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1. Introduction

1.1. Introduction

In this PhD Thesis, | will discuss several topics related to microglia, the resident macrophages of
the brain parenchyma. They are derived from yolk sack primitive macrophages that colonize the
brain early during embryonic development. Microglia contribute to the correct development
and functioning of the central nervous system with their multiple functions, including their role
as phagocytes clearing the brain parenchyma from apoptotic cells and protein aggregates.
Microglia are also involved in most neurological and neurodegenerative diseases, especially
since genome-wide association studies have found that many microglia-specific genes are
significant risk factors for neurodegenerative diseases. In this PhD Thesis, | will specifically
discuss two aspects of microglial physiology. First, | will focus on the development of human
models of microglia and their importance in the use of microglia as a therapeutic target in
neurodegenerative diseases. Finally, | will discuss microglial process motility and phagocytosis,
two essential functions of homeostatic microglia that can become compromised in pathology.
In this introduction, | will first provide a brief overview of the three main topics and, in the next

section, | will provide a wider theoretical framework.

(i) Human models of microglia:

Interest in microglia as a therapeutic target for human diseases has been growing for quite some
time. Most in vitro studies use murine primary microglia or immortalized cell lines, which have
proved useful in studying the basic mechanisms of microglia. However, it has become
increasingly apparent that these models have to be refined to be more representative of human
microglial physiology, since immortalized cell lines and primary cultures have transcriptional
differences with freshly isolated human microglia (Melief et al., 2016; Timmerman et al, 2018;
Geirsdottir et al., 2019). Fresh human microglia would be very useful to create in vitro models
but is nearly impossible to obtain, relying on cells isolated from recently deceased patients or
biopsies. Thus, these microglia obtained from post mortem samples or patient biopsies can have
patterns of expression that do not resemble what can be found on homeostatic microglia (Mizee
et al., 2017). The scarcity of human microglia sources and variability of gene expression that can
be found in these samples make them non-ideal for the study of microglia in vitro, especially for

large scale experiments. Therefore, an alternative source of human microglia is needed.

A novel alternative to the culture of human microglia is the differentiation of induced pluripotent

stem cells (iPSCs) to microglia in vitro (Abud et al., 2017; Haenseler et al., 2017; McQuade et al.,



2018). During my secondment at Roche in Basel, | focused on generating microglia-like cells from
human iPSCs in vitro, using a previously described method to obtain primitive macrophages
(Gutbier et al., 2020). | optimized culture conditions to find those that displayed a classic
microglial branched morphology and gene expression characteristic of microglia. After
determining the best conditions, these cells were further characterized using transcriptomic
analysis and phenotypic characterization (intracellular calcium variations and migration in
response to different stimuli, mitochondrial metabolism, and phagocytosis of beta amyloid

coated nanoparticles). These results were published in (Reich et al., 2021).

(ii) Microglial process motility:

Microglial process motility is crucial for the correct functioning of microglia. Microglia are
constantly surveilling the brain parenchyma to respond to any disturbances (Nimmerjahn et al.,
2005). Microglial process motility has been traditionally analyzed using very time consuming,
non-standardized methods that rely on 2D projections of 3D images obtained by two-photon
microscopy. However, microglial processes move in all three dimensions of the brain

parenchyma, and thus use of 2D projections can lead to measurement errors.

To address this issue, | developed a series of macros that provide a standardized, free to use,
semi-automated and robust method for analyzing microglial process motility in 3D using the
open-access software Imagel. | used this method to demonstrate that analyzing microglial
process motility in 3D instead of 2D projections yields significantly different results; and that our
semi-automated method can obtain more reliable data faster and with reduced experimenter
bias than manual analysis. Results obtained from this project can be found in (Abiega et al.,
2016), where microglial process motility was analyzed in the context of a model of murine mesial
temporal lobe epilepsy; and in (Paris et al., 2018), where | described and validated the full set of

macros and used them to assess process motility in a model of systemic inflammation.

(iii) Microglial phagocytosis:

Phagocytosis of apoptotic cells is a key function of the professional phagocytes of the brain
parenchyma: microglia. In the adult brain in physiological conditions, this function is particularly
important in the neurogenic niches, where newborn cells constantly undergo apoptosis (Sierra
et al., 2010). These apoptotic cells must be cleared rapidly by microglia to maintain homeostasis
in the neurogenic niches. However, we hypothesize that microglia’s role in the neurogenic niches
is not only limited to clearing apoptotic cells but that phagocytic microglia have an active role in

the regulation of the neurogenic cascade.



In order to evaluate that hypothesis, | used several strains of mice that lacked the expression of

receptors involved in microglial phagocytosis(MerTK, Axl, and P2Y12).

MerTK and Axl are, along with Tyro3, part of the TAM receptor family (Lemke and C. V. Rothlin,

2008). These are receptor tyrosine kinases that bind to Gas6 for the recognition of apoptotic
cells for their engulfment. Gas6 is an adapter protein that binds to phosphatidylserine (PS)
exposed by apoptotic cells to facilitate their recognition by TAM receptors. The depletion of
these receptors has been previously reported to be detrimental for the clearance of apoptotic

cells by macrophages and dendritic cells (Seitz et al., 2007).

P2Y12 is a metabotropic purinergic receptor crucial for microglial environmental surveillance
through the sensing of the find me signals ATP/ADP. This receptor has been previously shown to
be crucial for the motility of microglia, which is an important step in phagocytosis (Haynes et al.,

2006).

| confirmed that microglial phagocytosis of apoptotic cells was reduced in these models and used
them to evaluate the role of phagocytosis on neurogenesis. To asses neurogenesis, | used a
combination of immunofluorescence for markers of the different cell types of the neurogenic
cascade and tracked the fate of newborn cells using Bromodeoxyuridine (BrdU), which
integrates into the DNA of proliferating cells. Mice injected with BrdU were studied at different
time points. This allowed us to evaluate differences in proliferation, survival, and ultimate
differentiation into neurons between controls and mice where phagocytosis is impaired, thus
revealing that deficient phagocytosis leads to a reduced yield in the neurogenic cascade. These

results were published in (Diaz-Aparicio et al., 2020)

In the next section (Theoretical framework and methods), | will provide a general introduction
to microglia and their role in maintaining homeostasis in the brain and delve deeper into
aspects related to the three topics covered in this PhD Thesis






1.2. Theoretical framework and methods

1.2.1. Introduction to microglia
Microglia are the main resident innate immune cells of the central nervous system (CNS)
parenchyma. They are therefore in charge of orchestrating immune responses in the brain
together with border associated macrophages (BAMs) located in the meninges, perivascular
space, and choroid plexus. Microglia were first distinguished from other glial populations by Pio
del Rio Hortega in 1919 (Sierra et al., 2019). Microglia are distributed across the entire CNS with
little to no contact with other microglia and constantly surveil the entire brain parenchyma to
sense any disturbances (Nimmerjahn et al., 2005). Nowadays, they are considered one of the
main therapeutic targets for treating neurodegenerative and neurological diseases. First,
microglia uniquely express many genes that have been identified in genome wide association
studies (Cruchaga et al., 2013; Efthymiou and Goate, 2017; Wightman et al., 2021). And second,
they are the main cell type in control of the release of proinflammatory cytokines, a major

characteristic of these diseases (Smith et al., 2012).

