jesus et al., 2012).

Lastly, it is important to mention that age-associated telomere shortening is
evolutionary conserved across different species and it has been described,
among others, in humans, mice and zebrafish (Blasco, 2007; Carneiro et al.,

2016).

It has been previously demonstrated that reduced telomerase activity is
sufficient to negatively regulate adult neural stem cells (aNSCs) within the
aging brain, reducing their neurogenic potential (Blasco, 2007; Ferrén et al.,
2004).

The decline in stem cell potential and neurogenesis is an established aging
hallmark affecting all stem cell compartments, including those in the brain
(Kalamakis et al., 2019; Molofsky et al., 2006; Villeda et al., 2011). Studies
focused on age-related changes within the neurogenic niche in the dentate
gyrus (DG) of the hippocampus have revealed decreased neurogenesis and
increased neuroinflammation, deficits in synaptic plasticity and additional
behavioral deficits connected to decreased cognitive functions (Lazarov et al.,
2010; Villeda et al., 2011). Interestingly, the reduced functions of
NSC/progenitor cells may result from the complementary effect of both age-
related cell intrinsic (i.e. changes in p16NK4A expression and mitochondrial
dysfunction) and systemic changes (neuroinflammation).

The tumor suppressor pl6/NK4A  which encodes a cyclin-dependent kinase
inhibitor playing a key role in senescence and increasing during aging, has
been shown to reduce cancer incidence, limiting stem cell proliferation and
neurogenesis in the mouse forebrain (Molofsky et al., 2006).

Mitochondrial dysfunction and lower ATP levels have also been detected
together with diminished hippocampal neurogenesis during aging, in line
with previous reports of age-associated impairment of oxidative metabolism
i aNSCs isolated from the mouse forebrain (Beckervordersandforth et al.,
2017).

In the subependymal zone (SEZ), the pool of NSCs is depleted during aging
and a higher fraction of NSCs are quiescent, as compensatory mechanism to

avoid the full depletion of stem cell pool (Bast et al., 2018; Kalamakis et al.,
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2019; Piccin et al., 2014). Nonetheless, once activated, young and old NSCs
display similar behaviors in regard of proliferation and differentiation
capacity. Furthermore, single-cell RNA sequencing analyses have
demonstrated that aging causes only limited changes in the transcriptome of
NSCs (Kalamakis et al., 2019), suggesting that systemic age-related changes
affecting the neurogenic niches may be the main determinants of limited stem
cell activation within the aging brain.

Notably, the age-dependent increased expression of inflammatory genes have
been detected in the neurogenic niche of old mice, supporting the
abovementioned hypothesis (Kalamakis et al.,, 2019). More specifically,
higher systemic expression of blood-related pro-inflammatory chemokines,
including CCL11, was detected in old animals and has been shown to directly
affect NSC activation and neurogenesis (Kalamakis et al., 2019; Villeda et al.,
2011). Interestingly, increasing the expression of CCL11 in adult mice was
sufficient to recapitulate the phenotype observed in aging mice (Villeda et al.,

2011), establishing a causal link between inflammation and NSC quiescence.

Microglia are myeloid-derived glial cells surveying the CNS environment to
identify and eliminate detrimental aggregates and pathogens (Nimmerjahn
et al., 2005). Microglial functions in the healthy brain also include the
regulation of neuronal circuit maturation, particularly during early
development, and the remodeling of neuronal network by synaptic pruning,
resulting in synaptic plasticity during adulthood (Szepesi et al., 2018; Wu et
al., 2015). For this reason, it is important that aberrant microglial activation
1s prevented to avoid uncontrolled synaptic pruning due to over-production of
cytokines and complement factors that could subsequently lead to
neurodegeneration and behavioral deficits (Lui et al., 2016).

Different stimuli, including neuronal damage or death, can lead to microglial
activation via release of ATP or cytokines, changes in ion concentration, or
loss of inhibitory molecules secreted by healthy neurons (Hanisch and
Kettenmann, 2007). The proper execution of microglial functions,
fundamental to protect the CNS, deteriorates with age, leading to
dysfunctionality and hyper-reactivity.
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CNS inflammaging, a term used to define the alteration of a wide range of
inflammatory processes during aging (Franceschi et al.,, 2000), is
characterized by a significant increase of complement factors, inflammatory
cytokines and chemokines, and glial cell activation (Lucin and Wyss-Coray,
2009). Microglial activation during aging can be identified by numerous
hallmarks that include the acquisition of ameboid morphology, the secretion
of inflammatory cytokines, such as interleukins and tumor necrosis factor a
(TNF-a) (Cribbs et al., 2012), the enhanced activation of the NF-kB signaling
pathway resulting in the exacerbated activation of the NLRP3
inflammasome, and the secretion of complement factors involved in synaptic
pruning (Lui et al., 2016; Stephan et al., 2013).

In addition to these features, age-related microglia display elevated levels of
ROS (e.g. nitric oxide (NO)) and impaired phagocytosis (Mosher and Wyss-
Coray, 2014).

As previously mentioned, the excessive production of ROS and the presence
of unbuffered oxidative stress is detrimental for neuronal survival. Activation
of microglial NADPH oxidase is among the primary sources of ROS
production and the expression levels of NADPH oxidase enzyme NOX2 is
elevated in aging brains, contributing to the elevated levels of oxidative stress
(Qin et al., 2013). Furthermore, it has been demonstrated that increased
production of ROS can directly stimulate the activation of the NLRP3
inflammasome, creating a positive feedback loop between immune cell
activation, production of pro-inflammatory cytokines and oxidative stress
(Zhou et al., 2011). The dysregulation of the abovementioned inflammatory
processes during aging significantly impairs the mechanisms necessary for
clearing misfolded or damaged neuronal proteins. This results in tau-
associated pathologies, formation and accumulation of amyloid precursor
protein (APP) and synaptic deficits, events that precede and/or accelerate

neurodegeneration and cognitive decline (Sochocka et al., 2017).

CNS responses to TBI

Poor recovery and limited neuronal functions are the common denominators

of aging, neurodegenerative diseases and TBI affecting the CNS. However,
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the CNS responses to aging and neurodegenerative diseases, considered as
chronic injuries, significantly differ from those triggered in response to TBI,
considered as acute or focal injuries.

Furthermore, TBI can be extremely heterogeneous, inducing distinct
pathological changes, making it difficult to develop effective therapeutic
interventions.

In addition to the immediate neuronal loss and increased neuroinflammation
(acute and subacute phases), TBI can cause chronic changes resulting in
secondary pathological outcomes, such as seizures, neurodegenerative
diseases and psychiatric disorders (Bramlett and Dietrich, 2015; Stocchetti
and Zanier, 2016).
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Figure 2. Phases and time course of cellular responses and processes activated in response to acute
damage in the CNS (Burda and Sofroniew, 2014. License Number: 5100660178497).

During the first phase, TBI causes acute local cell death, axonal damage and
blood vessel disruption, followed by influx of platelets that promptly form
aggregates necessary for hemostasis (Figure 2) (Moore et al., 2021). The
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secondary damage, developing minutes to month after the injury, includes
excitotoxicity by excess of glutamate and elevated concentration of
intracellular Ca?* (Luo et al., 2019). Shortly after the injury, the
concentration of glutamate increases at synapses, activating glutamate
receptors, including NMDA receptors, which lead to Ca2t*-mediated
excitotoxicity (Luo et al., 2019).

Damage associated molecular patterns (DAMPs), including ATP, are
generated and released into the extracellular space and interact with
different species of receptors, including Toll-like receptors (TLRs), nucleotide-
binding oligomerization domain (NOD) like receptors (NLRs) and purinergic
receptors to further enhance the inflammatory cascade and limit the damage
in the CNS (Bramlett and Dietrich, 2015; Burda and Sofroniew, 2014; Jassam
et al., 2017).

As an example, ATP resulting from TBI can elicit the response of purinergic
receptors P2RY12 that play an active role in microglia migration at injury
sites and microglia activation accompanied by morphological changes
(Davalos et al., 2005; Haynes et al., 2006).

The release of DAMPs prompts CNS-resident cells, including astrocytes and
microglia, to enhance the production and secretion of pro-inflammatory
cytokines, such as IL-18, IL-6 and TNF, and ROS, thus fueling
neuroinflammation. The existence of this type of inflammatory positive
feedback loop further stimulates the recruitment at injury sites of additional
immune cells, including neutrophils and macrophages, in order to clear debris
and dead cells to promote wound healing (Alam et al., 2020).

Additional responses to TBI include the disruption of the BBB (Johnson et
al., 2018). BBB leakage is a common feature of focal injuries in the brain
facilitating the recruitment of neutrophils, macrophages and lymphocytes at
injury sites (Alam et al., 2020).

The second response phase to acute injuries in the CNS is defined by
increased proliferation and migration of cells involved in tissue repair (Figure
2). Fibroblast, pericytes, immune cells, scar-forming astrocytes and neuron-
glia antigen 2-positive (NG2*) glia generate two structures defining the
mature lesion, the fibrotic scar at the core of the injury (Dorrier et al., 2021)

and the glial scar surrounding the lesion core (Adams and Gallo, 2018).
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The glial scar in the CNS is primarily formed by three cell types: reactive
astrocytes, NG2+glia and microglial cells (Bellver-Landete et al., 2019; Buffo
et al., 2005; Burda et al., 2016; Dimou and Gotz, 2014). Although it is typically
considered a barrier preventing CNS regeneration, the formation of the glial
scar 1s also beneficial to limit and separate the non-functional tissue from the
healthy area, avoiding excessive spreading of inflammation in the
surrounding areas of the CNS (Adams and Gallo, 2018; Burda and Sofroniew,
2014; Frik et al., 2018).

The third response phase to acute injuries in the CNS includes tissue
remodeling, with BBB repair and re-organization of both fibrotic and glial
scars, and long-lasting events that include chronic neuroinflammation
(Figure 2). New blood vessels are generated in the vicinity of the damaged
area and both astrocytes and pericytes are necessary for this process
(Bhowmick et al., 2019; Michinaga and Koyama, 2019).

Lastly, it is important to mention that the lesion core, the glial scar and the
peri-lesion areas undergo chronic remodeling, with significant changes in the
extracellular matrix (ECM) composition and in the neuronal circuitry (Burda
and Sofroniew, 2014). Notably, these events have the impact to define the
functional outcomes of regeneration in the mammalian CNS.

In addition to the direct consequences of TBI explained above, growing
evidence supports the concept that TBI may act as major risk factors for the
onset of neurodegenerative diseases, including AD, ALS and chronic
traumatic encephalopathy (CTE) (Jassam et al., 2017). Long-lasting
neuroinflammation induced by TBI is proposed to be the major determinant
of this phenomenon. For this reason, a better characterization of the
inflammatory response to TBI and the window of intervention to modulate its
progression and development are necessary to tailor regenerative therapies

based on the type and stage of the injury in the CNS.

Cellular stress and liquid-liquid phase separation as
sources of chronic neuroinflammation in the CNS

The activation of microglial cells in the mammalian CNS is tightly regulated

by the balance between activating “ON” and inactivating “OFF” signals.
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Notably, partial or complete loss of “OFF” signals, such as triggering receptor
expressed on myeloid cells 2 (TREM2) or progranulin (PGRN), is sufficient to
induce dysfunctional disease-associated microglia (DAM), contributing to the
onset and progression of neurodegenerative diseases (Deczkowska et al.,
2018; Gotzl et al., 2019).

As previously mentioned, in response to TBI in the mammalian CNS, the
inflammatory response is not promptly terminated, thus leading to chronic
neuroinflammation and inadequate regenerative outcomes.

Among others, injury-induced cellular stress is now considered as a key factor
sustaining long-lasting neuroinflammation, enhancing the production and
secretion of inflammatory mediators and contributing to overruling the
activation of “OFF” signals necessary to promote microglial de-activation in
response to TBI (Anderson et al., 2018; Wiesner et al., 2018).

Multiple acute stress signals, including biotic stress (e.g. infections) or
environmental stress (e.g. TBI, heat, oxidation) (Panas et al., 2016), can
induce the formation of stress granules (SGs) (Anderson et al., 2018; Wiesner
et al., 2018). SGs are cytoplasmic membrane-less organelles belonging to the
RNA granule family, composed of RNA-binding proteins (RBPs) and
untranslated mRNAs (Molliex et al., 2015; Protter and Parker, 2016; Roden
and Gladfelter, 2021). SGs are transiently formed in the cytoplasm of stressed
cells via liquid-liquid phase separation (LLPS), a reversible unmixing of
molecules into two separate phases, one dilute and one condensed phase, in
constant exchange with each other (Alberti et al., 2019; Shin and
Brangwynne, 2017). In response to stress, cells inhibit global protein
translation, mRNAs are released from polysomes and form condensates with
scaffold RBPs, such as Ras GTPase-activating protein-binding protein 1
(G3BP1), undergoing LLPS with proteins and unfolded mRNAs and forming
SGs (Alberti and Hyman, 2021; Shin and Brangwynne, 2017). If the damage
1s repaired and the source of stress is removed before a critical no-return
point, SGs are disassembled and translation starts again (Anderson and
Kedersha, 2002).

However, several factors can contribute to the permanent formation of SGs
in the cytoplasm, thus causing the onset of pathologies in the CNS (Yu et al.,
2020). Dysregulated accumulation of RBPs, such as fused in sarcoma (FUS)
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and TAR DNA-binding protein 43 (TDP-43), into persistent SGs play an
important role in the pathophysiology of numerous neurodegenerative
diseases (including AD, FTD and ALS), leading to pathological aggregates of
disease-associated proteins (Bentmann et al., 2012, 2013; Hofweber et al.,
2018; Wolozin and Ivanov, 2019).

Interestingly, it has been demonstrated that failure to resolve SGs is also
detrimental for microglial functions, limiting their phagocytic activity, and
that excessive inflammation can enhance the formation of SGs (Ghosh and
Geahlen, 2015; Herman et al., 2019), suggesting the existence of a positive
feed-forward loop between inflammation and cellular stress detrimental for
cell survival.

SGs also constitute signaling hubs, contributing to the modulation of
pathways by sequestering signaling factors (Kedersha et al., 2013; Protter
and Parker, 2016). Proteins and enzymes recruited to SGs include adaptors,
lipid kinases, phosphatases and ubiquitin modifying enzymes. As an example,
TNF receptor associated factor (TRAF) 2, an adaptor protein linking the TNF
receptor to the signaling pathway activating NF-kB, is recruited to SGs, thus
blocking the activation of downstream NF-kB signaling (Kedersha et al.,
2013).

For these reasons, a better understanding of the link between TBI and SG
formation via LLPS would be important to break an additional barrier
preventing the resolution of chronic neuroinflammation and persistent glial

scar in the mammalian CNS, thus hindering its regeneration.

Zebrafish as model to study aging kinetics in the CNS

Although our knowledge of the aging mechanisms has significantly improved
in the last years, we still have much to explore and understand. To this goal,
numerous models with different lifespan and evolutionary distance from
mammals, including Caenorhabditis elegans, Nothobranchius furzeri and
Danio rerio (zebrafish), have been used and characterized in the context of
aging. Zebrafish are currently recognized as aging model as their life span is

short, but they still display gradual aging progression as humans.
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Furthermore, numerous age-related hallmarks in the human CNS have also
been identified in zebrafish (Van houcke et al., 2015). Comparably to other
vertebrates, zebrafish display age-related increase of DNA fragmentation,
and elevated rate of apoptosis and hypomethylation (Shimoda et al., 2014),
typical features of genomic instability in the aging CNS. Furthermore,
zebrafish possess human-like telomeres that progressively shorten with
aging, together with reduced telomerase expression (Carneiro et al., 2016).

As previously described, the aging mammalian CNS is characterized by
elevated ROS levels and mitochondrial dysfunction, aggravated by reduced
mitochondrial turnover. Although not extensively studied, it has been
demonstrated that protein oxidation in zebrafish increases with age (Ruhl et
al., 2015), while antioxidant activity is reduced (Almaida-Pagan et al., 2014).
These results suggest that in the aging zebrafish CNS, oxidative stress
responses are comparable to those observed during aging in the mammalian
CNS. Furthermore, it has been determined that the lipid composition of
mitochondrial membrane in zebrafish is affected by aging, with decreased
levels of phosphatidylinositol and cardiolipin, a feature that has also been
associated to mitochondrial dysfunction in the aging brain of mammals

(Almaida-Pagan et al., 2014; Chicco and Sparagna, 2007).

In contrast to mammals, zebrafish possess numerous niches actively
contributing to neurogenesis during adulthood (Chapouton et al., 2007; Diotel
et al., 2020; Grandel et al., 2006; Kaslin et al., 2009). Nonetheless, similarly
to mammals, the stem cell pool progressively exhaust with aging (Edelmann
et al., 2013). As consequence of the increased quiescence of NSCs, the
neurogenic potential in the zebrafish CNS declines progressively with aging
(Edelmann et al.,, 2013). Oligodendrogenesis within the zebrafish
telencephalon is also reduced with aging, with fewer oligodendrocyte-
precursor cells (OPCs) detected in old animals (Edelmann et al., 2013). The
age-dependent reduction of both neurogenesis and oligodendrogenesis could
significantly contribute to the limited regenerative capacity observed in the
aging zebrafish CNS (Edelmann et al., 2013), characterized by the
impossibility to replace lost neurons and by low remyelination rate

(Graciarena et al., 2014).
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To conclude, although mostly studied for their value as models for
development and regeneration, zebrafish can be considered a valuable
alternative for gerontology research aimed to further characterize the
mechanisms of aging in the CNS. Comparably to mammals, zebrafish display
numerous age-related hallmarks that progressively lead to CNS dysfunction.
This concept, together with the short zebrafish lifespan, further corroborates
the validity of using zebrafish as model to investigate both the aging kinetics

and the causes underlying age-associated neurodegenerative diseases.

Zebrafish as model to study CNS regeneration

Oppositely to mammals, zebrafish have the capacity to regenerate and
recover the lost functions of numerous vital organs, including the CNS. As
previously mentioned, TBI represent a great burden to patients and society,
calling for the development of new therapies. To tackle this problem, several
approaches are possible, including the comparison between non-regenerative
(mammals) and regenerative (zebrafish) models to identify similarities and
differences that could be exploited to improve the regenerative outcome in the
human CNS.

For long time, it has been speculated that the driving force promoting
regeneration in the zebrafish CNS was the presence of numerous active
neurogenic niches even during adulthood (Chapouton et al., 2007; Diotel et
al., 2020; Kaslin et al., 2008).

However, it should not be forgotten that, although limited, neurogenic niches
are also present in the mammalian brain (Boldrini et al., 2018), supporting
the idea that additional mechanisms may differentiate the regenerative
progression in the CNS of mammals and zebrafish.

An additional factor that significantly contributes to CNS regeneration in
zebrafish is the transient activation of neuroinflammation, which, differently
from mammals, is terminated in a timely manner to achieve complete
resolution of glial scar, and promote neuronal integration and survival (Di
Giaimo et al., 2018; Kyritsis et al., 2012).

Numerous regenerative programs have been identified in zebrafish and can

be divided in three specific classes: 1) development-associated programs re-
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activated in response to TBI; 2) injury-associated programs exclusively
activated in response to TBI; 3) development-associated or constitutive
programs with distinct functions in response to TBI (Figure 3) (Zambusi and
Ninkovic, 2020).

Before describing them in a comprehensive manner, I will provide some
introductory notions on the cellular composition of the neurogenic niches and
the parenchyma of the adult zebrafish telencephalon, one of the most well
studied areas of the zebrafish CNS in the context of neurogenesis and

regeneration.
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Figure 3. Cellular and molecular responses activated in response to TBI in the adult zebrafish
telencephalon (Adapted from Zambusi and Ninkovic, 2020. This is an open access article
distributed under the terms of the Creative Commons Attribution-Noncommercial (CC-BY-
NC 4.0) License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited).

Neurogenic niches and neural stem cells in the adult
zebrafish telencephalon

Due to the everted nature of the zebrafish telencephalon, the ventricular zone
(VZ) 1s located at the outer surface of the adult zebrafish telencephalon
(Folgueira et al., 2012). Ependymoglial cells, also referred to as radial glia
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cells (RGCs), are located at the neurogenic niches in the dorsal and medio-
ventral part of the zebrafish telencephalon. During adulthood, newborn
neurons are constitutively generated and deposited in the periventricular
zone (Adolf et al., 2006). Ependymoglial cells possess radial morphology,
comparable to that observed in mammalian aNSCs, express specific markers,
including glial fibrillary acidic protein (Gfap), brain lipid-binding protein
(Blbp), SRY-box 2 (Sox2) and S100 calcium-binding protein B (S1008), and
are considered as functional orthologs of mammalian ependymal cells
(Jurisch-Yaksi et al., 2020). As previously mentioned, ependymoglial cells are
located at distinct neurogenic niches, the dorsal and medio-ventral niches,
and are characterized by different proliferation rates and type of neurons
generated (Marz et al., 2010). Under physiological conditions a high number
of ependymoglia remain quiescent, while the majority of active ependymoglia
divide asymmetrically, preventing the stem cell pool exhaustion and
generating neuronal progeny (Barbosa et al., 2015; Dray et al., 2015).
Furthermore, a proportion of ependymoglia can directly convert into neurons,
losing their NSC features and at the same time upregulating neuronal
markers, such as HuC/D (Barbosa et al., 2015).

In addition to ependymoglial cells, a distinct population of Nestin-positive
progenitors have been identified in the ventral nucleus of the ventral part of
the adult zebrafish telencephalon, weakly expressing typical RGC markers
and displaying neuroepithelial-like morphology (Méarz et al., 2010).

Lastly, progenitor cells displaying radial glia-like morphology, positive for
oligodendrocyte transcription factor 2 (Olig2) and S1008 but negative for
other oligodendroglial markers, such as Sox10 and myelin basic protein
(Mbp), have been detected in the rostral migratory stream of the adult
zebrafish telencephalon but their functions and properties remain to be

determined (Marz et al., 2010).

Glial cells in the adult zebrafish telencephalon

Astrocytes, oligodendrocyte precursor cells (OPCs) and microglia are the
main glial cells involved in the wound healing reaction to TBI in the

mammalian CNS, contributing to the formation of the glial scar.
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Interestingly, proliferating Olig2* cells belonging to the oligodendroglial
lineage have been identified in the parenchyma of the adult zebrafish
telencephalon as well, together with differentiated Olig2*/Mbp* mature
oligodendrocytes (Marz et al., 2010). These observations support the
hypothesis that zebrafish oligodendrocytes may behave in a similar manner
to their mammalian counterpart, possibly contributing to the regeneration
process in the zebrafish CNS.

As in mammals, microglial cells are the resident immune cells colonizing the
zebrafish CNS. Under physiological conditions, they display ramified
morphology with elongated processes to scan the CNS environment
(Oosterhof et al., 2015). In response to infection or injury, zebrafish microglia
are capable of migrating to the site of interest and phagocytizing pathogens
and debris (Peri and Niusslein-Volhard, 2008). Furthermore, zebrafish
microglia share a high conserved gene signature with mammalian microglia,
and are able to regulate neuronal activity and synapse pruning (Li et al.,
2012).

Differently from the mammalian cerebral cortex, however, the zebrafish
telencephalon lacks the characteristic parenchymal astrocytes (Alunni and
Bally-Cuif, 2016; dJurisch-Yaksi et al., 2020). Nonetheless, zebrafish
ependymoglial cells, as described in the section above, express typical
astrocytic markers, including Gfap and S1008, and the orthologs of the
glutamate transporter EAAT2 detected in mammalian astrocytes (Jurisch-
Yaksi et al., 2020). Moreover, it has been shown that TBI in the zebrafish
CNS trigger upregulation of Gfap in ependymoglial cells (Kishimoto et al.,
2012; Marz et al., 2011), suggesting that ependymoglial cells in the zebrafish
telencephalon may take over the mammalian astrocytic functions, embodying
the functional role of multiple cell types of the mammalian CNS, including
RGCs, astrocytes and ependymal cells.

In addition to ependymoglial cells, a previously underscribed population,
referred to as radial astrocytes, has been identified in the zebrafish brain
(Chen et al., 2020). Zebrafish radial astrocytes derive from RGCs and exhibit
typical features of mammalian astrocytes, such as expression of glutamine

synthetase (GS), association with synapses and tiling behavior. Furthermore,
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zebrafish radial astrocytes exhibit Ca?* transients and respond to
norepinephrine (NE), similarly to mammalian astrocytes (Chen et al., 2020).
The identification of this new population in zebrafish raises new questions
that needs to be addressed to better characterize the functional roles and the

contribution of radial astrocytes to regeneration of the adult zebrafish CNS.

Cellular and molecular responses to TBI in the adult
zebrafish telencephalon

Various injury paradigms have been established to acutely damage the adult
zebrafish telencephalon, differing in the telencephalic structures affected by
the TBI.

Two main types of TBI have been characterized in the adult zebrafish
telencephalon and I will refer to them with the term “skull” and “nostril”. In
the case of the “skull” injury, the TBI is performed from the dorsal part of the
telencephalon, penetrating the skull and damaging both the VZ, containing
the somata of ependymoglial cells, and the telencephalic parenchyma, largely
containing post-mitotic neurons and glial progenitors (Kishimoto et al., 2012;
Lim et al., 2016; Marz et al., 2011). In the case of the “nostril” injury, the TBI
is performed through the zebrafish nostrils, exclusively damaging the
telencephalic parenchyma and the RGC processes spanning throughout the
parenchyma, without directly affecting the neurogenic niches in the VZ (Ayari
et al., 2010; Barbosa et al., 2015; Baumgart et al., 2012; Di Giaimo et al.,
2018; Kroehne et al., 2011; Kyritsis et al., 2012). The common responses
shared by these two injury paradigms include the transient activation and
accumulation of immune cells and oligodendroglial cells at injury sites, the
activation of restorative programs in ependymoglial cells, the generation of
new neurons and the resolution of the glial scar, although with different
kinetics.

More specifically, in response to TBI and subsequent cell death, microglia
migrate towards injury sites and this mobilization is triggered by Ca2* waves
that activate the ATP-dependent chemotaxis through P2RY12 (Haynes et al.,
2006; Sieger et al., 2012). As already mentioned, one of the main differences

in the regenerating zebrafish CNS is the prompt termination of
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neuroinflammation and resolution of the glial scar shortly after injury.
Among other “OFF” signals contributing to de-activation of immune cells,
sigma-1 (0l1) receptor has been identified as key modulator to “switch-off”
microglial cells and to promote their migration away from injury sites (Moritz
et al., 2015).

Following immune cell activation and migration at injury sites, proliferation
is increased both in the parenchyma, where most of the injury-induced
proliferating cells belong to the oligodendrocyte and microglial lineages, and
in the VZ, where most of the injury-induced proliferating cells are
ependymoglial cells (Barbosa et al., 2015; Kyritsis et al., 2012; Marz et al.,
2011). In addition to the enhancement of their proliferation rate, TBI induce
behavioral changes in ependymoglial cells, specifically modifying their mode
of division in response to injury. Interestingly, live imaging of ependymoglial
cells in the injured zebrafish telencephalon has allowed the characterization
of a novel mode of division of ependymoglial cells not observed in the zebrafish
telencephalon under physiological conditions (Barbosa et al., 2015; Dray et
al., 2015). This mode of division, referred to as symmetric non-gliogenic mode,
leads to the production of two intermediate neuronal progenitors, which,
together with the contribution of direct neuronal conversion, can significantly
promote the enlargement of the neuronal population at the expenses of the
stem cell pool (Barbosa et al., 2015; Dray et al., 2015).

Moreover, it has been demonstrated that prokineticin 2 (Prok2) and sprouty-
related EVH1 domain containing 2 (Spred2), genes that are activated during
development and physiologically relevant for neuronal differentiation, are
directly linked to the migration and the survival of newborn neurons and
neuronal progenitors at injury sites in the zebrafish telencephalon (Ayari et
al., 2010; Kishimoto et al., 2012; Lim et al., 2016). Newly formed HuC/D+*
neurons make use of ependymoglial processes as structures to migrate to the
damaged area (Lim et al., 2016), mimicking their behavior during
development (Cooper, 2013). Altogether, these observations strengthen the
concept that zebrafish CNS regeneration relies on the combination of
programs active under physiological conditions and programs exclusively
induced in response to injury, including acute neuroinflammation (Kizil et al.,

2012a; Kyritsis et al., 2012).
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A recent study has confirmed that proper coordination of the regenerative
responses is a key determinant of the successful regeneration of the adult
zebrafish telencephalon. Specifically, it has been shown that the aryl
hydrocarbon receptor (AhR) is a key synchronizer of the direct neuronal
conversion of ependymoglia in response to injury and the inflammatory state
in the brain (D1 Giaimo et al., 2018). Shortly after injury, coinciding with the
phase of elevated microglial cell activation and migration at injury sites, AhR
signaling is deactivated, stimulating ependymoglial cell proliferation.
Neuronal differentiation of ependymoglia through direct conversion is
observed when AhR signaling returns to normal levels at 7 days post injury
(dp1), coinciding with the phase of microglial cell de-activation and resolution
of the glial scar (D1 Giaimo et al., 2018). These results have been confirmed
by temporally interfering with the AhR signaling in response to TBI, leading
to aberrant neurogenesis with newly formed neurons failing to survive (Di
Giaimo et al., 2018).

One additional class of molecular mechanisms promoting regeneration in the
adult zebrafish telencephalon includes those programs constitutively
expressed in the zebrafish telencephalon, which acquire a different function
in response to TBI. As an example, Notch signaling is active in the intact
zebrafish brain, where it promotes ependymoglia quiescence (Alunni et al.,
2013; Chapouton et al., 2010). Interestingly, in response to TBI, Notchl,
Notch3 and inhibitor of DNA binding 1 (Id1) are upregulated, although
displaying opposite effect on NSCs (Diotel et al., 2015; Kishimoto et al., 2012;
Viales et al., 2015). Id1 and Notch3 maintain their function, promoting
quiescence in neuronal progenitors (Alunni et al., 2013; Chapouton et al.,
2010; Viales et al., 2015). However, Notchl acquires an injury-specific
function, promoting ependymoglia activation (Kishimoto et al., 2012),
oppositely to what has been observed in the zebrafish brain under
physiological conditions. These results highlight the importance of tightly
regulating NSC activation and quiescence for the long-term maintenance of
the restorative capacity of the adult zebrafish telencephalon, avoiding stem
cell pool depletion. In the zebrafish brain, this regulation is achieved by the
synergistic effect of development-associated programs re-activated in

response to TBI, injury-associated programs exclusively activated in response
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to TBI and development-associated or constitutive programs with distinct

functions in response to TBI (Figure 3) (Zambusi and Ninkovic, 2020).

Inflammation as positive contributor to restorative
neurogenesis in the adult zebrafish telencephalon

For long time, the activation of neuroinflammation in response to TBI has
been considered a hindrance for neurogenesis and regeneration in the
mammalian CNS (Ekdahl et al., 2003). However, this dogma has been
challenged and modified into a model in which neuroinflammation can have
both beneficial and detrimental effects to the CNS, depending on the nature
and the scale of the inflammatory response (Kyritsis et al., 2014; Sochocka et
al., 2017).

In zebrafish, inflammation have been shown to be important for the
regenerative outcome in different organs, including fin, heart, spinal cord and
brain (Caldwell et al., 2019; Carrillo et al., 2016; Kyritsis et al., 2012; LeBert
and Huttenlocher, 2014; Petrie et al., 2014; De Preux Charles et al., 2016).
Indeed, immunosuppression and subsequent reduced levels of
neuroinflammation have been found to negatively affect the activation of
programs associated with restorative neurogenesis in the adult zebrafish
telencephalon, limiting the activation of NSCs and the generation of new
neurons (Kyritsis et al., 2012).

Numerous neuroinflammatory programs are upregulated in response to TBI
in the adult zebrafish telencephalon and positively regulate the activation of
NSCs. Among these, the C-X-C chemokine receptor type 5 (Cxcr5) and
cysteinyl leukotriene receptor 1 (Cysltrl) display higher expression levels in
response to TBI (Kizil et al., 2012b; Kyritsis et al., 2012). The activation of
Cxcrb and Cysltrl significantly enhances the proliferation of ependymoglial
cells and the number of newborn neurons generated, thus contributing to
CNS regeneration (Kizil et al., 2012b; Kyritsis et al., 2012). Furthermore,
neuroinflammation is required to induce the activation of injury-specific
programs, including GATA binding protein 3 (Gata3), which is not expressed
in the zebrafish telencephalon under physiological conditions (Kizil et al.,

2012a; Kyritsis et al., 2012). Gata3 activation in response to TBI is required
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for ependymoglial cell activation, neurogenesis and migration of newly
generated neurons at injury sites (Kizil et al., 2012a). Interestingly, Gata3
neurogenic potential is strictly limited to the injured CNS, as overexpression
of Gata3 under physiological conditions does not enhance neurogenesis (Kizil
et al., 2012a). The direct link between neuroinflammation and Gata3
activation has been established by injecting inflammatory molecules such as
zymosan A and leukotriene C4, a ligand of the Cysltr1, in the intact zebrafish
ventricles. Intraventricular injection of these molecules is sufficient to induce
Gata3 expression, in a similar manner to the response observed after TBI
(Kyritsis et al., 2012). Furthermore, immunosuppression via administration
of dexamethasone significantly reduces Gata3 induction after zymosan A
injection, corroborating the association between neuroinflammation and
restorative neurogenesis in the adult zebrafish telencephalon (Kyritsis et al.,

2012).

The relevance of neuroinflammation for the activation of restorative
programs is not limited to TBI. In a zebrafish model for AD, based on
cerebroventricular microinjections of amyloid-B42 (AB-42) derivates, AB-42-
accumulating neurons stimulate the activation of microglial cells and
interleukin-4 (IL-4) is upregulated both in neurons and microglial cells
(Bhattarai et al., 2016, 2017). Binding of ILi-4 to its respective receptor found
in NSCs is sufficient to trigger a cascade via Stat6 phosphorylation that leads
to increased NSC proliferation and neurogenesis (Bhattarai et al., 2016,
2017).

Altogether, these results demonstrate that neuroinflammation, when
properly tuned, significantly contribute to CNS regeneration in different
contexts, positively affecting NSC proliferation and restorative neurogenesis.
For this reason, a better understanding and characterization of
neuroinflammation-driven programs activated in response to TBI in the adult
zebrafish telencephalon would facilitate the development of new therapies to
ameliorate the outcome of human patients with TBI and neurodegenerative

diseases.
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Progranulin structure and expression in the CNS

Progranulin (PGRN), also known as proepithelin and PC cell-derived growth
factor (Shoyab et al., 1990; Xia and Serrero, 1998), is a glycoprotein composed
of 593 amino acid (~75-90 kDa). The full length protein (PGRN) contains
seven and half cysteine-rich domains called granulins, and it can be cleaved
in the linker regions between granulin domains, producing granulin peptides
(Cenik et al., 2012). PGRN is proteolytically cleaved by neutrophil elastase,
proteinase 3, matrix metalloproteinase 12 (MMP-12), MMP-14 and a
disintegrin and metalloproteinase with thrombospondin motifs 7 (ADAMTS-
7) (Zhu et al., 2002). Conversely, the secretory leucocyte protease inhibitor
(SLPI) binds to PGRN, thus limiting its proteolytic cleavage and regulating
the balance between full-length PGRN and proteolytically-derived granulin
peptides. Both the full-length PGRN and the granulin peptides are
biologically active and, in some cases, they are characterized by opposite
functions, as in their regulation of inflammatory processes (Zhu et al., 2002).
PGRN is expressed by different cell types and, within the CNS, mainly by
neurons and microglia (Petkau et al., 2010). Interestingly, in microglial cells
PGRN expression varies according to their activation state as it has been
reported that PGRN is significantly upregulated in response to injury (He et
al., 2003; Menzel et al., 2017). Furthermore, as PGRN can be secreted, it is
important to distinguish between its roles as autocrine and endocrine factor
in the CNS.

Although PGRN has been associated to neurodegenerative diseases, cancer
and inflammation, its precise roles under physiological conditions and in the

damaged CNS are still not completely understood.

PGRN as risk factor for aging and brain pathologies

In 2006, two studies have revealed that heterozygous mutations in the human
PGRN gene are associated to frontotemporal lobar degeneration (FTLD)
(Baker et al., 2006; Cruts et al., 2006), with ubiquitin-positive protein
aggregates enriched in TDP-43 (Neumann et al., 2006).

Moreover, homozygous mutations in the human PGRN gene cause the onset

of neuronal ceroid lipofuscinosis (NCL), a lysosomal storage disorder
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characterized by the formation of persistent deposit of autofluorescent
storage material lipofuscin (Smith et al., 2012).

Notably, it has been reported that some phenotypes associated with NCL are
also found in FTLD patients with PGRN mutations (Go6tzl et al., 2014; Valdez
et al., 2017), suggesting that lysosomal dysfunction may act as shared
mechanisms for both diseases.

Lastly, PGRN has been identified as key determinant of aging in the
mammalian CNS, increasing the rate of biological aging of the human
cerebral cortex and influencing numerous age-related hallmarks in the brain,
including lipid metabolism and neuroinflammation (Farr et al., 2020; Lui et
al., 2016; Marschallinger et al., 2020; Rhinn and Abeliovich, 2017).

As aging is the primary risk factor for neurodegenerative diseases, a better
understanding of the link between PGRN and aging needs to be achieved to

slow the progression of neurodegenerative disorders.

PGRN as regulator of neuroinflammation and immune cell
functions in the CNS

PGRN regulate numerous processes, including tumorigenesis, cell
proliferation, wound healing and neuronal cell survival (Bateman and
Bennett, 2009; Chitramuthu et al., 2017; He et al., 2003; Kao et al., 2017).
Importantly, PGRN is also a key factor modulating the immune system and
inflammatory state in the CNS under physiological conditions, during aging
and in response to TBI (Go6tzl et al.,, 2018, 2019; Lui et al., 2016;
Marschallinger et al., 2020; Martens et al., 2012; Rhinn and Abeliovich, 2017;
Tanaka et al., 2013a; Yin et al., 2010; Zhang et al., 2020).

For instance, it has been demonstrated that PGRN binds to the toll-like
receptor 9 (TLR9), a receptor which belongs to a family of proteins involved
In innate immunity, supporting antigen presentation in macrophages (Park
et al., 2011). Furthermore, PGRN is highly expressed in T-suppressor cells, a
class of T cells inhibiting autoimmune diseases, and protects T-regulatory
cells from the negative effects of pro-inflammatory TNF-a (Tang et al., 2011).
PGRN also affects the production and secretion of cytokines, and promote

microglial cell chemotaxis and endocytosis of extracellular peptides (Pickford
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et al., 2011). PGRN overexpression is sufficient to stimulate the secretion of
several anti-inflammatory cytokines, including IL-4, IL-5 and IL-10, which
induce de-activation of microglial cells, and fractalkine (CX3CL1), which
reduces the secretion of NO synthase, TNF-a and IL-6 from activated
microglia (Jian et al., 2013). Conversely, PGRN-deficient microglial cells
activated in response to LPS injection secrete higher levels of pro-
inflammatory IL-6 and TNF-a (Yin et al., 2010).

In addition to the abovementioned functional roles, PGRN is shuttled to
lysosomes, regulating the expression, maturation and activity of lysosomal
proteins. PGRN deficiency has been found to impair the lysosomal function
and maturation of lysosomal cathepsins already during adulthood in
microglial cells (Go6tzl et al., 2018). These results suggest that the lysosomal
impairment of PGRN-deficient microglial cells of young adult animals could
be responsible for the impaired protein degradation and accumulation of

cytotoxic aggregates observed during aging (Gotzl et al., 2018).

As previously mentioned, PGRN contribute to regulate the aging kinetics of
the mammalian CNS (Farr et al., 2020; Rhinn and Abeliovich, 2017).
Numerous age-related impairments have been detected in PGRN-deficient
immune cells. Indeed, in addition to the altered production and secretion of
cytokines, PGRN-deficient microglial cells display age-related upregulation
of complement proteins, such as C3 and Clga, which subsequently
accumulate in synaptosomes of aging PGRN-deficient brain (Lui et al., 2016).
As a result, a significant increase in synaptic pruning has been detected in
PGRN-deficient brain during aging, suggesting that PGRN acts as regulator
of neuroinflammation, suppressing aberrant microglial activation and
protecting neurons from excessive pruning (Lui et al., 2016). Indeed, higher
levels of complement proteins have been associated to the transition of
microglial cells from a homeostatic to disease-associated state in the aging
brain of PGRN-deficient mice (Zhang et al., 2020). Moreover, DAMs promote
the accumulation of cytoplasmic TDP-43, contributing to mneuronal
proteinopathy and neuronal cell death. Blocking of complement activation is
sufficient to reduce the neurotoxic properties of DAMs in PGRN-deficient

brain (Zhang et al., 2020).
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Lastly, in a recent study, a novel microglial state has been identified in the
aging brain, characterized by a transcriptomic signature similar to the one
identified in DAMs, defects in phagocytosis, increased ROS levels and high
levels of pro-inflammatory cytokines (Marschallinger et al.,, 2020).
Interestingly, microglial cells belonging to this dysfunctional cluster exhibit
aberrant accumulation of lipid droplets (LDs) (Marschallinger et al., 2020). A
similar phenotype has been identified in PGRN-deficient brain, where
microglial cells display numerous LDs, deficits in phagocytosis and pro-
inflammatory signature (Marschallinger et al., 2020), confirming a previous
study where numerous genes associated to lipid metabolism were altered in

the brain of PGRN-deficient mice (Evers et al., 2017).

PGRN 1is also important to regulate immune cell reactivity in response to
injuries in the CNS. In a model of induced toxicity in the CNS via
administration of 1-methyl-4-(2'-methylphenyl)-1,2,3,6-tetrahydrophine
(MPTP), PGRN deficiency leads to exacerbated neuroinflammation and
neuronal death, although the molecular mechanisms behind this phenotype
have not yet been fully understood (Martens et al., 2012).

Similarly, PGRN regulate microglial cell activation and glial scar formation
in response to TBI (Menzel et al., 2017; Tanaka et al., 2013a, 2013b). TGFB81—
Smad3 signaling pathway is increased in response to injury in PGRN-
deficient brain, together with excessive microglial activation and altered
lysosomal functions (Tanaka et al., 2013a, 2013b). Importantly, the TGFB81—
Smad3 signaling pathway is also a mediator promoting the formation of the
glial scar, representing a barrier for neuronal regeneration and survival
(Wang et al., 2007).