In the following sections, | will describe various aspects of microglia, starting with its ontogeny,
which was debated since their discovery until their origin was confirmed to be mesodermal,
specifically from the yolk sac (Ginhoux et al., 2010). Understanding the ontogeny of microglia
has been crucial for developing protocols for the differentiation of iPSC to microglia in vitro,

which is a very important advancement in the use of microglia as a therapeutic target.

Next, | will summarize the functions that microglia have in vivo. Specifically, | will focus on the
response to environmental cues, process motility, and phagocytosis. These functions are very
tightly related and crucial to maintaining homeostasis in the brain (Sierra et al., 2010; Paolicelli

etal., 2011; Ueno et al., 2013).

Finally, | will introduce adult neurogenesis and the adult neurogenic niches since microglia is
tasked with constantly phagocytosing apoptotic cells from these niches to maintain tissue
homeostasis (Sierra et al., 2010; Cunningham et al., 2013). | will also explore the consequences
of microglial phagocytosis on these niches and how microglia released factors can influence the

neurogenic cascade.



1.2.1.1. Ontogeny
Microglia are now known to arise from primitive macrophage progenitors that originate from
the yolk sack at embryonic day 7.5 in the mouse(Ginhoux et al., 2010) and at around estimated
gestational day 19 in humans (Tavian and Péault, 2005). However, determining the embryonic
origin of microglia proved challenging because hematopoiesis occurs in two major sites during
embryonic development, the yolk sac and the fetal liver (Tavian and Péault, 2005; Orkin and Zon,
2008). In this section, | will first summarize how hematopoiesis changes locations at different
stages of embryonic development until the onset of definitive hematopoiesis in the bone
marrow. Next, | will focus on the presence of microglial progenitors in the CNS during
development. Finally, | will explore how bone marrow derived cells can contribute to the

microglial population perinatally and in adulthood.

1.2.1.2. Developmental origin of microglia
Hematopoiesis, from the Greek haima (blood) and poiésis (to produce something), refers to the
production of blood cells, including macrophages. Primitive hematopoiesis initiates at around
embryonic day 7 in the yolk sac, when erythrocytes and primitive macrophages are produced
(Moore and Metcalf, 1970; Palis et al., 1999; Bertrand et al., 2005). These primitive macrophages
skip a monocytic intermediate stage, as opposed to adult macrophages (Takahashi, Yamamura,
and Naito, 1989). Once the circulatory system is established around embryonic days 8.5 to 10,
they colonize the embryo and differentiate to fetal macrophages (McGrath et al., 2003). After
embryonic day 8.5, the generation of hematopoietic progenitors also occurs inside the embryo
proper around the aorta, gonads, and mesonephros (Godin et al., 1993; Medvinsky et al., 1993).
The hematopoietic stem cells generated in these areas colonize the fetal liver together with yolk
sac generated hematopoietic progenitors at around embryonic day 10.5 (Kumaravelu et al.,
2002) (Figure 1). The fetal liver then generates the definitive hematopoietic progenitors that will
settle in the bone marrow and will proceed to generate all adult hematopoietic lineages:
erythroid, lymphoid, and myeloid lineages. Erythrocytes and megakaryocytes belong to the
erythroid lineage; B and T cells belong to the lymphoid lineage; and neutrophils, basophils,
eosinophils, mast cells, dendritic cells, and monocytes belong to the myeloid lineage. Human
embryonic hematopoiesis follows a similar dynamic. It begins in the yolk sack around estimated
gestational day 19 and continues in the fetal liver at 4-5 weeks of estimated gestational age,
before being finally established in the bone marrow at around 10.5 weeks of estimated
gestational age (Tavian and Péault, 2005). To summarize, the generation of blood cells and
resident macrophages begins in the yolk sac in both rodents and humans. It then relocates to

the aorta, gonads, and mesonephros. Finally, it moves to the fetal liver, where the progenitors
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for definitive hematopoiesis will be generated. Finally, these progenitors will settle to form the

bone marrow to give rise to erythroid, lymphoid, and myeloid cells (Figure 2).

However, microglia and other tissue macrophages do not derive from the bone marrow as
initially thought. Therefore, they are not technically considered myeloid cells, even though they
share with monocytes and other macrophages many lineage markers such as CD11b, CD45, IBA-
1, CX3CR1 (Grassivaro et al., 2020), among others; and similar functions, such as scanning the
environment for pathogens, the release of different factors in response to injury, phagocytosis,
etc (Andersson et al., 2000; Davalos et al., 2005; Pollard, 2009; Waisman et al., 2015; Grassivaro
et al., 2020). The first reports of the presence of microglia in the mouse brain date back to 1990,
when Ashwell found them in the fetal cerebellum at embryonic day 11 (Ashwell, 1990). Soon
after that, microglial precursors were observed in the neuroepithelium at embryonic day 8.5,
suggesting that this could be the earliest stage at which seeding of microglial precursors occurs
(Alliot et al., 1991). After the establishment of blood circulation, these microglia precursor cells
were found to colonize the embryo using autoradiography of a radioactively labeled nucleotide
that integrates into DNA ([3H]-thymidine) (Takahashi and Naito, 1993). Since, at that stage, only
yolk sack hematopoiesis occurred, Alliot proposed that these microglial progenitors must
originate from the yolk sack. This group then documented the presence of microglial progenitors
both in the yolk sack and the brain at around embryonic day 9 (Alliot, et al, 1999). This was later
confirmed when cells expressing macrophage and microglial markers (Alliot et al., 1999; Chan et
al., 2007; Ginhoux et al., 2010; Mizutani et al., 2012) were observed in the brain rudiment during
embryonic development. A similar timeline was also observed in humans. Amoeboid microglial
cells entered the ventricular lumen at 4-5 weeks of gestation (Rezaie et al., 2005; Monier et al.,
2007). Simultaneously, cells with ramified morphology could be detected in the yolk sack
(Janossy et al., 1986). These reports finally shed light on the developmental origin of microglia,

demonstrating its yolk sac origin (Figure 1).
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Figure 1. Embryonic origin of microglia and other hematopoietic populations: cartoon depicting the generation of
different cell lineages at different time points and their colonization of several structures in the embryo to

differentiate into microglia, peripheral tissue macrophages, and hematopoietic stem cells.

After the initial seeding of progenitors, the microglial population rapidly increases in number in
the brain after birth (Alliot, et al, 1999; Tambuyzer, et al, 2009). This led many researchers to
propose, based on previous literature, that there might be an influx of peripheral monocytes
that would contribute to the microglial population. Early studies in the 70s used [3H]-thymidine
to label blood cells and track their ingress in the brain parenchyma. In these early experiments,
5 days old rats were injected with [3H]-thymidine, and their brains were analyzed at different
time points to track the newly generated cells. The radioactively labelled cells could be found as
ameboid cells in the postnatal corpus callosum shortly after [3H]-thymidine administration and,
a week later, labelled microglia were found. At the time, these ameboid cells were thought to
be blood-derived based on their different morphology compared to ramified microglia, leading
to the incorrect conclusion that microglia derived from circulating cells (Imamoto and Leblond,
1978). This was later followed by the use of a model where the expression of Pu.1 is abolished,
resulting in a lack of embryonic microglia. Pu.1 is a transcription factor central to the regulation
of hematopoiesis. These Pu.1 KO mice were transplanted with wild type bone marrow at birth,
which led peripheral macrophages to colonize the brain parenchyma. Once in the brain
parenchyma, these peripheral macrophages would differentiate into microglia (Beers et al.,
2006). However, the transformation of peripherally generated cells into microglia is now

recognized to occur only under either extreme circumstances, such as when the blood brain
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barrier (BBB) is compromised (Larochelle et al., 2016), or to be very infrequent, limited in terms
of contribution to the total population, and restricted to specific CNS regions (Ling et al., 1980).
Further research using intra utero fluorescent labeling of fetal liver hematopoietic precursors
has also shown that there is a transient population of fetal liver generated monocytes that can
invade the brain parenchyma. These fetal liver generated monocytes are rapidly depleted by
apoptosis and do not contribute to the final microglial population (Askew et al., 2017).
Therefore, this strongly suggests that microglia originate solely from the yolk sac during
embryonic development. Therefore, microglial origin during embryonic development can be
traced to erythromyeloid progenitors that arise in the yolk sac with no significant contribution

from the fetal liver.

Further studies focused on the long-term maintenance of the microglial population in the adult
brain. In order to do so, the influx of bone marrow derived cells in the CNS, and their possible
differentiation to microglia for the long-term maintenance of the microglial population was
checked. Using [3H]-thymidine incorporation in adult mice, it was found that circulating
monocytes could be recruited into the brain parenchyma through the BBB and differentiate into
microglia. However, they also reported that resident microglia were also proliferating (Lawson,
et al1992), suggesting that both mechanisms could contribute to the maintenance of the
microglial population. Similar studies followed using bone marrow transplantation, and it was
found that donor cells could be found to differentiate into microglia within the brain of adult
mice (Eglitis and Mezey, 1997; Mezey et al., 2000; Simard and Rivest, 2004). However, these
studies conflicted with previous data showing little or no contribution to the microglial
population in the adult brain from transplanted bone marrow (Matsumoto and Fujiwara, 1987;
Lassmann et al., 1993; Priller et al., 2001). Recent studies also show that the engraftment of
blood derived macrophages in the CNS results from the opening of the BBB following irradiation
for the transplantation of bone marrow (Larochelle et al., 2016). This was further confirmed by
the use of parabiosis (fusing the circulatory system of animals), which showed that, when the
BBB is undisturbed, no infiltration and engraftment of blood derived cells occurs (Ajami et al.,
2007). More recent studies show that the resident population of microglia is only exceptionally
supplemented by cells of peripheral origin, such as after CNS lesions (Valliéres and Sawchenko,
2003) and in pathological conditions (Zhang et al., 2018). Therefore, we currently consider
microglia to be a self-sustaining population with an estimated turnover of 96 days (Askew, et al.,

2017; Huang et al., 2018).
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1.2.1.3. Transcriptional control of microglial lineage
The unique origin of microglia and their development in the CNS environment confers them a
unique transcriptomic profile, distinctly different from other tissue resident macrophages and
circulating monocytes. While they express general macrophage markers such as lonized calcium
binding adaptor molecule 1 (IBA1), cluster of differentiation receptors (CD68, CD45, CD11b), C-
X3-C Motif Chemokine Receptor 1 (CX3CR1), and high affinity immunoglobulin epsilon receptor
subunit gamma (FCGR1A), microglia also specifically express the purinergic receptor P2Y12 and
transmembrane protein 119 (TMEM119). In order to acquire their unique transcriptomic

signature, they rely on the following transcription factors and environmental signals (Figure 2):
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Figure 2. Hematopoietic lineages: cartoon depicting the generation of different hematopoietic populations. In grey,
the origin of microglia and other peripheral tissue resident macrophages from C-Myb- erythromyeloid progenitors. In
blue, generation of the different myeloid lineages from a common myeloid progenitor. In red, erythropoiesis, or
generation of red blood cells. In green, generation of the different lymphoid populations from a common lymphoid

progenitor.

1.2.1.3.1. Transcription factors:
Pu.l is a transcription factor central to regulating hematopoiesis (Kastner and Chan,
2008). Pu.1l determines in a dose-dependent manner the fate that hematopoietic
progenitors will follow and their commitment to lymphoid, erythroid, and macrophage
lineages (Mak et al., 2011). Pu.1 is highly expressed in mononuclear phagocytes and
controls macrophage differentiation and function through the control of expression of

CD11b, the receptors for macrophage colony-stimulating factor (M-CSF), and
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granulocyte macrophage colony-stimulating factor (GM-CSF), as well as many
transcription regulators such as early growth response 1/2 (Egr 1/2) and NGFI-A
binding protein 2 (Nab-2) (Laslo et al., 2006), which are crucial for macrophage
differentiation. In Pu.1 KO mutants macrophages, microglia and osteoclasts are absent

(McKercher et al., 1996).

Irf8 is a transcription factor that works together with Pu.1, driving the differentiation
of myeloid progenitors to mononuclear phagocytes while also suppressing the
differentiation of these precursors to neutrophils (Tamura, Kurotaki and Koizumi,
2015). Irf8 is primarily expressed in common myeloid progenitors and granulocyte-
monocyte progenitors and is highly expressed in the mononuclear phagocyte and
dendritic cell lineage (Tamura, Kurotaki and Koizumi, 2015). Abolishing the expression
of Irf8 in mice leads to an accumulation of monocyte progenitors that cannot
differentiate into the different monocyte/macrophage populations. Lack of Irf8
expression, however, does not completely impede colonization of the CNS by microglia
(Horiuchi et al., 2012; Kierdorf et al., 2013). However, lack of Irf8 leads to a decreased
expression of the canonical microglial marker IBA1, transcriptional changes in other
genes related to microglial function (such as fractalkine receptors and other surface
receptors that allow microglia to interact with their environment), changes in
morphology and motility (Horiuchi et al., 2012; Minten et al., 2012; Masuda et al.,
2014).

Myb is a transcription factor necessary for the generation of hematopoietic stem cells
but not for yolk sac hematopoiesis (Schulz et al., 2012). A lack of Myb during
embryogenesis results in embryos that develop normally until day 13. However, it
leads to a lack of hematopoiesis and death of the embryo by day 15, suggesting that
yolk sac hematopoiesis is intact although hematopoiesis in all subsequent locations is
abolished (Mucenski et al., 1991). On day 15, however, the populations of cells
generated by the yolk sac are still present, including microglia, showing that these cells

are generated independently of Myb.

1.2.1.3.2. Environmental cues:
M-CSF is a specific ligand of the colony-stimulating factor-1 receptor (CSF-1R). Signaling
through this receptor is required for the development and differentiation of microglia

(Ginhoux et al., 2010). M-CSF can change microglial morphology (Lee et al., 1994) and
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increase their proliferation and phagocytosis of amyloid beta (Imai and Kohsaka, 2002;
Smith et al., 2013). CSF-1R signaling has also been described to be necessary for adult
microglial survival, as its antagonists PLX3397 and PLX5622 are currently used as a tool
to deplete microglia (ElImore et al., 2014; Dagher et al., 2015). On the other hand,

engagement of CSF-1R by M-CSF increases microglial proliferation (Smith et al., 2013).