Lastly, it is worth to mention that PGRN deficiency results in elevated axonal
damage and astrogliosis in response to TBI, supporting the concept that
PGRN is a key regulator of both microglial cells and astrocytes, two major cell
populations contributing to the formation of the glial scar in the mammalian
CNS (Menzel et al., 2017). In vitro experiments have demonstrated that
injection of recombinant PGRN is sufficient to attenuate the expression of
TNF-a and iINOS in activated astrocytes, limiting the secretion of pro-

inflammatory molecules detrimental for regeneration.
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Four granulins (Grns) in the zebrafish brain

Differently from mammalian species, zebrafish possess four distinct granulin
genes: two orthologs of the human PGRN gene, granulin a (grna) and
granulin b (grnb), in addition to granulin 1 (grnl) and granulin 2 (grn2),
paralogs encoding for shorter proteins (Figure 4) (Cadieux et al., 2005;
Solchenberger et al., 2015).

A human GRN

Figure 4. Schematic of human PGRN and zebrafish granulins (Adapted from Solchenberger
etal., 2015. This is an open access article distributed under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited).

Interestingly, Grna-deficient zebrafish larvae are unable to produce mature
neutrophils and macrophages and display abnormal healing in response to
tail fin resection, failing to recruit macrophages at injury sites (Campbell et
al., 2021). These results suggest the existence of functional conservation
between Grna and mammalian PGRN (Campbell et al., 2021). Moreover, it
has been demonstrated that Grnl-deficient zebrafish are characterized by
limited regenerative capacity in response to retinal injury, with reduced
number of de-differentiating Miiller cells and proliferating progenitor cells
(Tsuruma et al., 2018).

Altogether, these results strengthen the hypothesis that, similarly to PGRN
in mammalian species, zebrafish granulins are important factors in the
context of regeneration in numerous organs, including the CNS.
Furthermore, it appears that in zebrafish distinct granulins may be relevant
for regeneration in specific organs and injury paradigms, offering a new
system to better characterize the mechanisms of action of PGRN and granulin

peptides in the mammalian CNS.
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Abstract: Granulins (GRN) are secreted factors that promote neuronal survival and regulate
inflammation in various pathological conditions. However, their roles in physiological conditions in
the brain remain poorly understood. To address this knowledge gap, we analysed the telencephalon
in Grn-deficient zebrafish and identified morphological and transcriptional changes in microglial
cells, indicative of a pro-inflammatory phenotype in the absence of any insult. Unexpectedly,
activated mutant microglia shared part of their transcriptional signature with aged human microglia.
Furthermore, transcriptome profiles of the entire telencephali isolated from young Grn-deficient
animals showed remarkable similarities with the profiles of the telencephali isolated from aged
wildtype animals. Additionally, 50% of differentially regulated genes during aging were regulated in
the telencephalon of young Grn-deficient animals compared to their wildtype littermates. Importantly,
the telencephalon transcriptome in young Grn-deficent animals changed only mildly with aging,
further suggesting premature aging of Grn-deficient brain. Indeed, Grn loss led to decreased
neurogenesis and oligodendrogenesis, and to shortening of telomeres at young ages, to an extent
comparable to that observed during aging. Altogether, our data demonstrate a role of Grn in regulating
aging kinetics in the zebrafish telencephalon, thus providing a valuable tool for the development of
new therapeutic approaches to treat age-associated pathologies.

Keywords: neurogenesis; microglia; granulin; aging

1. Introduction

Aging is associated with numerous changes in a wide range of processes, thus progressively leading
to impaired organ function and increasing the risk of the onset of numerous pathologies. Accordingly,
brain aging is one of the greatest risk factors for multifactorial diseases including Alzheimer’s and
Parkinson’s diseases [1]. Typical aging hallmarks such as genomic instability, telomere shortening,
metabolic dysregulation, cellular senescence, stem cell exhaustion, and decreased neurogenesis are
observed in the brain and affect a broad range of cellular functions [2], thereby leading to impaired
tissue homeostasis and regeneration. a primary reason for this impaired tissue homeostasis and
regeneration is age-related exhaustion of tissue-specific stem cells, a process observed in various
organs [3-5], including the mammalian brain [6-10]. Although prominent age-associated changes,
including decreased neurogenesis and changes in the lateral ventricle choroid plexus [11-13], have
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been detected in the aging mammalian brain, comparisons of neural stem cell transcriptomes have
revealed a remarkably small set of differentially regulated transcripts, which are largely associated
with cell cycle regulation, neuronal differentiation, and inflammation [10,14-16]. These analyses
support the hypothesis that specific changes in a limited number of key regulators influenced by
both intrinsic [16] and extrinsic [11,12,17,18] aging-associated pathways lead to the aging of the
neural stem cell compartment. Interestingly, a prominent phenomenon associated with aging in the
neural stem cell niche is the activation of resident microglial cells, which develop a pro-inflammatory
phenotype [19-22]. This process results in the activation of NF-kB signalling and enrichment in
pro-inflammatory cytokines, with increased production of IL-1b, TNF, and interferons- typical activators
of pro-inflammatory responses [23]. Indeed, the activation of NF-kB signalling in the hypothalamus
decreases the production of gonadotropin-releasing hormone in neurons [24], thus causing various
age-associated changes in stem cell compartments of the brain, but also modulates systemic aging,
including muscle weakness and skin atrophy [24]. Furthermore, the mRNA decay factor AUF1 regulates
both the aging-associated inflammatory response and maintenance of telomere length [25], thereby
suggesting not only that the interactions among different cells in the stem cell compartment contributes
to tissue aging but also that the same factor might be involved in both cell-intrinsic and -extrinsic
pathways involved in the aging process. Therefore, one major challenge is to better understand the
relationship among these processes in different cell types and to identify novel pathways and regulators
contributing to aging regulation. These pathways would be suitable targets for the development of
new therapeutic approaches aiming to limit or block the detrimental phenotypes acquired with aging,
thus decreasing the risk of associated pathologies.

Progranulin (GRN) is a secreted factor that is mainly expressed in microglia and neurons, and can
be proteolytically processed into granulin peptides [26-28]. Both GRN and granulin peptides are
biologically active [29,30]. Granulin deficiency shortens lifespan in mice [31] and African turquoise
killifish [32], in line with the association of genetic variants in the GRN gene with age-associated
phenotypes in the human cerebral cortex [33]. Moreover, mutations in the human GRN gene are
associated with early onset of age-related neurodegenerative diseases, such as frontotemporal lobar
degeneration (FTLD) [34,35] and neuronal ceroid lipofuscinosis (NCL) [36,37]. Additionally, GRN
regulates aging-related processes such as inflammation [38—43] and neuronal survival [44-46], thus
supporting a possible role of GRN in the regulation of brain aging.

Although GRN is associated with aging in the human cerebral cortex, the specific molecular
mechanisms and cellular basis leading to the accelerated aging phenotypes remain poorly understood,
possibly because of the opposing roles of GRN and granulin peptides, generated by GRN proteolysis
in mammals [29,30]. Whereas GRN, for example, has an anti-inflammatory function, some granulin
peptides enhance the inflammatory response [29,30]. In contrast to mammals, zebrafish have two
orthologs of Grn, granulin a (grna) and granulin b (grnb), in addition to two paralogs, granulin 1 (grnl)
and granulin 2 (grn2), which encode shorter proteins similar to the products of mammalian GRN
proteolytic cleavage [47]. Therefore, the zebrafish model of aging [48-50], combined with a recently
generated double mutant for Grna and Grnb, offers the possibility of determining the specific functions
of GRN and granulin peptides in brain aging [51].

2. Materials and Methods

2.1. Animal Experiments

Adult (3-5-month-old) and aged (15-24-month-old) grna*/*;grnb*'* and grna™;grnb™~ zebrafish
siblings [51], and zebrafish from the AB/EK strain and from the transgenic lines Tg (0lig2:DsRed) [52],
Tg (mpeg1:mCherry) [53], Tg (olig2:DsRed;grna™=;grnb~”~) and Tg (mpeg1:mCherry;grna™=;grnb™") were
used in all experiments. The fish were reared under standard husbandry conditions [54],
and experiments were performed according to the handling guidelines and regulation of EU and the
Government of Upper Bavaria (AZ 55.2-1-54-2532-09-16).
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2.2. DNA Extraction and Genotyping

Genotyping of grna and grnb was performed by cutting a small part of the zebrafish
tail fin. REDExtract-N-Amp Tissue Kit (Sigma-Aldrich®, Merck, Darmstadt, Germany) was
used to rapidly extract the genomic DNA from animal tissues according to the manufacturer’s
instructions. Isolated genomic DNA was amplified by PCR with the following primers: grna forward
(TTCAGTCATTGTTTCAGAGGTCA), grna reverse (TTCCTCTGATCCACTTTCTACCA), grnb forward
(AATGACACAAGACGTCCTCATAAA) and grnb reverse (AAAAATAATAACCACAGCGCAACT).
Sanger sequencing was then performed to obtain and compare the nucleotide sequences of different
samples and identify the selected mutations for grna and grnb. The grna selected mutation was
identified by a deletion of 11 nucleotides, which caused a frameshift of the open reading frame and
resulted in a premature STOP codon. The grnb selected mutation was identified by a deletion of 13
nucleotides and insertion of 9 nucleotides, which caused a frameshift of the open reading frame and
resulted in a premature STOP codon.

2.3. Tissue Preparation and Immunohistochemistry

Animals were sacrificed through overdose of tricaine methane sulfonate (MS222, 0.2%) via
prolonged immersion. Tissue processing was performed as previously described [55]. For cell
immunolabelling, we used rat anti-BrdU (1:200, ab6326, Abcam, Berlin, Germany), mouse anti-fish
leukocytes 4C4 antigen (1:500, 92092321, 7.4.C4, Health Protection Agency Culture Collections, Salisbury,
England), rabbit anti-HuC/HuD (1:500, 210554, Abcam, Berlin, Germany) and rabbit anti-Sox10 (1:2000,
GTX128374, Biozol, Eching, Germany). The primary antibodies were detected with specific secondary
antibodies labelled with Alexa 488, Alexa 546, and Alexa 633 (1:1000, Invitrogen, Thermo Fisher,
Dreieich, Germany). Sections were embedded in Aqua Polymount (Polyscience, Hirschberg an der
Bergstrafle, Germany).

Immunodetection of BrdU required a pretreatment with 4 N HCI followed by washes with borate
buffer and PBS before the sections were immersed in the anti-BrdU antibody. All antibodies were
dissolved in 0.5% Triton X-100 and 10% normal goat serum.

2.4. Bromodeoxyuridine (BrdU) Labelling Experiments

To analyse the proliferative capacity of glial cells, we performed long-term bromodeoxyuridine
(BrdU) (Sigma Aldrich) incorporation. Fish were kept in BrdU-containing aerated water (10 mM)
for 16 h/day during 5 consecutive days for long-term analysis. This time frame was determined to
label a substantial proportion of activated neural stem cells that would generate neurons, based on
the basis of the observations that adult neural stem cells (aNSCs) are largely quiescent in the intact
adult zebrafish telencephalon [56]. During the 8 h outside BrdU-containing water, fish were kept
in fresh water and fed. Animals were sacrificed 14 days after BrdU treatment (5 days BrdU water +
14 day chase), because this time point was previously described to have the greatest number of newly
generated neurons incorporating BrdU in the adult zebrafish telencephalon [57].

2.5. Image Acquisition and Processing

All images were acquired with an Olympus FV1000 cLSM system (Olympus, Tokyo, Japan), using
the FW10-ASW 4.0 software (Olympus, Tokyo, Japan). Quantifications and co-localisation analysis
were performed in Imaris software version 8.4 (Bitplane, Zurich, Switzerland) and Image] software
(National Institutes of Health, Bethesda, MD, USA).

2.6. Quantitative Analysis and Statistical Tests

For all analyses, the group size was previously determined to have a statistical power >0.95,
identifying a group size of at least four independent telencephali. The number of telencephali analysed
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is specified in the figure legends and in the graphs, where each data point represents a distinct
biological replicate.

All the sections belonging to the telencephalon were quantified (sections containing the olfactory
bulb or optic tectum were excluded). All quantifications are displayed as cell density, defined as the
total number of cells occupying a specific area (ventricular or parenchymal zone). The volumes (mm?)
of either ventricular (Figure 6c) or parenchymal (Figure 7b) zones were calculated in Imaris software
version 8.4 (Bitplane, Zurich, Switzerland). For normalisation, the total numbers of cells occupying
a specific zone were divided by the calculated volumes of the corresponding zones.

Data are presented as the mean with SEM, and each data point represents a distinct biological
replicate. Statistical analysis was performed with one-way ANOVA test for the oligodendrogenesis
experiment (Figure 7) and two-way ANOVA test for the microglial morphology experiment (Figure 2),
the constitutive neurogenesis experiment (Figure 6) and the comparison of relative telomere length
(Figure 9b). GraphPad Prism Version 8.2.0 was used for the statistical tests. Statistical analysis for data
associated with Figure 4a, Figure 9a, and Figure S3b,c was automatically performed with the DESeq2
pipeline (release 3.9) for differential expression analysis.

2.7. Morphological Analysis of Microglial Cells

To assess and compare the morphology of microglial cells between different groups in Figure 2,
we quantified the average process length (um), number of main processes and area of microglial
somata (um?) in Image]J (Fiji) software. a total of 80 cells from four different telencephali per group
were analysed.

2.8. Fluorescence-Activated Cell Sorting (FACS) Isolation Method

Animals from the Tg (0lig2:DsRed), Tg (mpeg1:mCherry), Tg (olig2:DsRed; grna™=;grnb™"),
and Tg (mpeg1:mCherry; grna™=;grnb™") transgenic lines were sacrificed through MS222 overdoses,
the telencephalon was dissected from each single animal, and three telencephali were pooled for each
replicate. a single-cell suspension was prepared as previously described [58], and cells were analysed
with a BD FACSAria Il instrument in BD FACS Flow TM medium. Debris and aggregated cells were
gated by forward scatter-sideward scatter; single cells were gated in by FSC-W/FSC-A. Gating for
fluorophores was performed using AB/EK animals as a baseline (Figure S1). Cells were directly sorted
into extraction buffer from PicoPure RNA isolation kit (Thermo Fisher, Dreieich, Germany).

2.9. Libraries for Deep Sequencing of Whole Telencephali and FACS Sorted Cells

Total RNA from the entire telencephalon was isolated with Qiagen RNeasy kit, whereas total
RNA from sorted cells was isolated with PicoPure RNA isolation kit from Thermo Scientific, according
to manufacturer’s instructions.

The quality and concentration of RNA were assessed on an Agilent 2100 Bioanalyzer. Only RNA
with a RIN value > 8 were used for library preparation. cDNA was synthesised from 10 ng of total
RNA (whole telencephalon) or 500-1000 pg of total RNA (fluorescence activated cell sorting (FACS)
isolated cells) with a SMART-Seq v4 Ultra Low Input RNA kit for Sequencing (Takara, Mountain
View, CA, USA), according to the manufacturer’s instructions. cDNA quality and concentration were
assessed on an Agilent 2100 Bioanalyzer before library preparation with MicroPlex Library Preparation
kit v2 (Diagenode, Liege, Belgium). All libraries (five replicates per condition in the case of samples
from the whole telencephalon and three or four replicates per condition in the case of samples from
FACS isolated cells) were processed together to minimise batch effects. Final libraries were evaluated
and quantified with an Agilent 2100 Bioanalyzer, and the concentration was measured additionally
with a Qubit 4 instrument and the Qubit dSDNA HS assay (Thermo Fisher, Dreieich, Germany)
before sequencing. The uniquely barcoded libraries were multiplexed onto one lane, and 100-bp
paired-end deep sequencing was carried out on a HiSeq 4000 instrument (Illumina, San Diego, CA,
USA), generating approximately 20 million reads per sample. FASTQ files are available at GEO
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database with accession number GSE144543. FASTQ files were mapped with the STAR pipeline to
the annotated zebrafish genome (GRCz10) [59]. DESeq?2 (release 3.9) for R environment was used for
differential expression analysis based on raw counts [60]. The rlog transformation method was applied
for visualisation (heat maps). The cutoff for the differentially regulated genes was based on the fold
change expression (twofold or greater) and the adjusted p value equivalent to the 5% false discovery
rate (padj < 0.05), according to the DESeq?2 pipeline [60]. Gene ontology (GO) enrichment analysis was
performed with DAVID bioinformatics resources 6.8 (p < 0.05, fold enrichment > 1.5) [61,62], and the
relevant enriched pathways were manually selected.

2.10. Quantification of Relative Telomere Length

For qPCR telomere length measurements, genomic DNA was obtained from whole
zebrafish brain extracted from young (3-5-month-old) and aged (15-24-month-old) adult
grna*’*;,grnb** and grna”~;grnb7"zebrafish siblings with QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany).  Telomere primer sequences were obtained from a previous publication [63]:
dio2 forward: GGGGACGGCAGAAGAAATGA, dio2 reverse: AGGTCCACACTAAGCAAGCC,
telo forward: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT and telo reverse:
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT. a single-copy gene, iodothyronine type 11
(dio2), was used as a reference gene for the quantification. The ratio of amplified telomere signal to
single-copy gene signal was calculated as previously described to obtain the relative telomere length [64].

3. Results

3.1. Grna and Grnb Deficiency Leads to a Pro-Inflammatory Transcriptional Signature in Microglial Cells in the
Adult Zebrafish Telencephalon

Granulin is a key factor mainly expressed in microglia and neurons that is involved in the
regulation of several processes including inflammation in the mouse cerebral cortex [38,39]. For this
reason, we decided to study the role of the zebrafish structural orthologs of mouse GRN, Grna and Grnb,
in the context of the immune system in the adult zebrafish telencephalon. To this end, we used FACS
to isolate the resident brain immune cells, microglia, from the intact telencephali of Tg (mpegl:mCherry)
(further referred to as wildtype) and Tg (mpeg1:mCherry;grna™~,grnb™") (further referred to as mutant)
animals, on the basis of the mCherry expression in Mpegl-positive microglia (Figure 1a—d; Figure Sla).
Importantly, the identity of mCherry™ cells was validated by co-staining with previously reported
microglial markers, such as 4C4 (Figure 1b—’).
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Figure 1. Grna and Grnb deficiency leads to transcriptional changes associated with an activated
microglial state. (a) Schematic of a typical section from the adult zebrafish telencephalon.
(b—c") Micrographs depicting microglial cells in the telencephalon in Tg (mpegl:mCherry) animals.
(c,c’)Magnifications of areas boxed in (b) and (b”), respectively. Scale bars: 100 um (b,b”) and 20 um (c,c’).
(d) Scheme depicting the isolation procedure of Mpegl* cells for transcriptome analysis. (e) Volcano
plot of differentially expressed genes (DEGs) in mutant Mpegl™* cells (padj < 0.05; 1 < 1og2FC < -1).
(f,g) Histograms depicting gene ontology (GO) terms enriched in the set of upregulated (f) and
downregulated (g) genes in mutant Mpegl* cells.
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To determine the purity of isolated cells, we analysed the expression of typical microglial, neuronal,
and oligodendroglial genes [65] in the sorted mCherry* population (Figure S2a). Significant enrichment
in microglial genes was detected in Mpeg1* isolated cells, thus confirming the purity of our enrichment
(Figure S2a). Importantly, ¢rna was strongly enriched in Mpegl* cells, in line with high Grn expression
in mammalian microglia [27], whereas grnb was expressed at lower levels (Figure S2c).

The comparison of the transcriptomes of wildtype and mutant Mpegl™ cells and differential
expression analysis (DEseq2) revealed 1567 significantly upregulated and 2018 significantly
downregulated genes in mutant Mpegl™ cells (padj < 0.05; 1 < log2FC < -1) (Figure le; Table
S1). GO analysis (based on DAVID 6.8) revealed an enrichment in genes associated with inflammation,
apoptosis, cell proliferation and extracellular matrix composition (Figure 1f,g; Table S1). Notably,
many upregulated genes in mutant Mpegl* cells were associated with the tumor necrosis factor
receptor, the MAPK and the JAK/STAT signalling pathways, which are involved in the induction of
pro-inflammatory cytokine expression [66,67] (Figure 1f and Figure S3a). Furthermore, we identified
numerous downregulated genes belonging to the PPAR signalling pathway, which has a role in
counteracting the expression of pro-inflammatory cytokines [68] (Figure 1g and Figure S3a). These
results indicate a switch toward a pro-inflammatory state of microglial cells in the adult telencephalon in
Grna; Grnb-deficient animals. To confirm this hypothesis, we analysed the expression levels of several
cytokines associated with pro-inflammatory and anti-inflammatory microglial phenotypes and detected
higher mRNA levels of pro-inflammatory cytokines including il6, tnfa, il12bb, and Cxcl8a (il8) in mutant
Mpegl* cells (Figure S3b; Table S1). In contrast, the mRNA levels of anti-inflammatory cytokines
including tgfb3, igf1, and il10 were significantly lower in mutant Mpegl* cells than wildtype Mpegl*
cells (Figure S3c; Table S1), thus demonstrating their activated state. The numerous transcriptional
changes observed in mutant Mpegl® cells contrast with the results obtained from GRN-deficient
microglia in the mouse brain [38]. In contrast to our observations, GRN-deficient microglia in the mouse
brain display different transcriptional profiles only during advanced aging [38], thereby suggesting that
granulins might regulate microglia activation with different kinetics in the mouse and zebrafish brains.
We compared the differentially expressed genes (DEGs) in our dataset with age-dependent upregulated
genes in the cerebral cortex in GRN-deficient mice enriched in two major categories (immune response
and lysosomal pathway) that showed exclusive association with the microglial population in mice
(Table S1) [38]. Interestingly, some of the genes that displayed age-dependent upregulation in the
cerebral cortex in GRN-deficient mice were also upregulated in young mutant Mpeg1™ cells (Table S1),
thus indeed suggesting that granulin age-dependent role in suppressing aberrant microglial activation
might be fundamental already during young adulthood in the adult zebrafish brain.

Because the transcriptome analysis suggested Grna; Grnb-dependent changes in the activation
state of microglial cells, we further examined their morphology as an activation hallmark. We labelled
microglial cells in the intact adult zebrafish telencephalon through immunohistochemistry against
4C4 [69] and compared 4C4* cells in the telencephalon in young wildtype (3-5-month-old) and
mutant (3-5-month-old) animals (Figure 2a-b” e-g). Wildtype 4C4* cells displayed a typical elongated
morphology, characteristic of resident non-activated microglia (Figure 2a-a”,e—g). In contrast, most
mutant 4C4™" cells displayed larger somata, and hyper-ramified and shorter processes-morphological
characteristics typical of the activated state (Figure 2b-b”,e-g).

Together, our transcriptome and morphological analyses demonstrate the roles of Grna and Grnb
in tuning the activation state of microglial cells in the zebrafish telencephalon. Grna and Grnb deficiency
promotes the switch toward a pro-inflammatory and possibly detrimental microglial phenotype.
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Figure 2. Grna; Grnb-deficient microglial cells display morphological changes associated with aging.
(a-d) Micrographs depicting 4C4* microglial cells. (a’-d’) Magnifications of boxed areas in (a-d),
respectively. (a”-d”) Morphological tracing of 4C4" microglial cells. Scale bars: 100 pm (a-d
magnification) and 20 pm (a’-d’). (e—g) Morphological analysis depicting the average process length
(e), number of main processes (f) and area of somata (g) of 4C4" microglial cells. n.s, not significant, *
p <0.05, **** p <0.0001, each data point represents a single cell (a total of 80 cells from four telencephali
were analysed in each group).
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3.2. Loss of Grna; Grnb Function Induces Premature Microglial Aging

The pro-inflammatory phenotype of microglial cells, including both morphological and
characteristic transcriptomic changes, has been associated with aging [70,71]. Indeed, most 4C4*
cells in old (15-24-month-old) wildtype animals displayed larger somata and shorter processes
(Figure 2c—”,e-g), in agreement with findings from previous reports [70,71]. For these reasons,
we speculated that Grna; Grnb deficiency might cause a premature aging phenotype in microglial cells
in the telencephalon in young animals. Therefore, we analysed and compared the morphology of 4C4*
cells in young (3-5-month-old) mutant and old (15-24-month-old) wildtype animals (Figure 2b—”,e-g).
Notably, we observed similar 4C4* cell morphology in the telencephali of young mutant and old
wildtype animals (Figure 2b—c”,e—g). Unexpectedly, we detected no additional morphological changes
in 4C4* cells of old (15-24-month-old) mutant animals (Figure 2d-d”,e-g). Together, our results
indicate a premature aging phenotype in Grna; Grnb-deficient microglia.

To substantiate this hypothesis, we compared the DEGs in young Grna; Grnb-deficient Mpeg1™ cells
with the dataset of DEGs of aged (~95-years-old) human microglial cells [70] (Figure 3). Interestingly,
271 DEGs identified in young Grna; Grnb-deficient Mpeg1™ cells showed the same regulation pattern
seen in aging human microglia (~10% of all human DEGs with existing zebrafish orthologs) (Figure 3a).
Notably, GO analysis of overlapping genes revealed an enrichment in genes associated with cholesterol
biosynthesis, aging, cell cycle, multiple sclerosis, and Alzheimer’s disease (Figure 3b and Figure S4).

(a)

DEGs in aged human microglia with DEGs in young mutant zebrafish

zebrafish orthologs (Olah et al, 2018) microglia
(padj < 0.05; 1 <logFC < -1) (padj < 0.05; 1 < log2FC < -1)
2588

(b)

GO Terms enriched in common DEGs in aged human microglia and young mutant zebrafish microglia
cholesterol biosynthetic process  2,56E-03
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay ~2,27-03
TRNA processing 442604
aging 404602
cellcycle 481602
translation 397.02
Cholesterol, HDL  2,19¢:02
Multiple Sclerosis 1,186-02

Alzheimer's disease  2,96E-02
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Figure 3. Microglial cells isolated from young mutant zebrafish share a proportion of DEGs with
aging human microglial cells. (a) Venn diagram depicting common DEGs in aging human microglial
cells with existing zebrafish orthologs and in young mutant zebrafish Mpegl™ cells. (b) Histograms
depicting gene ontology (GO) terms enriched in the set of 271 common DEGs in aging human and
young mutant zebrafish microglial cells.

In summary, our results support roles of Grna and Grnb in regulating the aging kinetics of
microglial cells. Furthermore, these results are in agreement with the described role of GRN in
suppressing excessive microglial activation [38] and with previous studies identifying the GRN gene
locus as a determinant of accelerated aging in the human cerebral cortex and short lifespan in the
African turquoise killifish [32,33].

3.3. Transcriptome Analysis Reveals Premature Aging of Grna; Grnb-Deficient Brains

To assess whether Grna and Grnb deficiency might cause a premature aging phenotype
exclusively in microglial cells, or affected other cell types and processes in the zebrafish telencephalon,
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we compared the total mRNA from whole telencephali of young wildtype (3-5-month-old), old wildtype
(15-24-month-old), young mutant (3-5-month-old), and old mutant (15-24-month-old) animals
(Figure 4; Figure 5).
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Figure 4. Transcriptomic changes detected in old wildtype, young mutant, and old mutant telencephali.
(a) Normalised gene counts of grna and grnb in young and old wildtype animals. **** padj < 0.0001,
each data point represents a distinct biological replicate (five telencephali per group were analysed).
(b) Volcano plot of DEGs in old wildtype animals (young wildtype animals were used as a reference)
(padj < 0.05; 1 < 1og2FC < —1). (c) Volcano plot of DEGs in young mutant animals (young wildtype
animals were used as a reference) (padj < 0.05; 1 < log2FC < —1). (d) Volcano plot of DEGs in old
wildtype animals (young mutant animals were used as a reference) (padj < 0.05; 1 < log2FC < —1).
(e) Volcano plot of DEGs in old mutant animals (young mutant animals were used as a reference)
(padj < 0.05; 1 <1og2FC < -1).

First, we analysed Grna and Grnb mRNA levels in young and old wildtype animals. In contrast
to the unchanged Grna mRNA levels, the Grnb mRNA levels were significantly lower in old wildtype
animals (Figure 4a). For this reason, we speculate that Grnb deficiency at the stage of young adulthood
(3-5-month-old) might mimic the physiological decrease observed in old animals, thus accelerating
aging kinetics in the brain.

The differential expression analysis between young and old wildtype telencephali revealed
numerous transcriptional changes associated with aging in old wildtype animals, in which we
identified 1207 significantly upregulated and 1357 significantly downregulated genes (padj < 0.05;
1 <1og2FC < —1) (Figure 4b; Table S2). Similarly, when we compared the transcriptomes of young
mutant and young wildtype animals, we identified 1142 significantly upregulated and 941 significantly
downregulated genes (padj < 0.05; 1 < 1og2FC < —1) (Figure 4c; Table S2). Additionally, in a direct
comparison of the transcriptomes of old wildtype and young mutant animals, we detected fewer
DEGs (Figure 4d; Table S2). Notably, the comparison of the transcriptomes of young mutant and old
mutant animals indicated only 178 significantly upregulated and 241 significantly downregulated
genes (Figure 4e; Table S2), thus supporting the shift in the brain-wide transcriptome in young mutant
animals toward that of aged brains.

We further selected the top 100 significantly upregulated and top 100 significantly downregulated
genes in old wildtype animals (using young wildtype animals as a reference) and compared the
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rlog-transformed values representing the expression levels of these genes in different ages and
genotypes (Figure 5a,b). Unexpectedly, most selected genes had comparable rlog-transformed values in
old wildtype, young mutant, and old mutant telencephali (Figure 5a,b). These data provide additional
evidence of premature aging in the brain in young Grna; Grnb-deficient animals.

(a) Top 100 significantly upregulated genes (b) Top 100 significantly downregulated genes
young old young old  Mpegle Mpegiv young old young old  Mpegle Mpegls
youngt.young mut - ot mat mut YO young mat

wt wt mut mut

———

er— = e — ]

(c) Upregulated Upregulated (e) GO Terms enriched in set of upregulated genes in old wt and young mut
old wt vs young wt young mut vs young wt (young wt as reference)
positive regulation of cytoskeleton organization 419603
regulation of actin filament polymerization |3,30€.02
antigen processing and presentation 35602
regulation of protein polymerization |3.70€.02
organonitrogen compound catabolic process ~ 2.22€:03
regulation of cytoskeleton organization  1,076-02
secretion by cell  1,706:02
regulation of apoptotic process 44502
innate immune response | 3,11€-02

immune response  2,40£-03
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(d) Downregulated Downregulated (f) GO Terms enriched in set of downregulated genes in old wt and young mut
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Figure 5. The phenotype of age-related transcriptional changes detected in old wildtype animals is
partially mimicked by Grna and Grnb deficiency in young mutant animals. (a,b) Heat maps depicting
rlog-transformed values of the top 100 significantly upregulated and downregulated genes in old
wildtype telencephali (young wildtype were used as a reference) in young wildtype animals, old
wildtype animals, young mutant animals, old mutant animals, young wildtype Mpegl* cells, and young
mutant Mpegl* cells. Green boxes: DEGs in old wildtype animals with the same direction of regulation
in young mutant and old mutant animals, but not regulated in mutant microglial Mpegl™ cells. Red
boxes: DEGs in old wildtype animals with comparable levels in young mutant and old mutant animals,
regulated in the same direction in mutant microglial Mpeg1™ cells. Black boxes: DEGs in old wildtype
animals with comparable values in young mutant and old mutant animals, regulated in the opposite
direction in mutant microglial Mpegl™* cells. (c,d) Venn diagrams depicting common DEGs in old
wildtype and young mutant telencephali (young wildtype were used as a reference). (e,f) Histograms
depicting gene ontology (GO) terms enriched in the set of common upregulated and downregulated
genes in old wildtype and young mutant telencephali (young wildtype were used as a reference).
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Our transcriptome analysis of microglia, however, highlighted numerous transcriptomic changes in
mutant microglial cells, thus indicating a possibility that the transcriptional changes in mutant microglia
might largely contribute to the transcriptional changes observed in the entire telencephalon. To address
this possibility, we analysed the expression of the top 100 upregulated and top 100 downregulated
genes, as described above, in wildtype Mpegl* and mutant Mpegl™ cells. Indeed, only a small
proportion of selected genes were also regulated with the same pattern in mutant microglial cells
(Figure 5a,b). To further address the total contribution of microglia-specific transcriptomic changes to
the overall changes in the whole telencephalon in young mutant animals, we compared the DEGs in
mutant Mpegl* cells and in the whole telencephalon in young mutant animals and we detected an
overlap of 10.9%. Together, our data demonstrate that Grna and Grnb deficiency promote additional
transcriptional changes beyond those specifically detected in microglial cells.

To specifically identify the size and nature of commonly DEGs in old wildtype and young mutant
telencephali, we selected and compared the common upregulated and downregulated genes in old
wildtype and young mutant animals (using young wildtype animals as a reference) (Figure 5c,d).
Notably, 50.7% of upregulated genes and 48.8% downregulated genes were shared between old
wildtype and young mutant animals (Figure 5c¢,d). GO analysis revealed common enrichment in
genes associated with programs previously identified in the transcriptome of Notobranchius furzeri,
a well-established model of aging, including regulation of apoptosis, immune response, extracellular
matrix composition and cell adhesion [72] (Figure 5e,f and Figure S5a).

Because GRN has been found to be involved in lysosomal homeostasis and GRN-deficient mice
displayed lysosomal dysfunction, we analysed mRNA expression levels of genes associated with
lysosomal regulation differentially regulated in GRN-deficient mice [73,74]. In contrast to the results in
GRN-deficient mice, expression of lysosomal genes was only slightly changed in the adult telencephalon
in young Grna; Grnb-deficient zebrafish, as previously described [51], and was not further changed in
old mutant brains, thereby suggesting a discrepancy between the lysosomal regulatory function of
granulins in mouse and zebrafish brains (Figure S5b). The observed discrepancy may be explained
by the possible involvement of grn1 and grn2 in regulating the lysosomal homeostasis in the adult
zebrafish brain, thus compensating for the loss of Grna and Grnb.

Collectively, our data indicate that aging causes numerous transcriptional changes in the brain
in old wildtype animals. a significant proportion of these changes was mimicked by Grna; Grnb
deficiency in the brain in young animals and was not limited to microglial cells. Furthermore, in Grna;
Grnb-deficient animals, these changes are significantly reduced between young and old animals, thus
strengthening our hypothesis that Grna and Grnb deficiency causes a premature aging phenotype in
the brain in young animals.

3.4. Grna and Grnb Deficiency Causes a Reduction in Neurogenesis in the Ventricular Zone of the Zebrafish
Telencephalon, thus Mimicking the Phenotype of Reduction Observed during Aging

To understand the aging-related biological processes affected by Grna; Grnb-deficiency, we further
analysed shared DEGs in old wildtype and young mutant animals. We identified a significant
downregulation of il4 and stat6 (Figure 6a). These genes have been implicated in the regulation of
age-related inflammatory changes in the rat hippocampus and have a pivotal role in the activation of
restorative neurogenesis in a zebrafish model for Alzheimer’s disease [75,76].
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Figure 6. Grna and Grnb deficiency mimics the phenotype of the decrease in neurogenesis observed
during aging in the adult zebrafish telencephalon. (a) Histograms depicting relative expression
(normalised to that in young wildtype animals) of il4 and stat6. (b) Experimental scheme to assess
neurogenesis. (c) Schematic of a typical section from the adult zebrafish telencephalon. Orange area:
ventricular area analysed in the experiment. (d—g”) Micrographs depicting newly generated neurons
(arrow). (d”-g”) Magnifications with orthogonal projections of boxed areas in (d’—g’), respectively.
Scale bars: 100 pm (d-g’) and 20 um (d”-g”). (h-1) Histograms depicting the density of newly generated
neurons (h), BrdU" cells (i), and density of non-neuronal BrdU-label retaining cells (1) in the ventricular
zone of the adult zebrafish telencephalon. (m) Histogram depicting the density of total HuCD* neurons.
n.s, not significant, ** p < 0.01, ** p < 0.001, ** p < 0.0001, each data point represents a distinct
biological replicate (five telencephali per group were analysed).
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Specifically, in response to the injection of A342 derivatives, 114 is activated and promotes stem
cell proliferation and neurogenesis via Staté phosphorylation [75]. Furthermore, neurogenesis has
been demonstrated to decline with aging: ependymoglial cells (neural stem cells in the adult zebrafish
telencephalon) enter the cell cycle less frequently, thus producing fewer neuroblasts and consequently
fewer neurons [77]. For these reasons, we hypothesised that Grna and Grnb deficiency in young mutant
animals might affect neurogenesis as a hallmark of aging, and the downregulation of i/4 and stat6
might be a possible underlying mechanism. To verify this hypothesis, we assessed the proliferative
capacity and the neurogenic potential of young wildtype, old wildtype, young mutant, and old
mutant animals in the ventricular zone (VZ) of the zebrafish telencephalon (Figure 6b-1). The VZ is
a neurogenic niche that hosts somata of ependymoglial cells, which produce new neurons throughout
the lifetime [56,57], but show an age-dependent decline [77]. Newborn neurons are generated and
deposited in the area immediately below the VZ, the subventricular zone (SVZ) [78]. In this analysis,
animals were kept in BrdU water for 5 consecutive days to label all stem cells and neuronal progenitors
going through S-phase during the labelling phase (Figure 6b). After the labelling period, we kept
animals in normal water for 2 weeks to allow neuronal differentiation of cells that exited the cell cycle
and dilution of the label in the still-cycling progenitor population. Therefore, the Brdu™ HuCD™ cells
were classical label-retaining neural stem cells [13]. The number of newborn neurons was assessed by
quantification of BrdU* HuCD™ (marker for post-mitotic neurons) cells in the VZ and SVZ (25 pm
from the outer layer of the ventricle, as indicated in Figure 6¢) (Figure 6d—g”,h). In agreement with
previously published data, we detected a significant decrease in the number of BrdU* HuCD" cells
(newborn neurons) in the VZ in old wildtype animals (Figure 6d—e” h). To assess whether Grna and
Grnb deficiency might affect the constitutive neurogenic potential to the same extent as that observed
in old wildtype animals, we quantified the number of BrdU* HuCD" in young mutant animals
(Figure 6d—f”,h) and we detected significantly fewer newborn neurons (BrdU* HuCD™) in the VZ in
young mutant animals (Figure 6f—f”/h). Interestingly, the numbers were comparable to those observed
in old wildtype animals and did not further decrease in old mutant animals, in agreement with the
absence of further transcriptional changes between young and old mutant animals (Figure 6g—g”,h).
Together, our results demonstrate that aging causes a significant decline in constitutive neurogenesis in
the zebrafish telencephalon, and that the phenotype of this decrease is mimicked by Grna and Grnb
deficiency in the telencephalon in young animals. This analysis further supports Grna and Grnb being
key regulators of aging kinetics in the zebrafish brain. Moreover, we detected a ~50% reduction in the
number of BrdU* (label retaining) cells in the VZ in young mutant animals (Figure 6d,£,i). Interestingly,
the number of BrdU™ cells in the VZ in young mutant animals was comparable to the number of BrdU*
cells observed in the VZ in old wildtype animals (Figure 6d—f,i). Notably, no further decrease in the
number of BrdU™ cells was observed in the VZ in old mutant animals (Figure 6d-g,i).

Because ependymoglial cells enter the cell cycle less frequently during aging [77], we speculated
that the decreased constitutive neurogenesis in old wildtype and both young and old mutant animals
might be explained by an increased number of quiescent ependymoglial cells that do not enter the cell
cycle and therefore do not incorporate BrdU. Therefore, we analysed the number of BrdU" HuCD~
cells in the neurogenic niche (Figure 61). Notably, we detected a significant decrease in the number of
BrdU* HuCD~ cells in old wildtype animals, to a level comparable to the number of BrdU* HuCD~
cells in young and old mutant animals (Figure 61). Therefore, these data suggest the premature entry to
quiescence of neural stem cells in Grna; Grnb-deficient animals and demonstrate a clear decline in adult
neurogenesis, as hallmark of aging. Finally, we quantified the cell density of total HuCD" neurons in
the parenchymal area among different groups and observed no significant differences (Figure 6m),
a finding in line with different regulatory mechanisms underlaying embryonic and adult neurogenesis.

3.5. Grna and Grnb Deficiency Leads to Impaired Oligodendrocyte Precursor Cells Differentiation

Along with a decline in neurogenesis, aging causes a decline in oligodendrogenesis, thus decreasing
the abundance of oligodendrocyte precursor cells (OPCs) in the parenchymal area of the adult zebrafish
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telencephalon [77]. To verify this concept, we kept animals in BrdU water for 5 consecutive days to
label OPCs and performed a 14-day chase (Figure 7a). Oligodendrocyte lineage cells that proliferated
during the labelling time were identified by double labelling for BrdU and Sox10 (an oligodendrocyte
lineage marker) in the parenchymal area (Figure 7b). In old wildtype animals, we detected a threefold
decrease in the number of BrdU* Sox10* cells (Figure 7c—-d”,f) in line with findings from previous
reports [77]. Unexpectedly, young mutant animals showed a similar decrease (Figure 7e—e”,f). Together,
our data indicate that both aging and Grna; Grnb deficiency induce a decrease in oligodendrogenesis
in the zebrafish brain parenchyma.

old wt young wt
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Figure 7. Grna; Grnb deficiency mimics the phenotype of the decrease in oligodendrogenesis observed
during aging in the adult zebrafish telencephalon. (a) Experimental scheme. (b) Schematic of a typical
section from the adult zebrafish telencephalon. Orange area: parenchymal area analysed in the
experiment. (c—e”) Micrographs depicting BrdU positive oligodendroglial cells stained with Sox10
(green). (c"—e”) Magnifications with orthogonal projections of boxed areas in (¢’—e’), respectively. Yellow
arrows depict cells positive for Sox10 and BrdU. Scale bars: 100 um in (c—e’) and 20 pm in (c”-e”).
(f) Histogram depicting the density of BrdU" Sox10* cells in the parenchyma. n.s, not significant,
*** p <0.001, each data point represents a distinct biological replicate (four telencephali per group were
analysed).
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The observed phenotype could potentially be explained by lower proliferation of OPCs or
impaired oligodendrogenesis. To distinguish between these two possibilities, we assessed the
transcriptomic changes in oligodendroglial cells from Grna; Grnb-deficient animals. By using FACS,
we isolated oligodendroglial cells from the Tg (0/ig2:DsRed) animals according to the DsRed expression
in Olig2-positive oligodendroglial cells (Figure 8a—c and Figure S1b). Importantly, the identity of
cells was validated by co-staining with previously reported oligodendroglial marker, such as Sox10
(Figure 8a—b’) [79].
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Figure 8. Transcriptomic changes in FACS-isolated mutant oligodendroglial cells. (a-b") Micrographs
showing perfect co-localisation of DsRed in the Tg (0lig2:DsRed) line with the oligodendrocyte lineage
marker Sox10. (b,b’) Magnifications of the boxed areas in (a) and (a’), respectively. Scale bars:
100 pm in (a,a’) and 20 pm in (b,b’). (c) Scheme depicting isolation procedure of Olig2* cells for
transcriptome analysis. (d) Volcano plot of differentially regulated genes in mutant Olig2* cells
(padj < 0.05; 1 <1og2FC < —1). (ef) Histograms depicting gene ontology (GO) terms enriched in the set
of upregulated (e) and downregulated (f) genes in mutant Olig2™ cells.
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To determine the purity of isolated cells, we analysed the expression of typical oligodendroglial,
neuronal and microglial genes [65] in the sorted DsRed* population (Figure S2b). Significant enrichment
in oligodendroglial genes was detected in Olig2™ isolated cells together with expression of neuronal
genes, in line with the expression of Olig2 in a small subset of neuronal progenitors in the ventral
telencephalon (Figure S2b) [79]. Interestingly, we observed comparable expression levels of grnb in
Mpegl* and Olig2* cells (Figure S2c¢), thus suggesting a possible previously undescribed direct role of
granulins in oligodendrocyte cells.

By comparing the transcriptomes of young wildtype and mutant Olig2* cells, we detected
2835 significantly upregulated and 3300 significantly downregulated genes in mutant Olig2* cells
(padj < 0.05; 1 < log2FC < —1) (Figure 8d; Table S1). GO analysis of significantly upregulated genes
in mutant Olig2* cells revealed overrepresentation of terms associated with the immune response,
chemokine activity and cell chemotaxis (Figure 8e). Notably, GO analysis of significantly downregulated
genes in mutant Olig2™ cells revealed enrichment in several terms associated with pathways involved in
oligodendroglial cell differentiation and myelination, including negative regulation of BMP, Hedgehog,
Notch, TGF-$ and ErbB signalling pathways [80-84] (Figure 8f; Figure S6). These results, together
with the observed decrease in number of BrdU* Sox10* cells in the telencephalon in young mutant
animals, strongly suggest that Grna and Grnb deficiency affects the normal differentiation process of
OPCs. Furthermore, these data suggest that the decreased oligodendrogenesis observed during aging
might be partially explained by the decreased granulin levels.

3.6. Grna and Grnb Deficiency Decreases of Telomere Length

Grna; Grnb deficiency leads to numerous aging-associated changes in the adult zebrafish brain.
Therefore, we investigated telomere length, an established cell-intrinsic feature of aging cells. Telomeres
are known to shorten with aging [2,48,85]. First, we addressed the expression levels of genes involved in
telomere protection (Figure 9a). Indeed, we detected a significant downregulation of genes preventing
telomere shortening (tert, tp53, and tpp1) in old wildtype, young mutant, and old mutant animals
(Figure 9a). To examine the relevance of these genes to telomere length regulation, we quantified the
relative telomere length in the brain in young wildtype, old wildtype, young mutant, and old mutant
animals, as previously described [64]. Our analysis revealed a significant decrease in the relative
telomere length in old wildtype, young mutant, and old mutant animals (Figure 9b), thereby supporting
the roles of Grna and Grnb in regulating physiological aging kinetics in the adult zebrafish brain.
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Figure 9. Grna and Grnb deficiency causes downregulation of telomere-protective genes and telomere
shortening in the telencephalon in young zebrafish, as observed in old animals. (a) Histogram depicting
normalised gene counts of tert, tp53, and tppl. (b) Histogram depicting relative telomere length in
the young wildtype, old wildtype, young mutant, and old mutant zebrafish telencephalon. 7.s not
significant, * padj < 0.05, ** padj < 0.01, *** padj < 0.001, **** padj < 0.0001, each data point represents
a distinct biological replicate (five telencephali per group were analysed).

4. Discussion

Despite numerous studies performed in the context of neurodegeneration and wound healing that
have revealed the association of GRN with various processes including wound healing, inflammation,
lysosome regulation, neuronal survival, and neurodegeneration [86,87], the physiological roles of
GRN in the central nervous system (CNS) remain elusive. Here, we identified Grna and Grnb as
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key regulators of the aging kinetics in the adult zebrafish telencephalon. Specifically, Grna and Grnb
deficiency in microglial cells led to a pro-inflammatory phenotype, which has been previously associated
with aging [88]. Moreover, we observed additional aging-associated changes including a decrease
in constitutive neurogenesis and oligodendrogenesis, and telomere shortening. The phenotype of
changes observed in Grna; Grnb-deficient animals was also observed in wildtype animals during aging,
thus supporting the role of Grna and Grnb in regulating aging kinetics in the zebrafish telencephalon.
Our data are in line with the association of the GRN gene locus with aging in the human cerebral
cortex [33] as well as with evidences that GRN suppresses inflammation in the mouse brain during
aging [38]. Interestingly, the levels of Grnb physiologically decreased during aging in the adult
zebrafish telencephalon, thus partially mimicking the levels observed in mutant animals. These results
suggest that progressive loss of Grnb may be a key determinant of physiological aging in the adult
zebrafish telencephalon.

Our data show that Grna and Grnb deficiency induces a pro-inflammatory phenotype in
microglial cells, which display larger cell bodies, hyper-ramifications and shorter processes-
morphological characteristics described in microglial cells during aging in the mouse brain [89].
The altered morphology of mutant microglial cells was accompanied by an increase in the levels of
numerous pro-inflammatory cytokines and complement factors as well as a decrease in the levels
of anti-inflammatory cytokines. Indeed, one of the most prominent features of brain aging is the
activated state of immune cells, thus leading to the secretion of pro-inflammatory cytokines that
might not only affect neurons and glia in the central nervous system, but also induce systemic
aging-related phenotypes [90]. However, how microglial cells are activated in the brain in Grna;
Grnb-deficient animals remains elusive. Comparing the transcriptomes of wildtype and mutant
microglial cells, we detected significant upregulation of numerous genes associated with MAPK and
JAK/STAT signalling pathways, which are known to be involved in the regulation of pro-inflammatory
cytokine production and microglial activation [66,67]. Similar results have been observed in the mouse
brain, where GRN has been identified as a key regulator of inflammation, by tuning the expression of
pro-inflammatory cytokines and complement factors during aging [38], thus suggesting that granulins
directly adjust the levels of inflammatory cytokines to the corresponding aging state in both zebrafish
and mammalian brains.

Because we hypothesised that Grna and Grnb directly regulate the kinetics of aging in the
adult zebrafish telencephalon and speculated that Grna; Grnb deficiency cause a premature aging
phenotype in the telencephalon in young animals, we examined the transcriptional signature in
the entire telencephalon in wildtype and mutant animals at two different ages (young and old
animals). Indeed, aging caused significant changes in the transcription levels of numerous genes
in the telencephalon in old wildtype animals. Unexpectedly, a high proportion (~50%) of DEGs
in old wildtype animals were also altered in same trend as that in young mutant animals, thereby
indicating a similar transcriptome signature. The set of common DEGs was enriched in programs
associated with innate immunity, regulation of apoptotic process, extracellular matrix composition,
and p53 signalling; similar enrichment has also been identified in the transcriptome of Notobranchius
furzeri, a well-established model of brain aging [72], thus supporting the concept of a premature aging
phenotype in the telencephalon in young mutant animals. Importantly, a large proportion of common
DEGs included genes that were not regulated in mutant microglial cells, thus suggesting that granulin
deficiency not only affects microglia but also induces additional aging-related changes in other cell
populations. However, whether these effects are due to a direct function of Grna and Grnb in these cell
types or whether the observed changes are indirect and induced by altered mutant microglial cells
remains unclear.

Interestingly, we identified diminished mRNA levels of i/4 and stat6 in the telencephalon in old
wildtype, young mutant, and old mutant animals. 114 and Stat6 have been implicated in the regulation
of neuronal progenitor proliferation and neurogenesis [75], whose rates are directly controlled by
microglial activity [91-93]. Therefore, our data, at least in part, support the hypothesis that the
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proinflammatory phenotype of Grna; Grnb-deficient microglial cells contributes to the aging of the
zebrafish neural stem cell compartment. Moreover, the ependymoglial population (the neural stem
cells in the adult zebrafish telencephalon) displays an age-related increased proportion of quiescent
cells, thereby decreasing the number of newly generated neurons [77]. Indeed, we demonstrated that
both aging and Grna; Grnb deficiency in young animals caused a similar reduction in the number of
proliferating cells (mostly neuronal progenitors in the neural stem cell niche) and newly generated
neurons, thus strengthening the association between granulins and regulation of brain aging. Moreover,
both aging and Grna; Grnb deficiency in young animals led to a decrease in oligodendrogenesis,
a process severely affected in the aging CNS in both mice and zebrafish [77,94,95]. Furthermore,
the decreased oligodendrogenesis could be explained by dramatic changes in the transcriptome of
mutant oligodendroglial cells. In fact, GO term analysis revealed downregulation of several genes
associated with Hedgehog, canonical Wnt, Notch, TGF-f3, ErbB signalling, and with negative regulation
of BMP signalling pathways. Notably, all these pathways have been associated with oligodendroglial
cell maturation, differentiation and myelination [80-84], and they depend on niche-provided signals
amenable to changes by microglial cells [96]. These findings further support the idea that initial
changes in microglial cells trigger age-related changes in neurogenesis and oligodendrogenesis in a cell
non-autonomous manner.

Finally, we also observed significant telomere shortening in the brain in young mutant animals,
to levels comparable to those detected in aging brains. Moreover, we detected diminished mRNA levels
of genes encoding for enzymes involved in telomere length maintenance. Because telomere shortening
is a typical cell-intrinsic features associated with aging [97], Grna and Grnb might coordinate the
acquisition of both cell-extrinsic and -intrinsic aging features in the adult zebrafish brain.

In this study, we identified the roles of Grna and Grnb in regulating the inflammatory state under
physiological conditions and during aging in the zebrafish brain, in line with observations in the
mouse CNS [38,98]. Furthermore, we provide new evidence that Grna and Grnb directly regulate
aging and that their loss causes a premature aging phenotype in the telencephalon in young zebrafish,
thus providing new insights into the physiological roles of granulins that could potentially be used for
the development of new therapeutic interventions in the mammalian CNS.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/350/s1,
Figure S1: FACS plots illustrating sorting gates for FACS isolation. (a) Gates are defined with the wildtype AB/EK
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strain to sort DsRed™* cells from the Tg (0lig2:DsRed) line. Abbreviations: FSC-A: forward scatter-area; SSC-A: side
scatter- area; FSC-W: forward scatter-width, Figure S2: Gene enrichment in FACS isolated Mpegl™ and Olig2*
cells. (a,b) Histograms depicting normalised gene counts for typical microglial, neuronal and oligodendroglial
genes detected in Mpegl™ (a) and Olig2™ (b) cells. (c) Histogram depicting normalised gene counts for grna and
grnb in Mpegl* and Olig2* cells. Each data point represents a distinct biological replicate, Figure S3: Grna;Grnb
deficiency causes numerous transcriptional in microglial cells. (a) Heat maps depicting rlog-transformed values of
DEGs in mutant Mpegl* cells associated with main GO terms analysed. (b,c) Histograms showing normalised
gene counts for pro-inflammatory (b) and anti-inflammatory (c) cytokines. ** p < 0.01, *** p < 0.001, *** p < 0.0001,
each data point represents a distinct biological replicate, Figure S4: Heat maps depicting rlog-transformed values
of common DEGs in mutant Mpegl* cells and aging human microglia associated with main GO terms analysed,
Figure S5: a high proportion of transcriptional changes observed in old wildtype telencephali is mimicked by Grna
and Grnb deficiency. (a) Heat maps depicting rlog-transformed values of common DEGs in whole telencephalon
in young mutant and old wildtype animals associated with main GO terms analysed. (b) Histograms depicting
normalised gene counts for lysosomal genes in the entire telencephalon in young wildtype, old wildtype, young
mutant and old mutant animals, Figure S6: Heat maps depicting rlog-transformed values of DEGs in mutant
Olig2* cells associated with main GO terms analysed, Table S1: List of DEGs in mutant Mpegl:mCherry* and
mutant Olig2:DsRed* cells. The following filtering was applied (padj < 0.05; 1 < log2FC < —1). Comparison
with upregulated genes enriched in major categories from Lui et al., 2016. Genes that are upregulated in our
analysis and in the dataset from Lui et al., 2016 are highlighted in green, Table S2: List of DEGs in old wildtype
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mutant telencephali; in old mutant vs young mutant telencephali. The following filtering was applied (padj < 0.05;
1 <log2FC < -1).
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grnb Granulin b

mpeg1 Macrophage expressed 1

MAPK Mitogen-activated protein kinase
JAK/STAT Janus kinase/signal transducer and activator of transcription

PPAR Peroxisome proliferator-activated receptor
il1b Interleukin 1 beta

il6 Interleukin 6

tnfa Tumor necrosis factor alpha

il12bp Interleukin 12b beta

Cxcl8a Chemokine (C-X-C motif) ligand 8a

tgfb3 Transforming growth factor beta 3

igfl Insulin-like growth factor 1

il10 Interleukin 10

il4 Interleukin 4

statb Signal transducer and activator of transcription 6
vZ Ventricular zone

A4 Subventricular zone

s0x10 SRY-box transcription Factor 10

olig2 Oligodendrocyte lineage transcription factor 2
BMP Bone morphogenetic protein

TGF-b Transforming growth factor-beta

ErbB EGER family signalling pathway

tert Telomerase reverse transcriptase

tp53 Tumor protein p53

tppl Tripeptidyl peptidase 1
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Aim of the study II

The aim of the study is to investigate:

The age-related changes in the proteome of adult neural stem cells in the

zebrafish telencephalon.
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SUMMARY

In adult stem cell populations, recruitment into division is parsimonious and most cells maintain a quiescent state. How individual cells
decide to enter the cell cycle and how they coordinate their activity remains an essential problem to be resolved. It is thus important to
develop methods to elucidate the mechanisms of cell communication and recruitment into the cell cycle. We made use of the advanta-
geous architecture of the adult zebrafish telencephalon to isolate the surface proteins of an intact neural stem cell (NSC) population. We
identified the proteome of NSCs in young and old brains. The data revealed a group of proteins involved in filopodia, which we validated
by a morphological analysis of single cells, showing apically located cellular extensions. We further identified an age-related decrease in
insulin-like growth factor (IGF) receptors. Expressing IGF2b induced divisions in young brains but resulted in incomplete divisions in old

brains, stressing the role of cell-intrinsic processes in stem cell behavior.

INTRODUCTION

In all organisms, developmental processes continue
throughout life, overlapping with signs of aging. Many or-
gans maintain stem cell niches after having reached matu-
ration, in which mitotic activity allows for the generation
of new differentiated cells. However, the frequency of
mitotic activity slowly decreases. Levels of quiescence and
cell-cycle entry change following mechanisms that are
incompletely understood. This regulation of adult stem
cells’ quiescence or cell cycle, important both for the
unwanted occurrence of cancers and for the desired repair
of damaged tissues, remains a fundamental problem in
biology.

In vertebrate brains, neural stem cells (NSCs) remain
present in defined areas and give rise to new neuronal
cells throughout life, albeit in a declining manner. In
mammals, well-studied areas are the subependymal/sub-
ventricular zone (SVZ) lining the lateral ventricle, giving
rise to neuronal cells populating the olfactory bulb as
well as the prefrontal cortex in juvenile humans (Lim
and Alvarez-Buylla, 2016), the subgranular zone (SGZ) of
the hippocampal formation, generating new granule neu-
rons in the dentate gyrus (Goncalves et al., 2016), as well
as the hypothalamus (Recabal et al., 2017). The NSCs of
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these areas display similar morphologies, being tanycytes
in the hypothalamus, radial glia in the dentate gyrus of
the hippocampus, and radial-shaped astrocytes in the
SVZ (Chaker et al., 2016; Fuentealba et al., 2012; Maggi
et al., 2014). A special feature of the SVZ is the mixture
of radial astrocytes with ependymal cells (Mirzadeh
et al.,, 2008), the latter being recruited only in case of
injury (Carlen et al., 2009).

Several parameters influencing the recruitment into the
cell cycle of NSCs have been defined: growth factors, cell-
adhesion molecules and the extracellular matrix, contact
with blood vessels, cerebrospinal fluid, and metabolism
(Goncalves et al., 2016; Lim and Alvarez-Buylla, 2016; Ra-
falski and Brunet, 2011). As aging progresses, the fraction
of mitotically active NSCs declines (Capilla-Gonzalez
et al., 2014; Kuhn et al., 1996). Several mechanisms of
cell-intrinsic and cell-extrinsic nature, leading to this over-
all reduction of activity of NSCs, have been revealed. Stem
cells have been shown to divide only a limited number of
times in the dentate gyrus (Encinas et al., 2011) and reveal
signs of depletion in the SVZ too (Calzolari et al., 2015).
Progressive lengthening of the G; phase of NSCs might
be a factor for their less frequent recruitment (Daynac
et al., 2014, 2016). The milieu has also been shown to
play a role in parabiosis experiments, exchanging the
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lymphatic system of young and old mice (Villeda et al.,
2011). The levels of distinct growth factors progressively
change with age: insulin-like growth factor 1 (IGF1), fibro-
blast growth factor (FGF), and vascular endothelial growth
factor decline in the dentate gyrus (Kang and Hebert, 2015;
Shetty et al., 2005). The immediate surrounding niche,
made of the neighboring cells and the extracellular matrix,
known to play a role in stem cell activity (Kazanis et al.,
2010; Porlan et al., 2014), might also be subjected to age-
related changes influencing mitotic activity (Yamada
et al.,, 2017). A clear picture to explain the individual
behaviors within stem cell populations is nevertheless
missing.

In the adult zebrafish brain, transcription factors homol-
ogous to their mammalian counterparts are at play in the
neurogenic process (Diotel et al., 2015), making it a valid
comparative vertebrate model organism. Moreover, it pre-
sents the advantage of a broader neurogenic activity within
all brain regions and a high regenerative potential (Alunni
and Bally-Cuif, 2016; Baumgart et al., 2012; Grandel and
Brand, 2013). The radial glia in zebrafish display similar fea-
tures to those of the NCSs of the mammalian neurogenic
areas. Their somata are in immediate contact with the ven-
tricles, they express the intermediate filaments glial fibril-
lary acidic protein (GFAP), Nestin, and Vimentin, and
generate new neurons and glial cells (Kroehne et al.,
2011; Rothenaigner et al.,, 2011). Their transitions back
and forth between quiescence and cell cycle have been
shown by long-term bromodeoxyuridine tracing and by
Notch blocking experiments (Chapouton et al., 2010;
Marz et al., 2010). Whether every cell or only a subpopula-
tion enter the cell cycle regularly remains uncertain (Dray
et al., 2015). The radial glia might give rise to newly born
neurons through a direct conversion process without an
immediately preceding mitosis (Barbosa et al., 2015). Addi-
tionally, progenitors without GFAP expression are also pre-
sent in close proximity to the somata of the radial glia and
are considered intermediate progenitors, even if similar
cells organized in pools function as stem cells in other re-
gions of the brain (Galant et al., 2016; Kaslin et al., 2009,
2017; Than-Trong and Bally-Cuif, 2015).

In addition to the abundance of NSCs, a major advan-
tage of the zebrafish brain is the architecture of its pallium
(dorsal telencephalon), where the ventricular surface
opens on the outside instead of enclosing a lumen, due
to an eversion process during embryonic development
(Wullimann and Mueller, 2004), thus becoming accessible
to imaging or manipulations (Barbosa et al., 2015; Dray
et al., 2015).

We made use of this architecture to isolate the proteins
present in an intact population of NSCs. As this cell pop-
ulation reveals an age-related increase of quiescent cells
(Edelmann et al., 2013), we identified the surface prote-

ome of the young and old ventricular zone to obtain sets
of proteins likely implicated in the intercellular communi-
cation and in the regulation of cell cycle and quiescence.
We focused on two aspects of the dataset. The significant
over-representation of filopodial and lamellipodial protein
components allowed us to discern new morphological fea-
tures of NSCs. Furthermore, age-related changes revealed a
decline in IGF1-receptor (IGF1R) expression, observed by
both mass spectrometry and immunochemistry of the
phosphorylated IGF receptor. This decrease was measur-
able by an altered response to the ligand IGF2b, able to
induce complete cell divisions in young, but not in aged
animals.

RESULTS

Identifying the Proteome of Neural Stem Cell Surfaces
in Intact Brains

The closest contacts between the radial glia are at the level
of their cell bodies, adjacent to the brain ventricle. With the
aim of defining signaling pathways putatively implicated
in their intercellular communication, we designed an
approach to isolate all proteins present on the cell bodies
in a native configuration of freshly isolated brains. The bio-
tinylation protocol allowed the binding of biotin to the
proteins expressed on the surface of the radial glia (Figures
1A-1C). We tested two different protocols of biotinylation,
based on either covalent coupling to glycosyl side chains or
covalent coupling to free amino groups of the proteins. We
observed a systematic bias toward increased expression
levels in old brains with the glycosylation-dependent bio-
tinylation (Figure S1A), which might indicate age-depen-
dent altered total glycosylation levels. While the majority
of proteins identified by the glycosylation-dependent bio-
tinylation was also identified by the direct amino acid
binding biotinylation (Figure S1B), we obtained a higher
number of proteins with the latter protocol, and concen-
trated our further analysis on those results. Three replicates
of 6-7 brains (2-year-old and 4-month-old, respectively)
were prepared in parallel. To verify the localization of
biotin anchoring, we fixed two brains and incubated
them with streptavidin-AlexaFluor 555. Both young and
old brains revealed a specific surface anchorage of biotin
with a minor penetration below the row of radial glia (Fig-
ures 1D-1I), indicating the validity of the method. After
biotinylation, brains were dissected into pallium and sub-
pallium (Figure 1B) in order to separate the apical part of
the radial glia located on the dorsal surface, where we
expect cell-to-cell communication to take place, from their
basal endfeet located on the ventral pial surface. After tissue
lysis, biotinylated proteins were bound to streptavidin
beads, proteolyzed, and analyzed by mass spectrometry.
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The non-biotinylated proteins, representing the remaining
material of the telencephalon (Figure 1C, lysate fraction)
were also analyzed by mass spectrometry. We compared
the results obtained by this approach, with proteins from
sorted radial glia of the telencephalon of gfap:GFP trans-
genic fish (fluorescence-activated cell sorting [FACS] scat-
terplots in are shown in Figures S2A-S2F and 1J). These
experiments revealed consistent clustering of the GFP-pos-
itive and GFP-negative fractions by principal component
analysis (Figure S2G), and an even distribution of proteins
respectively up- and downregulated (Figure S2H). The set of
proteins enriched in the GFP-positive fraction contained
expected proteins known to be expressed by radial glia
(GFP, GFAP, S1008, FABP7a/BLBP, Vimentin) (Ganz et al.,
2010; Mérz et al., 2010) while the GFP-negative fraction
was enriched in proteins present on differentiated neurons
(Elavl3/HuC, Elavl4/HuD) (Adolf et al., 2006; Grandel et al.,
2006) (Figure 1K). A high number of proteins in the bio-
tinylated fraction was not present in the FACS-GFP-posi-
tive cells, which might be due to a loss of proteins during
the enzymatic dissociation of the cells. Conversely, a large
proportion (79.3%) of the proteins isolated from the FACS-
GFP-positive cells were also identified in the biotinylated
fraction (Figure 1L). According to our experimental design,
this overlap is expected to be incomplete, as FACS-sorted
cells contain in addition to plasma membrane the whole
cytosolic fraction of radial glia (Figure 1C). GeneRanker
analysis of the FACS-GFP-positive fraction revealed over-
representation of the insulin pathway, cannabinoid recep-
tor 1 pathway, glial cell line-derived neurotrophic factor
(GDNF) and platelet-derived growth factor receptor
(PDGFRp) signaling pathways (Table S1A). While sorting
cells by FACS allows for the analysis of the whole content

of proteins in a certain cellular type, the advantage of the
biotinylation approach was to isolate proteins of intact,
non-dissociated cells.

Phobius analysis was used to assess the proportion of pro-
teins with transmembrane domains and signal peptides
(Figure 1M). The surface biotinylation technique led to a
protein set enriched in membrane proteins compared
with the lysate fraction and the FACS-sorted cells fraction.
Of the proteins listed in the Genomatix Pathway System,
645 belong to the plasma membrane, 51 are localized in
the cell cortex, 145 are cytoskeletal binding proteins, and
43 are cell-adhesion molecule binding proteins.

Taken together, comparison of the datasets obtained
from sorted radial glia, biotinylated surface fraction, and
the non-biotinylated lysate of the telencephalon (for
original dataset files see Table S6) indicate that the bio-
tinylation approach specifically isolates proteins expressed
on the surface of the stem cell compartment.

Identified Proteins Indicate an Epithelial Character
and Display a Group Associated with Lamellipodia
and Filopodia

The radial glia, as opposed to embryonic neuroepithelial
cells, do not form a columnar epithelium, but their somata
are cone-shaped and are connected laterally to each other
only by a thin apical junctional region. Their highly
branched radial processes extend far into the parenchyme.
Considering this morphology, it is interesting to define to
which extent these cells reveal an epithelial character. In
the list of identified surface proteins, members with specific
apicobasal localizations appeared (Table 1). For instance,
proteins involved in formation of tight junctions (.e.,
Discs large 1 and 3, Junctional Adhesion Molecule 3,

Figure 1. Proteome Identification

(A) The biotinylation reaction was performed on freshly isolated brains. The yellow line depicts the location of the cross-section
shown in (B).

(B) Cross-section through the telencephalon of a zebrafish. Biotinylated surfaces are depicted as magenta dots. The upper surface of the
pallium borders the ventricle, located below the tela choroidea (white arrow) and is composed of the cell somata of the radial glia
(depicted in green in the inset). The midline between both hemispheres is also filled by a thin part of the ventricle. After the biotinylation
reaction, telencephalons were separated into the dorsal part (pallium) and ventral part (subpallium).

(C) Drawing of the fractions isolated by FACS and by biotinylation, depicting in green the radial glia, in dark blue the remaining cells of the
telencephalon, in magenta the biotinylated fraction containing the cell surfaces of the radial glia, and in light blue the lysate fraction
containing the remainder of these cells as well as the rest of the telencephalon.

(D-T) Histochemistry on cross-sections with streptavidin coupled to AlexaFluor 555 after biotinylation of the brain, revealing the expected
binding of biotin on the cell surfaces in young (D-F) and old (G-I) brains.

(J) Cells of the GFP-positive and -negative fraction plated directly after the sorting; nuclei are stained by DAPI.

(K) Known proteins isolated on FACS-sorted radial glia.

(L) The overlaps between the surface fraction, lysate fraction, and GFP-positive fraction are represented. The majority (79.3%) of proteins
identified in the FACS-GFP-positive fraction were also found in the biotinylated fraction.

(M) Identified proteins were categorized according to the presence of signal peptides and transmembrane domains, revealing an
enrichment of plasma membrane proteins in the biotinylated fraction compared with the lysate and to the FACS-retrieved proteins.
Scale bars, 100 um (B and I) and 10 pum (J).
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Table 1. Biotinylated Fraction: Proteins Indicating the

Epithelial Character of the Radial Glia and Proteins Associated

with Filopodia and Lamellipodia

Cell-Cell Adherens Junctions
p value: 1.23 x 103

No. of genes (observed): 13
No. of genes (expected): 5.09
No. of genes (total): 54

Bicellular tight junctions

p value: 7.60 x 1073

No. of genes (observed): 19
No. of genes (expected): 10.5
No. of genes (total): 111

Gap junctions

Apical plasma membrane

p value: 8.38 X 10>

No. of genes (observed): 40
No. of genes (expected): 27.2
No. of genes (total): 288

Basolateral plasma membrane
p value: 5.27 x 1076

No. of genes (observed): 41
No. of genes (expected): 19.8
No. of genes (total): 210

Filopodium formation
(integrin signaling)

p value: 2.01 x 1072

No. of genes (observed): 27
No. of genes (expected): 18.3
No. of genes (total): 123

Lamellipodium

p value: 1.74 x 1077

No. of genes (observed): 39
No. of genes (expected): 16.2
No. of genes (total): 172

CDH2, ACTN1, DSP, FLOT1,
CTNNB1, DAG1, CADM4, NDRG1,
FLOT2, CTNNA1, GJA1, CADM1,
CTNNA2

ANK3, DLG3, RAP2B, CTNNB1,
CXADR, MAGI1, TBCD, AOC1, STRN,
FZD5, MTDH, ADCYAP1R1, RAP2C,
VAPA, RAPGEF2, LIN7A, JAM3,
DLG1, LIN7C

CX43;
+FACS dataset: Cx28.8

AP2A1, CDH2, FLOT1, CD81, ANO1,
CLCN3, BMPR2, TF, ATP2B1,
PRKAA1, FLOT2, SHANK2, ATP1B1,
MTDH, ATP6V1E1, PDGFRB,
ATP6VOD1, CNTFR, TMEM30A,
GJA1, GNAT3, RAB14, CD36,
STXBP3, ATP6V1A, RAB27B,
RAPGEF2, NOD1, KCNA1, SORBS2,
PTPRO, PTEN, ATP8B1, CSPG4,
FZD3, PTK2, KCNN4, SEPT7,
ITPK1, SLC7A5

ENPP1, SLC4A4, AP2A1, CDH2,
ANK3, DLG3, DSP, FLOT1,
SLC12A6, SLC38A3, CTNNB1,
CXADR, NDRG4, DAG1, BMPR2, TF,
ATP2B1, FLOT2, ATP1B1, CNNM2,
PALM, CADM1, ARRB1, STXBP3,
ERBB4, ANK1, NOD1, MPZ, LIN7A,
CTNNA2, HEPH, DLG2, ARRB2,
SLC1A3, DLG4, ANXA2, CASK,
DLG1, KCNN4, LIN7C, EGFR

BCAN, SMC3, ITGAV, GPC1, LAMB3,
GPC4, RAP1B, COL4A1, COL1A1,
BRAF, CDC42, TLN1, MAPK1,
DOCK3, ITGB5, AGRN, SHC3, TLN2,
ITGB7, ITGB2, KRAS, MAP2K1,
DOCK10, ITGB4, COL15A1, PTK2,
GRB2

Y-branching of filopodia:

ACTR2, NCKAP1, CDC42, ARPC3,
ARPC2, PSMA7, RAC1

MYH10, RAC2, RUFY3, CDH2,
FLOT1, ITGAV, CTNNB1, NCKAP1,
SLC39A6, PPP1R9A, DAG1,
FERMT2, FGD1, FLOT2, CTTN,
ARPC3, GSN, CTNNA1, FSCN1,
PPP1R9B, CDK5, APP, DPYSL3,
SORBS2, CTNNA2, BRK1, CORO1A,
ENAH, NRBP1, PTPRO, DBNL,
(SPG4, PTK2, ITSN1, CARMIL2,
SRCIN1, ABI2, DGKZ, PTPRZ1
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Metadherin, Striatin, Ankyrin3) and in cell-cell adherens
junctions (i.e., Dystroglycan 1, N-Cadherin, Catenin-B1,
-a1, and -2, Desmoplakin) were identified (Table 1). There-
fore, even if this adult ventricular surface on the dorsal pal-
lium is classically not considered as a neuroepithelium,
these cells that pave the whole ventricular surface express
epithelial marker proteins.

We observed a group of proteins involved in filopodia
and lamellipodia formation (Table 1), such as CDC42,
RAC1 and -2, DOCK 3 and 10, Integrin o« 5p2 and B7,
RUFY3, BRK1, Formin-like 3, and Fascin 1a and 1b. The
high ramification of radial glia in the parenchyme (inset
in Figure 2C) might explain this finding. However, as the
biotinylation was specifically targeting the apical surface
and could not reach the deep processes, we wondered
whether filopodia are present apically. Indeed, different
expression levels occurred predominantly between the
ventral and dorsal domains of the telencephalon (Fig-
ure 2A). We performed morphological analyses of single
cells by lipofections in vivo, using either a combination of
two plasmids (EFla: Gal4 and UAS: mtdTomato) or a single
plasmid (pCS2-Lifeact-RFP) highlighting F-actin, to label
the membrane of a few scattered cells. The infusion of
the lipofection mix into the brain ventricle led in all cases
to an exclusive expression in the radial glia (Figures 2B-2D,
yellow arrows). We took serial confocal pictures to obtain z
stacks of whole-mount brains with mtdTomato membrane
staining. Lamellipodia were observed in some cells that
overlapped with the apical surface of a neighboring cell
(Figures 2E-2G). In the majority of analyzed cells, we iden-
tified at least one filopodium-like extension. The extension
was either extending apically along borders between two
cells (Figures 2H-2J), reaching the second next cell, or ex-
tending from the basolateral cell surface and reaching
apical locations of neighboring cells, furthest to the
fourth gfap:GFP-positive cell (Figures 2K-2P). We used a
Lifeact construct and analyzed 23 cells from 3 sectioned
brains. The cellular extensions contained Lifeact labeling,
revealing the presence of F-actin (Figures 2Q-2S). Co-lipo-
fections of Lyn-GFP and Lifeact-RFP plasmids showed
that the cellular extensions could be distinct in their
composition, as a few of them were not labeled by Lifeact
(Figures 2T-2V’).

Since the mass spectrometric analysis showed some dif-
ferences with age in the expression levels of some filopo-
dia-associated proteins, such as the downregulated Neuro-
ligin 1 and FARP1, and the upregulated Flotillin 2, Gelsolin,
Talin 2, and Src kinase signaling inhibitor 1 (Figure 2A), we
compared morphologies and performed measurements of
length and number of filopodia on 16 young (3-month-
old) and 26 old (2-year-old) mtdTomato-labeled cells (Fig-
ure S3). Neither the mean size of these extensions, nor their
numbers, varied significantly between young and old
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Figure 2. Proteins Associated with Lamellipodia and Filopodia, Detected in Apical and Basolateral Locations of the Radial Glia
(A) Hierarchical clustering for proteins associated with lamellipodia and filopodia, revealing that some of them display age-related
changes.

(B-V') Lipofections in vivo were performed and imaged after fixation as whole-mount preparations or as sections (Q-S). (B-D) Overview of
one telencephalic hemisphere visualized from the top onto the dorsal surface as a maximum-intensity projection. (B) Cell bodies of the

(legend continued on next page)
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brains (Figures S3J-S3K). Nevertheless, possible structural
alterations might exist and will need to be examined in
future studies.

Together, these results reveal cellular extensions between
the cell bodies of NSCs, which might promote cell-to-cell
communication ranging up to 4 cells apart.

Signaling Pathways Active in the Surface Fraction
Besides a possible communication via filopodial exten-
sions, other candidates might relay intercellular signals,
such as the gap-junction protein Cx 43, or Cx 28.8 identi-
fied in the GFP-positive FACS fraction. We further identi-
fied a high number of proteins (557) associated with extra-
cellular exosomes that might convey signals.

We examined pathways significantly overrepresented on
the dorsal versus ventral side of the telencephalon, hence
likely involved in the communication at the apical location
of the radial glia. GeneRanker analysis revealed among
others the planar cell polarity, brain-derived growth factor,
Semaphorin, and Eph receptor pathways (Table S2).

Cell-surface receptors and their differential expression
are listed in Figure S4A. We identified, for instance, Notch3
as well as Dner, another Notch family member, and recep-
tors for GDNF, ciliary neurotrophic factor (CNTF), PDGE,
epidermal growth factor (EGF), bone morphogenetic pro-
tein (BMP), FGF, and WNT. Many of these receptors and
ligands were missing in the proteins identified from
cells isolated by FACS, possibly due the enzymatic dissoci-
ation. We nonetheless confirmed the expression of these
signaling molecules in the radial glia by RNA sequencing
(RNA-seq) analysis of FACS-sorted GFP-positive and -nega-
tive fractions (Figure S4B).

Following the intriguing finding of filopodia on the
radial glia, we tested whether they would relay signals
identified here in the biotinylated fraction, similarly to
results obtained in other cells with filopodia (Prols
et al, 2016). We investigated the co-localization of
two signaling pathways in the cellular protrusions, Wnt
and EGFE.

The localization of Wnt signals was examined (Stanga-
nello et al., 2015) in NSCs co-lipofected with Wnt8a-

mcherry and Lyn-GFP. Lipofected cells did reveal a dotty
localization of Wnt8a-mCherry (Figures S5B, SSE, SSH,
and SSK), also at the edges of the cell soma close to neigh-
boring cells. However, no clear co-localization with filopo-
dial extensions could be identified (Figures S5A-SSI). In
a second approach, we expressed a GFP-tagged secreted
Wnt receptor SFRP1a-GFP in HEK-293 cells and collected
the supernatant, then applied it on fixed floating brain sec-
tions. As a positive control, lipofected cells with Wnt8a-
mCherry did not show a strong specific co-localization
of SFRP1a-GFP (Figures S5J-SSL). Cells lipofected with
Fyn-REFP to visualize the filopodia did not reveal co-localiza-
tion of the SFRP1a-GFP (Figures S5J-SS5L). We therefore
conclude that with the methods used here, filopodial ex-
tensions in adult NSCs do not seem to convey Wnt
signaling.

The localization of the EGF receptors was probed with an
AlexaFluor 488-EGF complex that binds EGF receptor
(EGFR) (Pastrana et al., 2009). Sections with cells lipofected
with mtdTomato were incubated with the green fluores-
cent complex, revealing the localization of EGFR on the
radial glia (Figures SSP-S5W). The AlexaFluor 488-EGF
complex did not co-localize specifically with filopodial ex-
tensions. Hence, potential signals relayed via filopodia to
neighboring radial glia remain to be determined in further
studies.

As we were looking for signals involved in the regulation
of recruitment to the cell cycle, we next focused on path-
ways differentially regulated in young and old brains.

The IGF Signaling Pathway Diminishes with Age, and
the Mitotic Response to IGF2b Becomes Incomplete
The differential protein content in young and old surface
fractions revealed an enrichment in proteins involved in
G4/S transition in the young brain, and an enrichment in
proteins involved in the P21 (CDKN1A) pathway in the
old brain (Tables S3 and S4), in accordance with previously
observed age-related decrease in mitotic activity (Edel-
mann et al., 2013). Hierarchical clustering and principal
component analysis revealed consistent results between
replicates (Figures 3A and 3B). The proteins up- and

radial glia are labeled by the gfap:GFP transgene. (C) A small, variable number of cells per brain were labeled by the in vivo lipofection
(maximum 12 cells per brain); their somata and branched radial processes into the parenchyme are visible (inset is a higher magnification),
revealing the soma at the top (apical side) and the radial process in the parenchyme with numerous branches. All lipofected cells displayed
this radial process, but it is not visible on all pictures. (D) Merged channels. (E-G) Apical surface of one radial glia, viewed from the top,
depicting the existence of lamellipodia extending laterally (arrow in F and G). (H-J) Apical surface of one radial glia, depicting the
existence of filopodia (arrow in I and J). (K-M) Filopodia are also extending from the basolateral cell surface toward apical locations on
neighboring cells (arrow in L and M). (N-P) The longest filopodia span below 4 cell diameters. (Q-S) lipofection with Lifeact-RFP also
reveals basolateral extensions (arrows in R and S). (T-V) Apical view on a cell co-lipofected with the membrane-localized Lyn-GFP (T) and
the F-actin localized Lifeact-RFP (U) revealing the presence of filopodial extensions with F-actin (yellow arrows) or without (white arrow).
(V") Lateral view of the same cell. Green lines in (K), (N), and (Q) depict the ventricular surface. Scale bars, 100 um (D) and 10 pum (G, J, M,

P, S, and V).

264 Stem Cell Reports | Vol. 12 | 258-273 | February 12,2019



Figure 3. Expression Changes with Age in
the Ventricular Zone

(A) Hierarchical clustering of all proteins in
the ventricular zone using normalized log,
transformed abundances of three old and
three young brain samples (high-abun-
dance proteins colored blue, low-abun-
dance proteins yellow).

(B) Principal component analysis of the
three samples of old brain and three sam-
ples of young brain.

(C) Volcano plot analysis: ratios of the

40 means of all protein abundances in the
three old compared with the three young
brain samples were plotted against the
corresponding negative logq, transformed
p value.

renchyme in young brains (Figures
4C-4F and 5A-5D), while in aged

brains only a few plasma membrane-
localized dots and a weak cytoplasmic
expression were visible in the radial
glia (Figures 4G-4J and 5I-5L).

IGF2b was cloned into a 5x UAS
plasmid for overexpression by in vivo
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downregulated with age were evenly distributed (Fig-
ure 3C). Several components of N-Cadherin signaling
were upregulated in young surfaces (N-Cadherin signaling
components, p value 6.14 x 103: DAGLA, CDH2, CDC42,
CTNNA1, KIF5B), suggesting that cell-cell interactions
might be modified with age. However, other components
of this signaling pathway remained unchanged (CTNNBI],
CNR1, GRIA2, CTTN, GSN, GJA1).