IL-34 is the only other known ligand for the CSF-1R. It has a similar structure to M-CSF,
is present in all vertebrates, and shows high conservation among species (Lin et al.,
2008; Garceau et al., 2010). Similar to M-CSF, it activates several sighaling pathways
that regulate major cellular functions, including proliferation, differentiation, survival,
metabolism, and cytokine/chemokine expression, in addition to cellular adhesion and
migration (Elmore et al., 2014; Masteller and Wong, 2014; Wu et al., 2018). IL-34
contributes to the development and maintenance of microglia in the brain (Baghdadi
et al., 2018). Similar to M-CSF, these effects can be blocked by the antagonists PLX

3397 or PLX5622, leading to microglia depletion.

TGF-B is a family of cytokines that play a role in many cell functions including
proliferation, differentiation, migration and metabolism (Morikawa, Derynck and
Miyazono, 2016). The lack of TGF-B dependent maturation in mice that do not express
TGF-B or its corresponding receptor in microglia results in an increased pro-
inflammatory phenotype (Brionne et al., 2003; Zéller et al., 2018). A lack of the TGF-B
receptor in microglia has also been shown to produce severe brain abnormalities
resulting in spastic motor deficits in mice (Arnold et al., 2019). TGF-B has also been
shown to be necessary for the acquisition of a canonical microglial signature both in

primary microglia and in vivo (Butovsky et al., 2014).

To summarize, microglial precursors develop through Pu.l and Irf8-dependent
pathways (Kierdorf et al., 2013) but in a Myb independent manner, which
differentiates them from other mononuclear phagocytes (Hoeffel et al., 2015).
Microglial precursors migrate to the CNS after the formation of the embryonic
circulatory system, and the blood circulation is established until the BBB formation
(McGrath et al., 2003). The settlement of microglia in the brain parenchyma occurs as
the CNS undergoes rapid proliferation and expands during development. Microglia
progenitors receive environmental cues that trigger their differentiation into microglia

(Easley-Neal et al., 2019; Spittau et al., 2020). This maturation process is highly
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dependent on CSF1R engagement by IL-34, which is crucial for the migration of the
microglial precursors to the neural tube and for the survival of microglia in the CNS,
and TGF-B signaling, which controls microglial transcriptional maturation (Spittau et

al., 2020).

1.2.1.4. Development of in vitro models
In vitro models of microglia have been used to understand the basic cellular and molecular
mechanisms that govern the behavior of these cells. Since microglia is a key target in the
treatment of neurodegenerative diseases, these models are of utmost importance in the search
for therapies that target microglia. In this section, | will focus on how the development of in vitro

models of microglia has progressed to this day.

The first in vitro model of microglia was developed in the mid-80s using microglia isolated from
early post-natal rat brains (Giulian and Baker, 1986). The development of this model allowed
researchers to perform functional studies that were not possible in vivo; for example, these
experiments showed that microglia were key players in the pathological production and release

of cytokines and chemokines (Hetier et al., 1988; Sawada et al., 1989).

The next major development was the immortalization of murine microglia using retroviruses
(Blasi et al., 1990). This resulted in the creation of the BV-2 cell line, which is used in many in
vitro studies nowadays. Since then, many more immortalized cell lines of microglia were created
relying on viral transduction of oncogenes from mice, rat, macaque, and human samples, such
as N9, HAPI, HMO6, or SV40, respectively. These cell lines all expressed microglial cell markers
and showed functional characteristics that resemble in vivo microglia to some extent. They
upregulate reactive oxygen and nitrogen oxide species (ROS and RNOS) production and
proinflammatory gene expression following stimulation with bacterial lipopolysaccharides (LPS)
and are capable of phagocytosing(Timmerman et al., 2018). However, it has become evident
that immortalized and primary microglia significantly differ from microglia in vivo in terms of
their transcriptomic profile and many functional aspects, such as cytokine expression, response

to inflammatory stimuli, etc (Butovsky et al., 2014; Melief et al., 2016).

The evolving understanding of microglial ontogeny summarized in the section above has allowed
the development of several methods for the production of human stem cell derived microglia-
like cells (Muffat et al., 2016; Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 2017

Pandya et al., 2017). These methods can be either employed with embryonic stem cells (ESCs),
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obtained from the inner cell mass of the blastocyst, or with iPSCs reprogrammed from somatic
cells using the protocol defined by (Takahashi and Yamanaka, 2006). These methods aim to
generate embryonic macrophage precursors that recapitulate the yolk sac ontogeny. Next, | will

provide a summary of the protocols mentioned above (Figure 3).

Protocol 1: Muffat et al

Human pluripotent stem cells are treated with collagenase IV, followed by trituration and plating
in clumps on low adhesion plates to form embryoid bodies. The same medium is used from day
0 of the differentiation and contains the growth factors M-CSF and IL-34. Stage specific cues for
the step wise differentiation to embryonic intermediates are not provided. However, the
authors showed that the embryoid bodies form cystic structures from which round vacuolated
cells that expressed PU.1 and IBA1 originate. They refer to these cells as microglial precursors.
One month after plating these precursors, they start expressing the canonical microglial markers
P2Y12 and TMEM119 in addition to IBA1 and CD45. These cells were also co-cultured with neural
precursor cells, which made microglia acquire a ramified morphology and shift their

transcriptional profile closer to primary microglia.

Protocol 2: Pandya et al

This protocol follows a two-step paradigm. First, iPSCs are maintained in pluripotency media at
a low oxygen concentration for two days. Afterward, they are differentiated using a
commercially available differentiation medium (STEMdiff) under hypoxic conditions for 15 days.
For the first 4 days, the medium is supplemented with the growth factors bone morphogenetic
protein 4 (BMP4), stem cell factor (SCF), vascular endothelial growth factor (VEGF), and activin
A. After day 4, VEGF and activin A are replaced by IL-3, IL-6, FIt3 ligand, and Granulocyte colony-
stimulating factor (G-CSF). On day 15, some cells can be found in the supernatant. These cells
are then harvested and plated with human astrocytes and medium supplemented with FBS 10%,
IL-3, M-CSF, and GM-CSF for 2 weeks. After the coculture period, these cells start expressing
CD11b, CX3CR1, and IBA1. Transcriptional analysis of these cells showed similarities to human
fetal microglia but also dendritic cells and macrophages, and the ratio of cells obtained from
each iPSC is relatively low (0.8-3 times) when comparing it to the other protocols that are

described here.