Proteins on the NSCs’ surface and in the lysate revealed a
decrease in IGF signaling with age (Figures 4A and 4B),
especially for the receptors IGF1R and insulin receptors.
In zebrafish, two igf1r genes, igflra and igf1rb, are ortholo-
gous to the mammalian Igf1R and play complementary
roles during development (Schlueter et al., 2006). Both
were decreased on the surface fraction of aged brains. The
insulin receptor InsR-B also declined with age, while the
level of InsR-A expression did not change. IGF ligands
were not detected in the proteomic analysis, but were de-
tected by RNA in situ hybridization (Figure S6), suggesting
that they might act as autocrine or paracrine factors, as in
mammalian adult neurogenic areas (Bracko et al., 2012;
Lehtinen et al., 2011). Phosphorylated (phospho-)IGF1R
expression was visible in immunostainings in the layer of
radial glia, as well as in a few closely located cells in the pa-

lipofections. Fish were lipofected

with a red-labeling plasmid alone or

in combination with igf2b. Control
lipofections with two differently colored plasmids resulted
in cells receiving both plasmids in 90% of the cases (27 of
30 cells co-lipofected with plasmids for a green cytoplasmic
staining and for a membrane-bound red staining revealed
expression of both colors). After 2-4 days, we observed an
increased expression of phospho-IGF1R in the cells lipo-
fected with igf2b (Figures SE-5H, arrows in 5G and SH) as
well as in their neighbors, indicating the expected effect
of IGF2b expression. The phospho-IGF1R expression in
aged brains, upon either control lipofections (Figures 5I-
5L) or igf2b lipofections (Figures SM-5P), showed a lower
basal expression than in young brains, and IGF2b overex-
pression was able to induce a few dots of phospho-IGF1R
expression (arrows in Figures 5O and SP). However, the
expression was not as strongly increased as in young
brains, in line with the decreased receptor expression
with age observed by mass spectrometry. Quantification
of the fluorescence confirmed higher expression levels
in igf2b-lipofected cells compared with control lipofec-
tions in young brains, but no significantly detectable
change in old brains (Figure 5Q). We tested another down-
stream target of IGF2b signaling, phosphorylated Akt
(Ser473), which revealed only very low levels of expression
(Figure S7).
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(A) Hierarchical clustering of the IGF, Insulin, and Akt pathway protein members identified in the surface fraction, revealing the dif-
ferential expressions in young and old dorsal surface fractions (scale: log, young/old). Insulin receptor B, as well as IGF1 receptorsaand b,
are downregulated with age, while some other components are upregulated (i.e., MAP2K1 and BRAF).

(B) Representation of the signaling pathway with color coding (blue, upregulated young; vellow, upregulated old).

(C-J) Phosphorylated IGF1R (P-IGF1R) immunohistochemistry (Tyr116

1) on young (5 months, C-F) and old (2 years, G-J) brains as a close-

up view on the ventricular surface of the dorsal pallium depicted as single confocal planes. The radial glia somata, located at the border of
the ventricle, express P-IGF1R (yellow arrows). We observe the distinct expression levels of P-IGF1R in young and old brains in a total

of 4 young and 4 old immunosamples. Scale bar, 10 pum.

To test for functional downstream effects of IGF in the
adult NSCs, we analyzed the putative proliferative effect
2-5 days after lipofection in 6 independent experiments.
Overexpression of IGF2b in young brains (2-4 months

266 Stem Cell Reports | Vol. 12 | 258-273 | February 12,2019

old) resulted in a higher proportion of lipofected cells
that revealed a recent mitosis, being visible as two neigh-
boring cells immediately abutting each other (Figures 6A-
6H and 6X; Table S5). Even if the cell division response to
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Figure 5. IGF2b Overexpression Activates the IGF1R in Lipofected Cells
(A-P) P-IGF1R immunohistochemistry on young (A-H) and old (I-P) brains. The radial glia are labeled by the gfap:GFP transgene. Single
cells in magenta have been lipofected in vivo 4 days prior to brain fixation with mtdTomato (control, A-D and I-L) or with mtdTomato and
igf2b (IGF2b, E-H and M-P), highlighting primarily the cell soma (the radial process is not always in the plane of the optical section, but it
is present below the somata of lipofected cells). We observe the distinct expression levels of P-IGF1R in young control (C and D), young +
IGF2b (highest, arrows in G and H), old control (Kand L), and old + IGF2b (a few dots, arrows in 0 and P). Insetsin (D), (H), (L), and (P) are
close-ups of the lipofected cells; nuclei in blue stained by DAPI. Single confocal planes are displayed. Scale bar, 10 pum.
(Q) The mean intensity of the phospho-IGF staining was measured on 7 lipofected cells and their immediate neighbors in each condition.
Staining intensities differ significantly between control and igf2b-lipofected brains (t test; p = 0.030) in young but not in old brains.
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IGF2b was indeed observed in a higher proportion than in
control cells, it did not occur in all transfected cells, sug-
gesting that the cells do not all have the same capacity to
respond. Note that in Figures 5E-5H, the lipofected cell
has divided and encompasses two cell bodies, even if the
two cells are incompletely covered by the membrane stain-
ing. Overexpression of IGF2b in old brains was able to also
induce the formation of two nuclei; however the division
was incomplete, lacking cytokinesis, and led to the forma-
tion of very large cells (Figures 61-6P and 6X). More time
might be required for old cells to undergo cytokinesis, so
we extended the lapse to 5 days, which revealed, however,
the same effect of binucleation in old cells (Figures 6Q-6S
and 6W). We also observed that some cells next to the
igf2b-lipofected cells revealed the same phenotype of binu-
cleated cells, as they might respond in a paracrine manner
to IGF (Figures 6T-6V). The incomplete divisions might be
the result of the lowered levels of IGF receptor, and the
exact downstream mechanism will require closer examina-
tion. Together, our results show that aged cells are not
competent to respond and divide properly to an increase
of growth signals encountered, hence indicating signifi-
cant cell-intrinsic alteration in the course of aging.

DISCUSSION

With the aim of understanding better how NSCs communi-
cate and organize their cell-cycle entries, we identified the
proteins expressed on their surface in young and aged
brains. The use of the zebrafish brain, offering direct access
to NSCs without preceding dissociation, combined with a
biotinylation method, permitted us to obtain the surface
proteome of an intact NSC population. From there we
showed the presence of apically located filopodial struc-
tures and a changing response to IGF with age. Hence,
two important aspects are revealed herein: a possible path
of intercellular communication via cellular extensions,
and cell-intrinsic alterations impacting on the proliferative
competence of aging cells.

One of the two biotinylation protocols employed in this
study, involving a covalent binding reaction between gly-
cosylated residues and biotin, revealed a strong bias for
proteins increased in aged samples, suggesting increased
glycosylation patterns with aging. Age-related changes in
glycosylation patterns in the brain have previously been re-
ported (Miura and Endo, 2016), and a closer investigation
of these alterations will be important.

The identified proteins in the surface fraction were in
accordance with previous findings in the zebrafish or other
adult neurogenic systems. For instance, Connexin 43,
identified here on the adult radial glia in zebrafish, plays
a role in the adult neuroepithelium in mammals (Lacar
et al., 2011). The representation of exosome components
in our study is interesting in the context of their newly
described roles in adult neurogenesis (Batiz et al., 2015).
We also identified Notch3 and Dner, in keeping with the
role for the Notch signaling pathway described in previous
studies (Alunni et al., 2013; Chapouton et al., 2010; Ehm
et al., 2010; Hsieh et al., 2013; Katz et al., 2016).

Our study reveals protein members that allow defining
an epithelial identity of the adult NSCs, a question that
was also addressed by Grupp et al. (2010), who observed
the presence of ZO-1 in those cells. A new feature of the
cells described here is the presence of lateral lamellipodial
and filopodial extension from the somata of the radial
glia. The filopodial extensions are contacting neighboring
cells further than the next neighbor (up to the fourth,
most frequently the second), an aspect that might be
important for cell-to-cell communication over several cell
distances. Filopodia can convey signals in developing tis-
sues (Prols et al., 2016), such as Wnt signals (Stanganello
etal., 2015) or Notch signals (Cohen et al., 2010). Such sig-
nals remain to be identified in these adult cells, and could
possibly be involved in coordinating the cell-cycle activity.
A feedback signaling between cycling cells and their neigh-
bors has been proposed previously in this system via the
Notch signaling pathway (Chapouton et al., 2010).

The activity of the insulin and IGF signaling pathway
is important in several developmental and regenerating

Figure 6. Overexpression of IFG2b Induces Complete Cell Division in Young Cells, but Incomplete Division in Old Cells

(A-P) Brains were lipofected in vivo 4 days prior to fixation with mtdTomato (control, A-D and I-L) or with mtdTomato and igf2b (IGF2b,
E-H and M-P). Single confocal planes are displayed in the left panels and 3D reconstructions in the rightmost panels (D, H, L, and P). Cell
nuclei (Hoechst, gray) and membrane labeling of the lipofected cells (magenta) are shown in (A), (E), (I), and (M). (A-D) Young control
lipofected cells reveal infrequent cell division events, while young cells with IGF2b overexpression (E-H) reveal a higher incidence of cell
division events, being visible as two neighboring cells immediately abutting each other (E-H, arrows). (M-P) Old control lipofected cells
with IGF2b overexpression result in large cells with two nuclei, indicating an incomplete division (arrows in M, N, and P).

(Q-W) Brains fixed 5 days after igf2b lipofection also reveal binucleated large cells (arrows in Q, R, and W), visible here in two distinct
confocal planes (Q-S and T-V). Some neighboring cells reveal the same phenotype (arrowheads in Q, T, and U).

(X) Cells having divided after lipofection were quantified in 6 experiments with a total of 69 young-control, 114 young-igf2b, 64 old-
control, and 71 old-igf2b cells. The significance was calculated by a chi-squared test (young, ***p = 0.7 X 103; old, *p = 0.01).
Scale bars, 10 um.
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systems and shows multiple effects at distinct ages. These
pathways are generally associated with nutrient sensing,
growth, and metabolism, and play important roles in the ho-
meostasis of NSCs (Rafalski and Brunet, 2011; Ziegler et al.,
2015). IGF signaling induces proliferation and regulates
thelength of the cell cycle (Hodge et al., 2004; Mairet-Coello
et al., 2009; Nieto-Estevez et al., 2016; Popken et al., 2004;
Yuan et al., 2015), in some instances acting in combination
with other growth factors, such as the EGFR (Alagappan
et al., 2014). With age, systemic and brain levels of IGF li-
gands are reduced (Rafalski and Brunet, 2011; Shetty et al.,
2005). These properties suggest that a maintained IGF
pathway would be advantageous for counteracting an age-
related proliferative decline. Indeed, infusion of IGF could
restore higher levels of proliferation and neurogenesis in
aged rats (Lichtenwalner et al., 2001). In contrast, most
of the current literature suggests that inhibition of this
pathway is beneficial for animals’ longevity (Kappeler
et al., 2008; Lopez-Otin et al., 2016), an effect also being
observed in dwarf mutant mice (Sun, 2006). For instance,
neurogenesis is maintained longer when IGF1Ris condition-
ally deleted in the hypothalamus (Chaker et al., 2016) and
SVZ (Chaker et al., 2015). Our results add a new aspect, as
they show that NSCs lose their responsiveness to the IGF
pathway with age. The reduction takes place both at thelevel
of expression of the receptors and at the level of the prolifer-
ative response, remaining incomplete in old brains. Hence,
we identify a cell-intrinsic change that might represent a
protective response of cells. Collectively these observations
lead to the concept that declining levels of neurogenesis
with age could be, as opposed to a deficit, an actual benefit
linked with healthy aging, whereby cells reduce at the
same time their proliferative and general metabolic activity
(see Hamilton et al., 2013). Thus, some of the changes
observed with age mightbe the ones that promote longevity.

We have previously shown that aged radial glia are acti-
vated in lower percentage by an injury protocol than are
young cells (Edelmann et al., 2013). Together with the re-
sults presented here, this indicates significant cell-intrinsic
changes with age. It will be fundamental in the future to
understand the respective contributions of cell-intrinsic
changes and signals received from the neighborhood in or-
der to understand under which conditions manipulations
to rejuvenate aging tissue can be successful.

EXPERIMENTAL PROCEDURES

See Supplemental Information for details of all experimental
procedures.

Animal Maintenance
Zebrafish were bred and maintained in the animal facility of
the Helmholtz Zentrum Miinchen. Wild-type zebrafish (AB) or
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the transgenic line gfap:GFP (Bernardos and Raymond, 2006)
(mi2001) in the AB background were used. Animal experiments
were conducted in accordance with the laws of the government
of Oberbayern (animal protocol 55.2-1-54-2531-83-14).

Further information and requests for resources and reagents
should be directed to and will be fulfilled by P.C. (chapouton@
helmholtz-muenchen.de).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and six tables and can be found
with this article online at https://doi.org/10.1016/j.stemcr.2018.
12.005.
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Experimental procedures

Biotinylation of the zebrafish brain surface

a- Biotinylation via glycosyl side chains

Brains (3 replicates of 6 two-years-old; 3 replicates of 6 four-months-old brains) were dissected and
incubated in 330ul biotinylation reagent (20 mM NalO4, 100 uM biotin (both Gentaur, Aachen,
Germany) and 10 mM aniline (Sigma Aldrich, Deisenhofen, Germany) in PBS pH 6.7) in the dark for 30
minutes at 4°C. The reaction was quenched with 1mM glycerol for 5 minutes. Brains were dissected
into dorsal (pallium) and ventral (subpallium) part, lysed in 100ul lysis buffer containing 1% NP-40,
sonicated and centrifuged. The supernatant was incubated with 10ul washed streptavidin beads for
two hours a 4°C and frozen at -20°C. Streptavidin beads were washed (with 500ul 1xTBS and with
500ul UC buffer (5M urea, 100mM Tric-HCI, pH8.5). Beads were incubated with 200ul UC buffer
containing 100mM DTT for 30 minutes at room temperature, washed with 500ul UC buffer,
incubated with 200ul UC buffer containing 50mM iodacetamide for 30 minutes at room temperature,
washed with 200ul UC buffer containing 100mM DTT, with 500ul 5M NaCl, with 500ul 100mM
Na,COs (pH 11.5) and twice with 500ul 100mM Tris-HCI, pH 8.5). After digestion overnight at 37°Cin
40ul 50 mM Tris-Hcl, pH 8.5, containing 1ug trypsin (Promega, Mannheim, Germany) beads were
centrifuged and the supernatant containing tryptic peptides was transferred to a new tube. Beads
were resuspended once with 20ul 50 mM Tris-HCI, pH 8.5, centrifuged and the supernatant was

pooled with the first tryptic fraction, centrifuged through FASP filter and acidified with TFA (pH2).

b- Biotinylation via amino groups

Biotinylation via amino groups was performed with a cell surface protein isolation kit (Thermo
scientific 89881) coupling biotin on NH; residues via EZ-Link™ Sulfo-NHS-SS-Biotin labelling. Brains (3
replicates of 6x two-year-old brains; 3 replicates of 7x four-month-old brains) were dissected in cold
PBS (-Ca2+;-Mg2+) and the hemispheres of the telencephalon gently pulled apart from each other in
order to disrupt partly the tela choroida and allow for the penetration of the biotinylation reagent
into the ventricle. The brains were incubated in 12 ml Sulfo-NHS-SS-Biotin reagent per tube for 30
minutes at 4°C and the biotinylation reaction stopped with 200ul quenching solution (50mM Glycine
in PBS), brains were washed with TBS, and telencephalons dissected into dorsal (dorsal pallium) and
ventral (subpallium) part, then collected in 500yl lysis buffer (provided by the kit).

The tissue was transferred to 2 ml Precellys tubes, containing 12 small ceramic and 3 big ceramic
beads, and lysed in the tissue homogenizer Precellys. Cell lysates were centrifuged at 10,000 xg for

10 minutes at 4°C and the clarified supernatant was frozen at -20°C. 50uL of the NeutrAvidin Agarose
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slurry (provided by the kit) was added to each column, washed and clarified cell lysate was added to
the gel. After incubation for 60 minutes at room temperature with end-over-end mixing and
following centrifugation for 1 minute at 1000 xg, flow-through (intracellular fraction) was collected in
separate tubes and stored at -20°C with Protease inhibitors. 50uL sample buffer (62.5mM Tris HCI,
pH 6.8, 1% SDS, 10% Glycerol) containing 50 mM DTT was added to the gel and mixed end-over-end
for 60 minutes at room temperature. After centrifugation, eluates were collected and frozen at -

20°C.

Mass spectrometry

The identification of the isolated proteins was performed by LC-MS mass spectrometry on an LTQ
OrbitrapXL (Thermo Fisher Scientific Inc.) (Grosche et al. 2016), or on a Q Exactive HF (Thermo Fisher
Scientific). Digested peptides were loaded automatically onto an Ultimate3000 nano HPLC system
(Dionex, Sunnyvale, CA) equipped with a nanotrap column (300 um inner diameter x 5 mm, packed
with Acclaim PepMap100 C18, 5 um, 100 A; LC Packings, Sunnyvale, CA) at a flow rate of 30ul/min in
HPLC buffer containing 0.1% trifluoroacetic acid (TFA) for 5 minutes.

Different concentrations of buffer A (LTQ OrbitrapXL: 5% ACN in 0.1% formic acid (FA); Q Exactive
HF: 2% ACN in 0.1% FA) and buffer B (LTQ OrbitrapXL: 80% ACN in 0.1% FA; Q Exactive HF: 100% ACN
in 0.1% FA) were used to separate the peptides by increasing ACN concentrations on a reversed
phase chromatography (LTQ OrbitrapXL: 75 pum inner diameter x 15 cm, Acclaim PepMap100 C18, 3
um, 100A, Dionex; Q Exactive H: AcquityMST3 column, 25 cm, 1.8 um, Waters) over 120 (LTQ
OrbitrapXL) or 130 (Q Exactive HF) minutes at a flow rate of 250 nl/min.

From the high resolution MS prescan the 10 most abundant peptide ions for fragmentation in the
HCD cell were acquired.

Survey full scan MS spectra (from m/z 200 to 1500) were measured with high-resolution (60,000 full-
width half maximum). Target peptides already selected for MS/MS were dynamically excluded for 30
seconds.

Label-free quantification

LC-MS/MS-derived MS/MS spectra were directly imported as raw files into Progenesis Ql software
for proteomics (Version 2.5, Nonlinear Dynamics, Waters, Newcastle upon Tyne, U.K.) and label-free
guantification was performed as previously described (Grosche et al. 2016). Briefly, profile data of
the MS scans as well as MS/MS spectra were transformed to peak lists with respective m/z values,
intensities, m/z width and abundances. The most complex sample was set as a reference, and the
retention times of all other samples within the experiment were aligned (3 to 5 manual landmarks,
followed by automatic alignment) to create maximal overlay of the two-dimensional feature maps.

Features with charge scores of one or above 7 were excluded from further analysis. Subsequently,
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samples were grouped (young or old, respectively) and all features were normalized. Peptide
identification was performed with Mascot (Matrix Science, Version 2.2.06) using the Ensembl

zebrafish public database (genome assembly Zv9; http://www.ensembl.org/Danio_rerio/) and setting

trypsin as digestion enzyme and allowing fragment ion mass tolerances of 0.6 Da (Orbitrap XL data)
or 20mmu (Q Exactive HF data) and parent ion tolerances of 10 ppm. One missed cleavage was
allowed and iodoacetamide derivatives of cysteines were set as stable modifications as well as
oxidation of methionine and deamidation of asparagine and glutamine as variable modifications. A
Mascot-integrated decoy database search calculated an average false discovery (FDR) of <1.2% when
searches were performed with a mascot percolator score cut-off of 13 and an appropriate
significance threshold p.

Peptide assignments were reimported into Progeneses Ql and all normalized abundances of unique
peptides of an identified protein are summed for the total cumulative normalized of the respective

protein.

Gene Ontology (GO) and Phobius algorithm

Proteins identified by LC-MS/MS were analyzed for the presence of transmembrane domains and/or
signal peptides by the Phobius algorithm based on the amino acid sequence of a protein (Kall et al.
2004). Identified proteins were also analyzed by the Genomatix (GO) software suite to determine
their “cellular components” either directly from the entries in the zebrafish database or by searching
orthologue entries in the human database. Proteins annotated with GO terms “extracellular region”,
“membrane” and/or “plasma membrane” were considered as being potentially located on the cell
surface in addition to those with transmembrane domains or secretion signal peptides.

List of proteins were examined for overrepresented signaling pathways in the Genomatix Generanker

and GePS ( Genomatix Pathway Sytem) analyses tools.

Statistical analysis

Normalized abundances of the identified proteins of young and aged neural stem cells were
compared and proteins which were 2 fold up- or downregulated were accepted as differentially
expressed. Proteins without unique peptides were excluded of the analysis. Normal distribution was
assumed and significance was determined by Student’s t-test. Proteins with p-values lower than 0.05
were regarded as significantly changed.

Hierarchical clustering based on Euclidean distance and Principal Component analysis (PCA) was
performed with Perseus (Tyanova et al. 2016) including log2 transformed normalized abundances of

all identified proteins.
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Plasmids

Igf1, igf2a, igf2b, igf1Ra and igf1rb were cloned from zebrafish embryonic cDNA into the Strataclone
PCR cloning vector PSC-A for generation of antisense-RNA probes for in situ-hybridization, using the
following primers: IGF1FW: 5’ATGTCTAGCGGTCATTTCTTCCAGG 3’; IGF1R: 5°
CTACATGCGATAGTTTCTGCCCCCT 37; IGF2aFW: 5"ATGGATGATTACCATGTATTCTGTGCATC 3’; IGF2aR:
5 TCATTTTCGGGATGTGCTGATCTG.3'IGF2bFW: 5" ATGGAGGACCAACTAAAACATCATTCTGT 3°; IGF2bR:
5'TCACTTGTGGCTAACGTAGTTTTCTGTG 3’; IGF1lraFW: 5"  CGAGGGATGTTTGGACCTTATTTTG 3;
IGF1raR: 5"GACGAAGTCCACCTCGCTGGG 3°; IGF1rbFW: 5" AGCAAACAGAGGCGATATT 3°; IGF1rbR 5’
GTGCACAACATGCTGACAGACACAC 3°.1GF2b was subcloned into pBH-5xuas with smal /Clal for use in
Lipofections.

For lipofections (Supplementary information), EF1a: gal4 was combined to 14xuas: MtdTomato and
pBH 5x uas: IGF2b.

Further plasmids lipofected: pCS2-wnt8a-mcherry, pCS2-lynGFP, pCS2: FynRFP.

Sfrpla was cloned from zebrafish embryonic cDNA and fused in 3" to EGFP in the pCDNA-EGFP vector
using the Gibson cloning kit (NEB) using the following primers: FW-pCDNA3-sfrpla:
GACCCAAGCTTGCCACCATGAAGTCCCTTGCATCTTTGTC; RV-Sfrpla-Gly-egfp:
CCCTTGCTCACCATGCCCTTGAAGACATTCTCATAGGCAGG; FW- Gly-epfp:
GGCATGGTGAGCAAGGGCGAGG; RV-pCDNA3-stop-egfp:
CTATAGAATAGGGCCCTCTAGATTAGAATTCCTTGTACAGCTCGTCCA. In order to enable zebrafish SFRP1-
GFP to be secreted in the supernatant of mammalian cell lines the zebrafish specific signal peptide
sequence was exchanged with a murine IgG kappa-leader sequence in pCR3-SFRP-GFP, using the
following oligonucleotides and a Gibson cloning assembly: IgG-kappa-leader sequence:
ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGTGAC; 1gG-kappa-
fw: AGGGAGACCCAAGCTTGCCACCATGGAGACAGACACACTCCTG; IgG-kappa-rv:
GCCAGCCATACTCAAATGTCTGGTCACCAGTGGAACCTGGAAC; SFRP1.1_GFP-fw:
CAGACATTTGAGTATGGCTGGCC; SFRP1.1_GFP-rv: CATAGAAGGCGGCGGTGGAAT; SFRP1.2_GFP-fw:
TTCGAAATGACCGACCAAGC; SFRP1.2_GFP-rv: CATGGTGGCAAGCTTGGGT.

Lipofections in vivo

1.5ug of each plasmid in a total of 5ul dd Ambion H,O was given to a solution containing 2l of EBSS
and 3ul of Lipofectamine 2000, briefly vortexed and incubated at room temperature for 20 minutes.
Fish were anesthetized in 0.02 % MS222 and transferred into a wet foam piece. A thin whole was
pierced into the skull by a thin needle (27G) and a small volume (less than 1ul) of lipofection solution
was gently injected through a micro capillary into the brain ventricle by pressure injection, as

previously described (Chapouton et al. 2010).

Obermann et al., 2019 4



Transfection and expression of the SFRP1a-EGFP construct

6x10° HEK 293T cells were seeded on 6-well plates in full medium and transfected the next day with
6 ug pCR3-1gGK-SFRP-GFP using Fugene HD transfection reagent (Promega) according to the
manufacturer’s instructions. 24h post transfection cells were washed with PBS and further cultured

in FBS-free medium. The supernatant was harvested 48h post transfection.

In situ hybridisation

Brains were dissected and fixed in 4% Paraformaldehyde over night at 4°C. Gelatin albumin sections
(100um) were cut at the vibratome and in situ hybridization were performed using dig-labelled

antisense RNA probes, as described in (Chapouton et al. 2011).

Immunohistochemistry

Dissected brains were fixed over-night in 4% PFA at 4°C, washed and embedded in 3% agarose.
Vibratome sections (100um) were prepared and blocked in 10% Normal goat serum with 0.5%
Tritonx100. Immunohistochemistry was performed using following primary antibodies: Rabbit-anti
Phospho-Tyr1161-IGF-1R, Assaybiotech A7114 (1:100) and Rabbit-anti-Phospho Akt (Ser473), Cell
Signaling #9271 (1: 50), the Alexa 488-EGF complex, Thermo Fisher Scientific E13345 (1:1000) or the
SFRP1a-GFP supernatant on floating vibratome sections in 24-well plates. Goat-anti-rabbit —Alexa561
or- Alexa633 (Thermo Fisher Scientific) were used at a dilution of 1:1000. Streptavidin-Alexa555
(Thermo Fisher Scientific) was diluted 1:1000.

Fluorescence Activated Cell Sorting (FACS) of adult neural stem cells

20 telencephalons per experiment were dissected in cold HBSS (Hank’s balanced salt solution, Life
Techologies, Cat. num. 24020). 5 telencephalons per tube were covered with 3 ml dissociation
solution (10% (vol/vol) HBSS (Hank’s balanced salt solution, Life Techologies, Cat. num. 24020), 1,8%
(vol/vol) D-(+)- glucose (SIGMA®, Cat. num. G8769), 1,5% (vol/vol) HEPES (Life Technologies, Cat. num.
15630-080), 0.002% Trypsin-EDTA (Life Technologies, Cat. Num. 25300-054), pH 7.5). The tissue and
cells were dissociated for 20 min at 30°C. After 10 min the tissue was mechanically dissociated with a
fire-polished, medium coated Pasteur pipette and incubated for additional 10 min. The enzymatic
reaction was stopped with 3ml of stop solution (2% (vol/vol) HEPES (Life Technologies, Cat. num.
15630-080), 4% (wt/vol) Bovine serum albumin (SIGMA-ALDRICH®, Cat. num. A4503) and EBSS
(Earle's Balanced Salt Solution) (Life technologies, Cat. num. 14155063). The cell suspension was
filtered through a 70 pum strainer and centrifuged for 7 min at 1500 rpm/min. The pellet was washed
twice with 500 pl of Dulbecco’s Phosphate Buffered saline (Life Technologies, Cat. num. 14190-094),

filtered again, resuspended into 2ml PBS and sorted at the FACSAria Ill Cell Sorter (BD). Sorting gates
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were set according to the WT tissue expressing no fluorescent marker and neural stem cells were
sorted according to the GFP levels. Cellular debris were eliminated based on the positivity for
propidium iodide. After the sorting, cells were centrifuged for 7min at 1500 rpm/min and either
immediately stored at -80°C for protein extraction or plated on poly-D-lysin coated coverslips for
fixation and image acquisition. 4 replicates containing 50.000 to 100.000 cells each (respectively GFP-
positive and GFP-negative cells) were lysed and analyzed by mass spectrometry.

For RNA isolation, cells were directly sorted into extraction buffer and total RNA was isolated using
the PicoPure RNA isolation kit, according to the manufacturer's instructions (Thermo Fisher

Scientific).

Libraries for deep sequencing of FACS sorted cells

The quality and concentration of RNA was assessed on Agilent 2100 Bioanalyzer. Only RNA with RIN
value higher than 8 were used for libraries preparation cDNA was synthesized from 1ng of total RNA
using SMART-Seq v4 Ultra Low Input RNA kit for Sequencing (Clontech), according to the
manufacturer's instructions. The quality and concentration of cDNA was assessed on Agilent 2100
Bioanalyzer before proceeding to library preparation using MicroPlex Library Preparation kit v2
(Diagenode). All libraries (minimum of 3 biological replicates per condition) were processed together
to minimize batch effects. Final libraries were evaluated and quantified using an Agilent 2100
Bioanalyzer and the concentration was measured additionally with Quant-iT PicoGreen dsDNA Assay
Kit (Thermo Fisher Scientific) before sequencing. The uniquely barcoded libraries were multiplexed
onto one lane and 50-bp paired-end deep sequencing was carried out on HiSeq 4000 (lllumina) that
generated approximately 20 million reads per sample.

The Kallisto pipeline (Bray et al. 2016) was then used to quantify the expression of transcripts. The
Sleuth pipeline (Pimentel et al. 2017) was used for the statistical analysis. For the quantification, we
aligned 30-kemers of 150 bp reads to the zebrafish Zv9 transcriptome containing both protein coding
and non-coding genome using 100 bootstraps for every biological replicate (4 in total for each
population). The most expressed isoform of gene was then used to generate the heatmap. The data

in the heatmap (mean value of the replicates) is shown as log2 of transcript per million.

Image acquisition and analysis

Vibratome sections or whole-mount brains were mounted in Vectashield (Vector Laboratories).
Pictures were taken at the Leica SP5 or SP6 inverted confocal microscopes with the 63x glycerol
immersion and 20x immersion objectives. In situ Hybridizations pictures were taken at the Zeiss

axioplan with a matrix meteor video camera.

Obermann et al., 2019 6



Confocal pictures were analyzed with Image) (Fiji). Filopodia were measured using the simple neurite
tracer plugin. Mean fluorescence intensities were measured on manually defined ROIs (the whole
cell soma in 3 different z-planes) on images taken with a hybrid detector. The 3D-viewer plugin was
used to visualize all sides of the cells. Stackreg plugin was employed in case of deviation during z-
stack acquisition (P. Thévenaz, U.E. Ruttimann, M. Unser A Pyramid Approach to Subpixel
Registration Based on Intensity IEEE Transactions on Image Processing vol. 7, no. 1, pp. 27-41,

January 1998).

Figures preparation

Figures were prepared in Adobe InDesign. Venn Diagramms were made with the Venny open source

tool: http://bioinfogp.cnb.csic.es/tools/venny/, or with the Genomatix software. Graphs were

prepared in Excel, Perseus (version 1.5.3.2; Computational Systems Biochemistry, Germany) and R
Studio (RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL

http://www.rstudio.com/) with the ggplot2 package.
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Obermann et al., Suppl. Figure 1: Proteins retreived by two different biotinylation protocols
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Figure S1: Proteins retrieved by two different biotinylation protocols

A: Volcano plot representation of the proteins identified by the glycosylation-dependent
biotinylation, depicting young versus old ratios. Note the bias towards proteins with in-
creased expression in aged brains (left side). B: Venn diagram of three experiments. The
majority of proteins identified by the glycosylation-dependent biotinylations (1 and 2) are
also identified in the amino-acid bound biotinylation (3). A higher number of proteins were
identified in the latter approach.
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Obermann et al., Figure S2: FACS-isolation of cells and protein identification thereafter
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Figure S2: FACS isolation of cells and protein identification thereafter

A-F: dissociated cells were selected by forward scatter (FSC-A) and side scatter (SSC-A), P1 gate. B, E:
Cellular aggregates are excluded on FSC-W and FSC-A gate, (P2). C: Gates for gfap:GFP sorting were
based on AB wild-type zebrafish , which are negative for GFP. F: Plot depicting cells which do not
express (GFP-negative gate) and cells that express GFP (GFP-positive gate). G: principal component
analysis of the proteins identified in consecutive sorting experiments, depicting a consistent cluster-
ing of the fractions. H: volcano plot of the proteins upregulated in the GFP-positive fraction versus
proteins upregulated in the GFP-negative fraction, revealing similar number of proteins on both
sides.
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Obermann et al., Figure S3:
Filopodia on radial glia in 2-year-old telencephalons.
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Figure S3: Filopodia on 2-year-old telencephalons.

2-year-old gfap:GFP brains lipofected with membrane bound mTdTomato (A-C) or with Lifeact-RFP (G-I)
reveal the presence of filopodia on radial glia with similar sizes and similar numbers as in young brains. J,
K: The length and number of filopodia was measured on cells lipofected with a membrane-localized con-
struct (MTdTomato) (3-months and 2-years-old, 15 and 26 cells, respectively) and did not reveal significant
differences (T: Mann-Withney test, p=0.42 ; U: Mann-Withney test, p=0.36).
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Obermann et al., Figure S4: Surface receptors and ligands isolated as proteins in the
biotinylated fraction and as RNA in FACS-sorted cells
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Figure S4: Surface receptor and ligands isolated as proteins in the biotinylated fraction and as RNA

in FACS-sorted cells.
A: Surface receptors, as well as some ligands were clustered. Log (2) ratios of the expression levels

are depicted. B: cDNA produced from sorted gfap:GFP-positive and -negative cells was sequenced
and quantified. Members of the Wnt, PDGF, EGF, FGF, CNTF and BMP signal pathways are repre-
sented as log(2) transcripts per million.
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Obermann et al., Figure S5:
Neither Wnt nor EGF signaling co-localize with filopodial extensions of adult radial glia
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Figure S5: Neither Wnt nor EGF signaling co-localizes with filopodial extensions in adult radial
glia.

A-l: Example of a cell in a 3-months-old wild-type (AB) brain co-lipofected with pCS2-lyn-GFP
and pCS2-wnt8a-mcherry as single confocal planes (z19 in A-C and z28 in D-I). Wnt8a-mcher-
ry localizes in a non- homogeneous manner in the radial glia and can be found at edges of the
cytoplasm (pink arrows), however it does not localize in thin filopodial extensions labelled by
Lyn-GFP (white arrows). Number of cells analyzed: 8. J-O: The supernatant of Hek-293 cells
transfected with sfrpla-GFP was applied on brain sections containing cells lipofected with
pCS2-Wnt8a-mcherry (J-L), or with pCS2-fyn-RFP (M-0O). The SFRP-GFP protein does not co-lo-
calize strongly with Wnt8a-mCherry (pink arrows in K), and does not co-localize with filopodia
visible on Fyn-RFP-transfected cells (white arrows in N, O). Number of cells analyzed: 8. P:
Staining of a 3-month-old wild-type brain section with the Alexa Fluor 488-EGF complex, which
binds to the EGF receptor. Two lipofected cells are visible as a single confocal plane in P-R and
as a maximum intensity projection in S. T-W: higher magnification of the inset region depicted
in P showing the soma and a filopodial extension (arrow). The EGF-Alexa-488 complex does not
co-localize with filopodial extensions. Number of cells analyzed: 12. Scale bars: 10um.
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Obermann et al., Figure S6:
Expression of igfl, igf2a and -2b, igflra and igflrb in the adult telencephalon

Figure S6: Expression of igf 1, igf2a, igf2b, igflra and igflrb in the adult telencephalon.

In situ hybridization was performed on gelatin-albumine frontal sections of adult brains, with antisense
probes as indicated in the panels. Expression is detected in the telencephalic ventricular zone (with a stron-
ger expression level in the midline compared to the dorsal surface, where the signal was difficult to detect).

Obermann et al., 2019 15
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Obermann et al., Figure S7:
IGF2b overexpression reveals a moderate increase of phospho-Akt immunostaining
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Figure S7: IGF2b overexpression reveals a moderate increase of phospho-Akt immunostaining.
Phosphorylated-AKT (Ser473) immunohistochemistry on young (A-H) and old (I-P) brains as a close-up view
on the ventricular surface of the pallium. The radial glia somata, located at the border of the ventricle, are
labelled in green by the gfap:GFP transgenic line. Single cells stained in magenta have been lipofected in
vivo 4 days prior to brain fixation with MTdTomato (control, A-D; I-L) or with MTdTomato and igf2b (IGF2b,
E-H; M-P) and are depicted as single confocal plane, highlighting primarily the cell soma (the radial process
is not always in the plane of the optical section, therefore not always visible, but it is present below all the
somata of lipofected cells). Dots of expression of P-Akt are visible in IGF2b lipofected cells (arrows in G, H,
O, P). Insets in D, H, L and P are higher magnifications of the lipofected cells, the nuclei in blue are stained
by DAPI. Single confocal planes are displayed, examples are taken out of 3 brains for each condition. Scale
bar: 10um
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Abstract

Inactivation of pathology-activated microglia is crucial to prevent chronic
neuroinflammation and tissue scarring. We identified an injury-induced microglial state
at the transition between activation and homeostasis in injured zebrafish brains, which
was characterized by accumulation of lipid droplets and phase-separated TDP-43
condensates. Granulin-mediated clearance of both lipid droplets and TDP-43
condensates was necessary and sufficient to promote this microglial transition and the
return to homeostatic function. Clearance of phase-separated TDP-43 condensates
promoted both the return of activated microglia back to homeostasis and scarless
regeneration. Importantly, the activated state of microglia also correlated with the
accumulation of lipid droplets, TDP-43 condensates and stress granules in patients
with ischemic stroke, thus supporting the existence of a similar regulatory mechanism
in humans. Together, our results identified a drug-targetable mechanism required for
the inactivation of microglia, which is necessary to avoid chronic neuroinflammation
and has high potential for new therapeutic applications in humans.
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Main

Regeneration of the damaged adult mammalian central nervous system (CNS),
including that in humans, is largely limited '2. Despite the injury-induced enhancement
of adult neurogenesis and neuronal migration to injury sites, young neurons fail to
integrate into pre-existing neural circuits and to survive 3-7. Similarly, the numbers of
transplanted neurons decrease over time, and their functional benefits decline in
different models of neurodegenerative diseases &°. This response is largely due to an
adverse environment generated by prolonged neuroinflammation and glial scar
formation 1", Both neuroinflammation and the glial scarring are initially beneficial in
limiting the expansion of the damage, but they later hinder functional recovery by
tissue remodeling and result in the generation of an inflamed environment 212-14,

Under physiological conditions, microglia, the brain-resident immune cells, are
dynamically activated by environmental and microglia-intrinsic pathways and
subsequently surveil the local environment and shape the organization and
functionality of neural circuits '5-21. Microglial activation is, however, tightly controlled
by the balance between activating “ON” and inactivating “OFF” signals. Indeed, the
loss of “OFF” signals, such as TREMZ2, leads to the development of disease-
associated microglia, which can enhance the progression of neurodegenerative
phenotypes 22727, Importantly, the injury-induced inflammatory response activated in
the mammalian brain lacks “OFF” signals, thus leading to persistent
neuroinflammation and cellular stress.

In contrast to that in mammals, the injured CNS in adult zebrafish displays
exceptional regenerative capacity, including the generation of long-lasting neurons
from endogenous neural stem cell pools (restorative neurogenesis) in different areas
of the brain and the spinal cord 282938.30-37_|njury in the zebrafish CNS induces only
transient neuroinflammation, which is terminated in a timely manner, promoting
neuronal integration and the resolution of scar tissue 2°-313%-43  Therefore,
understanding of the cellular dynamics and signaling cues underlying the resolution of
the inflammatory cascade in the zebrafish CNS is crucial to ameliorate the
regenerative outcomes in the mammalian CNS in response to traumatic brain injury
and neurodegenerative diseases.

Here, we sought to investigate the microglial dynamics in the injured adult
zebrafish telencephalon. We identified the transient state of activated pro-regenerative
microglia that spontaneously return to homeostasis in a granulin-dependent manner.
Furthermore, we demonstrated that granulin-mediated clearance of phase-separated
TDP-43 condensates in microglial cells is fundamental for the activation of “OFF”
signals in activated microglia and the scarless regeneration in the adult zebrafish CNS.
These results highlight liquid-liquid phase separation (LLPS) of TDP-43 as valuable
target for new approaches to improve CNS regeneration in response to traumatic brain
injury and neurodegenerative diseases. The translational value of our research is
strengthened by the observation of high microglial reactivity correlating with the
presence of TDP-43 condensates and lipid droplets in human patients with stroke.

Stab wound injury induces a pro-regenerative signature in a granulin a-
expressing microglial subpopulation

The activation state of microglia is a key regulator of neuroinflammation during aging,
neurodegeneration and CNS injuries 4430, Moreover, injury-induced activation of
immune cells is necessary to initiate restorative programs in regeneration-competent
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species such as zebrafish 3°. However, little is known about the mechanisms
promoting the transition of activated microglia back to homeostasis, and the avoidance
of long-lasting and chronic neuroinflammation. Therefore, we first analyzed the
dynamics of the microglial response to injury in the adult zebrafish telencephalon (Fig.
1A), on the basis of the expression of 4C4, an established marker for labeling immune
cells in the zebrafish telencephalon 2°. Indeed, we observed ramified, homeostatic
microglia throughout the intact telencephalic parenchyma (Fig. 1A). Stab wound injury
through the zebrafish nostrils induced an immediate microglial response that reached
a maximum intensity 3 days post-injury (dpi), as evidenced by the accumulation of
activated 4C4* microglial cells at injury sites (red square in Fig. 1A). However, the
4C4* microglial cell accumulation was only transient and resolved by 7 dpi, in
agreement with the observation of complete scarless tissue regeneration at the same
time point (Fig. 1A, Extended Data Fig. 1A, B). Microglial activation was restricted to
the site of the injury, because reactive microglia were not detected far from it (blue
square in Fig. 1A). This finding is consistent with recent observations that different
microglial populations emerge after brain injury and neurodegenerative diseases, and
have distinct dynamics and roles in regulating neuroinflammation, including the
modulation of other scar-forming cells 5':52,

To assess the composition of microglia and identify the molecular pathways
controlling their dynamics during scarless regeneration, we followed the transcriptional
changes at the single-cell level in the whole zebrafish telencephalon in response to
brain injury. We isolated cells from intact and injured wildtype (Wt) telencephali (3 and
7 dpi) and compared their transcriptomes with a droplet-based single cell RNA-
sequencing (scRNA-seq) platform (10x Genomics Chromium) (Fig. 1B, Extended Data
Fig. 1A). After applying quality control filters, we identified 29603 single cells uniformly
distributed over different conditions (Extended Data Fig. 1C). Unsupervised clustering
of single cells according to their transcriptomes revealed 30 distinct clusters (Fig. 1B,
Extended Data Fig. 1A). We identified neuronal clusters as well as distinct glial
populations, including microglia, oligodendrocyte lineage cells and radial glial cells
(RGCs), on the basis of the expression of established markers characterizing these
populations (Fig. 1B, Extended Data Fig. 1A, D). We first analyzed changes in the
abundance of cellular populations (Extended Data Fig. 1B). We detected an increase
in microglial and oligodendroglial cell abundance at 3 dpi (Extended Data Fig. 1B) and
a concomitant decrease in RGCs, findings that may be explained by direct damage to
RGC processes spanning the parenchyma and subsequent RGC death. The
abundance of oligodendroglial and microglial cells decreased at 7 dpi and almost
reached the levels detected in intact brains (Extended Data Fig. 1B). The observed
kinetics of microglial cells was compatible with the hypothesis that regeneration-
competent species have mechanisms that prevent the prolonged activation and
amplification of immune cells, and subsequent chronic neuroinflammation. Therefore,
we focused our analysis on the transcriptional changes in microglial cells (cluster 17
in Fig. 1B) during the course of regeneration. We identified 420 differentially expressed
genes (DEGs) (log2FC = 1; FDR < 0.05) at 3 dpi compared with other conditions (intact
and 7 dpi) (Extended Data Fig. 1E; Supplementary Table 1). GO term analysis (DAVID
6.8) of enriched DEGs identified innate immunity (Toll-like receptor (TLR) signaling
pathway), inflammation (cytokine-cytokine receptor interaction), lipid metabolism,
extracellular matrix remodeling (collagen trimer) and phospholipase inhibitor activity
as enriched processes (Fig. 1C; Supplementary Table 1). These processes have been
associated with pro-regenerative microglia emerging after spinal cord injury in mice 5'.
Interestingly, the comparison between microglial cells isolated from intact and injured
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telencephali at 7 dpi revealed only a limited number of DEGs without any GO term
enrichment (Extended Data Fig. 1E), in line with the transient activation and timely
transition of microglia to the homeostatic state observed in our previous
immunohistochemical analysis (Fig. 1A).

To further gain insights into the transient microglial activation and its importance
in scarless tissue restoration, we isolated cells belonging to microglial cluster 17,
performed unsupervised subclustering and identified six distinct states with specific
transcriptional signatures (Fig. 1D, E; Supplementary Table 2). RNA velocity-based
analysis of cellular dynamics %354 revealed three parallel, non-overlapping trajectories
(Wt-MG4 = Wt-MG1 = Wt-MG2; Wt-MG3 = Wt-MG2; Wt-MG5 = Wt-MGO0 = Wit-
MG2) (Fig. 1F). Numerous pro-inflammatory programs associated with immune cell
activation, including tumor necrosis factor (TNF), TLR, NOD-like receptor and IL1-
dependent signaling pathways, were detected with different patterns in distinct
subclusters (Supplementary Table 2). The IL1-dependent signaling pathway was
enriched in Wt-MG3, whereas the TNF- and TLR-dependent signaling pathways were
enriched exclusively in Wt-MGO. Interestingly, the TNF-, TLR- and NOD-signaling
pathways were downregulated in Wt-MG4 (Supplementary Table 2), thus suggesting
that microglial cells belonging to this trajectory might have anti-inflammatory
properties. These observations are consistent with distinct activated microglia
emerging after injury in the adult zebrafish telencephalon and suggest that specific
regulatory mechanisms may be involved in their return to a homeostatic state.
Interestingly, all three trajectories converged on the Wt-MG2 state, the most abundant
state in the intact brain (Fig. 1E, F). Functional analysis of genes enriched in Wt-MG2
microglia revealed over-representation of glycolysis, vacuolar acidification and
lysosome composition, and under-representation of pro-inflammatory cytokines
(Supplementary Table 2), findings indicative of in vivo homeostatic microglia involved
in tissue surveillance 5558, Therefore, we further analyzed injury-induced microglial
states transitioning back to Wt-MG2 (homeostatic microglia) to reveal the mechanisms
promoting the inactivation of microglial cells in the zebrafish CNS at 3 dpi. We
particularly focused on the Wt-MGO state, because it displayed a significant increase
in proportion at 3 dpi, coinciding with the peak of microglial accumulation at injury sites,
followed by a significant decrease and return to normal levels at 7 dpi, thus faithfully
reproducing the dynamics of 4C4* microglial cells at injury sites observed by
immunohistochemistry (Fig. 1A, E). Wt-MGO cells displayed enriched expression of
genes identified in pro-regenerative microglia induced after spinal cord injury in
neonatal mice %', including ctsba, anxa1, anxa2 and anxa5 (Fig. 1G). Moreover, the
Wt-MGO state was characterized by high expression of granulin a (grna) (Fig. 1H),
encoding a secreted factor that regulates inflammation, promotes wound healing and
modulates the formation of lipid droplets, first-line intracellular defenses that activate
innate immunity and sequester cytotoxic compounds detrimental to other cells
46,59.68,60-67 Indeed, Wt-MGO cells were also enriched in genes associated with lipid
droplet-accumulating microglia (Fig. 11, Extended Data Fig. 1F). On the basis of these
results, we propose that Wt-MGO cells are the population of microglial cells that
accumulate at injury sites and activate specific programs promoting regeneration.
When regeneration is terminated, activated Wt-MGO cells require the initiation of anti-
inflammatory programs, including granulins (Grns), to transition back to the
homeostatic Wt-MG2 state. In line with this hypothesis, we detected significant
upregulation of different members of the granulin family (grna, grnb and grn1-2) at 3
dpi and their return to basal levels at 7 dpi (Fig. 1J, Extended Data Fig. 1G).
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Granulins are necessary and sufficient to limit prolonged microglial activation
at injury sites

To address the hypothesis that granulins are required for the transition from a pro-
inflammatory to a homeostatic microglial state, we assessed the microglial reactivity
to stab wound injury in granulin-deficient zebrafish %°7°. Because Wt-MGO microglia
express both grna and grnb (gene duplication of mammalian progranulin (PGRN)), we
used a composite mutant (Grn-deficient) to avoid possible compensatory
mechanisms. As expected, 4C4* microglial cells accumulated at injury sites in Wt
animals at 3 dpi and we did not detect any 4C4* microglial cell accumulation at the
injury site at 7 dpi (Fig. 2A). Interestingly, Grn-deficient microglia accumulated at injury
sites in a manner indistinguishable from that of Wt microglia at 3 dpi, thus supporting
that the injury-induced activation of microglial cells is Grn independent (Fig. 2A).
However, Grn-deficient microglial cell accumulation, in contrast to that of Wt cells, was
still detected at injury sites at 7 dpi (Fig. 2A). Because scRNA-seq analysis revealed
numerous genes associated with high lipid droplet content in Wt-MGO microglia (Fig.
11), thus indicating their activated state 46, we assessed the lipid droplet formation in
Wt and Grn-deficient brains in response to injury by using an antibody against the lipid
droplet surface protein perilipin 3 (Plin3) (Fig. 2A-C, Extended Data Fig. 2A, B) or
BODIPY (Extended Data Fig. 2C). Plin3* lipid droplets were nearly absent from both
Wt and Grn-deficient intact brains (Fig. 2A). Plin3* lipid droplets were detected after
injury, almost exclusively in the 4C4* microglial cells accumulating at injury sites at 3
dpi in both Wt and Grn-deficient animals (Fig. 2A-C, Extended Data Fig. 2B). In line
with their prolonged retention at injury sites, Grn-deficient 4C4* microglia maintained
elevated numbers of Plin3* and BODIPY" lipid droplets at 7 dpi, whereas lipid droplets
were completely cleared in Wt animals (Fig. 2A-C, Extended Data Fig. 2C). To further
substantiate these observations, we isolated microglial cells identified by scRNA-seq
from Wt (Fig. 1B, D) and Grn-deficient telencephali (Extended Data Fig. 4A-D), and
analyzed the expression of genes enriched in lipid droplet-accumulating microglia 6.
The expression of these genes was comparable in microglia isolated from the intact
brains of both genotypes (Fig. 2D). Similarly, this set of genes was comparably
induced in Wt and Grn-deficient microglia at 3 dpi. However, whereas the expression
of most lipid droplet-related genes returned to normal levels in Wt microglia at 7 dpi, it
persisted at high levels in Grn-deficient microglia (Fig. 2D), in agreement with the
immunohistochemistry results for Plin3* and BODIPY™ lipid droplets in the injured
brains of Wt and Grn-deficient animals (Fig. 2A, Extended Data Fig. 2C). Quantitative
lipid content analysis of intact and injured (7 dpi) Wt and Grn-deficient telencephali
revealed an increase in the relative abundance of triacylglycerols (TAGs) and
diacylglycerols (DAGs), major components of lipid droplets, in the injured brains of
Grn-deficient animals compared with Wt brains at 7 dpi (Fig. 2E, Extended Data Fig.
2D). These results were similar to the changes reported in lipidomic analysis of
progranulin (PGRN)-deficient mouse brains 7.

To verify the direct roles of granulins in regulating lipid droplet clearance and
transition to a homeostatic state of microglial cells at injury sites, we injected
recombinant progranulin (PGRN) while performing injury in Grn-deficient animals (Fig.
2F). Intraparenchymal injection of recombinant PGRN was sufficient to resolve the
microglial cell accumulation at injury sites and to promote the clearance of lipid
droplets in Grn-deficient microglia at 7 dpi (Fig. 2G-I), with similar kinetics to that in Wt
animals.
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Collectively, our data support the roles of granulins in clearing injury-induced
lipid droplets in microglial cells and promoting their transition back to a homeostatic
state.

Granulin deficiency-induced neuroinflammation prolongs glial reactivity at
injury sites and impairs restorative neurogenesis

The interaction of immune cells with resident parenchymal glia is the key determinant
of scar formation in the mammalian brain after stroke or traumatic brain injury 2. The
prolonged accumulation of 4C4* microglial cells at injury sites and the excessive lipid
droplet formation in Grn-deficient animals prompted us to investigate whether this
prolonged neuroinflammation changed glial reactivity in response to injury, possibly
through causing the scarless regeneration in zebrafish to transition to a scarring model
typical of the mammalian CNS. To examine the reaction of parenchymal cells
belonging to the oligodendrocyte lineage, we used the pan-oligodendrocyte marker
Sox10 "2 and followed the reaction of Sox10* cells to injury in Wt and Grn-deficient
animals (Fig. 3A, B, Extended Data Fig. 3A-C; Supplementary Videos 1-3). Wt Sox10*
oligodendroglial cells responded to the injury with similar kinetics to that in 4C4*
microglial cells (Fig. 1A, 3A). Despite the transient accumulation of Sox10* cells at
injury sites at 3 dpi, we observed no glial cell accumulation at 7 or 21 dpi in Wt brains
(Fig. 3A, B; Supplementary Video 1). Grn-deficient Sox10* oligodendroglial cells
accumulated similarly to Wt cells at injury sites at 3 dpi, thus further supporting a Grn-
independent initial glial response to injury (Fig. 3A, B). However, Sox10* cell
accumulation still occurred at injury sites in Grn-deficient animals, in contrast to Wt
animals, at 7 dpi and 31 dpi (Fig. 3A, B; Supplementary Videos 2, 3). The phenotype
observed in the Grn-deficient CNS resembled the neuroinflammation-driven prolonged
reactivity of glial cells observed in the mammalian brain in response to injury. These
data support the hypothesis that a failure to promote the transition of microglial cells
back to the homeostatic state accounts for the prolonged glial cell reactivity at injury
sites. To further test this hypothesis, we prevented the exacerbated inflammatory
response and long-lasting inflammation in Grn-deficient animals through treatment
with dexamethasone, an anti-inflammatory drug known to block microglial activation
in the adult zebrafish telencephalon after injury 3. We pretreated Grn-deficient animals
for 10 days with either dexamethasone or methanol (MeOH, as solvent control),
injured them, and analyzed 4C4 and Sox10 immunoreactivity at 3 dpi and 7 dpi (Fig.
3C-E, Extended Data Fig. 3D-F). Importantly, MeOH treatment did not alter the
reactivity of glial cells (microglia and oligodendroglia), because we observed
prolonged accumulation of glial cells at injury sites in MeOH-treated Grn-deficient
animals at 7 dpi (Fig. 3D, E). Strikingly, dexamethasone treatment rescued the
prolonged accumulation of 4C4* microglial and Sox10* oligodendroglial cells at injury
sites in Grn-deficient animals (Fig. 3D, E). Cell densities of 4C4* microglia and Sox10*
oligodendroglia at injury sites in dexamethasone-treated Grn-deficient animals were
comparable to those detected in Wt animals at 7 dpi (Fig. 3B, E). Together, these
results demonstrate that prolonged activation of microglia, caused by Grn-deficiency,
is sufficient to prevent the resolution of the glial cell accumulation at injury sites, thus
transforming the scarless regeneration in the zebrafish CNS into a scarring model.
Because glial scarring in the mammalian CNS hinders functional regeneration
273 we set out to address whether prolonged accumulation of glial cells (microglia and
oligodendroglia) at injury sites might impair the injury-induced generation and/or the
survival of new neurons, a key feature in regeneration in the adult zebrafish CNS 43,
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We kept Wt and Grn-deficient injured animals for 3 days in 5-bromo-2°-deoxyuridine
(BrdU) water to label the injury-activated stem cell population and the newly formed
neurons migrating to the brain parenchyma generated by the injury-activated stem cell
population (Fig. 3F, G). On the basis of the immunoreactivity of neural HUC and HUD
proteins (HuC/D), we observed significantly fewer newly formed BrdU*/HuC/D*
neurons in Grn-deficient animals than in Wt animals at 31 dpi (Fig. 3H, I). Together,
these results demonstrate that the prolonged neuroinflammation and glial cell
accumulation in Grn-deficient animals generate an environment not permissive to
restorative neurogenesis in the zebrafish brain, similarly to the observed reaction to
injury in the mammalian brain.

Activated microglia fail to transition back to the homeostatic state in the Grn-
deficient injured CNS

On the basis of previous results, we reasoned that excessive neuroinflammation
leading to prolonged glial cell accumulation at injury sites and impaired regeneration
might be caused by specific microglial states present in the Grn-deficient brain. To
address this question, we isolated and re-clustered all microglial cells identified by
scRNA-seq from Wt and Grn-deficient telencephali (Fig. 4A, Extended Data Fig. 4D,
E). We identified eight subclusters representing distinct microglial states (Fig. 4A),
which we were able to directly relate to those identified in Wt brains through cluster
similarity matrix analysis (Extended Data Fig. 4F, G). Importantly, six of these clusters
were previously identified in Wt brains, whereas two clusters appeared only after the
analysis that included Grn-deficient microglia (Fig. 4A, B, Extended Data Fig. 4D-F).
The identified states contained different numbers of cells derived from Wt and Grn-
deficient brains (Fig. 4B, Extended Data Fig. 4E). The MG4 state, corresponding to
the pro-regenerative Wt-MGO state, and the MG3 state, corresponding to the
homeostatic Wt-MG2 state (Fig. 4A, Extended Data Fig. 4F, G), were largely under-
represented in Grn-deficient brains at both 3 dpi and 7 dpi (Fig. 4B, Extended Data
Fig. 4E). We identified activated microglia of both genotypes within the MG1 state,
which had a high similarity score with respect to the Wt-MG4 cluster (Fig. 1D, 4A, B,
Extended Data Fig. 4D-G). As expected, in the velocity analysis, activated Wt
microglial cells from the MG4 and MG1 clusters projected toward the MG3 cluster,
which was mainly composed of homeostatic microglia at 7 dpi (Fig. 4B, C, Extended
Data Fig. 4E-G). In contrast, Grn-deficient activated microglia projected towards
clusters MG5 and MGO, which contained almost exclusively Grn-deficient cells (Fig.
4B, C, Extended Data Fig. 4E). Interestingly, the MGO and MGS microglial states
displayed enrichment in numerous genes associated with innate immunity, lysosomes,
phagosomes and apoptosis (Supplementary Table 3), thus contributing to the
activated signature detected at 7 dpi in Grn-deficient microglial cells, as compared with
the homeostatic signature of Wt microglial cells at the same time point (Fig. 4D, E;
Supplementary Table 3). Additionally, microglia from the MGO and MGS5 clusters were
enriched in numerous genes associated with lipid droplet formation, and cellular and
mechanical stress, including several members of the Hsp70 family (Fig. 4F, G). Our
findings thus support that Grn-deficient microglia fail to transition back to homeostasis
and remain activated at 7 dpi.

Together, these results suggest that dysregulated injury-induced cellular stress
in Grn-deficient brains promotes long-lasting pro-inflammatory microglial cell
accumulation at injury sites. Grn-deficient pro-inflammatory microglia do not fully
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transition back to homeostasis and induce long-lasting glial cell accumulation, thus
causing detrimental consequences in neuronal regeneration.

Clearance of extranuclear TDP-43 condensates formed through LLPS is
required for termination of microglia-driven neuroinflammation

Analysis of microglial populations revealed that MGO and MG5 microglial cells in Grn-
deficient brains displayed dysregulated lipid metabolism, were unable to dissolve lipid
droplets and underwent cellular stress. Therefore, we aimed at identifying signals
leading to lipid droplet formation and cellular stress after brain injury. The RNA-binding
protein TAR DNA binding protein of 43 kDa (TDP-43) is a pathological marker protein
associated with neurodegeneration and brain injury “4+77. In several
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD), and after traumatic brain injury, TDP-43 relocalizes
from the nucleus to the cytoplasm, forms cytoplasmatic condensates or aggregates
through LLPS, and colocalizes with stress granules (SGs). Granulins have been
demonstrated to alter the solubility of TDP-43, modulating its LLPS and aggregation
behavior 7880, Therefore, we analyzed TDP-43 immunoreactivity in response to injury
in Wt and Grn-deficient brains (Fig. 5A, Extended Data Fig. 5A, B). In intact brains, we
observed TDP-43 signal exclusively in cell nuclei, mostly in HuC/D* neuronal cells
(Extended Data Fig. 5A). Interestingly, the nuclear TDP-43 signal was complemented
by extranuclear TDP-43" condensates in both Wt and Grn-deficient brains at injury
sites at 3 dpi (Fig. 5A, B, Extended Data Fig. 5B). Importantly, a proportion of TDP-
43" condensates colocalized with 4C4* microglia (Extended Data Fig. 5B).
Unexpectedly, whereas extranuclear TDP-43" condensates were cleared at 7 dpi in
Wt animals, they were detected at injury sites in Grn-deficient animals at the same
time point (Fig. 5A, B), in a manner following Plin3* lipid droplet kinetics (Fig. 2A, B).
Therefore, we hypothesized that Wt microglia upregulate granulins to clear potentially
cytotoxic TDP-43 condensates. Indeed, intraparenchymal injection of recombinant
PGRN in Grn-deficient brains was sufficient to clear extranuclear TDP-43*
condensates at 7 dpi (Extended Data Fig. 5C-E).

Because granulins regulate the LLPS behavior of TDP-43 &, we hypothesized that the
balance between granulins and LLPS-driven TDP-43* condensates might define the
activation state of microglial cells in response to injury. In the absence of granulins,
TDP-43 was expected to form long-lasting condensates via LLPS, thus causing
cellular stress, and prolonged microglial activation and accumulation at injury sites. To
test this hypothesis, we made use of the finding that TDP-43 fused to maltose binding
protein (MBP) via a TEV proteolytic site does not undergo LLPS (Extended Data Fig.
6B, C). The proteolytic removal of MBP is sufficient to induce LLPS of TDP-43 81-84,
We injected TDP-43 (containing the maltose binding protein (MBP) tag preventing
LLPS) and phase-separated TDP-43 (MBP tag cleaved off) proteins while performing
injury in Wt brains (Fig. 5C-E, Extended Data Fig. 6A-D), aiming to oversaturate the
system with phase-separated TDP-43 and bypass available granulins. Injection of
both versions of TDP-43 prolonged microglial accumulation at injury sites at 7 dpi in
Wt animals, although a stronger reaction was observed when we injected phase-
separated TDP-43 (Fig. 5E, Extended Data Fig. 6D). In line with our hypothesis, only
the injection of phase-separated TDP-43 induced excessive formation of Plin3* lipid
droplets and extranuclear TDP43* condensates, which colocalized primarily with 4C4*
microglial cells at injury sites (Fig. 5SE-G, Extended Data Fig. 6D, E), thus mimicking
the phenotype of the reaction observed in Grn-deficient brains in response to injury.
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Because we detected numerous cytosolic TDP-43 condensates in 4C4* cells after
injection of phase-separated TDP-43 in Wt animals, and we did not observe any
upregulation of TDP-43 mRNA in microglial cells during the course of regeneration
(Extended Data Fig. 6F), we speculate that microglial cells accumulate at injury sites,
phagocytose TDP-43 released by dying neurons and do not dissolve LLPS-driven
TDP-43* condensates when the amount of phase-separated TDP-43 is in excess or
when granulin levels are low.

To determine whether the phenotype detected in Grn-deficient animals was
specifically associated with the dysregulation of LLPS of TDP-43, we injected the
neurodegeneration-linked RNA-binding protein Fused in Sarcoma (FUS) or phase-
separated FUS while performing injury in Wt brains (Extended Data Fig. 6A, G, H). In
contrast to TDP-43, injections of FUS and phase-separated FUS promoted only mild
reactivity of microglial cells at injury sites and did not affect the number of PIlin3* lipid
droplets in Wt microglia at 7 dpi (Extended Data Fig. 6H-J). Therefore, we propose
that the phenotype observed in Grn-deficient animals is not caused by general
dysregulation of LLPS but instead may be caused by dysregulation of LLPS of specific
proteins, including TDP-43, thus leading to an excess of cytotoxic extranuclear TDP-
43" condensates.

Prevention of excessive LLPS-mediated formation of SGs is sufficient to
terminate prolonged neuroinflammation in Grn-deficient animals

We hypothesized that Grn-controlled LLPS of TDP-43 must be tightly regulated to
successfully clear the TDP-43" condensates formed in response to brain injury in
microglial cells and enable their return to the homeostatic state. To directly test this
hypothesis, we interfered with the formation of SGs, phase-separated cytosolic
condensates, in injured Grn-deficient brains through the administration of lipoamide
(Fig. 6A, B), a newly identified agent that decreases SG formation 8. We kept Grn-
deficient animals in either DMSO- or lipoamide-containing water for 7 days after injury
and assessed the formation of TDP-43* condensates and the accumulation of 4C4*
microglial cells and Plin3™ lipid droplets at injury sites at that time point (Fig. 6C, D).
As expected, injured Grn-deficient animals kept in the DMSO-containing water
displayed prolonged accumulation of extranuclear TDP-43" condensates and lipid
droplet-accumulating 4C4* microglial cells at injury sites at 7 dpi (Fig. 6B-D). In
contrast, treatment of Grn-deficient animals with lipoamide resolved the accumulation
of lipid droplet-accumulating 4C4* microglial cells at injury sites (Fig. 6B-D). Moreover,
we did not observe extranuclear TDP-43* condensates at injury sites in lipoamide-
treated Grn-deficient animals (Fig. 6B-D), thus suggesting that lipoamide treatment
rescues the phenotype generated by Grn deficiency and promotes the return of
microglial cells to the homeostatic state. To verify this, we compared the reaction of
Grn-deficient microglia to injury after lipoamide treatment (LipoGrn-deficient cells) to
the reaction of microglia isolated from untreated Wt and Grn-deficient animals at 7 dpi
by using scRNA-seq analysis (Fig. 6E). LipoGrn-deficient microglia were identified
within the cluster of activated microglia (MG1 and MGS5), and, in a lower proportion,
within the cluster composed of homeostatic microglia (MG3) (Fig. 6F, G). Interestingly,
lipoamide treatment significantly decreased the number of Grn-deficient microglia
within the pro-inflammatory MGO cluster, which contained almost exclusively Grn-
deficient cells that did not fully transition back to the homeostatic state (Fig. 6F, G,
Extended Data Fig. 4E). Moreover, the relative number of LipoGrn-deficient microglial
cells returned to normal after lipoamide treatment at 7 dpi and was comparable to the
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microglial abundance detected in Wt brains at the same time point. In line with this
analysis, LipoGrn-deficient microglia did not show upregulation of the inflammatory
pathways enriched in Grn-deficient microglia (Fig. 4D; Supplementary Table 3), as
compared with Wt microglia at 7 dpi. However, we detected 1349 significantly
downregulated genes in LipoGrn-deficient microglia compared with untreated Grn-
deficient microglia at the same time point. This regulated gene set was enriched in GO
processes associated with microglial functions, microglial activation and lipid
metabolism (Fig. 6H). Lastly, we observed lower expression of numerous genes
associated with lipid droplet-accumulating microglia (Fig. 61) and cellular-stress (Fig.
6J) in LipoGrn-deficient microglia than in untreated Grn-deficient microglia at 7 dpi,
thus suggesting that the LipoGrn-deficient microglial cell reactivity and transcriptome
are more similar to those of Wt microglia.

Collectively, these results demonstrate that in Wt microglia, LLPS-mediated
TDP-43"* condensates form only transiently and are cleared in a timely manner, thus
leading to scarless regeneration in the zebrafish brain. Granulin deficiency impairs the
ability of microglia to clear the LLPS-mediated extranuclear TDP-43* condensates
accumulating in SGs, thus leading to a cascade that locks microglial cells in their pro-
inflammatory state and prevents them from transitioning back to homeostasis.

Stroke induces lipid droplet and SG formation in the human brain

The gene signature conservation previously reported between zebrafish pro-
regenerative, lipid droplet-forming microglia and pro-regenerative microglia detected
in response to spinal cord injury in neonatal mice (Fig. 1G) ®' prompted us to assess
whether CNS damage might induce similar formation of lipid droplets, TDP-43*
condensates and SGs in the human brain. Therefore, we assessed the reactivity of
IBA1* microglial cells, PLIN3* lipid droplets, TDP-43* and G3BP* SGs in post-mortem
brain tissues obtained from patients several weeks after ischemic stroke (Fig. 7A, B).
Notably, we detected neuroinflammation in the penumbra, as characterized by the
high expression of the microglial marker IBA1 (Fig. 7B). High IBA1 immunoreactivity
of microglial cells located in the penumbra was accompanied by morphological
changes indicative of their activated state (Fig. 7A, B). Importantly, the penumbra
containing highly activated microglia was also enriched in TDP-43*, PLIN3* and
G3BP* signals (Fig. 7B), in line with our data implicating their roles in maintaining long-
lasting neuroinflammation.

Discussion

Our data support a model of CNS regeneration wherein injury causes the release of
intracellular proteins able to undergo LLPS (including TDP-43) into the extracellular
space. These proteins are subsequently phagocytosed by pro-regenerative activated
microglia at injury sites. Granulins regulate the clearance of phagocytosed proteins
and condensates, which is necessary to allow activated microglia to transition back to
the homeostatic state. A failure to clear TDP-43" condensates locks pro-regenerative
microglia in a pro-inflammatory, disease-associated state. Pro-inflammatory microglia
further enhance the transition of the remaining microglial cells to an activated state
(positive feedback loop) and prolong the accumulation of oligodendrocyte lineage cells
at injury sites, thus leading to long-term neuroinflammation and glial scar formation.

According to this model, microglial cells have several partially overlapping roles
defined by their activation state. In line with their known physiological roles in the intact
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brain, microglia are dynamically activated by “ON” signals and inactivated by “OFF”
signals in an array of functions, such as phagocytosis of cellular debris, trophic support
of neurons, synaptic organization and the regulation of neuronal excitability 1561.86-88,
The tight balance between activating “ON” and inactivating “OFF” signals, such as
cytokines and chemokines, ATP, PAMPs and TREM2 232527.89-91  gllows microglia to
perform their scavenging functions without generating chronic neuroinflammation. In
regeneration-competent species, such as zebrafish, CNS injuries induce the activation
of homeostatic microglial cells. However, immune cell activation is only transient and
is terminated in a timely manner, thereby enabling long-term integration and survival
of new neurons necessary for full tissue restoration and neuronal replacement at injury
sites 3943 Interestingly, we identified different subpopulations of activated microglia
that returned to the homeostatic state through parallel, possibly independent,
trajectories, thus suggesting that distinct microglial cells may have different functions
in the injured CNS, and specific regulatory mechanisms may ensure the timely
termination of their activated state. Indeed, different activation states were also
characterized by the enrichment and downregulation of specific neuroinflammatory
programs. TNF-, TLR-, NOD- and IL1-dependent pro-inflammatory cascades are
major drivers of long-term neuroinflammation and scar formation in the mammalian
brain 929, Their separation and unique combinations in different microglial
subpopulations might possibly determine the overall activation state of single
microglial cells, thus facilitating their return to the homeostatic state after regeneration
is completed. The return of all activated microglial subpopulations to the homeostatic
state, however, involves a tight regulation of lysosomal functions and lytic vacuoles as
well as a return to glycolysis as a major energy supply source. These features have
recently been associated with the homeostatic scavenger function of microglia
detected in the mammalian brain %694, Because the trajectories describing microglial
dynamics do not overlap, these processes appear to be independently regulated along
each trajectory, in line with their specific roles in defining the activation state of
microglia. Interestingly, one population of transiently activated microglia in the
zebrafish telencephalon (Wt-MGO, mostly enriched at 3 dpi) expressed genes that
have recently been associated with pro-regenerative microglia emerging after spinal
cord injury in a neonatal mouse model %'. These observations suggest the intriguing
possibility that both mammals and zebrafish may share several programs underlying
the transition of microglia to the activated state necessary for early beneficial effects
1045 Furthermore, these results suggest that the regulatory mechanisms required for
the inactivation and the return of pro-regenerative microglia to the homeostatic state,
as observed in regeneration-competent species, were lost not during evolution but
during mammalian development and aging. Accordingly, long-term neuroinflammation
after CNS injury, aging and neurodegenerative diseases may be considered a
consequence of the aging-associated loss of “OFF” signals in microglial cells, whose
chronic activation hinders glial scar resolution and the functionality of neuronal circuits
2,11,27,12—14,22—26_

Interestingly, the subpopulation of Wt-MGO pro-regenerative microglial cells, which
partially shares a signature with mammalian neonatal pro-regenerative microglia,
displayed elevated expression of genes associated with lipid droplet-accumulating
microglia 46, thus supporting the possibility that the timely inactivation of this specific
subpopulation is the key regulatory mechanism preventing chronic neuroinflammation.
Lipid droplets are among the first-line intracellular defenses that activate innate
immunity and sequester cytotoxic compounds detrimental to other cells 4668, However,
the excessive production of lipid droplets in microglial cells during aging and

11
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degenerative diseases, such as atherosclerosis, has been demonstrated to be
detrimental to cell functionality 6. Indeed, our findings that granulins regulate lipid
droplet resolution and microglial transition back to the homeostatic state, together with
previously demonstrated roles of granulins in the regulation of the inflammatory
response and microglial lipid metabolism 46.59-61.63.65-67 frther support the importance
of the granulin-mediated return of Wt-MGO microglial cells to homeostasis in limiting
long-lasting neuroinflammation. In fact, unbiased single-cell transcriptomic analysis
focusing on microglial subpopulations in Wt and Grn-deficient animals showed a
significant underrepresentation of homeostatic and pro-regenerative microglia in Grn-
deficient brains in response to injury. A large proportion of Grn-deficient microglial cells
are “locked” in an activated state after injury and do not fully transition back to the
homeostatic state. Because lipid droplets are composed of acyl-glycerols that are
synthesized by diacylglycerol transferases, converting DAGs to TAGs, which fill the
lipid droplet core %, an increase in DAGs after injury in Grn-deficient animals suggests
an even more severe impairment of lipid metabolism than that in other
neuropathological states %.

We showed that the prolonged neuroinflammation in Grn-deficient animals was
accompanied by prolonged accumulation of oligodendroglial cells at injury sites,
thereby mimicking the common features of the glial scar generated in response to
injury in the mammalian CNS 297 This data set further strengthens the key
regulatory role of the Wt-MGO microglial state and underscores the need for deeper
understanding of Wt-MGO microglial dynamics and regulation.

We propose that Grn-regulated LLPS of TDP-43 defines the activation state of
Wt-MGO microglia. We showed that extranuclear TDP-43" condensates (possibly
derived from TDP-43 released by dying neurons) were also present during the course
of normal regeneration in the adult zebrafish telencephalon. However, in the absence
of granulins, extranuclear TDP-43* condensates persisted at injury sites along with
activated lipid droplet-accumulating microglia. This cascade of detrimental events was
prevented by inhibition of LLPS-mediated SG formation through administration of
lipoamide 8 or exogenous PGRN. Indeed, inflammation has recently been associated
with SG-mediated cellular stress %, a process that may contribute to long-term
neuroinflammation and the persistence of glial scars. In line with that possibility,
traumatic brain injury has been reported to induce SG formation 677677 In a survival
mechanism, after stress, cells inhibit global protein translation by sequestering RNA-
protein complexes involved in the pre-initiation of protein synthesis into SGs %1% SGs
are dynamic membrane-less cytoplasmic condensates that form through a process of
LLPS, a reversible unmixing of molecules into two separate phases, a dilute and
condensed phase, that are in constant exchange with each other 01192 LLPS is
important in a variety of cellular functions, such as metabolism, transcriptional and
translational regulation, signal transduction and cellular motility '°'-19 Moreover, LLPS
has been suggested to be involved in the development of various neurodegenerative
diseases, including ALS and FTD '%4, ALS-causing mutations in RNA-binding proteins
have been shown to alter LLPS in vitro and to result in the localization of RNA-binding
proteins, including TDP-43, to SGs '%5-"3, Furthermore, cells exposed to chronic
stress form SGs and persistent TDP-43 condensates, thus suggesting that chronic
stress and SG localization leads to disease-like aggregation of TDP-43 13-116_Finally,
TDP-43 solubility, aggregation and LLPS properties, as well as its levels and toxicity,
have been shown to be influenced by granulins 7889, Together, these results support
our model of development of chronic neuroinfammation. However, how LLPS-
mediated TDP-43" condensate formation in activated microglia regulates and
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coordinates glial reactivity during scar formation remains unclear. A growing body of
evidence suggests that lipid droplet composition changes depending on the
physiological state of the cell and that lipid droplets could serve as signaling mediators
in cellular communication "7, including non-cell autonomous glial scar cellular
interactions. In addition, SG-related proteins have been associated with the regulation
of translation and cell motility via mTORC signaling ''8. Finally, SG proteins are
associated with microtubules and centrosomes, crucial structures for cellular migration
119.120 Therefore, SG-mediated alterations in microglial cell motility may account for
the persistence of these cells at injury sites and the induction of chronic
neuroinflammation.

Overall, our model provides new insights into basic regulatory mechanisms that
may prevent long-term neuroinflammation and promote CNS regeneration. Our new
findings on the crosstalk between granulins and the LLPS of TDP-43 could potentially
be targeted to develop new approaches to improve CNS regeneration in response to
traumatic brain injury and neurodegenerative diseases in mammalian species,
including humans.

Methods

Human post-mortem brain tissues

Brain tissue was collected several weeks after infarction of the right arteria cerebri
media with hemiparesis. Tissue was fixed in 4% PFA and embedded in paraffin.
Sample collection was performed according to the legal guidelines of Government of
Upper Bavaria (BayKrG Art. 27 Abs. 4).

Zebrafish lines

Zebrafish from the grna**;gmb**, grna’;grmb” and AB/EK strains and from the
transgenic Strains Tg(olig2:DsRed), Tg(mpeg1:mCherry),
Tg(olig2:DsRed;grna™~;grb™") and Tg (mpeg1:mCherry;grna™;grnb™") were used in
all experiments. All experiments were performed in 3-5-month-old animals, as in this
range we do not observe any age-associated differences. Wildtype and Granulin-
deficient intact, injured and treated animals were sex-mixed littermates in individual
experiments. 4-5 independent biological replicates were used in every experiment (the
exact number of analyzed animals is specified in each dot plot) and analysis was
performed blindly. All animals were kept under standard husbandry conditions and
experiments were performed according to the handling guidelines and regulations of
EU and the Government of Upper Bavaria (AZ 55.2-1-54-2532-0916).

Treatment with dexamethasone

3-5-month-old, mixed-sex zebrafish from specific genotypes were immersed for 10
days in dexamethasone-containing (15 mg/L) or MeOH-containing (0.0001%) aerated
water. Animals were immersed in dexamethasone- or MeOH-containing water for the
whole duration of the experiment until sacrifice (time point indicated in the
experimental paradigm). Water was changed daily and animals were fed every second
day, 4 hours prior the water change.
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Treatment with lipoamide

3-5-month-old, mixed-sex zebrafish from specific genotypes were immersed for the
whole duration of the experiment in lipoamide-containing (20 uM) or DMSO-containing
aerated water until sacrifice (time point indicated in the experimental paradigm). Water
was changed daily and animals were fed 4 hours prior the water change.

Genotype identification

Genotyping was performed by cutting a small part of the zebrafish tail fin. REDExtract-
N-Amp Tissue Kit (Sigma-Aldrich) was used to extract genomic DNA according to
manufacturer’s instructions. Isolated genomic DNA was amplified by PCR and Sanger
sequencing was performed to compare the nucleotide sequences and identify the
selected mutations for grna and grnb. Mutations selected are the following: mde54a
and mde360 for grna and grnb respectively, as indicated in ZFIN database
(https://zfin.org/action/publication/ZDB-PUB-200208-2/feature-list).

Stab wound injury

Stab wound injury from zebrafish nostrils was performed in both telencephalic
hemispheres according to previous publication 2°. 100 x 0.9 mm glass capillary needle
(KGO01, A. Hartenstein) was used. The needle was pulled on a Narishige Puller (model
PC-10) with “one-stage” pull setting at 63.5°C. The needle used to perform the stab
wound injury resulted in 5 mm length and 0.1 mm diameter.

Tissue preparation and immunohistochemistry

Animals were sacrificed by MS222 overdose of tricaine methane sulfonate (MS222,
0,2%) by prolonged immersion. Tissue processing was performed as described
previously 2°. Immunodetection of BrdU required a pretreatment with 4 N HCI followed
by washes with borate buffer and PBS before placing sections in anti-BrdU antibody.

BrdU labeling experiment

To assess the number of newly formed neurons in response to injury (restorative
neurogenesis), zebrafish from specific genotypes were immersed, immediately after
stab wound injury, in BrdU-containing aerated water (10 mM) for 16 h/day during 3
consecutive days. During the 8 hours outside BrdU-containing water, fish were kept in
fresh water and fed. Animals were sacrificed 28 days after BrdU treatment (3 days
BrdU water + 28 days chase) to allow the incorporation of BrdU in activated stem cells
that would generate neurons in response to injury and the migration of newly formed
BrdU™* neurons at injury sites in the brain parenchyma.

Lipidomic analysis
Single telencephali were isolated and completely dissolved with mechanical
homogenization procedures in D-PBS without Mg, Ca to reach the final concentration

of 4-5 mg/mL (tissue wet weight per volume). Mass spectrometry-based analysis was
performed by Lipotype GmbH.
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Injection of recombinant Progranulin (mMPGRN)

Intraparenchymal injection of recombinant MPGRN was performed while we executed
stab wound injury. 5 pL of recombinant mPGRN (dilution of 1:250 from stock solution
of 250 ng/uL, reconstituted in sterile PBS) were injected in both hemispheres of the
zebrafish telencephalon.

Protein expression

TDP-43-MBP-His6 was purified according to &' with slight adaptations. Expression
was performed in E. coli BL21-DE3 Rosetta 2 using 0.5 mM IPTG overnight at 16°C.
Cells were lysed in purification buffer (20 mM Tris pH 8, 1 M NaCl, 10 mM imidazole,
10 % (v/v) glycerol, 4 mM B-mercaptoethanol and 1 pg/ml each of aprotinin, leupeptin
hemisulfate and pepstatin A) supplemented with 0.1 mg/ml RNase A using lysozyme
and sonication. Afterwards, the protein was purified by Ni-NTA agarose (Qiagen) and
eluted using 300 mM imidazole. Finally, eluates were further purified using size
exclusion chromatography (Hiload 16/600 Superdex 200 pg, GE Healthcare) in
storage buffer (20 mM Tris pH 8, 300 mM NaCl, 10% (v/v) glycerol supplemented with
2 mM TCEP) in order to obtain monomeric TDP-43-MBP-Hise.

For MBP-FUS-His6 2!, protein expression was induced in E. coli Rosetta-LysS after
cold shock using 100 nM IPTG overnight at 12°C. Protein was purified as described
above for TDP-43-MBP. SEC eluates were additionally purified using amylose HS
(NEB) in amylose binding buffer (20 mM Tris pH6, 150 mM NacCl, 5% (v/v) glycerol
supplemented with 2 mM DTT and 1 pg/ml each of aprotinin, leupeptin hemisulfate
and pepstatin A and eluted using 10 mM maltose in storage buffer.

Purified protein was concentrated using Amicon ultra centrifugal filters, flash frozen
and stored at -80°C. Protein concentration was determined by measuring absorbance
at 280 nm using the respective extinction coefficient (¢) predicted by the ProtParam
tool. A260/280 ratio of purified protein was between 0.5-0.7, showing deprivation of
nucleic acids.

Purified TDP-43-TEV-MBP-His6 was exchanged to Hepes buffer (20 mM Hepes, pH
7.5, 150 mM NaCl, 1 mM DTT). For visualization of condensates the reaction was
setup directly in a Uncoated p-Slide 18 Well - Flat chambers (Cat.No: 81821, Ibidi),
where protein was diluted to a concentration of 5 yM and phase separation was
induced by addition of 100 ug/ml His6-TEV protease at RT. After ~20 min, imaging
was performed by bright field microscopy using a widefield microscope.

Injection of TDP-43 and FUS proteins

TDP-43-MBP and MBP-FUS proteins were independently incubated for 30 min at RT
with TEV and TEV buffer (Tris 20 mM pH 8.0, 300mM NaCl, 2mM dTT in H20) to
cleave the MBP tag. 5 pL of uncleaved and cleaved TDP-43 (20 uM) and FUS (20 uM)
proteins were independently injected in both hemispheres of the zebrafish
telencephalon while performing the injury. 5 uL of TEV+TEV buffer were also injected
in control animals to account for possible changes in reactivity due to the injection.

Tissue dissociation
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Cells were isolated from zebrafish telencephali (n=4) and dissociated into single cell
suspension using the papain kit (Worthington) according to manufacturer’s
instructions. Incubation in dissociating enzyme was performed for 30 min.