Protocol 3: Abud et al

In this protocol, iPSCs are differentiated using sequential exposure to stage-specific growth

factors to mimic the extracellular signals during embryonic development. During the first 2 days
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of differentiation, the medium is supplemented with fibroblast growth factor 2 (FGF2), BMP4,
and activin A. From day 2 to day 4, BMP4 and activin A are replaced by VEGF. After day 4,
thrombopoietin (TPO), SCF, IL-3, and IL-6 are added alongside FGF2 and VEGF. On day 10, cells
start to appear in the supernatant. These cells are then sorted by fluorophore activated cell
sorting (FACS) to obtain CD43+ cells. These CD43+ progenitors are then transferred to Matrigel
coated plates and cultivated for 28 days under a chemically defined microglia differentiation
medium containing M-CSF, IL-34, and TGF-B. During the last 3 days of differentiation, the
medium is supplemented with CD200 and CX3CL1. Transcriptomic analysis of these cells shows
them clustering with fetal and adult primary microglia and proximity to hematopoietic
progenitors at day 10 of the differentiation protocol. Undifferentiated iPSCs, peripheral blood
dendritic cells, and monocytes clustered away from microglia obtained with this protocol. The
yield of microglia like cells is as high as 30—40 times the starting number of iPSCs, and the purity
reaches almost 100%, although the protocol requires FACS to enrich for hematopoietic

progenitors.

Protocol 4: Douvaras et al

Here, differentiation of iPSC colonies is induced in commercial media (mTeSR/StemPro) through
exposure to stage-specific growth factors to mimic the extracellular signals during embryonic
development. During the first 4 days of differentiation, the medium is supplemented with BMP4.
On day 4, BMP4 is replaced by FGF2, VEGF, and SCF. From day 6, the medium is supplemented
with TPO, FIt3 ligand, IL-3, and M-CSF alongside SCF. After day 14, the medium contains Flt3
ligand, M-CSF, and GM-CSF. From day 25, microglial precursors appear in the supernatant and
can be harvested and enriched by FACS or magnetic bead separation (MACS). These precursors
can be harvested weekly for up to 1 month. The sorted cells are then transferred to coverslips
and cultivated for another 20 days in a chemically defined microglia differentiation medium
containing GM-CSF and IL-34. The resulting microglia like cells express canonical microglia
markers IBA1, CD11b, CD11c, CX3CR1, P2Y12, and TMEM119. Transcriptomic analysis showed
clustering of microglia like cells and primary microglia and their segregation from different types

of macrophages.

Protocol 5: Haenseler et al

This protocol uses chemically defined media (mTeSR1) for the culture of iPSCs. Once confluent,
these iPSCs are transferred to Aggrewell plates at a concentration of 4 million cells per well and
spun down for the formation of embryoid bodies. During the first 4 days, embryoid bodies are

cultivated in a commercial mTeSR1 medium supplemented with BMP4, VEGF-A, and SCF. On day
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4, embryoid bodies are transferred to flasks and cultivated with the commercially available
medium X-VIVO15 supplemented with IL-3 and M-CSF. During 3 weeks, embryoid bodies start
developing adherent and cystic structures similar to the ones described by Muffat et al. After 3
weeks, microglial precursors appear in the supernatant and can be harvested for further
differentiation in mono- or co- culture. These precursors can be harvested weekly for up to 2
months. These microglial precursors differentiate in medium supplemented with GM-CSF and
IL-34. The differentiated microglia display a ramified morphology and the canonical microglial
markers CD11b, IBA1, CX3CR1, and P2Y12. Transcriptomic analysis shows these mono- and co-
cultured cells clustering with fetal microglia and segregation from peripheral blood derived
monocytes. Recently, an optimized version of this protocol has been described (Gutbier et al.,
2020). The protocol has been optimized for large scale culture by using an extra step of

accumulation of embryonic macrophage precursors, thus, improving the yield from the original

protocol.
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Figure 3. Methods to differentiate microglia from iPSCs: cartoon summarizing the critical steps and components
needed for differentiating iPSCs to microglia according to the protocols discussed in this section with a list of pros and

cons.

In this thesis, | have focused on building upon the protocol described by Haenseler (Haenseler
et al., 2017) and optimized by Gutbier (Gutbier et al., 2020). This protocol was chosen due to
the higher yields, simplicity, and scalability that it provides. The optimized protocol by Gutbier

also allows the accumulation of microglial progenitors in bioreactors without detrimental effects
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on their viability. | built upon these protocols to develop an in vitro model of monoculture
microglia from iPSC that resembled adult microglia. This will provide a humanized model to
study potential targeting strategies involving microglia in disease and the mechanisms that

govern human microglial physiology.

1.2.2. Microglial functions
Microglia, as the main resident immune cells of the brain parenchyma, have to be able to
respond rapidly to any disturbances in the environment. In order to do so, they rely on three
canonical macrophage main functions: inflammation, motility, and phagocytosis, which will be

further explored in the next sections of this PhD Thesis.

1.2.2.1. Inflammation
Microglia are in charge of orchestrating the brain inflammatory response. Inflammation is a
mechanism of the innate immune system to protect the organism against harmful stimuli and
initiate tissue repair (Lucas, Rothwell, and Gibson, 2006). This process can be triggered by the
presence of pathogens and other stimuli. In the CNS, this process is usually triggered by injury,
protein aggregates, and environmental toxins (Block and Hong, 2005). When faced with these
challenges, microglia respond by releasing a wide variety of factors such as cytokines (pro- and
anti- inflammatory), proteins of the complement system, reactive oxygen and nitrogen species,
chemokines, prostaglandins, leukotrienes, and trophic factors (Nayak, Roth and McGavern,
2014). Inflammation has been shown to contribute to tissue damage and has been reported in
all neurodegenerative diseases (Alzheimer’s, Parkinson’s, multiple sclerosis, stroke, and
epilepsy) (Amor et al., 2010; Vezzani et al., 2011). Different studies have shown the contribution
that pro-inflammatory cytokines have to neurodegenerative diseases and how they aggravate
the disease progression (Rocha et al., 2012; Zheng, Zhou and Wang, 2016). In this next section,
| will explain the classic pro- and anti- inflammatory cytokines and the current understanding of

microglial states.

1.2.2.1.1. Pro-inflammatory cytokines
Harmful stimuli are recognized by microglia through pattern recognizing receptors,
such as toll like receptors (TLR), nucleotide binding oligomerization domain (nod)-like
receptors (NLR), and triggering receptors expressed in myeloid cells (TREM), among
others. The activation of these receptors leads to the production of pro-inflammatory

cytokines such as interleukin 1 3 (IL-1), interleukin 6 (IL-6), interferon gamma (IFN-y),
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and tumor necrosis factor o (TNF-a) (Vezzani et al., 2011). These cytokines can act in
an endocrine, paracrine or autocrine manner and trigger a wide array of responses,
from the promotion of infiltration of other immune cells to enhancing the release of
other cytokines and chemokines or a pyrogenic response coupled to the release of

prostaglandins (Duque and Descoteaux, 2014).

Although the acute pro-inflammatory response is necessary for the protective role of
microglia by promoting microglial phagocytosis of protein aggregates (DiCarlo, 2001;
Herber et al., 2004), chronic inflammation leads to an impairment of phagocytosis of
these aggregates (Mawuenyega et al., 2010; Rangaraju et al., 2018). Phagocytosis of
apoptotic cells during acute and chronic inflammation in vivo, via LPS or an omega-3
fatty acid deficient diet administration, respectively, has been shown to remain
coupled to apoptosis (Abiega et al., 2016). This means that even though there is an
increase in the number of apoptotic cells, microglia are able to cope with this increase
by increasing the number of apoptotic cells engulfed per microglial cell. Therefore, pro-
inflammatory cytokines modulate microglial activity and their response to different

stimuli.

1.2.2.1.2. Anti-inflammatory cytokines
Anti-inflammatory cytokines are key for the control of the process of inflammation and
the resolution of the inflammatory process (Opal and DePalo, 2000) to prevent the
detrimental effects of chronic inflammation (Vezzani, Friedman and Dingledine, 2013).
Apart from being an important factor in the development an acquisition of their
molecular signature, TGF-B is also an important anti-inflammatory cytokine that
induces a protective response in pathological conditions in the brain (Ruocco et al.,
1999). TGF-B, along with interleukin 1 and 10 (IL-1 and IL-10), have been shown to
decrease antigen presentation by microglia and reduce the release of pro-
inflammatory cytokines, chemokines, and RNOS (Aloisi et al., 1999; O’Keefe, Nguyen

and Benveniste, 1999).

1.2.2.1.3. Microglial states
Until recently, the states of microglia were classified using the classic terms previously
used for macrophages M1 (or pro-inflammatory) and M2 (anti-inflammatory) (Cherry,
Olschowka and O’Banion, 2014). This classification was used interchangeably with

“activated” (equivalent to M1) or “resting” (equivalent to M2). These terms, however,
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have become obsolete since they fail to summarize the diversity of microglial
responses (Ransohoff, 2016), which are characterized by distinct molecular signatures
(Butovsky et al., 2014; Keren-Shaul et al., 2017; Hammond et al., 2019). These distinct
transcriptional states have been described with the onset of single cell transcriptomics
and may correspond to context-specific functions. The use of single cell technologies
has led to an ever-growing list of microglial states defined by the different clusters
observed in these experiments. However, there is a caveat to this approach: the
functional properties of many of these clusters remain uncharacterized, and, many
times, the relations and differences between the different clusters generated by
computational methods are obscured by the very large sets of data and their complex
processing. Among the different states displayed by microglia, the disease-associated
microglia (DAM) signature has gained attention for its relevance in Alzheimer’s disease
and will be explored in more detail in the next section. In this thesis, | will focus on the
DAM signature since the in vitro model | developed has a high expression of TREM-2,

which is crucial for acquiring this signature.

1.2.2.1.4. DAM signature
Microglia have been shown to exhibit a distinctly different transcriptomic profile in
Alzheimer’s disease. More specifically, microglia near amyloid plaques show a marked
decrease in homeostatic gene expression (P2Y12, CX3CR1, TMEM119) and an increase
in the expression of genes that have been identified as risk factors for Alzheimer’s
disease (APOE, TREM-2) (Keren-Shaul et al., 2017). The population of microglia that
shows this transcriptomic profile was named disease-associated microglia (DAM
microglia). This signature shows wide effects on the expression of genes involved in
metabolism, motility, and phagocytosis. This signature was originally associated with
Alzheimer’s disease, but it has been observed in other conditions such as ageing,
frontotemporal dementia, and amyotrophic lateral sclerosis (Butovsky and Weiner,
2018). Importantly, TREM2 activity is crucial for the transition of microglia to the DAM
state and the clustering of microglia around plaques, and the seeding of amyloid
(Parhizkar et al., 2019). Whether this signature is protective or detrimental in the
context of disease is still debated and is of key relevance when approaching a

treatment for these disorders.
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1.2.2.2. Motility
Microglia, and other professional phagocytes (Paterson and Ldmmermann, 2022), constantly
survey the brain parenchyma by extension and retraction of their highly ramified processes at a
speed of about 1.5 um/min (Nimmerjahn, Kirchhoff and Helmchen, 2005). Microglia
continuously extend and retract their processes while maintaining a static cell body. This process
requires cytoskeletal rearrangements (Capani et al., 2001), which are triggered by a variety of
chemoattractant molecules (Andreasson et al., 2016) acting on a wide repertoire of sensing
receptors expressed by microglia (Kettenmann et al., 2011) (Figure 4). This mechanism is crucial

for microglia to be able to sense and respond rapidly to changes in their environment.
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Figure 4. Microglial motility: cartoon depicting the different molecules that can affect microglial motility, together

with their sources and the microglial receptors through which they exert their function.

1.2.2.2.1. Signaling mechanisms

Purinergic receptor mediated:

Nucleotides such as adenosine triphosphate (ATP), adenosine diphosphate (ADP),
uridine triphosphate (UTP), and uridine diphosphate (UDP) can be released by neurons
and astrocytes into the brain parenchyma. These nucleotides can serve both as
neurotransmitters in physiological conditions (Burnstock, 2006) and as damage signals
from apoptotic cells (Chen, Zhao and Liu, 2014). The gradient generated by the
liberation of these nucleotides guides microglial motility through the activation of
microglial purinergic receptors (Davalos et al., 2005). Depending on the stimulus, these
receptors can be divided into two families: those activated by adenosine (P1 receptors)
or by ATP/ADP and UTP/UDP nucleotides (P2 receptors). P2 receptors can also be

divided in two subgroups, ionotropic (P2X) and metabotropic (P2Y). The P2Y receptors
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are G protein-coupled receptors that mediate microglial motility through K* currents
and a Ca%*, phospholipase C, and phosphatidylinositol 3 kinase dependent
phosphorylation of the secondary messenger Akt (Wu et al., 2007; Wu, Vadakkan and
Zhuo, 2007; Madry and Attwell, 2015).

The ADP/ATP receptor P2Y12 is regarded as a microglial-specific protein and has been
suggested as a marker of homeostatic microglia (Keren-Shaul et al., 2017). This
receptor has been reported to regulate directed motility (Haynes et al., 2006). In
addition to affecting motility, many more roles of purinergic signaling are being
uncovered. Purinergic signaling has been shown to be critical for the microglia/neuron
somatic junction, where microglia contact the soma of neurons to provide support
(Cserép et al., 2020). Purinergic signaling has also been shown to be involved in
microglia/synaptic patrolling and the modulation of synaptic plasticity (Sipe et al.,
2016). Purinergic signaling in microglia has also been shown to contribute to the
regulation of cerebral blood flow and neurovascular coupling (Bisht et al., 2021;

Csaszar et al., 2022).

Neurotransmitter mediated:

The main neurotransmitters in the brain, glutamate and gamma-aminobutyric acid
(GABA), have been reported to be involved in microglial motility. Experiments
performed in retinal explants showed that GABA application decreases motility, and
bicuculine (a GABA receptor antagonist) leads to an increase in size and basal velocity
of microglial processes (Fontainhas et al., 2011). This group also showed that agonists
and antagonists of ionotropic glutamate receptors affect the size and motility of
microglial processes. However, it has been reported that microglia do not express
ionotropic glutamate receptors (Fontainhas et al., 2011; Eyo et al., 2014). The
neurotransmitter norepinephrine has been shown to modulate microglial motility in
vitro, in acute slices (Gyoneva and Traynelis, 2013), and in vivo (Stowell et al., 2019).
This suggests that neurotransmitters can exert a direct activity on microglia in the case
of norepinephrine or through an increased release of ATP or other chemotactic

compounds due to increased circuit activity.