Library preparation and sequencing

Single cell suspensions were loaded into 10x Genomics Single Cell "3 Chips according
to manufacturer’s instruction for Chromium Single Cell 3" Reagent Kits v3 (10x
Genomics) to generate single cell bead emulsion (GEMs). cDNA synthesis was
carried out according to 10x Genomics guidelines. Libraries were pooled and
sequenced on NovaSeq6000 (lllumina) with the recommended number of cycles (28-
8-91) according to Chromium Single Cell 3" Reagent Kits v3. Sequencing was
performed by the Core Sequencing Facility at the Helmholtz Zentrum Minchen.

Alignment and data analysis

Transcriptome alignment of single cell data was performed using Cell Ranger 4.0.0
against the Danio rerio reference genome assembly GRCz11 (Ensembl Release 100).
Quality Control (QC) of mapped cells was performed adjusting the recommendations
from previous publication (gene counts = 350; 40000 < reads per cell = 800;
mitochondrial fraction < 0.2) 122, Batch-correction and integration of different sScRNA-
seq datasets was performed using Scanorama '23. Unsupervised clustering of cells
was performed using the Louvain algorithm (https://doi.org/10.5281/zenodo.595481),
implemented in SCANPY with resolution parameter of 1 and 0.8 when the
unsupervised cell clustering was applied to all cells or to microglia-only cells,
respectively. Marker genes specific for each cluster were identified using t-test
between the counts of each gene in a cell cluster against all other clusters with the
function rank_genes_groups in SCANPY. Visualization of cell clusters was performed
with Uniform Manifold Approximation and Projection (UMAP) 24 in SCANPY. Velocity
analysis > to identify differences in the dynamics of microglial cells reactivity to injury
was performed following the instructions from previous publication using scvelo
package in SCANPY %3

Tissue preparation and immunohistochemistry of human brain tissues with 3,3'-
diaminobenzidine (DAB) development

Sections were deparaffinized in xylene and rehydrated in 96% and 70% EtOH. Antigen
retrieval was then performed for 30 min with the use of citrate buffer (10 mM, pH: 6,0)
and washing steps with bidistilled water followed. Tissue was incubated in 4%
hydrogen peroxidase solution for 10 min at RT, washed with bidistilled water and
subsequently blocked for 30 min in RT in Blocking Buffer (1X PBS, 2.5% normal horse
serum, 1% BSA, 0.1% Triton x-100, 0.2% Gold Fish Gelatine and 0.02% sodium azide
solution (10%) and Avidin). Primaries were diluted in Blocking buffer with biotin and
an overnight incubation at 4°C was carried out. On the following day, the primaries
were washed with PBS and biotinylated secondary antibodies (1:400 in blocking
buffer) were applied and incubated for 30 min at RT. Washing steps with PBS followed
and incubation with the Avidin-Biotin Complex (ABC) for 30 min at RT was carried out.
After extensive washing with PBS, DAB solution was applied to the samples
(ImmPACT DAB, SK4104 Vector). Stainings were checked under the microscope and
the reaction was stopped in bidistilled water. 3 min in haematoxylin allowed the
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counterstaining of samples. Dehydration in 70% and 96% EtOH and incubation in
xylene were performed and the samples were then coverslipped.

Quantification and statistical analysis

Statistical analyses were performed with Prism 8 software (GraphPad Software).
Individual animal experiments were performed with 4 or 5 zebrafish per group
(identified by genotype and by condition, i.e. intact/injured). The specific number of
animals analyzed is specified in each dot plot and quantifications were performed
blindly. Data of same experimental groups derived from multiple experiments with
identical conditions were combined and analyzed statistically to determine normality
(n 28). All data analyzed passed normality test and for this reason unpaired t test,
ordinary one-way ANOVA and two-way ANOVA were used when 2 groups, more than
2 groups from different genotypes or conditions (i.e. intact, injured, drug-treated) or
more than 2 groups from different genotypes and conditions were statistically
analyzed, respectively. Statistical tests and post-hoc tests for multiple comparisons
are indicated in the figure legends. Each data point is obtained by quantifying multiple
sections (from zebrafish telencephalon) per biological replicate. Data are presented
as the mean + standard error of the mean (SEM).

Data and software availability

The scRNA-seq data has been deposited in GEO under accession code GEO:
pending.

The analysis was performed by following the guidelines obtained from previously
released as open source codes on GitHub at the following
links:https://github.com/theislab/single-cell-

tutorial/blob/master/latest _notebook/Case-study Mouse-intestinal-
epithelium_1906.ipynb, https://github.com/brianhie/scanorama,
https://github.com/theislab/scvelo _notebooks/blob/master/VelocityBasics.ipynb.

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and
will be fulfiled by the Lead Contact, Prof. Jovica Ninkovic (ninkovic@helmholtz-
muenchen.de).
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Figures

Fig. 1: Stab wound injury induces a pro-regenerative signature in a granulin a-
expressing microglial subpopulation

(A) Representative images of 4C4* microglia (white) at different time points after injury
in the adult zebrafish telencephalon. Red and blue framed images are magnifications
of brain parenchyma near (red) and far from (blue) from injury sites. Scale bars, 100
um or 20 um (magnifications).

(B) UMAP plot depicting color-coded cellular clusters identified through single-cell
transcriptome analysis of Wt cells, isolated from intact and injured (3 and 7 dpi)
zebrafish telencephali. Cells are colored according to their cell type identity; each point
represents a single cell.

(C) Dot plot depicting representative GO terms enriched in the gene set identifying
microglial cells (cluster 17, Fig. 1B) at 3 dpi. GO Terms include Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, Molecular Function (MF)- and Cellular
Component (CC)-related terms. Dot color, p-value; dot size, number of genes.

(D) Subclustering of Wt microglial cells (cluster 17, Fig. 1B) isolated from intact and
injured telencephali and combined. Cells are colored according to their microglial
subcluster identity; each point represents a single cell.

(E) Abundance of Wt microglial subclusters (from Fig. 1E) in different conditions: intact
(top), 3 dpi (middle), 7 dpi (bottom).

(F) Velocity analysis depicting Wt microglial dynamics in response to injury. Each dot
represents a single cell.

(G-J) Dot plots depicting the expression of genes associated with pro-regenerative
mouse microglia %' (G), identified as significantly enriched in MGO activated microglia
(H), associated with lipid droplet formation 6 (1), and depicting the expression of
granulin genes in different conditions (J). Dot color, mean expression; dot size, fraction
of cells.

Fig. 2: Granulins are necessary and sufficient to limit prolonged microglial
activation at injury sites

(A) Representative images of 4C4 (red) and Plin3 (cyan) immunoreactivity in intact
parenchyma and at injury sites in Wt and Grn-deficient brains. Scale bars, 20 um.

(B, C) Dot plots depicting the total number of Plin3* droplets (B) and number of Plin3*
droplets within 4C4* microglia (C) at injury sites in Wt and Grn-deficient brains. Data
are shown as mean + SEM. Each point represents one animal. Significance was
calculated with ordinary two-way ANOVA, and post-hoc Tukey test was used for
multiple comparison. *p < 0.05, **p < 0.01.

(D) Dot plot depicting the expression of genes associated with lipid droplet formation
46 in Wt and Grn-deficient microglia. Dot color, mean expression; dot size, fraction of
cells.

(E) Heatmaps depicting triacylglycerols (TAGs) and diacylglycerols (DAGs) content in
intact and injured Wt and Grn-deficient telencephali (7 dpi). Scale bar, z-score.

(F) Experimental paradigm of intraparenchymal recombinant progranulin (PGRN)
injections in the adult Grn-deficient zebrafish.
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(G) Representative images of 4C4 (red) and Plin3 (cyan) immunoreactivity at injury
sites in vehicle- and PGRN-injected Grn-deficient animals. Scale bars, 100 um or 20
um (magnifications).

(H, 1) Dot plots showing the number of total Plin3* droplets (H) and Plin3* droplets
within 4C4* microglia () at injury sites of Wt, Grn-deficient and mPGRN-injected Grn-
deficient animals at 7 dpi. Data are shown as mean + SEM. Each point represents
one animal. Significance was calculated with ordinary one-way ANOVA, and post-hoc
Tukey test was used for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 3: Granulin deficiency-induced neuroinflammation prolongs glial reactivity
at injury sites and impairs restorative neurogenesis

(A) Representative images of 4C4 (red) and Sox10 (cyan) immunoreactivity of injured
Wt and Grn-deficient telencephalic hemispheres at different time points (3, 7 and 21
dpi). Boxed areas representing injury site are magnified. Scale bars, 100 um or 20 um
(magnifications).

(B) Dot plot depicting the number of Sox10* cells at injury sites in Wt and Grn-deficient
animals. Data are shown as mean + SEM. Each point represents one animal.
Significance was calculated with ordinary two-way ANOVA, and post-hoc Tukey test
was used for multiple comparison. *p < 0.05, **p < 0.01.

(C) Scheme depicting the experimental timeline of methanol/dexamethasone
manipulations in the adult Grn-deficient brain.

(D) Representative images of 4C4 (red) and Sox10 (cyan) of
methanol/dexamethasone-treated Grn-deficient animals at 7 dpi. Scale bars, 100 um
or 20 um (magnifications).

(E) Dot plot depicting the number of Sox10" cells injury sites in
methanol/dexamethasone-treated Grn-deficient animals at 7 dpi. Data are shown as
mean + SEM. Each point represents one animal. Significance was calculated with
unpaired Student’s t-test. *p < 0.05, **p < 0.01.

(F, G) Schemes depicting the experimental paradigm (F) and brain areas analyzed
(G) to assess restorative neurogenesis in Wt and Grn-deficient animals.

(H) Representative images and orthogonal projections of HUC/D (green) and BrdU
(magenta) immunoreactivity in the telencephalic parenchyma of Wt and Grn-deficient
animals. Boxed areas are magnified. Scale bars, 100 um or 20 um (magnifications).
(1) Dot plot depicting the number of HuC/D*BrdU* cells in the telencephalic
parenchyma of Wt and Grn-deficient animals. Data are shown as mean + SEM. Each
point represents one animal. Significance was calculated with unpaired Student’s T-
test. *p < 0.05, **p < 0.01.

Fig. 4: Activated microglia fail to transition back to the homeostatic state in the
Grn-deficient injured CNS

(A) UMAP plot depicting subclustering of merged Wt and Grn-deficient microglial cells
isolated from intact and injured (3 dpi and 7 dpi) telencephali on the basis of their
transcriptomes. Cells are colored according to their microglial subcluster identity; each
point represents a single cell.

(B) UMAP plots depicting color-coded microglia from Wt or Grn-deficient zebrafish
telencephali (intact and injured conditions were merged). Cells are colored according
to which genotype they are isolated from; each point represents a single cell.

(C) Velocity analysis depicting microglial dynamics in response to injury in Wt and Grn-
deficient microglia. Each dot represents a single cell. Dot color, p-value; dot size,
number of genes.
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(D, E) Dot plots depicting representative GO terms enriched in the upregulated gene
set in Grn-deficient microglia compared with Wt microglia at 7 dpi (D) and enriched in
MGO cells vs MG3 cells (E). Dot color, p-value; dot size, number of genes.

(F, G) Dot plots depicting the expression of genes associated with lipid droplet
formation 46 (F) and stress related genes '?° (G). Dot color, mean expression; dot size,
fraction of cells.

Fig. 5: Clearance of extranuclear TDP-43 condensates formed through LLPS is
required for termination of microglia-driven neuroinflammation

(A) Representative images of 4C4 (magenta), Plin3 (green) and TDP-43 (cyan) Wt
and Grn-deficient injured telencephali at 3 dpi and 7 dpi. Scale bar, 20 um.

Yellow arrowheads indicate examples of extranuclear TDP-43* condensates; white
arrowheads indicate examples of nuclear TDP-43" signal.

(B) Dot plot depicting numbers of TDP-43* condensates at injury sites in Wt and Grn-
deficient animals. Data are shown as mean + SEM. Each point represents one animal.
Significance was calculated with ordinary two-way ANOVA, and post-hoc Tukey test
was used for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
(C) Scheme of experimental paradigm of intraparenchymal injections of vehicle/TDP-
43 (uncleaved)/phase-separated TDP-43 (cleaved) in Wt zebrafish.

(D) Schematic representation of TDP-43 (containing MBP tag) and phase-separated
TDP-43 (MBP tag cleaved off).

(E) Representative images of 4C4 (magenta) and Plin3 (green) in Wt injured (7 dpi)
telencephali injected with vehicle, TDP-43 or phase-separated TDP-43 proteins. Scale
bar, 20 um.

(F, G) Dot plots depicting total numbers of Plin3* droplets (F) and numbers of Plin3*
droplets within 4C4* microglia (G) at injury sites in vehicle/TDP-43-injected Wt
animals. Data are shown as mean + SEM. Each point represents one animal.
Significance was calculated with ordinary one-way ANOVA, and post-hoc Tukey test
was used for multiple comparison. *p < 0.05, **p < 0.01.

Fig. 6: Prevention of excessive LLPS-mediated formation of SGs is sufficient to
terminate prolonged neuroinflammation in Grn-deficient animals

(A) Scheme of experimental timeline of lipoamide/DMSO administration in injured Grn-
deficient animals.

(B) Representative images of 4C4 (magenta), TDP-43 (cyan) and PIlin3 (green) in
injured (7 dpi) Grn-deficient animals treated with DMSO/lipoamide. Scale bar, 20 um.
(C, D) Dot plots depicting the total number of TDP-43* condensates (C) and the
number of Plin3* droplets within 4C4* microglia (D) at injury sites at 7 dpi in Wt, Grn-
deficient and lipoamide-treated Grn-deficient animals. Data are shown as mean
+ SEM. Each point represents one animal. Significance was calculated with ordinary
one-way ANOVA, and post-hoc Tukey test was used for multiple comparison. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(E) UMAP plot depicting subclustering of merged Wt and Grn-deficient (including
lipoamide-treated cells) microglial cells isolated from intact and injured (3 dpi and 7
dpi) telencephali on the basis of their transcriptomes. Cells are colored according to
their microglial subcluster identity; each point represents a single cell.

(F) UMAP plot depicting color coded microglia from lipoamide-treated Grn-deficient
zebrafish telencephali (for lipoamide-treated microglia, only 7 dpi was included). Cells
are colored according to which condition and genotype they are isolated from; each
point represents a single cell.
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(G) Abundance of microglial subclusters (from Fig. 6E) in different conditions:
untreated Grn-deficient (top) and lipoamide-treated Grn-deficient microglia (bottom) at
7 dpi.

(H) Dot plot depicting representative GO terms enriched in the downregulated gene
set of lipoamide-treated Grn-deficient microglia at 7 dpi (compared with untreated Grn-
deficient microglia at the same time point). GO Terms include Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, Molecular Function (MF)- and Cellular
Component (CC)-related terms. Dot color, p-value; dot size, number of genes.

(1, J) Dot plots depicting the expression of genes associated with lipid droplet formation
46 (1) and stress-related genes '?° (J) in untreated Grn-deficient and lipoamide-treated
Grn-deficient microglia at 7 dpi. Dot color, mean expression; dot size, fraction of cells.

Fig. 7: Stroke induces lipid droplet and SG formation in the human brain

(A, B) Representative images of IBA1, PLIN3, TDP-43 and G3BP immunoreactivity in
healthy area distant from stroke area (A) and penumbra area (B) from post-mortem
human brain tissues obtained from patients with ischemic stroke. Scale bar, 200 um
or 20 um (magnifications).

Extended Data Figures

Extended Data Fig. 1: Extended scRNA-seq analysis of Wt cells

(A) UMAP plot depicting color-coded cellular clusters identified on the basis of the
single-cell transcriptome analysis of cells isolated from intact and injured (3 and 7 dpi)
Wt zebrafish telencephali. Cells are colored according to their cell type identity; each
point represents a single cell.

(B) Injury response kinetics of indicated cell types relative to intact condition.

(C) UMAP plots depicting color-coded Wt conditions (intact, 3 dpi, 7 dpi). Cells are
colored according to the condition they are isolated from; each point represents a
single cell.

(D) UMAP plots depicting characteristic cell-type marker gene expression (identifying
microglial, radial glial, oligodendroglial and neuronal clusters) in single cells isolated
from intact and injured (3 and 7 dpi) Wt telencephali. Scale, normalized expression
level; each point represents a single cell.

(E) Table depicting the number of differentially upregulated genes in specific condition
in microglia isolated from Wt telencephali.

(F-G) Dot plots depicting the expression of genes associated with lipid droplet
formation in different conditions (Marschallinger et al., 2020) (F) and expression of
granulin genes in different microglial subclusters (G). Dot color, mean expression; dot
size, fraction of cells.

Extended Data Fig. 2: Lipid composition of Wt and Grn-deficient telencephali
(A) Representative images of 4C4 (red) and PIlin3 (cyan) immunoreactivity with
orthogonal projections at injury sites in Wt and Grn-deficient brains displaying
colocalization of Plin3™ lipid droplets with 4C4* microglial cells. Scale bars, 20 um.
(B) Dot plot showing the proportion of Plin3*4C4* double-positive lipid droplets among
total Plin3* droplets at injury sites in Wt and Grn-deficient brains. Data are shown as
mean * SEM. Each point represents one animal. Significance was calculated with
ordinary two-way ANOVA, and post-hoc Tukey test was used for multiple comparison.
(C) Representative images of 4C4 (red) and BODIPY (cyan) reactivity at injury sites
in Wt and Grn-deficient brains. Scale bars, 20 um.
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(D) Heatmaps depicting phosphatidylcholine (PC), cholesteryl ester (CE) and
phosphatidylethanolamine (PE) content in intact and injured (7 dpi) Wt and Grn-
deficient telencephali. Scale bar, z-score.

Extended Data Fig. 3: Extended characterization of wound healing progression
in Wt and Grn-deficient CNS

(A) Representative images of 4C4 (red) and Sox10 (cyan) immunoreactivity in intact
Wt and Grn-deficient telencephalic hemispheres. Boxed areas are magnified. Scale
bars, 100 um or 20 ym (magnifications).

(B) Dot plot depicting the number of Sox10™* cells in intact Wt and Grn-deficient brains.
Data are shown as mean + SEM. Each point represents one animal. Significance was
calculated using Student’s t-test.

(C) Representative images of DAPI (white) labelling in intact and injured (3 and 7 dpi)
Wt and Grn-deficient telencephali. Scale bars, 100 pym.

(D) Scheme depicting the experimental timeline of dexamethasone/methanol
manipulations in the adult Grn-deficient brain at 3 dpi.

(E) Representative images of 4C4 (red) and Sox10 (cyan) of
methanol/dexamethasone-treated Grn-deficient animals at 3 dpi. Scale bars, 100 ym
or 20 um (magnifications).

(F) Dot plot depicting the number of Sox10" cells at injury sites in
methanol/dexamethasone-treated Grn-deficient animals at 3 dpi. Data are shown as
mean + SEM. Each point represents one animal. Significance was calculated using
Student’s t-test.

Extended Data Fig. 4: Extended scRNA-seq analysis of Wt and Grn-deficient
cells

(A) UMAP plot depicting color-coded cellular clusters identified on the basis of the
single-cell transcriptome analysis of cells, isolated from intact and injured (3 and 7 dpi)
Wt and Grn-deficient zebrafish telencephali. Cells are colored according to their cell
type identity; each point represents a single cell.

(B) UMAP plots depicting color-coded intact and injured (3 and 7 dpi) conditions from
Wt and Grn-deficient zebrafish telencephali. Cells are colored according to the
condition they are isolated from; each point represents a single cell.

(C) UMAP plots depicting characteristic cell-type marker gene expression (identifying
microglial, radial glial, oligodendroglial and neuronal clusters) in single cells isolated
from intact and injured (3 and 7 dpi) Wt and Grn-deficient zebrafish telencephali.
Scale, normalized expression level; each point represents a single cell.

(D) UMAP plot depicting subclustering of Wt and Grn-deficient microglial cells in intact
an injured telencephali based on their transcriptome. Cells are colored according to
their microglial subcluster identity; each point represents a single cell. (Same as Fig.
4A).

(E) Abundance of microglial subclusters (from Fig. S4D) from different Wt and Grn-
deficient conditions: intact (left), 3 dpi (middle) and 7 dpi (right).

(F) Similarity matrix depicting correlation between Wt-only microglial subclusters (from
Fig. 1) and merged (Wt and Grn-deficient) microglial subclusters (from Fig. 4). Scale
bar, similarity index.

(G) UMAP plots depicting the cell identity of Wt microglia to correlate Wt-only
microglial subclusters (from Fig. 1) and merged (Wt and Grn-deficient) microglial
subclusters (from Fig. 4).
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Extended Data Fig. 5: Characterization of TDP-43* condensate formation and
clearance in response to brain injury

(A) Representative images of HUC/D (magenta) and TDP-43 (cyan) immunoreactivity
in intact zebrafish telencephalon. Scale bar, 100 ym or 20 ym (magnifications).

(B) Representative images of 4C4 (magenta) and TDP-43 (cyan) immunoreactivity
with orthogonal projections at injury sites of Wt and Grn-deficient brains displaying
colocalization of TDP-43* condensates with 4C4* microglial cells. Scale bar, 20 ym.
(C) Experimental paradigm of the intraparenchymal recombinant progranulin (PGRN)
injections in the adult Grn-deficient zebrafish.

(D) Representative images of 4C4 (magenta) and TDP-43 (cyan) immunoreactivity at
injury sites of vehicle- and PGRN-injected Grn-deficient animals. Scale bars, 100 um
or 20 um (magnifications).

(E) Dot plot depicting the numbers of TDP-43" condensates at injury sites of Wt, Grn-
deficient and PGRN-injected Grn-deficient animals at 7 dpi. Data are shown as mean
+ SEM. Each point represents one animal. Significance was calculated with ordinary
one-way ANOVA, and post-hoc Tukey test was used for multiple comparison. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Extended Data Fig. 6: Specificity of phase-separated TDP-43 overload in
promoting persistent neuroinflammation

(A) Scheme depicting the experimental paradigm of intraparenchymal injections of
vehicle/uncleaved/cleaved TDP-43 and FUS in Wt zebrafish.

(B) Coomassie blue-stained SDS-PAGE gel of different intraparenchymal injection
solutions: vehicle (buffer + TEV), TDP-43 (uncleaved) and phase-separated TDP-43
(cleaved).

(C) Representative bright field microscopy images of phase-separated TDP-43
(cleaved) and unseparated TDP-43 (uncleaved). Scale bar, 50 ym or 25 pum
(magnifications).

(D) Representative images of 4C4 (magenta) and TDP-43 (cyan) in injured (7 dpi) Wt
telencephali injected with TDP-43 (uncleaved) or phase-separated (cleaved) TDP-43.
Scale bar, 20 ym.

(E) Dot plot depicting the total number of TDP-43* condensates at injury sites in
vehicle-, TDP-43- and phase-separated TDP-43-injected Wt animals at 7 dpi. Data are
shown as mean + SEM. Each point represents one animal. Significance was
calculated with ordinary one-way ANOVA, and post-hoc Tukey test was used for
multiple comparison. *p < 0.05, **p < 0.01.

(F) Dot plot depicting the expression of tardbp and tardbpl genes in microglia in
different Wt conditions. Dot color, mean expression; dot size, fraction of cells.

(G) Schematic representation of FUS (containing MBP tag) and phase-separated
(MBP tag cleaved off) FUS proteins.

(H) Representative images of 4C4 (magenta) and Plin3 (green) in Wt injured (7 dpi)
telencephali injected with FUS (uncleaved) or phase-separated (cleaved) FUS. Scale
bar, 20 uym.

(1-J) Dot plots depicting the total numbers of Plin3* lipid droplets (I) and numbers of
Plin3* lipid droplets within 4C4* microglia (J) at injury sites in vehicle/FUS-injected
Wt animals. Data are shown as mean = SEM. Each point represents one animal.
Significance was calculated with ordinary one-way ANOVA, and post-hoc Tukey test
was used for multiple comparison.
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Aim of the study IV

The aim of the study is to investigate:

The functional role of innate immunity in a model of telencephalic injury

characterized by prolonged glial cell accumulation and neuroinflammation.

Activation of innate immune pathways after brain injury
promotes scar formation and impairs tissue recovery

Rosario Sanchez-Gonzalez, Christina Koupourtidou, Tjasa Lepko,

Alessandro Zambusi, Klara Tereza Novoselec, Tamara Durovic, Sven
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Huttner, Martin Irmler, Johannes Beckers, Wolfgang Wurst, Andreas
Zwergal, Tamas Schauer, Tobias Straub, Tim Czopka, Dietrich Trimbach,
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Summary

Scar formation is a major hindrance to central nervous system recovery after traumatic injury
with glial cells as a key player. Here, we used the regenerative potential of zebrafish
telencephalon to identify specific molecular and cellular mechanisms regulating glial scar
formation. We demonstrated that the influx of the cerebrospinal fluid into the brain parenchyma
after injury simultaneously activates toll-like receptor 2 (TIr2) and the chemokine receptor 3
(Cxcr3) innate immunity pathways, leading to the initiation of a glial scar. These pathways
were critical for scarring even after ablation of microglia and infiltrating monocytes. Our data
support a specific role for the injury-induced TIrl/2 and Cxcr3 signaling pathways in
controlling the proliferation of oligodendrocyte progenitors and thereby exacerbated glial
reactivity, contributing to scar formation. Interference with the Tlr1/2 and Cxcr3 pathways after
injury alleviated glial scar formation, increased new neuron recruitment and improved tissue

restoration.
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Introduction

The ability to heal the wound and re-establish tissue function is critical after a traumatic
injury. Wound closure in the mammalian central nervous system (CNS) is often accompanied
by the formation of non-functional tissue known as glial scar'. Glial cells play a critical role
during the wound healing and scarring response. Initial glial activation is essential for wound
closure and restoration of the normal brain milieu*®. However, long-term effects include
aversive extracellular matrix modifications and exacerbated inflammation’®. Broad
interference with initial glial activation after mammalian CNS injuries hampers the
regenerative response in both brain'® and spinal cord”!!. Therefore, there is a need to identify
pathways that specifically lead to prolonged glial activation, scar formation and restricted
regeneration.

In contrast to mammals, zebrafish have mechanisms to restore brain tissue after

inserting a capillary through the nostrils®'*!8

, and to functionally recover spinal cord circuitry
after full or partial trans-section'>!3. Functional recovery in the zebrafish CNS correlates with
the capacity to regulate the neuroinflammatory landscape and induce the restorative
neurogenesis (neuronal replacement) from endogenous sources'*. The basis for neuronal
replacement resides in the injury-induced activation of neural stem cell-like ependymoglial
cells'®. The initial microglial reaction to injury activates developmental and/or injury-specific
regulatory pathways in ependymoglial cells'”, regulating the timely production of new neurons
necessary for tissue recovery!®. Interference with the crosstalk between microglia and
ependymoglial cells or with timely resolution of neuroinflammation, leads to aberrant
neurogenesis and neuronal cell death, similar to observations in the mammalian brain'®!7-2,
Although several regulatory mechanisms mediating the crosstalk between immune and
ependymoglial cells have been identified!, little is known about the mechanisms that restrict
the initial phase of neuroinflammation, introducing a permissive time window for the
integration of new neurons.

The induction of the glial scar has been associated with activation of particular glial
cell types such as astrocytes, oligodendrocyte progenitors (OPCs) and pericytes®. The absence
of protoplasmic astrocytes has been proposed as a possible reason for scarless regeneration in
the zebrafish brain®. However, recent studies suggest that the scarring process is defined by a
specific, temporarily regulated inflammatory signature, rather than by the cellular milieu

present prior to injury®!. Indeed, the zebrafish telencephalon exhibits different regenerative

outcomes depending on the injury paradigm. While injuries performed rostro-caudally through
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the nostrils regenerate in a scarless manner as described above!*!%-?2

, injuries along the dorso-
ventral axis induce exacerbated and prolonged reaction of oligodendroglia and microglia
around the injury site?*. These two injury paradigms offer an ideal comparative model by which
to identify specific scarring pathways using identical starting cellular milieus in the zebrafish
telencephalon. Moreover, the comparison between permissive and detrimental injury-induced
environment might shed light on the mechanisms regulating tissue restoration and neuronal
integration.

We applied a comparative analysis of scarless versus scarring zebrafish forebrain tissue
to identify novel molecular mechanisms regulating the tight balance between wound closure
and formation of scar tissue. We identified toll-like receptor 2 (T1r2) and chemokine receptor
3 (Cxcr3) innate immune pathways as key regulators of glial scar formation. Interference with
these signaling pathways after injury not only alleviated glial scar formation but also improved
wound healing and restorative neurogenesis. We also showed that prolonged exposure of
activated glial cells to cerebrospinal fluid content activated TIr2/Cxcr3 signaling and in turn
triggered the scarring process. Taken together, we identified signaling pathways and the source

of their ligands leading to glial scar formation, opening a new avenue for targeting therapies.
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Results

Scarring and scarless models of zebrafish telencephalon injury differ in the Kinetics of
the glial reaction

To identify the cellular and molecular basis for scar formation, we set out to follow the
reaction of different cell types to an injury in the zebrafish telencephalon using two paradigms
in parallel, one with long-term glial reactivity (referred to as skull injury, Figure 1A) and the
other resulting in scarless regeneration (referred to as nostril injury, Figure 1B). The rupture of
the blood brain barrier (Appendix Figure S1) and the expression of damage-associated
molecules trigger the early inflammatory response that induces the recruitment of peripheral
neutrophils into the injury site, and the subsequent activation of macrophages and resident
microglia in the mammalian brain**. In zebrafish, we observed Lys" neutrophils already 12h
after both injuries in the brain parenchyma (Appendix Figure S2A, D). Interestingly, Lys™ cells
accumulated at the injury site after the nostril injury (Appendix Figure S2B), while they were
dispersed throughout the injured parenchyma after the skull injury (Appendix Figure S2D).
Moreover, Lys™ neutrophil accumulation resolved 24h after nostril injury and we could not
detect any difference 48h after injury (Appendix Figure S2C) compared to the intact brain. In
contrast, we did not observe the fast clearance of Lys" cells after skull injury (Appendix Figure
S2E).
As neutrophils regulate the activity state of microglia and extravasating macrophages and
consequently the regenerative response?*, we further analyzed both populations based on the
expression of two different immunohistochemical markers (4C4 and L-plastin) as well as the
transgenic line Tg(mpegl:mCherry)® after both injury paradigms (Appendix Figure S2F-H”"").
In the intact condition, the majority of microglia co-expressed all three markers although at the
different levels (Appendix Figure S2F-F’’"). 3 days after injury, both paradigms displayed
similar changes in the immune cell expression pattern (Appendix Figure S2G-H’’’). Most of
the labeled immune cells expressed the 4C4 marker and only a proportion of them colocalized
with L-plastin and/or with mpegl:mCherry" cells. Taken together, these data suggest that 4C4
was the broadest marker to identify the immune cell population and, therefore, we used it
further in our study. While the initial activation pattern of 4C4" cells after the skull injury was
similar to the nostril paradigm with the first signs of reactivity detectable already at 24 h after
injury (Appendix Figure S2J, L), the skull injury induced stronger reactivity and long-lasting
accumulation of 4C4" cells at the injury site (Figure 1E-M”).
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The reactivity of cells belonging to the oligodendrocyte lineage (labeled using the transgenic
lines [Tg(Olig2:GFP) or Tg(Olig2:DsRed)]*® and the immunoreactivity to Sox10%7) was
slightly delayed in comparison with those of the immune cells (Appendix Figure S2I, K).
Olig2:GFP" cells were increased at the injury site 3 days after both skull (Figure 1F, G, N) and
nostril injury (Figure 1H, I, O), although to different extents. The accumulation of Olig2:GFP*
cells, as we observed for 4C4" cells, was rapidly resolved and returned to pre-injury conditions
within 7 days after the nostril injury (Figure 1L-M’, O), in agreement with previous reports of
scarless regeneration in the adult zebrafish telencephalon'*!>?2, In contrast, the density of
Olig2:GFP" cells further increased in the skull injury paradigm (Figures 1J-K’, N). We
analyzed coronal brain sections depicting the skull injury in its full extent, but only part of the
nostril injury. Therefore, the accumulation of both 4C4" and Olig2:GFP" cells observed
exclusively after skull injury could be a consequence of a bias in the analysis. To exclude any
technical bias, the number of Olig2:GFP" cells accumulating at the nostril injury site was also
analyzed in sagittal sections depicting the full extent of the nostril injury (Appendix Figure
S3A-D). No statistical differences compared to the analysis of coronal sections were observed
at any of the analyzed time points (Appendix Figure S3E). Moreover, injury sites were
analyzed in BABB-cleared brains. While we could observe a clear accumulation of Sox10* and
4C4" cells 3 days after nostril injury, 7 days after injury Sox10" and 4C4" cells showed
distributions that were indistinguishable from samples of intact brains (Movies EV1-3).

14,28-30

The zebrafish telencephalon does not contain protoplasmic astrocytes , and the classical

astrocytic markers are expressed by GFAP" ependymoglial populations, resident neural stem

cells?®%

and radial glia-like astrocytes®!. So next, we used the Tg(gfap: GFP) transgenic line’?
to label and characterize the reactivity of ependymoglial cells after both types of injury.
Gfap:GFP" cell bodies line up at the ventricular wall of the brain surface with processes
reaching basement membrane (Appendix Figure S4A); therefore, after a nostril injury, only
some processes of ependymoglia, located in the deep parenchyma were wounded (Appendix
Figure S4B, C). Importantly, no sign of damage was observed at 7 days after nostril injury
(Appendix Figure S4F). On the other hand, upon skull injury, the ependymoglial cell layer was
disrupted, opening the telencephalic ventricle to the parenchyma (Appendix Figure S4D, E).
The ependymoglia cell layer was restored 7 days after skull injury (Appendix Figure S4G).
However, we still observed hypertrophic processes and misplaced Gfap:GFP™ cells at the injury
site (Appendix Figure S4H). The delay in tissue restoration observed after skull injury was

accompanied by the reorganization of the extracellular matrix (ECM) as early as 1 day after

the skull injury (Figure 1P) that was still detectable after 7 days (Figure 1Q).
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The accumulation of Olig2:GFP" and immune 4C4" cells is resolved by 28 days after the skull
injury (Figure 1R), resembling the behavior of OPCs and microglia in the injured mammalian
cerebral cortex, where a permanent scar persists**>4. However, even after the accumulation of
Olig2:GFP" and immune 4C4" cells was resolved, the tissue architecture was not fully restored,
based on the Gfap:GFP" ependymoglial cell morphology. To assess the ependymoglial
morphology, we labelled ependymoglial cells by electroporation of the TdTomatomem
plasmid both after nostril and skull injury and analyzed their morphology and localization 28
dpi. In line with previous reports*!#, the nostril injury did not change the morphology or the
localization of ependymoglial cells compared to the intact brain. As in the intact brain, we
found ependymoglial cell bodies lining up at the telencephalic ventricular wall with processes
mostly spanning the brain parenchyma and anchoring at the basement membrane 28 dpi (Figure
IT, T’). However, after skull injury several of the labelled ependymoglial cells had bushy
morphology and did not reach the basement membrane (Figure 1S; Movie EV4).

These data demonstrate, for the first time, a prolonged glial accumulation associated
with long-term changes and impaired tissue restoration in the teleost fish brain, recapitulating

the typical scarring wound closure in mammalian brain.

Activation of innate immunity pathways induces gliosis after injury in the zebrafish
telencephalon

In view of the above findings, comparing the transcriptome following nostril versus
skull injury offers a unique opportunity to disentangle the specific molecular programs
inducing exacerbated glial reactivity from the beneficial pathways activating scarless wound
healing. We reasoned that some signaling pathways activated after skull injury, but not after
nostril injury, could account for the prolonged glial accumulation and the absence of full tissue
restoration at the injury site. Therefore, we analyzed the gene expression during regeneration
(1, 2, 3, and 7 dpi) after nostril or skull brain injury in the telencephalon, using the Affymetrix
Zebrafish Gene ST 1.0 array (Figure 2A). Both types of injuries initially induced comparable
transcriptome changes, as reflected by a similar number of significantly regulated genes (fold
change >1.6, p < 0.05) and a large overlap in significantly overrepresented Gene Ontology
(GO) terms (based on DAVID analysis, fold enrichment >2; p < 0.01) at 1 and 2 dpi (Figure
2B). However, we observed a striking difference in the number of regulated GO terms after
nostril and skull injury at 3 dpi (Figure 2B), with 1012 transcripts regulated after a skull but
not nostril injury (Figure 2C). Interestingly, this large number of uniquely regulated genes at 3

dpi correlates with differences in the reaction of Olig2:GFP" cells and immune cells between
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the two injury paradigms (Figure 1IN, O), supporting the idea that understanding these
transcriptional differences could identify scarring specific programs. To further validate the
applicability of this approach we analyzed the differential expression of genes involved in the
ECM modifications, as the specific ECM changes could be associated with the scar formation®.
Towards this end, we selected genes related to the GO terms “Extracellular matrix”
(GO _0031012) and “Extracellular region” (GO_0005576) and analyzed their expression at 3
days post skull and nostril injury. Among all the regulated ECM-related transcripts (131), 69
of them were exclusively regulated after the skull injury (Figure 2D). These transcripts were
overrepresented in GO terms related to the immune response, regulation of immune system
process and proteolysis (Figure 2E), processes implicated in tissue scarring. Moreover, some
of these genes encoded for factors reported to regulate either glial reactivity (Ptpn6, Cst B,
Clqa, Clgb, Mmp9, Fga)*¢° or fibrotic scar formation*'* (Figure 2F). Because the two types
of injuries show different kinetics in cellular response, some genes could still be differentially
regulated at different time points after nostril injury. Therefore, we filtered out from the 1012
transcript set (Figure 2C) all transcripts regulated after nostril injury at any analyzed time point.
We identified 812 transcripts regulated 3 days after skull injury but not at any time point after
nostril injury (Figure 2G). Most of the GO terms significantly enriched in this gene set (2-fold
enrichment and p < 0.01) were related to metabolism, immune, and innate immune response
(Figure 2H). In particular, we observed upregulation of genes indicative of activation of the
Toll-like receptor, Tlr, (mxc, mxe, irf7, irf2)***® and chemokine family 11 (cxcll1.1, cxclll.5,
cxcll l.6like, and cxcl13)* mediated innate immune response, at 3 days after skull injury
(Figure 2I). Innate immunity orchestrates the initial events of wound healing after skin’,
heart®!, and CNS>? injury, and its regulation determines the extent of tissue restoration®.
Therefore, we set out to address whether activation of either Tlr- or Cxcll1 family-mediated
innate immunity leads to induction of exacerbated glial reactivity in the zebrafish
telencephalon. We first activated the Tlr-mediated innate immune response by ventricular
injection of zymosan A microparticles®® and investigated the glial response after nostril
(scarless) injury (Figure 2J). Indeed, zymosan A treatment induced an exacerbated
accumulation of both 4C4" and Olig2:GFP" cells at the injury site (Figure 2K-M’, Q) 5 dpi
after nostril injury compared with the vehicle (artificial cerebrospinal fluid, aCSF) treatment,
turning the scarless regeneration into prolonged and exacerbated activation of glial cells at the
injury site. Toll-like receptor 2 (TIr2) mediates the sterile inflammation induced by zymosan

46,55

A in other systems™°, and TIr2 is expressed in the intact as well as the injured zebrafish

telencephalon (EV 1A). Therefore, we tested whether interfering with TIrl/2 pathway
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activation using a Tlr1/2-specific competitive inhibitor (CU CPT22) would abolish the capacity
of zymosan A to induce a prolonged glial reaction after nostril injury (EV 1B). Indeed,
interference with activation of the TIr1/2 pathways prevented accumulation of Olig2:GFP*
cells at the injury site after zymosan A injection (EV 1C-G), suggesting that activation of TIr2
is sufficient to induce the accumulation of Olig2:GFP" cells and immune cells at the injury site.
Similar to Tlr2-induced innate immunity, we set out to test whether the Cxcll1 family has a
role in prolonged glial activation, in line with induction of these ligands exclusively after skull
injury. As up-regulated Cxcl11-family ligands (Figure 2I) signal through the same chemokine
receptor, Cxcr3°°, we analyzed the ability of a specific Cxcr3 agonist (VUF 11222°7) to induce
glial accumulation in the scarless injury paradigm (Figure 2N). Similar to the reactivity
observed upon TIr2 pathway activation (Figures 2K-M’, Q), treatment with the Cxcr3 agonist
was sufficient to trigger exacerbated 4C4" and Olig2:GFP" cell accumulation at the injury site
at 5 dpi (Figures 20-Q).

Taken together, our data suggest that activation of either Tlr2 or Cxcr3 is sufficient to

induce exacerbated glial reactivity after injury.

TIr1/2 and Cxcr3 pathways cooperatively control glial scar formation after injury in the
zebrafish telencephalon

Because activation of either Tlr2 or Cxcr3 signaling induced prolonged glial reactivity
in the nostril injury and transcriptome analysis demonstrated activation of both pathways
exclusively after skull injury, we asked whether interference with these pathways would block
prolonged glial reactivity after skull injury. We inhibited the activation of the two signaling
pathways by using specific inhibitors: CU CPT22 for the Tlr1/2® pathway and NBI-74330 for
the Cxcr3*® pathway (Figure 3A). Strikingly, interference with the TlIr1/2 pathway did not
change accumulation of Olig2:GFP" cells after skull injury (Figure 3A-C, F), despite a
significant reduction of area covered by 4C4" immune cells (EV 2A-C, F). Similarly, inhibition
of the Cxcr3 pathway did not affect accumulation of either 4C4" or Olig2:GFP" cells (Figure
3D, F and EV 2D, F). The fact that inhibition of either Tlr1/2 or Cxcr3 did not abolish
Olig2:GFP" glia accumulation after skull injury, despite their ability to induce prolonged
reactivity after nostril injury, suggested that the two signaling pathways might be functionally
redundant in controlling glial reactivity. To assess their redundancy, we simultaneously
inhibited TIr1/2 and Cxcr3 pathways with respective inhibitors after skull injury (Figure 3A).
Indeed, we observed a significant decrease in the number of Olig2:GFP* cells accumulating at

the injury site by 4 dpi in inhibitor-treated animals compared to controls (Figure 3E, F).
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Moreover, Sox10" cells, representing oligodendrocyte lineage cells®®, showed a similar
reduction, supporting the idea that the effect of inhibitors on the oligodendrocyte lineage was
mainly in regulating their accumulation at the injury site, rather than affecting Olig2-driven
expression of GFP (Figure 3B-E). In addition, the area covered by 4C4°
microglia/macrophages was significantly reduced after inhibitor treatment (EV 2E, F). A
reduction in glial reactivity was also observed after Tlr1/2 inhibitor treatment (CU CPT22)
combined with a different Cxcr3 inhibitor (AMG-487%) (EV 2G-J). Thus, the possibility of
this phenotype being induced by off-target effects of our pharmacological treatment is rather
low. These effects of the inhibitor cocktail on alleviating Olig2:GFP" glia and microglia
accumulation persisted also at later time points as no sign of Olig2:GFP" cell accumulation
was detectable following the inhibitor treatment 7 dpi in the skull injury paradigm (Figure 3G-
J).