Fractalkine (CX3CL1):

Fractalkine is predominantly expressed in neurons in the CNS, and the fractalkine

receptor (CX3CR1) is expressed in microglia (Harrison et al., 1998). CX3CL1 can be
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cleaved by several proteases to generate a soluble fragment (Garton et al., 2001;
Hundhausen et al., 2003; Clark, Yip and Malcangio, 2009), and it can signal in both its
membrane-bound and soluble form. The chemotactic activity of CX3CL1 on microglia
was first described in vitro (Maciejewski-Lenoir et al., 1999). It has been shown that
microglia lacking CX3CR1 expression injected in mice brains are not able to migrate
into the brain parenchyma when compared to microglia expressing one copy of
CX3CR1 (Cardona et al., 2006). It was later described that CX3CR1 knock-out leads to

decreased microglial basal motility and migration in retinal explants (Liang et al., 2009).

In addition to the effects of fractalkine on motility, it has also been shown to modulate
microglial metabolism (Lauro et al., 2019) and the production of RNOS after an

inflammatory challenge (Inoue et al., 2021).

1.2.2.2.2. Measurement of microglial motility
The measurement of microglial motility in vivo requires the use of fluorophores, either

intrinsic expression by microglia or the administration of fluorophore conjugated
lectins (such as tomato lectin) and the use of various imaging modalities such as: multi-
photon laser-scanning, lightsheet or confocal microscopy to obtain time-lapse images
from brain slices or the brains of living animals. This process generates large files
containing 4 dimensionally coded images (XYZ+T) which can be challenging to analyze.
The challenges we face when analyzing these sets of images are technical artifacts that
must be corrected, such as 3D drift due to animal movements during the experimental
procedure, bleaching of the fluorophore during the acquisition procedure, and
background signals. The next challenge is the analysis of the images themselves since
there are no standardized methods for the analysis of motility in 3D. Most publications
have relied on 2D image projections for the analysis of process length (Davalos et al.,
2005; Nimmerjahn, Kirchhoff and Helmchen, 2005), tip position (Kondo, Kohsaka and
Okabe, 2011; Batti et al., 2016; Fourgeaud et al., 2016), and the area occupied by
microglial processes or microglia (Davalos et al., 2005; Fontainhas et al., 2011).
However, the use of 2D projections can lead to errors in the measurement of motility
due to the three-dimensional nature of microglial motility. Therefore, in this PhD
Thesis, we developed a method to measure microglial motility in 3D in a semi-
automated manner to provide tools that can help standardize and compare

experimental data from different sources.
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1.2.2.3. Phagocytosis

Microglia are the professional phagocytes of the brain. Phagocytosis is a sequential process in
which several signaling mechanisms govern the activity of microglia. First, microglia have to find
the structures to be phagocytosed through directed motility governed by find me signals.
Second, microglia have to recognize the structures to be phagocytosed by direct contact in a
receptor specific manner for the engulfment of these structures to take place. This second step
is governed by eat me signals (Gardai et al., 2006; Peter, Wesselborg and Lauber, 2010). Lastly,
these structures will be internalized, forming a phagosome that will fuse with lysosomes for the
degradation of its cargo (Park et al., 2011). This process protects the brain against pathogens
such as viruses, bacteria, fungi, and parasites (Mariani and Kielian, 2009). However, due to the
BBB, which is a physical barrier protecting the CNS, these are rarely the targets of phagocytosis.
In the CNS, the most common phagocytic cargo are misfolded proteins (such as amyloid beta),
cell debris (such as myelin and axonal debris), and apoptotic cells
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Figure 5. Microglial phagocytosis: cartoon depicting the different stages of microglial phagocytosis of apoptotic cells
together with a list of molecules and receptors that are key for the proper functioning of these mechanisms. Modified

from (Sierra et al., 2013).

1.2.2.3.1. Types of cargo
Synapses: during development, more synapses are formed than necessary, and
microglia are thought to play a role in the selective pruning of synapses (Katz and Shatz,
1996; Hua and Smith, 2004). Synaptic pruning has been suggested to be regulated by
the fractalkine (Paolicelli et al., 2011) and complement (Schafer et al., 2012) systems

and also the MERTK phagocytic pathways (Chung et al., 2013).
Myelin: myelin debris clearance by microglia is very important for the correct

myelination of axons after damage to the myelin sheath (Napoli and Neumann, 2010).

It has been shown that clearance of myelin debris and remyelination is severely
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impaired (Lampron et al., 2015; Cignarella et al., 2020) in mice lacking CX3CR1 or

Triggering receptor expressed in myeloid cells 2 (TREM2) expression.

Amyloid beta: amyloid beta plaque accumulation is the defining criterion for
Alzheimer’s disease diagnosis, and it has been hypothesized to be the driving force
behind disease progression. Microglia have been shown to associate with amyloid
plagues in a TREM2 dependent manner. It has been shown that TREM2 deletion leads
to plagque accumulation and prevents microglial from migrating to enclose amyloid

beta plaques (Ulrich et al., 2014; Yuan et al., 2016).

Apoptotic cells: apoptotic cells expose PS on their membrane surface, which can be
recognized by a wide array of receptors such as BAI1, TIM4, and stabilins, or it can be
indirectly detected by bridging molecules such as ProS1 and Gas6 that bind to PS to
facilitate the recognition of apoptotic cells by microglia for the initiation of TAM

receptor mediated phagocytosis (Zhao et al., 2018).

In this PhD Thesis, | will focus on the phagocytosis of apoptotic cells. Apoptosis, or programmed
cell death, is the mechanism by which cells that are damaged or are no longer needed die in an
orderly manner. Apoptosis occurs through the activation of a caspase cascade. This activation
can occur through different mechanisms, but it converges with the activation of caspases 3, 6,
and 7, which will result in the cleavage of many different targets and ultimately in the
morphological and biochemical changes associated with apoptosis (Maciejewski-Lenoir et al.,
1999; Li and Yuan, 2008; Brentnall et al., 2013). These changes include cell shrinkage, nuclear
condensation (pyknosis), and fragmentation (karyorrhexis)(Zheng et al., 1998; Ziegler and

Groscurth, 2004).

Apoptosis is a very important developmental process. During CNS development, there is
extensive apoptosis of both neural and glial cells. Apoptosis has been shown to take place during
neural tube closure, and defects in apoptosis have been shown to affect this process in chick
(Weil, Jacobson and Raff, 1997), mice (Massa et al., 2009), and human development (Liu et al.,
2018; Spellicy et al., 2018; Zhou et al., 2018). Furthermore, apoptosis of cells in signaling centers,
such as FGF-8 expressing cells in the rostral anterior neural ridge, has been suggested to be very
important for the correct development of the CNS (Nonomura et al., 2013). These apoptotic cells
have to be phagocytosed by microglia to maintain homeostasis and prevent inflammatory

reactions (Arandjelovic and Ravichandran, 2015). Microglia have been shown to colonize
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proliferative zones in rodents and macaques, where they phagocytose apoptotic neural
progenitor cells (Cunningham, Martinez-Cerdefio and Noctor, 2013). When phagocytosis is
blocked in models lacking phagocytosis receptors such as TREM2, MerTK, and Ax|, apoptotic cells
accumulate during development (Takahashi, Rochford and Neumann, 2005; Fourgeaud et al.,
2016). Microglia are not only limited to phagocytose apoptotic neural cells, as they also
phagocytose apoptotic retinal ganglion cells in the embryonic retina shortly after birth
(Anderson et al., 2019), and oligodendrocytes within the corpus callosum (Li et al., 2019; Nemes-
Baran, White and DeSilva, 2020). Apoptosis also continues to take place in the adult brain in
adult neurogenic sites such as the hippocampal dentate gyrus, where the majority of newborn

cells undergo apoptosis before integrating into the circuitry (Sierra et al., 2010).