The reduction in the number of reactive glial cells accumulating at the injury site after
inhibitor treatment suggests a role of these pathways in the initial induction of exacerbated
gliosis, their maintenance at the injury site, or both. To further disentangle the role of Tlr1/2
and Cxcr3 signaling in prolonged glial activation, we pharmacologically blocked both
pathways after the initial accumulation of Olig2:GFP" cells at 4 dpi (Figure 3K). Once glial
cells had accumulated at the injury site (4 dpi), interference with activation of both pathways
failed to resolve the accumulation of Olig2 " cells 7 dpi (Figure 3L, M), in strong contrast to the
improvement observed in the early inhibition protocol (Figure 3G, J). Taken together, these
data support the role of TIr1/2 and Cxcr3 signaling during the initial phase of glial activation
and accumulation. The extent of the glial scar is defined by the initial neuroinflammatory
reaction, in line with recent findings in the mammalian cerebral cortex3*.

Because immunohistochemical analysis showed a similar initial accumulation of glial cells in
the injury site at 3 dpi following nostril and skull injury (Figure IN, O), we asked whether
interference with Tlr1/2 and Cxcr3 signaling could alter the initial accumulation of Olig2: GFP*
cells in the scarless injury paradigm. To address this question, we treated nostril-injured
animals with TIr1/2 and Cxcr3 inhibitors and assessed accumulation of Olig2:GFP" cells at the
injury site (EV 2K). We observed similar initial accumulation of Olig2:GFP™ at the injury site
in untreated and vehicle-treated animals (EV 2L-L', N). Importantly, double-inhibitor treatment
did not interfere with this initial accumulation of Olig2:GFP" cells (EV 2M-N), in agreement
with the absence of the transcriptional signature indicative of skull injury-induced innate
immunity activation after the nostril injury. Next, we analyzed the integrity of the blood brain

barrier (BBB) to validate that the lack of effect observed uponTIlrl/2 and Cxcr3 inhibitor

10
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treatment after the nostril injury was not due to restricted BBB permeability. We used
cadaverine as an indicator for BBB leakage and the absence of the cadaverine in the blood
vessels labelled by F1i1:GFP line indicates the BBB leakage. The BBB was restored 4-7 dpi in
the case of the nostril injury and at 7 dpi after the skull injury, later than any of our treatments
(Appendix Figure S1). In conclusion, these data validated our hypothesis that the scarless
response and exacerbated gliosis wound closure rely largely on different molecular
mechanisms.

The simultaneous activation of Tlr1/2 and Cxcr3 during the wound healing period is
sufficient and necessary to induce a prolonged accumulation of both microglial and

Olig2:GFP" cells at the injury site, leading to exacerbated glial reaction.

Reduction in glial accumulation correlates with better tissue recovery

The reduction in the exacerbated accumulation of Olig2:GFP" and microglia after
double-inhibitor treatment following skull injury prompted us to investigate the effect of
prolonged injury-induced gliosis on brain regeneration by measuring the volume of the injured
tissue (Figure 4A, B). We observed a significant reduction in the size of the injured tissue 7 dpi
after double-inhibitor treatment compared with vehicle treatment (Figure 4B and Movies EVS,
6). Animals treated only with the TIrl1/2 pathway inhibitor (CU CPT22), maintaining the
Olig2:GFP cell accumulation, showed no improvement in tissue recovery, as assessed by the
volume of injury (Figure 4B), despite the reduction in microglial reactivity observed at 4 dpi
(EV 2C, F). This finding supports the hypothesis that the decrease in the number of reactive
Olig2:GFP" cells at the injury site leads to improved tissue restoration.

We next tested whether the improved tissue recovery induced by the double-inhibitor
treatment was accompanied by an addition of new, adult-generated HuC/D" neurons to the
injured brain parenchyma (restorative neurogenesis). As ependymoglial cells lining the
ventricle surface increase their proliferation and generate new neurons in response to an
injury'*?>>* we used BrdU-based birth dating to determine whether the decreased glial
reactivity after double-inhibitor treatment also correlated with improved restorative
neurogenesis. To assess injury-induced neurogenesis, BrdU was added to the fish water during
the first 3 days after injury to label all cells synthesizing DNA; that is, mostly dividing
progenitors. The BrdU-incorporation phase was followed by a 4-day chase period, allowing
progenitor differentiation and correlating with the resolution of the glial scar upon inhibitor

treatment (Figure 4C). We previously showed that the majority of newly generated neurons in

the intact brain (BrdU" and HuC/D") reside in the ventricular zone (hemisphere periphery,

11



O 00 N O U B W N =

W W W W W N N N N N N N N NN R P R PR PR R R
A W N P O O 0O N O U1 B W N P O O O N O U B W N = O

Figure 4G) and display very low migratory potential®>. Therefore, we analyzed the proportion
of HuC/D" and BrdU" cells residing outside this neurogenic zone, as we observed migration of
new neurons towards this area only after injury®. Both control and inhibitor-treated animals
generated similar total numbers of new neurons (HuC/D* and BrdU") after injury (Figure 4D-
F). However, we observed a significantly increased proportion of new neurons located in the
brain parenchyma after double-inhibitor treatment (HuC/D" and BrdU" located in the
parenchyma in respect to all HuC/D" and BrdU" cells) (Figure 4G, H). As we did not observe
any difference in the total number of generated neurons between control and inhibitor-treated
animals, our data exclude an effect of inhibitor treatment on injury-mediated stem cell
activation, but rather support the interpretation that the reduced gliosis contributed to the better
recruitment, survival or integration of newly generated neurons into the injured brain
parenchyma.

The reactivity of Olig2:GFP* and 4C4" cells after skull injury showed detrimental
effects associated with the harmful scar-induced environment™. These aversive effects were
alleviated by inhibition of the injury-induced Tlr1/2 and Cxcr3 pathways, suggesting that
Olig2:GFP" and 4C4" cells contribute to the development of non-functional scarring tissue in

zebrafish and that the Tlr1/2 and Cxcr3 pathways play a pivotal role in scar formation.

Microglial depletion does not alter innate immunity regulated glial scar formation
Simultaneous inhibition of Tlr1/2 and Cxcr3 improved tissue regeneration. However,
decreasing only 4C4" cell reactivity with the Tlr1/2 inhibitor without changing Olig2:GFP* cell
accumulation showed no beneficial effect on infarct tissue volume (Figure 4B). These data
suggest that microglia might be unnecessary for scarring response regulated by the Tlr1/2 and
Cxcr3 signaling pathways. To directly assess this hypothesis, we analyzed the glial scar
response in zebrafish brains depleted of microglia. A combination of Clodrosome and a Ccr2
inhibitor prior to skull injury depleted 95% of 4C4" cells (microglia and infiltrating monocytes,
EV 3C-F). The 4C4-free condition was then maintained by continuously blocking monocyte
extravasation through Ccr2 inhibitor (EV 3G-I). Microglial depletion did not alter Olig2:GFP*
cell accumulation at 4 days after skull injury compared with the control Encapsome treatment
(Figure 41, J, L and EV 3J, K). Importantly, inhibition of TIr1/2 and Cxcr3 successfully blocked
scar formation in microglia/monocyte-depleted brains (Figure 4K, L). Consistent with this, our
expression analysis of FACS-purified Olig2:DsRed" cells (labeling the same oligodendroglia
population as Olig2:GFP") showed that they express Cxcr3 (Cxcr3.2 and Cxcr3.3) and Tlr2
(TIr18) isoforms in both intact and injured brains (EV 3L). Moreover, RNAscope analysis
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revealed expression of genes involved in both innate immune pathways (Cxcr3.2, TIr8b,
MYD8S8 and Mxc) in the Olig2:GFP" population after skull injury (EV 3M-R). These data
support the concept that the activation of microglia and/or invading monocytes is not necessary
for injury-induced oligodendroglial reactivity and their initial accumulation at the injury site in
zebrafish.

We next tested the effect of microglia depletion on the incorporation of new neurons at
the injury site. To this end, we combined the microglia/monocyte depletion protocol with the
BrdU-based neuronal birth dating used previously (Figure 4M). The initial depletion of injury-
activated microglia did not alter incorporation of new neurons (Figure 4N-O’) compared with
untreated control animals (compare Veh in Figure 4H and 4R), supporting the hypothesis that
the activated microglia is not the only population contributing to the adverse environment
restricting new neuron recruitment. Importantly, the inhibition of the TIr1/2 and Cxcr3
pathways in immune cell-depleted brains still improved the integration of new neurons (Figure
4M-R), similar to the beneficial effects observed in animals with an intact immune system and
further associating the beneficial effects of the inhibitor treatment with resolution of prolonged
Olig2:GFP" cell accumulations.

Taken together, our results support the hypothesis that Tlr1/2 and Cxcr3 pathways
regulate the two hallmarks of the glial scar: accumulation of Olig2:GFP" cells at the injury site

and injury-induced impairment of neuronal recruitment to the injury.

Olig2:dsRed" cells activate both innate immunity pathways and cell proliferation
transcription programs in response to an injury

Given the above data identifying the role of innate immunity pathways in accumulation
of Olig2:GFP" cells during scar formation after skull injury, we analyzed the injury-induced
transcriptomic changes in Olig2" cells acutely isolated from the injured zebrafish telencephalon
3 days after either vehicle or inhibitor treatment. The FACS-based purification of Olig2:dsRed"
cells enriched for OPCs, as we have previously demonstrated®. We observed 1649
significantly regulated transcripts in Olig2:dsRed" cells after injury in vehicle-treated brains
compared with intact brains (EV 4A). Interestingly, a minority of transcripts were
downregulated (114), suggesting that upon injury OPCs still maintain their oligodendrocyte
lineage identity and gain additional features, leading to their reactivity. The distribution of
upregulated genes in the biological pathways (Panther-based analysis) revealed activation of
FGF-, EGF-, PDGF-signaling pathways (EV 4B), which have previously been implicated in

the proliferation of OPCs%%, In line with those activated pathways, GO term analysis revealed

13



O 00 N O U B W N =

W W W W W N N N N N N N N NN R P R PR PR R R
A W N P O O 0O N O U1 B W N P O O O N O U B W N = O

enrichment of processes involved in scar formation, such as cell migration and response to
cytokines and chemokines (EV 4C). Surprisingly, most of the enriched GO terms were related
to inflammation (63% of all enriched terms, EV 4C), including the activation of innate
immunity. Importantly, genes belonging to both cytokine and toll-like receptor signaling were
upregulated in response to injury (EV 4B, C). Moreover, 45% of ECM related genes
specifically regulated at 3 days after skull injury were regulated in the Olig2:dsRed+ cell
population (EV 4D). This unbiased transcriptome analysis further corroborated our hypothesis
that cells of the oligodendrocyte lineage activate molecular pathways of the innate immune
response, including TIr2 and Cxcr3, which allows their microglia/macrophage-independent
reaction and accumulation at the injury site.

The transcriptomic changes after skull injury, supporting the activation of innate
immunity pathways directly in Olig2* cells, prompted us to further analyze the effect of the
inhibitor cocktail on gene expression in Olig2* cells isolated from injured brains. Interestingly,
the inhibitor treatment didn’t change the overall transcriptome of Olig2* cells. Approximately
80% of regulated transcripts after inhibitor treatment were also regulated in vehicle-treated
brains (Figure 5A, EV 4A, E). This suggests that the inhibitor cocktail treatment did not change
the overall transcriptome of Olig2:dsRed” cells, but rather restricted regulatory pathways
involved in long-term glial accumulation and scar formation. Importantly, both cytokine
receptor signaling and toll-like receptor signaling were no longer regulated in Olig2:dsRed”
cells after inhibitor treatment (Figure 5A, B). However, regulation of number of biological
processes linked to the immune response was still present (Source Data), supporting the
specific role of Tlr1/2- and Cxcr3-mediated immunity in scar formation. Comparison of injury-
regulated genes in Olig2" cells isolated from vehicle- and inhibitor cocktail-treated brains
identified a set of 510 genes (597 transcripts) exclusively regulated after brain injury and
vehicle treatment (Figure 5A) and, therefore, likely involved in scar formation downstream of
the TIr1/2 and Cxcr3 pathways. These genes were overrepresented in GO terms related to
proliferation and cell migration (Figure 5B, Source Data), both being biological processes at

the core of the oligodendroglial reaction to injury and glial scar formation in mammals®®¢7,

Regulation of oligodendrocyte progenitor cell proliferation by Tlr1/2 and Cxcr3
signaling

Transcriptome data support the role of Tlr1/2 and Cxcr3 signaling pathways in direct
regulation of OPC proliferation during the scarring process. Therefore, we first assessed the

proliferation of Olig2:GFP" cells during scar formation in the zebrafish telencephalon.
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Accordingly, we labeled all cells undergoing S-phase by BrdU within 5 days after the skull
injury, the time point corresponding to the scarring accumulation of oligodendroglia at the
injury site (Figure 5C). As expected, we observed accumulation of Olig2:GFP™ cells at the
injury site, indicating that the BrdU treatment did not alter the behavior of Olig2:GFP" cells.
Importantly, we observed that 45% of all Olig2:GFP" cells at the injury site were BrdU" and
hence went through at least one cell cycle during 5 days of labelling (Figure 5D-F), supporting
the concept that the Olig2:GFP" accumulation at the skull injury site was, at least in part,
achieved by increased proliferation. Considering the key role of the Olig2:GFP* cells during
the scar formation, we next analyzed if the skull injury had an impact not only on the activation
of the OPCs but also on the mature oligodendrocyte population. We made use of the transgenic
line Tg(Mbp:nls-GFP)®® and a BrdU-based birth dating protocol to identify the proportion of
the injury-activated OPCs that mature into oligodendrocytes seven days after the skull injury
(EV 4F). We did not observe a significant increase in the total number of oligodendrocytes nor
in the proportion of newly matured oligodendrocytes upon skull injury (EV 4G-K), supporting
the concept that OPCs and not mature oligodendrocytes accumulate at the injury site®’.

Next, we analyzed whether the inhibitor cocktail treatment may alter the proliferation
of Olig2:GFP" cells as the cellular basis for reduction in scar formation. As Olig2:GFP" cells
display the first signs of exacerbated reactivity 3 days after skull injury, yet without the
significant change in in total number of Olig2:GFP" cells, we analyzed the proliferation of
Olig2:GFP" cells 3 dpi after vehicle and inhibitor treatment (Figure 5G). This experiment
revealed a significant reduction in the total number of BrdU" Olig2:GFP" cells after inhibitor
cocktail treatment compared with the vehicle treatment (Figure 5H-L). To confirm the
activation of Tlr1/2 and Cxcr3 scarring pathways directly on OPCs, we made used of a murine
in vitro system that allowed us to exclude any paracrine effects. Moloney murine leukemia
virus (MLV)-based clonal analysis was performed in pure primary OPC cultures isolated from
PO mouse cerebral cortex after vehicle or double inhibitor treatment (Figure SM). OPCs were
permanently labeled with GFP expressing retrovirus and the size of clones produced by
transduced progenitors within 5 days was measured (Figure SN-P). Inhibitor treatment reduced
the GFP" clone size produced by OPCs, supporting a role of Tlr1/2 and Cxcr3 pathways in
OPC proliferation (Figure 5P).

Taken together, our data indicate a direct role of TIrl/2 and Cxcr3 pathways in
regulating Olig2® OPCs proliferation during the glial scar formation in the zebrafish

telencephalon.
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Cerebrospinal fluid induces exacerbated glial reactivity by increasing OPC proliferation

To identify the source and nature of ligands activating scarring pathways after brain
injury, we first examined the size of the skull versus nostril injury. As the volume of the skull
injury is larger than that of the nostril injury (Figure 6A), we first set out to determine whether
this is the cause of scarring. We reduced the volume of the skull injury to one-third (small skull
injury) using the same glass capillary as for the nostril injury (Figure 6B). The small skull
injury still induced strong reactivity of both 4C4" and Olig2:GFP" cells (Figure 6C, D). This
reaction was comparable to the outcome of the initial skull injury, allowing us to exclude the
size of the injury as a major determinant of differential glial reactivity to injury.

We next hypothesized that an injury-induced ligand that activates the scarring pathways
must be present only after skull injury. The telencephalic ventricle is located dorsally in the

zebrafish brain’®7!

and, therefore, is exclusively damaged during the dorso-ventrally performed
skull injury. Cerebrospinal fluid (CSF), which is confined to the ventricles, is rich in cytokines
and growth factors that maintain normal homeostasis and nurture the brain; however, direct
interaction with the brain parenchyma is restricted and regulated by the CSF—brain barrier’?.
Rupture of the ventricular barrier might allow influx of CSF-derived molecules into the brain
parenchyma, potentially explaining the activation of TIr1/2 and Cxcr3 pathways only after skull
injury. To validate the scarring potential of CSF, we injected human CSF in the nostril injury
site and analyzed glial reactivity (Figure 6E). Notably, we observed an 8-fold increase in the
number of Olig2:GFP" cells accumulating at the injury site (Figure 6F, M). However, this
dramatic effect was not observed upon administration of human plasma or heat inactivated
human CSF (Appendix Figure S5), indicating that the reactive gliosis was not due to xenograft-
induced inflammation. The extraordinary scarring potential of the CSF in the otherwise scarless
injury paradigm prompted us to investigate the cellular basis for the Olig2:GFP" cell
accumulation in response to the CSF. As the scarring response observed after a skull injury
was achieved, at least in part, by an increased proliferation of OPCs (Figure 5C-F), we assessed
whether the proliferation of Sox10" cells was also induced by the CSF injection into the nostril
injury site (Figure 6G). Indeed, we observed that the majority of Sox10" cells accumulating
around the injury site incorporated BrdU during the initial 3 days after the injury and CSF
administration (Sox10* and BrdU" cells in respect to all Sox10"cells) (Figure 6H, H', J). The
induced proliferation was not, however, observed after injection of heat-inactivated CSF
(Figure 6I- J), in line with the significantly smaller accumulation of Olig2:GFP™" cells at the
injury site observed after heat-inactivated CSF treatment (Appendix Figure S5D). The
similarity in OPC reaction induced by CSF injection into the nostril injury and the skull injury
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motivated us to assess whether CSF-induced scarring potential involved the activation of the
Tlr1/2 and Cxcr3 pathways. Therefore, we inhibited Tlr1/2 and Cxcr3 pathways together with
administration of human CSF after nostril injury (Figure 6K). Importantly, the accumulation
of Olig2:GFP* cells was prevented upon Cxcr3 and TIr1/2 inhibition, despite the accessibility
of the CSF at the injury site (Figure 6L, M). Taken together, these data suggest that the scarring
wound closure observed upon skull injury is likely triggered by leakage of CSF into the brain
parenchyma and subsequent activation of the Tlr1/2 and Cxcr3 pathways.

To identify potential ligands activating innate immunity pathways in the CSF, we setup
an in vitro system that relays on the proliferation of a murine OPC cell line (OliNeu).
Importantly, addition of CSF to the OliNeu culture medium induced dose-dependent increase
in proportion of proliferating, phospho-histone H3 (pH3) positive cells (Figure 7A-D), in line
with our data that human CSF can directly regulate OPCs proliferation in vivo (Figure 6J).
Moreover, this dose-dependent response was completely abolished in the double TIr2 and
Cxcr3 knockout clones generated using CRISPR-Cas9 technology (Figure 7D, Q; EV 5). These
results not only confirmed the pivotal role of Tlr2 and Cxcr3 signaling in the CSF induced
proliferation of OPCs, but also additionally validated the specificity of our pharmacological
inhibitor treatment in vivo.

As cytokines have been reported to activate both Cxcr3 and TIr2 signaling>%°%"3,

we
first studied the composition of four healthy donor-derived CSFs using a cytokine antibody
array (Figure 7E, F). It is important to mention that all four samples turned nostril injury into
a scarring phenotype after injecting at the injury site. Strikingly, 90% of the analyzed cytokines
were present in at least one of the samples and 57% in all four samples (Figure 7E, F). Out of
these cytokines, we pre-selected 30 potential candidates (Figure 7E) that were present in at
least one CSF sample and available as recombinant protein for further functional screening
using OliNeu proliferation as a read-out (Figure 7G). We used 3 different concentration of the
selected candidates and six of them (Ccl5, EGF, Ccl7, IL-10, Cxcl9 and IL-3) significantly
increased the proportion of mitotic pH3" cells (Figure 7G), including a known Cxcr3 ligand
(Cxcl9). Interestingly, some candidates like Cxcl9 were not detected in all CSF samples despite
the ability of all 4 CSF samples to induce the accumulation of Olig2:GFP" cells, suggesting
redundancy of ligands in their capacity to activate OPC proliferation.

Taken together our data suggest that the CSF cytokines activate the innate immunity to

regulate OPC proliferation in a redundant manner and therefore regulate the scarring process.
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Discussion

Despite the general agreement that removing or minimizing non-functional scar tissue
is at the center of functional regeneration, there are only a few therapeutically applicable tools
to specifically interfere with the detrimental aspects of the glial scar. Comparative studies
analyzing regeneration competent and incompetent species failed to identify specific

mechanisms regulating the scar response’* "’

, even after comparing evolutionarily close
species®®®2. This is not only due to the complexity of the scarring response that involves a
number of molecular pathways and different cell types®>2, but also due to redundancies
between processes active during wound healing and scarring wound closure?*?. To overcome
these limitations, we performed a comparative analysis of gliotic (glial scar formation) and
scarless wound closure in the same organ and model organism. In contrast to the previously

described nostril “scarless” injury of brain parenchyma'#!%22

, skull injury showed more
similarities to the scarring process reported in mammals, such as prolonged glial accumulation,
lack of tissue restoration, extracellular modifications, and exacerbated inflammatory
response®®3. Therefore, our data demonstrate, for the first time, that the zebrafish telencephalon
can also present the main hallmark of the mammalian CNS reaction to traumatic brain injury—
the glial scar.

Comparative analysis (scarless vs. scarring) revealed a shared cellular reaction and
large overlap in gene regulation shortly after injury, further highlighting the common features
of initial wound healing processes™. Importantly, a unique molecular signature, including
specific innate immunity pathways, was expressed 3 days after the scar-inducing injury,
correlating with the first signs of the exacerbated glial reaction. These pathways were never
regulated during the scarless wound healing, validating the theory that the glial scar is induced
by a specific molecular program independent of the initial wound healing response. Our study
does not support the concept that the regenerative capacity of the CNS is an evolutionarily
fixed feature of a given species®®; rather, it is a highly regulated, adaptive response to a
specific type of injury. This concept is shared with skin regeneration, in which the depth of the
injury determines the scar response®®.

We identified two receptors, Tlrl/2 and Cxcr3, as main regulators of the scarring
signature, as their injury-induced activation leads to scar formation. Interestingly, inhibition of
either of the two pathways separately showed no beneficial effect, whereas activation of either
TIr2 or Cxcr3 in the scarless paradigm was sufficient to induce gliosis. Hence, both signaling

pathways control glial scar formation in a redundant and synergistic manner. The complex

cross-regulation of immune cells (macrophages and microglia) and glia after brain injury is
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crucial for the scar formation®*%78°. The classical inflammatory cascade is initiated by
activation and polarization of microglia and invading monocytes. Consequently, these cells
regulate the reactivity of astrocytes that, in turn, limits the inflammatory response’*9%!,
However, our data demonstrate, for the first time, that immune cells are not essential for
initiation of the glial scar and that Tlr1/2 and Cxcr3 pathways can be directly regulated in
OPCs, a cell type that contributes to the glial scarring response®. Our study, therefore, brings
forth a new concept that OPCs can sense and react to injury-induced signals independent of
microglia and invading monocytes. However, we cannot exclude any involvement of the
immune cells in other aspects of the scarring response, such as scar maintenance. As we did
not perform cell-specific interference and because both receptors are expressed in several cell
types (microglia/macrophages®>®*; astrocytes’*; oligodendroglia®>; neurons®*°°), we cannot
exclude the possibility that other cell types contribute to the induction of the scar via Tlr1/2
and Cxcr3 signaling pathways. However, our knockout in vitro model validated the role of Tlr2
and Cxcr3 pathways in directly activating OPC proliferation and hence, demonstrating that
they are clearly involved in a crucial manner in the scarring process. Moreover, the
improvement in tissue recovery (reduced injured volume and enhanced restorative
neurogenesis) observed after inhibitor treatment correlates nicely with a reduction in the
number of scarring Olig2" cells. Our data and the fact that the zebrafish telencephalon does not
possess protoplasmatic astrocytes support the hypothesis that the detrimental environment
classically associated with the glial scar might be driven specifically by reactive OPCs.

The central role of TIr1/2 and Cxcr3 pathways in regulating glial scar and tissue
restoration motivated us to investigate injury-induced mechanisms. Our study suggests that the
ligand(s) activating the scarring Tlr1/2 and Cxcr3 pathways are part of the CSF that leaks into
the CNS parenchyma upon traumatic injury®’. The capability of the CSF to directly induce
OPC proliferation in a TIr2 and Cxcr3 dependent manner, further corroborates the pivotal role
of OPCs in initiating the scarring response and generating a harmful environment. Although
the specific CSF-derived molecule/s driving the scarring response in vivo remain unidentified,
our in vitro screening suggests that some of the cytokines present in the CSF could be
responsible for the OPC activation induced by the traumatic brain injury. These data support a
central regulatory role of CSF in controlling not only the activation of neural stem cells in the
intact brain, but also the activation state of CNS glia after injury®®*°. Overall, our work
highlights novels pathways in scar formation as potential targets for developing efficient

therapies improving regeneration in the mammalian brain.
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Figure 1. Distinct injury paradigms in the zebrafish telencephalon led to either scarless

regeneration or prolonged glial reactivity.

(A, B) Schemes depicting skull (A) and nostril (B) injury paradigms. Red triangle (A) and red
line (B) illustrate the injury track. (C, D) Micrographs of a telencephalic section showing the
distribution of Olig2:GFP" oligodendroglia and 4C4" immune cells in the intact brain. (E, F)
Images of 3 dpi skull-injured sections (4C4" and Olig2:GFP" cells) at the level of the injury
core delineated by white line (E) and lateral to injury depicting first signs of Olig2:GFP" cell
accumulation indicated by boxed area (F). (H) Image showing the distribution of Olig2:GFP*
and 4C4" cells at 3 dpi after a nostril injury. G and I are magnifications of the boxed areas in
F and H, depicting Olig2:GFP" cell distribution. (J-M”) Images showing the reactivity of 4C4"
and Olig2:GFP" cells at 7 days after skull (J) and nostril (L) injury. K, K' and M, M’ are
magnifications of the boxed area in the respective images. (N, Q) Graphs depicting the number
of Olig2:GFP" cells at the injury site after skull (N) and nostril (O) injury. Data are shown as
mean = SEM; each data point represents one animal. Statistical analysis is based on non-
parametric Kruskal-Wallis Test (p-value= 0.0021) with post-hoc Dunn test (many-to-one) in N
and one-way ANOVA (p-value=2.483e-05) with post-hoc Dunnett test (many-to-one) in O. (P,
Q) Brightfield images of AFOG staining after skull injury at 1 dpi (P) and 7 dpi (Q). Black
arrows indicate collagen deposition. (R) The accumulation of 4C4" and Olig2:GFP" cells
resolved at 28 days after skull injury. (S-T’) Images showing morphology of ependymoglial
cells (labelled by electroporation of TdTomatomem) 28 days after skull (S) and nostril injury
(T, T*). While we observed restoration of radial morphology of labelled ependymoglia that
contacts basement membrane after nostril injury (similar to the intact brain), ependymoglia
after skull injury failed to restore radial morphology and built extensive contacts with Flil-
positive blood vessels. All images are full z-projections of confocal stack; insets indicate the
rostro-caudal levels of the sections. Scale bars in C, E, F, H, J, L, R, S, T, T” = 100 um; Scale
bars in D, G, [, K, K’, M, M’, P, Q = 20 um. Abbreviations: OB: olfactory bulb, OT: optic
tectum, dpi: days post-injury; AFOG: acid fuchsin orange G. Symbol description: black

triangle: skull injury; black circle: nostril injury.

20



N

O 00 N o uu B~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Figure 2. Activation of innate immunity pathways after injury induced gliosis in the

zebrafish telencephalon.

(A) Experimental design to analyze transcriptome changes occurring upon nostril and skull
injury. (B) Table depicting the number of significantly regulated Gene Ontology (GO) terms
(Injury vs. Intact) at different time points after nostril and skull injury. (C) Comparative
analysis using a Venn diagram illustrating the number of genes exclusively regulated 3 days
after skull injury (Skull vs. Intact) and not after nostril 3 dpi (Nostril vs. Intact). (D) Venn
diagram depicting the overlap between ECM-related genes regulated at 3 days after skull and
nostril injury. Regulated genes were defined by a p-value <0.05, fold-change >1.6, and linear
average expression >20. (E) Significantly enriched GO terms of biological processes (color
indicates p-values and symbol size number of identified genes within the term) in an ECM-
related gene set regulated exclusively 3 days after skull injury (69 genes in panel D). (F) Chord
diagram depicting selection of regulated ECM-related genes and associated GO terms
biological processes. (G) Venn diagram depicting the overlap between genes exclusively
regulated at 3 days after skull injury and genes regulated after the nostril injury at any time
point. Note that 80% of the genes were exclusively regulated after skull injury at 3 dpi but were
never regulated after nostril injury. (H) Plot showing significantly enriched (p-values indicated
on bars) GO terms biological processes in a gene set regulated exclusively 3 days after skull
injury (Skull 3 dpi vs. Nostril at any time point), correlating with glial scar initiation. (I)
Histogram depicting the regulation of genes related to Cxcr3 and Tlr signatures after nostril
and skull injury. The gray line shows the 1.6 fold-change cut off. (J) Scheme of the
experimental design to analyze the ability of the Tlr2 agonist to induce glia accumulation after
nostril injury. (K, L) Images of 5-day-injured telencephalic sections in the 7ig(Olig2:GFP) line
after nostril injury and aCSF (K) or zymosan A injections (L). (M, M’) Magnifications of the
boxed area in L depict the exacerbated accumulation of Olig2:GFP* (M) and 4C4" (M) cells
at the injury site. (N) Scheme representing the experimental design to analyze the capacity of
the Cxcr3 agonist (VUF 11222) to induce a reactive gliosis. (O) Micrograph illustrating the
reactivity of Olig2:DsRed" and 4C4" cells after Cxcr3 activation. (P) Magnification of injured
area in O. (Q) Graph showing the density of Olig2:GFP" cells in the injured area 5 days after
nostril injury with aCSF, Cxcr3 or TIr2 agonist treatments. Data are shown as mean + SEM;
each data point represents one animal. p-values are based on One-way ANOVA (p-value=
1.183e-05) with post-hoc Dunnett test (many-to-one). All images are full z-projections of

confocal stack. Insets indicate the rostro-caudal levels of the sections. Scale bars in K, L and
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O =100 um; scale bars in M, M’ and P = 20 pum; Abbreviations: dpi: days post-injury, N3d:
nostril 3 dpi, S3d: skull 3 dpi; Ctrl: control; aCSF: artificial cerebrospinal fluid. Symbol
description: orange square: ventricular injection of aCSF; orange circle: ventricular injection

of zymosan A (TIr2 agonist); green circle: VUF 11222 (Cxcr3 agonist); black circle: nostril
injury.

Figure 3. Tlr1/2 and Cxcr3 pathways redundantly control glial scar formation but not

scar maintenance after injury in the zebrafish telencephalon.

(A) Scheme of the experimental setup to address the role of Cxcr3 and TIrl/2 in glial scar
formation. (B-E) Micrographs of telencephalic sections obtained after 4 dpi depicting
Olig2:GFP" and Sox10" oligodendroglia reactivity after vehicle (B), Tlr1/2 inhibitor (C),
Cxcr3 inhibitor (D), and double-inhibitor (E) treatments. (F) Graph showing the number of
Olig2:GFP" cells located at the injury site after vehicle, TIr1/2 inhibitor (CU CPT22), Cxcr3
inhibitor (NBI 74330) and double-inhibitor combination (NBI 74330 + CU CPT22 treatment.
Note that only the double-inhibitor cocktail reduces the number of Olig2:GFP" cells
accumulating at the injury site. Data shown as mean + SEM; each data point represents one
animal. p-values are based on One-way ANOVA (p-value= 4.074e-03) with post-hoc Dunnett
test (many-to-one). (G) Experimental outline to assess the effect of vehicle and double-
inhibitor treatment 7 dpi. (H, I) Micrographs of telencephalic sections 7 days after skull injury
depicting Olig2:GFP" and Sox10" oligodendroglia after vehicle (H) and inhibitor cocktail (NBI
74330 and CU CPT22) (I) treatment. (J) Graph illustrating the number of Olig2:GFP" cells
located within the injured volume after vehicle and double-inhibitor treatment. An equal
volume was quantified in both conditions (p-values is based on Student’s t-test with equal
variances). (K) Scheme depicting the experimental design to assess the capacity of the vehicle
and double inhibitors treatment to resolve glial scar. (L, M) Micrographs showing
telencephalic sections 7 days after skull injury and vehicle (L) or double-inhibitor (M)
treatment. White arrows indicate the injury site. Note that both vehicle and inhibitor treatments
failed to resolve Olig2:GFP* accumulation. All images are full z-projections of confocal stack.
The level of the cross-section is indicated in the inset. Scale bars in L and M = 100 pm; scale
bars in B, C, D, E, H, and I = 20 um. Abbreviations: dpi: days post-injury, Inh: inhibitor, Veh:
vehicle. Symbol description: red triangle: vehicle; dark blue triangle: TIr1/2 inhibitor, CU
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CPT22; green triangle: Cxcr3 inhibitor, NBI 74330; light blue triangle: double inhibitors, NBI
74330 and CU CPT22.

Figure 4. Activation of Tlr1/2 and Cxcr3 creates a detrimental environment by inducing

oligodendroglia accumulation in a microglia-independent manner.

(A) Scheme of the experimental design to analyze the consequences of double-inhibitor
treatment (NBI 74330 and CU CPT22). (B) Graph illustrating the size of the injured volume 7
days after skull injury and vehicle, Tlr1/2 inhibitor (CU CPT22), or double Tlr1/2 and Cxcr3
inhibitor (NBI 74330 and CU CPT22) treatment. p-values are based on One-way ANOVA (p-
value= 1.971e-04) with post-hoc Dunnett test (many-to-one). (C) Experimental scheme
designed to study restorative neurogenesis upon different treatments. (D, E) Images depicting
HuC/D" and BrdU" cells located in the parenchyma following vehicle (D) and double-inhibitor
(E) treatment. (F) Dot-plot showing the total density (whole telencephalon) of HuC/D* and
BrdU™ after vehicle and Tlr1/2 and Cxcr3 inhibitor treatment. p-value is based on Welch's t-
test with unequal variances. (G) Diagram illustrating the ventricular zone (25 pum from the
ventricle surface) and the parenchyma (blue area) in the telencephalic region. Restorative
neurogenesis was measured by the proportion of newly generated neurons (HuC/D" and BrdU™)
that migrated towards the parenchyma with respect to the total number (ventricular zone and
parenchyma) of new neurons. (H) Graph depicting the proportion of HuC/D" and BrdU" cells
located in the telencephalic parenchyma after vehicle and Tlr1/2 and Cxcr3 inhibitor treatment.
p-value is based on Student’s t-test with equal variances. (I) Design of the experimental
workflow to analyze the effect of Tlr1/2 and Cxcr3 inhibitors on scar formation after immune
cell depletion. (J, K) Micrographs depicting the reactivity of Olig2:GFP" cells after skull injury
at 4 dpi with immune cell depletion and vehicle (J) or Tlr1/2 and Cxcr3 inhibitor treatments
(K). (L) Graph illustrating the density of Olig2:GFP" cells at the injury site at 4 dpi following
Clodrosome + Ccr2 (MK-0812) inhibitor treatment (immune depletion protocol), Encapsome
(empty liposomes, control for Clodrosome; ventricular injection) and Clodrosome + Ccr2 +
TIr1/2 (CU CPT22) + Cxcr3 (NBI 74330) inhibitor treatments. The decrease in glial scar
formation after Tlrl/2 and Cxcr3 inhibitor treatment was maintained in microglia/monocyte-
depleted brain. p-values are based on One-way ANOVA (p-value= 7.957¢-03) with post-hoc
Tukey Test (all pairs). (M) Design of the experimental protocol used to analyze injury-induced

neurogenesis (BrdU-based birth dating) in immune cell-depleted brains treated with vehicle or
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TIr1/2 and Cxcr3 inhibitor cocktail. (N, P) Micrographs of injured telencephala at 7 dpi
showing the generation of new neurons (HuC/D"/BrdU") after vehicle (N) and TIr1/2 and
Cxcr3 inhibitor (P) treatment in immune cell-depleted brains. O, O’, Q and Q’ are
magnifications of the areas boxed in N and P, respectively. White arrowheads depict double
HuC/D" and BrdU" cells. The level of the cross-section is indicated in the inset. (R) Graph
depicting the proportion of HuC/D" and BrdU" cells located in the telencephalic parenchyma
after vehicle and Tlr1/2 and Cxcr3 inhibitor treatment. p-value is based on Student’s t-test with
equal variances. All images are full z-projections of confocal stack. Data are shown as mean +
SEM; each data point represents one animal. Scale bars in N and P = 100 pm; scale bars in D,
E, J, K, O, O, Q and Q* = 20 um. Abbreviations: dpi: days post-injury; Veh: vehicle; Inh:
inhibitors. Symbol description: black triangle: skull injury; red triangle: vehicle; dark blue
triangle: Tlr1/2 inhibitor (CU CPT22); green triangle: Cxcr3 inhibitor (NBI 74330); light blue
triangle: double inhibitors (NBI 74330 and CU CPT22); orange triangle: ventricular

Clodrosome injection; purple triangle: intraperitoneal Ccr2 inhibitor injection (MK-0812).

Figure 5. Transcriptome analysis of zebrafish oligodendrocyte lineage cells reveals

activation of innate immunity and cell cycle pathways after skull injury.

(A) Venn diagram of genes regulated at 3 dpi in Olig2-GFP" cells after vehicle (red) and Tlr1/2
and Cxcr3 inhibitor (cyan) treatment. (B) Histogram depicting GO terms biological process
significantly enriched (p-values indicated on bars) in a gene set (597 genes in A) normalized
after inhibitor treatment and therefore regulated exclusively after vehicle treatment. GO terms
related to inflammatory response are shown by gray bars; patterned bars indicate processes
previously reported to be activated in response to injury. Note that both innate immunity and
cytokine-mediated signaling pathways are normalized upon inhibitor treatment. (C) Scheme
depicting the experimental design to analyze the proliferative capacity of Olig2:GFP" cells
during the first 5 days after skull injury. (D) Micrograph of injured section 5 days after skull
injury stained for GFP and BrdU. (E, E’) Magnification of the oligodendroglial scar boxed in
D. Double Olig2:GFP'BrdU" cells are marked with white arrows. (F) Graph illustrating the
proportion of Olig2:GFP BrdU" cells located at the injury site and in an equivalent uninjured
volume in the same section. Note that 45% of Olig2:GFP" cells at the injury site proliferated
after skull injury. (G) Scheme of experimental design to assess proliferation of Olig2-GFP*

cells after vehicle and inhibitors treatment. (H, J) Images of telencephalic sections 3 days after
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skull injury and BrdU bath with vehicle (H) and double inhibitors (J) treatments. (I, K)
Micrographs with orthogonal projections of BrdU™ and Olig2:GFP" cells after vehicle (I) and
Tlr1/2 and Cxcr3 inhibitor (K) treatment. (L) Graph depicting the total numbers of Olig2:GFP*
and BrdU" cells 3 dpi in vehicle and TIrl/2 and Cxcr3 inhibitor treated animals. (M)
Experimental design to measure the clonal growth of murine OPCs primary cultures after
vehicle and TIr1/2 and Cxcr3 inhibitor cocktail. OPCs were permanently labeled with GFP
expressing retrovirus. (N, O) Micrographs depicting OPC derived clones 5 days after retroviral
infection in vehicle (N) and Tlr1/2 and Cxcr3 inhibitor (NBI 74330 & CU CPT22) cocktail (O)
treated primary OPCs culture. (P) Graph depicting the frequency of different clone sizes in the
vehicle (CTR) and Tlrl/2 and Cxcr3 inhibitor cocktail (INH) treated primary OPCs culture.
Data are shown as mean = SEM; each data point represents one animal. p-values are based on
Student’s t-test with equal variances. All images are full z-projections of confocal stack. The
level of the cross-section is indicated in the inset. Scale bars in D, H, J = 100 um; scale bars in
N, O =50um, scale bars in E, E' = 20 um; scale bars in I, K = 10 pm. Abbreviations: dpi: days
post-injury; Veh: vehicle; Inh: inhibitors; OPC: oligodendrocyte progenitor cell. Symbol
description: black triangle: skull injury; blue square: uninjured volume; red triangle: vehicle;
light blue triangle: double inhibitors (NBI 74330 and CU CPT22); black square: control
primary OPCs; red circle: double inhibitor (NBI 74330 and CU CPT22) treated primary OPCs.

Figure 6. Cerebrospinal fluid-derived molecules induce proliferation of OPCs and scar-

like phenotype.

(A) Graph depicting the size of the injured volume after skull, nostril, and small skull injury at
1 dpi. p-values are based on Welch one-way ANOVA (unequal variances; p-value= 3.034e-4)
with post-hoc Dunnett T3 test with unequal variances (all pairs). (B) Scheme depicting the
small skull injury model. Nostril and small skull injuries were performed with a glass capillary.
The red line indicates the dorso-ventral injury through the skull and blue indicates the location
of the telencephalic ventricle. (C) Image illustrating the reactivity of Olig2:GFP" and 4C4"°
cells 7 days after small skull injury. (D) Magnification of the oligodendroglial accumulation
boxed in C. (E) Design of the experimental workflow to analyze the effect of human CSF
administration. (F) Image illustrating the reactivity of Olig2:GFP™ cells 3 days after nostril
injury and hCSF treatment. White line delineates the injury site. (G) Experimental design to

analyze the proliferative capacity (BrdU incorporation) of Sox10™" cells after nostril injury at 3
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dpi and hCSF or heat-inactivated hCSF administration. (H-I') Images showing the
accumulation of Sox10" and BrdU" cells at the nostril injury site after hCSF (H, H') or heat-
inactivated human CSF (I, I') administration. White lines delineate the injury site and white
arrowheads the colocalization of BrdU and Sox10. (J) Dot-plot depicting the proportion of
Sox10" and BrdU" cells accumulating at the nostril injury site after hCSF or heat-inactivated
hCSF administration. p-value is based on Student’s t-test with equal variances. (K) Workflow
to study the effect of the TIr1/2 and Cxcr3 inhibitor treatment after human CSF injection. (L)
Micrograph of a nostril-injured telencephalon at 3 dpi depicting Olig2:GFP" cell reactivity
following human CSF and inhibitor treatment. (M) Graph showing the Olig2:GFP" cell density
at the injury site after nostril injury at 3 dpi, with hCSF and double-inhibitor treatment after
hCSF administration. White line delineates the injury site. p-values are based on one-way
ANOVA (p-value= 1.042e-06) with post-hoc Tukey Test (all pairs). Data are shown as mean
+ SEM; each data point represents one animal. All images are full z-projections of confocal
stack. Scale bar in C= 100 pum; scale bars in D, F, H, H’, I, I’ and L= 20 um. Abbreviations:
dpi: days post-injury; hCSF: human cerebrospinal fluid; Inh: inhibitors; N3d; nostril 3 dpi.
Symbol description: black triangle: skull injury; black circle: nostril injury; black rectangle:
small skull injury; red circle: human CSF administration; blue circle: heat-inactivated hCSF

treatment; light blue circle: double inhibitors (NBI 74330 and CU CPT22).

Figure 7. Identification of cerebrospinal fluid-containing cytokines inducing scarring

process.

(A-C) Micrographs illustrating the proportion of proliferating (pH3") cells in control wildtype
(WT) (A, B) and TIr2 and Cxcr3-deficient (C) OliNeu oligodendrocyte progenitor cell line in
basal conditions (A) and in response to the CSF treatment (B, C). (D) Dot-plot depicting the
proportion of proliferating WT and TIr2 and Cxcr3-deficient OliNeu cells after CSF treatment.
The line indicates corresponding linear data-fit. Data are shown as mean £ SEM; each data
point represents one independent experiment. Adjusted p-values assess the quality of the linear
fit for the WT clone (black) and difference in the slopes of the linear fits (color-coded) using
the linear regression model. (E) Table showing the array map. Color-code illustrates the
presence of each cytokine in CSF samples (White: negative in all samples; Green: positive in
all samples; Blue: positive in 3 out 4 samples; Orange: positive in 2 out of 4 samples; Magenta:

Positive in 1 out 4 samples). Cytokines names colored in red or yellow were selected for the
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screening in G. (F) Representative image of a cytokine antibody array depicting the cytokine
composition of a donor-derived CSF. (G) Dot plot depicting proliferation of OliNeu cells after
treatment with different cytokines and CSF. Scale bars in A, B, C=50um Abbreviations: hCSF:
human cerebrospinal fluid. Symbol description: black diamond: control OliNeu cells; green
square: Tlr2&Cxcr3-deficient clone 1; red square Tlr2&Cxcr3-deficient clone 2; red circle:

human CSF administration.
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Expanded View Figure Legends

Figure EVI1. Activation of TIrl/2 innate immunity pathways induces long-term

accumulation of Olig2™" cells after nostril injury.

(A) Histogram illustrating the expression level of 7772 in the intact and injured adult zebrafish
telencephalon measured by qPCR. Data are shown as mean + SEM (n=3 animals). (B) Scheme
of the experimental design to identify receptor mediating zymosan A effect. (C, E)
Micrographs of zymosan A-treated telencephalic sections of the 7g(Olig2:GFP) line 5 days
after nostril injury and vehicle (C) or TIr1/2 inhibitor (E) treatment. D and F are magnifications
of the boxed areas in C and E, respectively. (G) Graph depicting the number of Olig2:GFP*
cells located at the injured area after aCSF, zymosan A, and zymosan A and TIr1/2 treatment.
Data are shown as mean + SEM, each data point represents one animal. p-values are based on
one-way ANOVA (p-value= 1.312e-05) with post-hoc Tukey Test. All images are full z-
projections of confocal stack. Inlets indicate the rostro-caudal levels of the sections. Scale bars
in C and D = 100 um; scale bars in D and F =20 um. Abbreviations: N3d: nostril 3 days post-
injury; S3d: skull 3 days post-injury; aCSF: artificial cerebrospinal fluid; Inh: inhibitor. Symbol
description: black circle: nostril injury; red circle: intraperitoneal injection of vehicle; dark blue
circle: intraperitoneal injection of Tlrl/2 inhibitor, CU CPT22; orange circle: ventricular

zymosan A injection; orange rectangle: aCSF.

Figure EV2. Innate immunity pathways and glial reactivity 4 days after skull and nostril

injury.

(A) Experimental outline to assess the reaction of 4C4" cells after skull injury with vehicle,
Tlr1/2 inhibitor (CU CPT22), Cxcr3 inhibitor (NBI 74330) and Cxcr3 and TIr1/2 inhibitor
(NBI 74330 and CU CPT22) treatment. (B-E) Micrographs depicting telencephalic sections 4
days after skull injury stained for 4C4 after vehicle (B), Tlr1/2 inhibitor (C), Cxcr3 inhibitor
(D) and double TIr1/2 and Cxcr3 inhibitor (E) treatment. Cyan line delineates telencephalic
hemisphere. (F) Graph illustrating the proportion of area covered by 4C4 signal after vehicle,
single-inhibitor, and double-inhibitor treatments. p-values are based on One-way ANOVA (p-
value= 7.021e-05) with post-hoc Dunnett Test (many-to-one). (G) Scheme of the experimental
workflow to analyze the effect of the additional inhibitor combination (CU CPT22 + AMG-
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487) on glial scar formation. (H, I) Images of injured 7g(Olig2:GFP) section at 4 dpi stained
for GFP and Sox10 after vehicle (H) and CU CPT22 + AMG-487 inhibitor (I) treatment. (J)
Dot-plot showing the accumulation of Olig2:GFP" cells at the injury site after vehicle and two
different inhibitor combinations. Note that both double-inhibitor combinations reduced
oligodendroglia accumulation to the same extent. p-values are based on One-way ANOVA (p-
value= 1.221e-03) with post-hoc Dunnett Test (many-to-one). (K) Scheme depicting the
experimental design to analyze oligodendroglial reaction after nostril injury and vehicle or
double Tlr1/2 and Cxcr3 inhibitor (NBI 74330 and CU CPT22) treatment. (LL-M’) Micrographs
illustrating accumulation of oligodendroglia (Olig2:GFP" cells) at the injury site 3 days after
nostril injury and vehicle (L, L") or double inhibitor treatment (M, M’). White lines delineate
the injury site. (N) Graph depicting the number of Olig2:GFP" cells located at the injury area
as a function of Tlr1/2 and Cxcr3 pathways. p-values are based on One-way ANOVA (p-value=
3.674e-01) with post-hoc Dunnett Test (many-to-one). All images are full z-projections of
confocal stack. Insets indicate the rostro-caudal levels of the sections. Data are shown as mean
+ SEM; each data point represents one animal. Scale bars in B, C, D, and E = 100 um; scale
barsin H, I, L, L’, M and M’ = 20 um. Abbreviations: dpi: days post-injury; N3d: nostril 3
days post-injury; Veh: vehicle; Inh: inhibitor. Symbol description: red triangle: vehicle; dark
blue triangle: TIr1/2 inhibitor (CU CPT22); green triangle: Cxcr3 inhibitor (NBI 74330); light
blue triangle: double inhibitors (NBI 74330 and CU CPT22); orange triangle: intraperitoneal
CU CPT22 + AMG-487 injection; black circle: nostril injury; red circle: vehicle; light blue
circle: double inhibitors (NBI 74330 and CU CPT22).

Figure EV3. TIr1/2 and Cxcr3 pathways regulate oligodendroglia scar formation

independently from microglial and monocyte activation.

(A) Scheme of the experimental setting to address the role of Cxcr3 and TIrl/2 in glial scar
formation 4 days after injury. (B) Graph showing the volume of the injured tissue after different
treatments. p-value is based on one-way ANOVA (p-value = 1.801e-01) with post-hoc Dunnett
test. (C) Image of an uninjured section stained for two immune cell markers (L-plastin and
4C4). (D) Scheme of the experimental setting to eliminate microglia and infiltrating monocytes
using Clodrosome to deplete resident microglia and Ccr2 inhibitor to block the extravasation
of monocytes. (E) Micrograph illustrating the depletion of L-plastin” and 4C4" cells in intact

brain. (F) Graph depicting the proportion of section covered with 4C4 signal in untreated and
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treated brains; 95% of 4C4" cells were depleted after combined Clodrosome and Ccr2 inhibitor
treatment. p-value is based on Welch's t-test with unequal variances. (G) Scheme of the
experimental setting to analyze 4C4 reactivity upon skull injury and microglia and monocyte
depletion. (H, I) Micrographs illustrating 4C4 depletion 1 (H) and 2 (I) days after skull injury.
White lines depict the injury site and section profiles are delimited by yellow and blue lines.
(J) Scheme of the experimental design to analyze glial scar formation after injecting empty
control liposomes used as vehicle for Clodrosome (Encapsome). (K) Image depicting the
Olig2:GFP" cell accumulation at the injury site in Encapsome-treated brains. Note that
repetitive ventricular injections did not alter oligodendroglial scar formation. (L) Graph
illustrating the expression levels of Cxcr3 (Cxcr3.1, Cxcr3.2, Cxcr3.3) and TIr2 (TIr2, Tirl8)
zebrafish orthologs in Olig2:dsRed" cells analyzed by RNA sequencing. (M-P) Micrographs
with orthogonal projections illustrating the expression of Cxcr3.2 (M), Tlr8b (N), MYDS88 (O)
and Mxc (P) genes in the Olig2:GFP+ cells 3 days after skull injury. (Q, R) Images showing
the RNAscope negative controls for the Cy3 (Q) and Cy5 (R) channels. All images are full z-
projections of confocal stack. The level of the cross-section is indicated in the inset. Data are
shown as mean = SEM and each data point represents one animal. Scale bars in C, E, H, and I
=100 pm; scale bar in K =20 pum; scale bar in M, N, O, P, Q, R=10 pm. Abbreviations: TPM:
transcripts per million reads; dpi: days post-injury; Inh: inhibitor. Symbol description: red
triangle: vehicle; dark blue triangle: Tlrl/2 inhibitor (CU CPT22); green triangle: Cxcr3
inhibitor (NBI 74330); light blue triangle: double inhibitors (NBI 74330 and CU CPT22); black
rectangle: intact; orange square: ventricular injection of clodrosome; purple square:
intraperitoneal injection of Ccr2 inhibitor; black triangle: skull injury; gray triangle:
encapsome; Orange triangle:  ventricular injection of clodrosome; purple triangle:

intraperitoneal injection of Ccr2 inhibitor.

Figure EV4. Oligodendrocyte lineage cells respond to injury by activation of innate

immunity, cell proliferation and cell migration pathways.

(A) Dot plot depicting up- and down-regulated genes in FACS-purified Olig2:GFP" cells
isolated from the injured zebrafish telencephalon after vehicle treatment. Lines indicate cut-off
borders (p-value <0.05 and fold change>2). (B) Pie chart showing the proportion of injury-
regulated genes in zebrafish Olig2" cells belonging to different pathways based on Panther

analysis. (C) Histogram depicting GO term biological process significantly enriched (p-values
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indicated on bars) in a gene set upregulated after brain injury in zebrafish Olig2" cells. GO
terms related to inflammatory response are shown by gray bars; patterned bars indicate
processes previously reported to be activated in response to injury. Note that both toll-like
receptor signaling and response to cytokine are induced by the injury. (D) Dot plot depicting
coregulation of ECM-related genes in the entire telencephalon and Olig2” cells 3 days after
skull injury. Lines indicate cut-off borders (p-value <0.05 and fold change>2). (E) Dot plot
depicting up- and downregulated genes in FACS-purified Olig2:dsRed” cells isolated from the
injured zebrafish telencephalon after Tlr1/2 and Cxcr3 inhibitor treatment. (F) Experimental
design to analyze the density and maturation rate of oligodendrocytes after skull injury. (G-I’)
Images depicting the distribution of Mbp:nls-GFP" cells and BrdU" cells in intact condition
(G-H’) and 7 days after skull injury (I, I’). Double positive Mbp:nls-GFP and BrdU cells (white
arrow) represent oligodendrocyte progenitor cells that differentiated into mature
oligodendrocyte. (J, K) Dot plots showing the total density of Mbp:nls-GFP" cells (J) and the
proportion of newly matured oligodendrocytes (K) in intact brains and 7 days after skull injury.
Data are shown as mean = SEM; each data point represents one animal. p-values are based on
Student’s t-test with equal variances. All images are full z-projections of confocal stack. Scale
bars in G, [, I’ = 100 um; scale bars in H, H’ = 20 um. Abbreviations: dpi: days post-injury;
Veh: vehicle; Int: intact; Inh: inhibitor. Symbol description: black rectangle: intact; black

triangle: skull injury.

Figure EVS. Generation of the Tlr2 and Cxcr3 OliNeu knockout line.

(A, B) Sequence alignment of the Cxcr3 (A) and TIr2 (B) locus depicting the Cas9-mediated
bi-allelic deletions (green blocks) leading to the premature STOP codon generation (red
asterisk) in oligodendrocyte progenitor OliNeu cell line. The position of gRNAs is indicated
with grey boxes. (C, D) Micrographs depicting Ki67-positive cells in WT OliNeu cell clone
(only transfected with Cas9) (C) and Cxcr3/Tlr2 mutant clone 1 (D). (E) Dot plot depicting the
proportion of pH3 positive cells in WT OliNeu cells and two mutant cell clones (Clone 1, Clone
2). Data are shown as mean + SEM; each data point represent single coverslip. p-value is based
on one-way ANOVA (p-value= 2.473e-03) and Dunnett Test (many-to-one). Scale bars in C,
D = 50um. Symbol description: black diamond: control OliNeu cells; green square:

Tlr2&Cxcr3-deficient clone 1; red square Tlr2&Cxcr3-deficient clone 2.
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Extended View Movie Legend

Movie EV1
3D reconstruction of cleared intact telencephalic tissue stained for Sox10 (magenta), 4C4
(cyan) and DAPI (blue).

Movie EV2
3D reconstruction of cleared telencephalic tissue stained for Sox10 (magenta), 4C4 (cyan)
and DAPI (blue) 3 days after nostril injury.

Movie EV3
3D reconstruction of cleared telencephalic tissue stained for Sox10 (magenta), 4C4 (cyan)
and DAPI (blue) 7 days after nostril injury.

Movie EV4

3D reconstruction of Tg(flil:eGFP) transgenic line 28 days after nostril and skull injury.
Ependymoglial cells were labeled by electroporation of a plasmid encoding for membrane
localized tdTomato 21 days after injury.

Movie EV5S
3D reconstruction of cleared infarct tissue stained for Sox10 and DAPI 7 days after skull
injury and vehicle treatment.

Movie EV6
3D reconstruction of cleared infarct tissue stained for Sox10 and DAPI 7 days after skull
injury and double inhibitor treatment.
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Discussion

Aging is considered the primary risk factor for the onset of neurodegenerative
diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and
frontotemporal dementia (FTD) (Hou et al., 2019; Mattson and Arumugam,
2018). Moreover, a correlation between traumatic brain injuries (TBI) and
increased rate of neurodegeneration associated with abnormal accumulation
of proteins, including tau, amyloid-8 and TDP-43, has been established (Cruz-
Haces et al., 2017; Graham and Sharp, 2019). However, the direct link
between TBI and neurodegenerative diseases has not yet been fully
understood.

Interestingly, neuroinflammation is a common thread between aging, TBI
and neurodegenerative diseases (Simon et al.,, 2017). Indeed, aberrant
activation of both innate and adaptive immunity, and transition of
homeostatic microglial cells to disease-associated microglia (DAMs)
characterized by increased production of pro-inflammatory cytokines and
complement factors, are common neuroinflammatory changes observed in the
mammalian CNS in response to TBI or during aging. Moreover, several
studies have demonstrated the correlation between high levels of
neuroinflammation and increased risk for neurodegenerative diseases
(Guzman-Martinez et al., 2019; Hou et al., 2019; McKenzie et al., 2017).
Therefore, the identification of factors contributing to the regulation of
neuroinflammation during aging and in response to TBI in the CNS and the
characterization of the mechanisms of action of these factors would represent
a turning point for the development of new therapies aimed to ameliorate the
quality of life of aging individuals and patients affected by TBI. Furthermore,
these discoveries may help to prevent the onset or slow the progression of

neurodegeneration in the human CNS.

To this goal, during my PhD, I identified and characterized granulins (Grns)
as key factors involved in the regulation of neuroinflammation in the aging
CNS and in response to TBI in the zebrafish telencephalon (Zambusi et al.,
2020, Zambusi, Novoselc et al., in revision). As previously introduced, in

contrast to mammals, zebrafish genome harbors four different granulin
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genes: grna, grnb, grnl and grn2. Due to the high similarity between Grna
and Grnb (orthologs of the mammalian PGRN originated by genome
duplication), I used a composite knockout model for Grna and Grnb to avoid
any possible compensatory effect (Solchenberger et al., 2015; Zambusi et al.,
2020, Zambusi, Novoselc et al., in revision).

The results described in my PhD thesis provide novel mechanisms of action
of granulins in the context of the CNS, highlight the importance of tightly
regulating neuroinflammation, describe a link between liquid-liquid phase
separation (LLPS) and microglial cell activation in vivo, and describe for the
first time the consequences of dysregulated LLLPS on CNS regeneration of the
adult zebrafish.

Altogether, these new findings strengthen the validity of zebrafish as model
to study aging and regeneration in the CNS and demonstrate the regulatory
role of granulins in tuning neuroinflammation, proposing their use as

therapeutical targets to ameliorate the regenerative outcome in the human
CNS.

Granulins regulate aging kinetics and neuroinflammatory
state in the adult zebrafish telencephalon

Several studies have focused on the identification of potential candidates
associated with aging progression in humans. Interestingly, PGRN variants
have been discovered to increase the rate of biological aging in the human
cerebral cortex (Rhinn and Abeliovich, 2017). However, the molecular
mechanisms and the direct consequences of PGRN genetic variants on the
aging kinetics of the CNS remain elusive.

To address this question, I analyzed the typical age-related hallmarks in the
telencephalon of young and old, wildtype (wt) and Grna;Grnb-deficient (Grn-
deficient) zebrafish (Zambusi et al., 2020).

The first approach I took was to further validate zebrafish as model to study
the typical age-related hallmarks within the CNS. Notably, when young and
old wt zebrafish were compared, I detected significant changes in several

processes associated with aging, similarly to what has been demonstrated in
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the aging mammalian CNS (Mattson and Arumugam, 2018), supporting the

value of the results described in this thesis.

More specifically, similarly to the decline of activated stem cells and the
reduced neurogenic potential in the mammalian dentate gyrus (DG) and
subependymal zone (SEZ) during aging (Bast et al., 2018; Kalamakis et al.,
2019; Lazarov et al., 2010; Villeda et al., 2011), I detected a significant
reduction in the proportion of proliferating cells located at the ventricular
zone (VZ) of old animals. The majority of proliferating cells located at the VZ
of adult zebrafish telencephalon are ependymoglial cells (a proportion of these
cells possess neurogenic potential) (Barbosa et al., 2015). Therefore, it is
tempting to speculate that the reduction of proliferating cells in the VZ may
represent a reduction of activated stem cells in the aging zebrafish
telencephalon. This hypothesis was supported by the lower number of newly
generated neurons deposited in the subventricular zone (SVZ) in the
telencephalon of old animals. This set of data implies a reduction of the
neurogenic potential in the aging zebrafish CNS and is in line with previous
observations (Edelmann et al., 2013; Obermann et al., 2019). However, it
remains to be assessed whether the increased proportion of quiescent adult
neural stem cells (aNSCs) and the reduction of constitutive neurogenesis
observed in the telencephalon of old animals is caused by age-related cell
intrinsic changes (mitochondria dysfunction and telomere shortening)
(Molofsky et al., 2006), age-related systemic changes affecting the neurogenic
niches (i.e. neuroinflammation) (Kalamakis et al., 2019) or the combinatory
effect of both age-related cell intrinsic and extrinsic changes.

Along with a decline in stem cell activation and neurogenesis, aging caused a
significant reduction of proliferating oligodendroglial cells in the
telencephalon of old animals, suggesting that oligodendrogenesis is also
affected during aging in the zebrafish CNS. Notably, a similar impairment
has been observed in the aging mouse brain (Miyamoto et al., 2013; Waly et
al., 2014), strengthening the translational value of the results obtained in

zebrafish in the context of brain aging.
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To further investigate the age-related changes in the zebrafish telencephalon,
the analyses of telomeres and genes involved in telomere protection were
performed. During aging in the mammalian CNS, telomeres are susceptible
to shortening with each round of cell division and mutations in telomere-
protective genes lead to accelerated onset of age-related hallmarks (Armanios
et al., 2009; Lopez-Otin et al., 2013; Mattson and Arumugam, 2018).
Furthermore, it has been demonstrated that a strong correlation between
telomere shortening rate and life span exists in numerous species
(Whittemore et al., 2019).

Similarly, telomere length was significantly reduced in the telencephalon of
old zebrafish. This result was complemented by the lower expression of genes
encoding for enzymes actively protecting telomeres in physiological
conditions, including telomerase reverse transcriptase (Tert), tumor protein
p53 (Tp53) and tripeptidyl peptidase 1 (Tppl).

These data are in agreement with previous studies describing the similarities
between telomeres in humans and zebrafish, and identifying the process of
telomere shortening in zebrafish during aging (Carneiro et al., 2016).

In summary, these data validate zebrafish as model to study aging kinetics
in the CNS and to identify new factors regulating aging and aging-associated

neuroinflammation in the CNS.

Based on these observations, I addressed the functional roles of Grns in the
context of brain aging in zebrafish, comparing the typical age-related
hallmarks between and young/old wt and young/old Grn-deficient animals.
Interestingly, the proportion of proliferating cells in the VZ (active aNSCs) of
young Grn-deficient animals was significantly reduced, similarly to the
number of newborn neurons generated and deposited in the SVZ. Therefore,
it is tempting to speculate that Grn-deficient aNSCs are affected by
accelerated aging kinetics, entering prematurely into quiescence and causing
a significant impairment of neurogenesis already during young adulthood.

Comparably to the decline of active aNSCs, the number of BrdU-
incorporating oligodendrocyte cells was also reduced in the telencephalon of
young Grn-deficient animals. To distinguish between lower proliferation rate

of oligodendrocyte precursor cells (OPCs) or impaired oligodendrogenesis, I
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compared the transcriptome of FACS-isolated wt and Grn-deficient
oligodendroglial cells and detected lower expression of molecular programs
associated with oligodendroglial cell differentiation and myelination, such as
negative regulation of BMP, Hedgehog, Notch, TGF-8 and ErbB signaling
pathways (Bartus et al., 2019; Grinspan, 2015; Lépez-Juarez et al., 2017;
Palazuelos et al., 2014). Altogether, these results suggest that Grn deficiency
affects the differentiation and maturation processes of OPCs during young
adulthood, causing premature deficits in oligodendrogenesis that are
normally detected during aging in wt animals.

Surprisingly, the decline in neurogenesis and oligodendrogenesis in the
telencephalon of young Grn-deficient animals was comparable to the decline
detected in old wt animals and did not worsen in old Grn-deficient animals,
supporting the concept that granulin deficiency promotes accelerated aging

kinetics in the telencephalon of young adult animals.

To gain further insights on the correlation between aging kinetics and
granulin levels in the zebrafish CNS, the telomere length and the expression
of telomere-protective genes (same as above) were analyzed. Interestingly,
young/old Grn-deficient and old wt telencephali displayed higher rate of
telomere shortening and lower expression of telomere-protective genes when
compared to the group of young wt animals. Collectively, these results provide
new evidence supporting the role of Grns in regulating aging kinetics in the
CNS and demonstrate for the first time that Grn-deficient zebrafish are

affected by accelerated onset of age-related hallmarks in the CNS.

Encouraged by these observations, I compared the transcriptomic signatures
of young/old Grn-deficient and young/old wt animals and showed that the
accelerated aging kinetics in young Grn-deficient telencephali was also
reflected at the transcriptome level, with numerous genes being upregulated
and downregulated in a similar manner to old wt animals. Surprised by the
high degree of similarity, I isolated the commonly regulated genes in young
Grn-deficient and old wt animals (young wt group was used as reference) to
detect possible shared age-related programs. Gene Ontology (GO) analysis

revealed significant enrichment of genes associated with regulation of
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apoptosis, extracellular matrix composition, cell adhesion, and
neuroinflammation. Several of these programs have been previously
identified in N. furzeri, a well-established aging model (Baumgart et al.,
2014), supporting our previous data and confirming the importance of

granulins to regulate aging kinetics in the zebrafish CNS.

Neuroinflammation is a typical age-related hallmark in the CNS, associated
with changes that include modifications in microglial cell morphology,
elevated secretion of pro-inflammatory cytokines and chemokines, and
exacerbated production of complement factors (Cribbs et al., 2012; Franceschi
et al., 2000; Lucin and Wyss-Coray, 2009; Lui et al., 2016).

As our main research goal coincided with the identification of key factors
regulating neuroinflammation in the context of brain aging and TBI, and as
significant changes in the expression level of neuroinflammatory genes were
detected in the telencephalon of young Grn-deficient and old wt animals, I
further characterized the neuroinflammatory state in the telencephalon of
Grn-deficient animals.

To this end, I isolated via FACS and compared Grn-deficient and wt
microglial cells and identified a large cohort of upregulated inflammatory
genes associated with tumor necrosis factor (TNF), MAPK and Janus
kinases/signal transducer and activator of transcription protein (JAK/STAT)
signaling pathways, programs actively stimulating the production of pro-
inflammatory cytokines (Lim et al., 2014; Perner et al., 2019). Moreover, Grn-
deficient microglial cells displayed significant downregulation of genes
belonging to the peroxisome proliferator-activated receptor (PPAR) signaling,
a pathway shown to counteract the secretion of pro-inflammatory cytokines
(Heming et al., 2018).

In accordance with these results, Grn-deficient microglial cells expressed
higher mRNA levels of pro-inflammatory cytokines, such as il6, tnfa, il12 and
cxcl8a and lower mRNA levels of anti-inflammatory cytokines, such as tgfb3,
1gf1 and il10.

In addition to their pro-inflammatory signature, Grn-deficient microglia
displayed altered morphology characterized by larger somata, hyper-

ramification and shorter processes, similarly to the microglial cell
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morphology detected in old wt animals and considered as established
hallmark of immune cell activation (Hart et al., 2012; Olah et al., 2018).
These results provide proof of the direct link between granulins and
regulation of neuroinflammation in the aging zebrafish CNS. In fact, Grn-
deficient microglial cells are characterized by pro-inflammatory signature
and morphological changes reminiscent of those in DAMs in the aging
mammalian brain and in patients with neurodegenerative diseases
(Deczkowska et al., 2018; Gotzl et al., 2019).

To assess the translational potential of these findings, I compared the
differentially expressed genes (DEGs) in Grn-deficient microglial cells
isolated from young adult animals with a previously published dataset of
genes identified in aged (~95-years-old) human microglial cells, enriched in
susceptibility genes for AD and multiple sclerosis (MS), increasing with
advancing age (Olah et al.,, 2018). Notably, ~10% of all human genes
identified in the dataset published by Olah et al., with an existing zebrafish
ortholog, were also found in Grn-deficient microglial cells isolated from young
adult zebrafish. Moreover, GO analysis of commonly regulated genes in aged
human microglia and Grn-deficient microglia in zebrafish revealed over-
representation of programs associated with AD, MS and aging. This set of
data is particularly important because it demonstrates for the first time the
accelerated aging kinetics in Grn-deficient microglia also during young
adulthood and the degree of conservation between Grn-deficient zebrafish
microglia and human DAMs enriched for genes associated with
neurodegenerative diseases.

Altogether, the results obtained provide new insights on the functional roles
of granulins in the CNS, with possible implications for their use as
therapeutic targets to reduce neuroinflammation and to slow the progression
of additional age-related hallmarks that could contribute to the higher risk
for neurodegenerative diseases.

However, how the age-related hallmarks are interconnected in the context of
granulin deficiency, and the specific mechanisms through which granulins
regulate both cell intrinsic and cell extrinsic features remain to be

investigated.
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Granulin-mediated regulation of phase-separated TDP-43
controls the activation states of microglia after TBI and
promotes CNS regeneration

Chronic neuroinflammation is a well-established aging hallmark and is
considered a major hindrance to regeneration in the mammalian CNS after
injury.

Generating new neurons in a timely manner coinciding with the resolution of
the inflammatory response activated after injury appears to be a crucial event
for the CNS regeneration in zebrafish. This feature allows immune cells to
initially perform their functions and promote the activation/de-activation of
additional programs positively regulating aNSC activation and neurogenesis
(Kizil et al., 2012a, 2012b; Kyritsis et al., 2012). To avoid neuronal cell death
and inefficient integration into the pre-existing circuitry as observed in the
mammalian CNS due to the presence of long-lasting glial scar and
neuroinflammation (Adams and Gallo, 2018; Frik et al., 2018), the generation
of new neurons during the inflammatory period is blocked by regulation
specific programs, including the AhR signaling (Di Giaimo et al., 2018). The
inflammatory response is terminated and the accumulation of glial cells at
injury sites is resolved shortly after TBI. NSCs are subsequently activated
and new neurons are generated, surviving in a permissive environment
(Barbosa et al., 2015; Baumgart et al., 2012; D1 Giaimo et al., 2018).

In addition to the programs regulating NSC activation and neurogenesis in
the adult zebrafish telencephalon in response to TBI, it is essential to better
characterize the cellular dynamics of immune cells responding to injury and
to identify signaling pathways and key factors underlying the transient
activation and resolution of the inflammatory response in the zebrafish CNS.
These results would be crucial to ameliorate the regenerative outcome in the
human CNS, targeting and limiting long-lasting neuroinflammation, thus
improving neuronal survival and integration into the pre-existing circuitry,
and preventing possible secondary damages and increased risk for
neurodegenerative diseases.

To address this, I investigated the cellular and molecular mechanisms
activated in response to TBI in the adult zebrafish telencephalon (Sanchez et

al., in revision; Zambusi, Novoselc et al., in revision). The major focus of this
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research project was the characterization of microglial cell dynamics in
response to injury and the identification of key factors involved in the
transition of microglial cells back to homeostasis. As a result, I demonstrated
the existence of a transient state of pro-regenerative microglia returning to
their homeostatic state in a granulin-dependent manner in response to
injury. More importantly, I provided new evidence on the importance of
granulin-dependent regulation of LLLPS and clearance of TDP-43 condensates
to promote microglial de-activation when the wound healing period is over,

thus achieving scarless regeneration in the adult zebrafish CNS.

More specifically, I analyzed microglial cell dynamics in response to injury in
the zebrafish telencephalon and reported the accumulation of reactive
microglia at injury sites at 3 days post injury (dpi). In accordance with
previous observations of scarless regeneration in the zebrafish CNS (Barbosa
et al., 2015; Baumgart et al., 2012), the accumulation of microglial cells was
quickly resolved at 7 dpi. Notably, signs of microglial activation were
restricted to injury sites, consistently with recent observations that specific
microglial populations emerge in response to TBI or neurodegenerative
diseases in the mammalian brain, having distinct dynamics and functions in
regulating neuroinflammation and modulating other scar-forming cells (Li et

al., 2020; Masuda et al., 2019).

By comparing the transcriptome of single microglial cells over the
regenerative time course (obtained using a droplet-based single cell RNA-
sequencing (scRNA-seq)), I confirmed the activation of microglial cells at 3
dpi, as I detected enrichment of numerous genes associated with innate
immunity (TLR signaling), neuroinflammation (cytokine-cytokine receptor
interaction), lipid metabolism and extracellular matrix remodeling.

To further gain insights into microglial cell kinetics in response to TBI, I
performed RNA velocity-based analysis (Bergen et al., 2020; La Manno et al.,
2018) and revealed three non-overlapping trajectories of six distinct
microglial clusters. Notably, microglial cells belonging to the three
independent trajectories were characterized by distinct inflammatory

signatures, with IL1-dependent signaling pathway enriched in Wt-MG3, and
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TNF- and TLR-dependent signaling pathways enriched in Wt-MGO.
Conversely, Wt-MG4 displayed significant downregulation of genes
associated with pro-inflammatory programs, including TNF-, TLR- and NOD-
signaling pathways, thus suggesting that microglial cells belonging to this
trajectory could display anti-inflammatory properties.

All three microglial trajectories converged on Wt-MG2 cluster, characterized
by under-representation of pro-inflammatory cytokines and enrichment for
genes indicative of in vivo homeostatic microglia (Bernier et al., 2020; Dou et
al., 2012; Lauro and Limatola, 2020).

Altogether, these results confirm that, similarly to the mammalian brain, in
the adult zebrafish brain specific subpopulations of activated microglia
emerge in response to injury. Their unique inflammatory signatures (distinct
pro-inflammatory and anti-inflammatory programs in specific microglial
clusters) could represent a key determinant for their timed return to
homeostatic state when the wound healing period is over, thus avoiding long-

lasting neuroinflammation.

Because of the kinetics characterized by a significant increase in proportion
at 3 dpi and a phase of normalization at 7 dpi, I focused on microglial cells
belonging to Wt-MGO cluster. Interestingly, microglial cells belonging to this
specific cluster expressed numerous genes previously identified in pro-
regenerative microglia emerging after injury in the spinal cord of neonatal
mice (Li et al., 2020). These results open new avenues for the understanding
of cellular and molecular mechanisms underlying the capacity of zebrafish to
efficiently regenerate the CNS. Moreover, they suggest that mammals and
zebrafish share programs necessary for the stimulation of microglial cell
activation in response to injury (Adams and Gallo, 2018; Burda and
Sofroniew, 2014). Lastly, this set of data suggest that the regulatory
programs promoting the return of microglial cells to homeostatic state
observed in regeneration-competent species, such as zebrafish, were possibly

not lost during evolution but rather during mammalian development and

aging.
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Pro-regenerative microglia (Wt-MGO) were characterized by high mRNA
levels of genes associated with lipid-droplet accumulating microglia in the
aging brain of mice (Marschallinger et al., 2020). As previously mentioned,
lipid droplets (LDs) are intracellular defenses promoting innate immunity
activation and sequestering compounds that may become cytotoxic for other
cells (Bosch et al., 2020). However, excessive production of LDs and failure to
clear LDs have been found to be detrimental for microglial cell functionality
(Childs et al., 2016; Marschallinger et al., 2020). Furthermore, grna was
among the most significantly enriched genes in Wt-MGO microglial cells and
it has been previously demonstrated that granulins are key regulators of
inflammation and lipid metabolism in microglial cells (Marschallinger et al.,
2020). Therefore, it 1s tempting to speculate that Wt-MGO represents a
population of activated microglia accumulating at injury sites and promoting
regeneration in the adult zebrafish CNS. When the wound healing period is
over and neuroinflammation needs to be terminated not to hinder neuronal
survival and integration, activated microglia require the activation of specific
genes, including granulins, to promote their transition back to homeostatic
state after clearance of LDs, thus avoiding long-lasting neuroinflammation.
Strengthening this hypothesis, all members of the granulin family (grna,
grnb and grnl-2) were upregulated at 3 dpi, coinciding with the peak of
microglial activation, and returned to basal levels at 7 dpi, coinciding with

the termination of the regeneration process.

To further test whether granulins are required for the de-activation of pro-
regenerative microglia (contributing to the clearance of LDs in microglial
cells) and the resolution of the glial scar in response to injury in the adult
zebrafish telencephalon, I characterized the wound healing progression in
Grn-deficient brains. No major differences in reactivity were detected
between wt and Grn-deficient microglial and oligodendroglial cells at 3 dpi,
confirming that the injury-induced activation of neuroinflammation and the
glial cell accumulation at injury sites are granulin-independent. However,
both the glial cell accumulation and the presence of lipid-droplet containing
microglia at injury sites were not resolved in Grn-deficient animals at 21 dpi,

demonstrating that granulins are necessary to promote regeneration in the
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adult zebrafish telencephalon. The presence of activated microglial and
oligodendroglial cells at injury sites of Grn-deficient animals reproduces the
glial scar formed in response to TBI in the mammalian brain (Adams and
Gallo, 2018). For this reason, I verified the impact of the prolonged glial cell
accumulation on the neurogenic potential of the zebrafish CNS and detected
a significant reduction of newly generated neurons in the zebrafish
parenchyma of Grn-deficient animals. These results prove that granulin
deficiency is sufficient to hinder the resolution of both neuroinflammation
and glial cell accumulation, subsequently impairing neurogenesis and
turning a scarless model into a scarring one. Moreover, I showed that long-
lasting neuroinflammation was the underlying cause for impaired
regeneration of Grn-deficient animals. In fact, treatment with
dexamethasone, an anti-inflammatory drug blocking microglial activation in
the adult zebrafish telencephalon in response to TBI (Kyritsis et al., 2012),
was sufficient to completely rescue the phenotype.

Indeed, chronic neuroinflammation is a pathological response to TBI in the
mammalian brain and a significant factor contributing to inefficient
regeneration and neuronal survival in the mammalian CNS (Burda and
Sofroniew, 2014; Frik et al., 2018). The importance of tightly regulating
neuroinflammation in response to brain injuries is highlighted by the fact
that Grn-associated exacerbated neuroinflammation is sufficient to cause a
cascade of detrimental events leading to impaired regeneration in zebrafish,

completely disrupting its regenerative potential.

To further characterize the neuroinflammatory state in the Grn-deficient
telencephalon and identify the molecular mechanisms underlying this
pathological state, I analyzed the behavior of Grn-deficient microglial cells
with scRNA-seq during the wound healing period. In agreement with our
previous observations, Grn-deficient microglia failed to transition back to
homeostatic state, displayed enrichment of genes associated with innate
Immunity, phagosome maturation and apoptosis, and were characterized by
elevated mRNA levels of genes previously identified in lipid-droplet
accumulating microglia. Furthermore, I detected elevated levels of stress-

related genes, including numerous members of the heat shock protein (HSP)
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family 70, and higher expression of g3bpl, a gene associated with stress
granule (SG) formation by LLPS (Yang et al., 2020).

SGs can be transiently induced via LLPS in the cytoplasm by multiple
signals, including TBI (Anderson et al., 2018; Panas et al., 2016; Wiesner et
al., 2018). Failure to remove the stress signal and to disassemble SGs may
subsequently contribute to the onset of pathologies and neurodegeneration in
the CNS (Yu et al., 2020).

Inflammation has been found to enhance the formation of SGs, which in turn
can affect microglial cell functionality, limiting their phagocytic activity, thus
suggesting the existence of a positive feed-forward loop between
inflammation and SG formation.

TDP-43 is known to re-localize to the cytoplasm in several neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS) and FTD (Bentmann et
al., 2012; Wolozin and Ivanov, 2019), forming condensates or aggregates via
LLPS and co-localizing with SGs. Furthermore, granulins have been
demonstrated to directly alter the solubility and the LLPS properties of TDP-
43 (Beel et al., 2018; Bhopatkar et al., 2020; Salazar et al., 2015). Therefore,
I hypothesized that dysregulated LLPS and impaired capacity of clearing
TDP-43 condensates in the cytoplasm would be a major source of cellular
stress, locking Grn-deficient microglial cells into an activated state,
subsequently causing a cascade of events leading to long-lasting
neuroinflammation, prolonged glial cell accumulation at injury sites and
impaired regeneration in the zebrafish CNS. To confirm this hypothesis, I
showed that TDP-43 condensates were generated both in wt and Grn-
deficient animals. However, Grn-deficient animals failed to clear
extranuclear TDP-43 condensates in microglial cells due to the dysregulation
of the LLPS of TDP-43. Injection of excessive LLPS-competent TDP-43 was
sufficient to reproduce the phenotype in wt animals. Furthermore, treating
Grn-deficient animals during the wound healing period with lipoamide, a
newly identified agent inhibiting SG formation by LLPS (Wheeler et al.,
2019), was sufficient to reduce the exacerbated neuroinflammation and to
clear extranuclear TDP-43 condensates. These results were supported by

scRNA-seq analysis demonstrating that blocking SG formation via lipoamide
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administration was sufficient to promote the transition of Grn-deficient
microglial cells back to homeostasis.

In summary, I demonstrated that clearance of SGs formed via LLPS in
microglial cells is required to prevent long-lasting neuroinflammation and
that granulins are necessary to tightly regulate this process. Failure to clear
SGs leads to a cascade of events locking microglial cells in their pro-
inflammatory state thus hindering zebrafish brain regeneration.
Importantly, the translation value of these results was supported by the
analysis of patients with stroke. More specifically, similarly to the phenotype
observed in Grn-deficient brains after TBI, I detected increased microglial
reactivity accompanied by high lipid-droplet content, TDP-43 condensates
and SGs in brain tissue of patients with stroke, supporting the concept that
similar regulatory mechanisms of neuroinflammation may be conserved in
the mammalian and zebrafish brain, and may be targeted to enhance

regeneration in the human CNS.

Collectively, I identified and described for the first time the association
between regulation of LLPS, neuroinflammation and regeneration in the
adult zebrafish CNS. More specifically, I discovered that the granulin-
mediated clearance of cytoplasmic TDP-43 condensates in microglial cells in
response to TBI is required to promote their inactivation, thus contributing
to the resolution of neuroinflammation and glial cell accumulation at injury
sites when the wound healing period is over. This set of data describe a novel
mechanism functionally contributing to CNS regeneration in zebrafish.

Although the exact mechanism through which LLPS-mediated TDP-43
condensates impair microglial functionality remains elusive, these findings
represent an important step towards the future development of new
therapeutic treatments aimed to ameliorate the regenerative outcome in

human patients affected by TBI and neurodegenerative diseases.
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