The timely and effective phagocytosis of apoptotic cells by phagocytes is key in preventing the
spillover of toxic intracellular compounds since cells undergoing apoptosis maintain the integrity
of their plasma membrane up to an advanced stage (Coleman et al., 2001; Sebbagh et al., 2001).
As previously mentioned, phagocytosis of apoptotic cells is a sequential process governed by
different signals. First, microglia will find the cargo to be phagocytosed through find me signals.
Next, microglia will recognize this cargo through eat me signals. Finally, microglia will degrade
the cargo. Different types of find me and eat me signals exist and will be further explored in the

next section (Figure 5).

1.2.2.3.2. Types of signals
Find me:

Purinergic signaling: nucleotides such as ATP/UTP are released during apoptosis (Elliott

et al., 2009). These nucleotides have been shown to exert a strong chemotactic
response in microglia in vivo (Davalos et al., 2005). The role of purinergic signaling was

explored in more detail in the motility section (2.2.1.1).

Sphingosine-1-Phosphate (S1P): S1P is a chemoattractant molecule that has been

shown to be produced after the induction of apoptosis (Gude et al., 2008). Microglia
have been shown to express all receptors for S1P (S1P1-5), and S1P signaling has been

shown to affect microglial morphology in vivo (Langeslag and Kress, 2020).

Lysophosphatidylcholine  (LPC): LPC is produced by calcium-independent

phospholipase A2 after cleavage by caspases during apoptosis (Lauber et al., 2003).

This study also showed the chemotactic activity of LPC in vitro. In more recent studies,
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injection of LPCin vivo has been shown to lead to an accumulation of microglia around
the injection site (Xu et al., 2016; Plastini, Desu and Brambilla, 2020), although LPC at
high concentrations can promote apoptosis, which can lead to the release of other

chemotactic factors.

Fractalkine (CX3CL1): fractalkine is a well know chemotactic factor released during

apoptosis in a caspase dependent manner (Sokolowski et al., 2014). CX3CR1 is the
specific receptor for CX3CL1, and it is exclusively expressed in microglia in the brain.
The role of fractalkine was explored in further detail in the motility section (2.2.1.1) of

this thesis.

Complement system: the complement system is a central part of the innate immune

response. It comprises plasma proteins mainly synthesized by the liver and locally in
the brain. These proteins can exert a wide variety of functions: the complement
proteins Clg and C3 can opsonize pathogens and structures to be phagocytosed, and
the complement protein C5a has been shown to be an important chemoattractant

molecule (Nolte et al., 1996).

Eat me:

Phosphatidylserine (PS): PS is a phospholipid that becomes exposed on the cell

membrane of apoptotic cells (Fadok et al.,, 1998) for their identification by
macrophages either through PS receptors or with the aid of bridging molecules and

other supplementary receptors.

Protein S (ProS1) and Gas6: ProS1 and Gas6 are soluble TAM receptor ligands that bind

to PS and act as bridging molecules to recognize and engulf apoptotic cells (Lemke and
C. v. Rothlin, 2008). MerTK, one of the TAM receptors, is exclusively expressed in

microglia in the CNS (Fourgeaud et al., 2016).

Milk fat globule-EGF factor 8 (MFG-E8): MFG-ES8 is another soluble factor that binds to

PS exposed by apoptotic cells. MFG-E8 bound to PS can then be recognized by integrin
receptors in microglia for the phagocytosis of apoptotic cells (Fuller and van Eldik,

2008).
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Complement system: C1lq and C3 opsonins opsonize structures to be phagocytosed.

Opsonized structures can be then recognized by microglia through complement
receptor 3 (CR3). C3 has been shown to be involved in synaptic pruning (Schafer et al.,
2012) and clearance of myelin debris (Vargas et al., 2010), and amyloid beta (Czirr et
al., 2017).

After the find me and eat me process, microglia have to degrade the phagocytosed structure. In
order to do so, the phagosome goes through a maturation process in which they fuse with
lysosomes to form phagolysosomes (Desjardins et al., 1994). Recently, it has been described that
phagosomes are first shrunk in a glucose 6-phosphate transporter (Slc37a2) dependent manner
and fuse to a newly described organelle called gastrosome, a process that has been shown to be
important for the maintenance of microglial motility and phagocytic function (Villani et al.,
2019). Phagolysosomes contain many proteins, such as cathepsins and N-acetyl-beta-
glucosaminidase, that degrade the target with the aid of proton pumps that will acidify the
lumen of the phagolysosome allowing the activation of these enzymes (Geisow and Evans, 1984;

Liu et al., 2008).

The subcellular localization of the phagolysosome when degradation occurs has also been
debated. It has been shown in live imaging experiments that phagosomes are transported to the
cell soma (Nimmerjahn et al.,, 2005). It has also been shown in other phagocytes that
phagosomes have to be transported to the perinuclear region for their fusion with lysosomes to
form phagolysosomes (Marion et al., 2011; Li et al., 2016; Keller, Berghoff and Kress, 2017). This
suggests that the cytoskeleton might play a role in the transportation and maturation of

phagosomes during the degradation process.

All these different signals and mechanisms are points where microglial phagocytosis can be
regulated to affect phagocytic efficiency. Next, | will discuss the functional implications of

apoptotic cell phagocytosis in physiological conditions.

1.2.3. Microglial phagocytosis in neurogenic niches
Apoptotic cells are not only produced during development, they can also be found in physiology
during the entire lifespan in the neurogenic niches of the brain. In the adult, brain neurogenesis
is limited to two regions: the subventricular zone (SVZ), which generates neuronal progenitors
that will migrate through the rostral migratory stream to the olfactory bulb (OB), where they
will integrate as neurons (Alvarez-Buylla and Garcia-Verdugo, 2002); and the subgranular zone
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(SGZ) of the hippocampus, in which newborn cells integrate into the granular cell layer of the
dentate gyrus (DG) (Kempermann et al., 2004). In physiological conditions, a large proportion of
the SGZ newborn cells will undergo apoptosis (Sierra et al., 2010). Similarly, many newly
generated cells in the SVZ undergo apoptosis and are cleared by microglia in a MerTK dependent
manner (Fourgeaud et al., 2016). The dynamics of proliferation and apoptotic cell generation in
the SGZ are conserved throughout adulthood (Beccari et al., 2017): 40-60% of these newly
generated cells undergo apoptosis during a primary critical period from day 2 to 4, followed by
a smaller proportion of newly generated cells undergoing apoptosis in the secondary critical
periods from day 4 to 10 and days 10 to 30. This constitutive generation of apoptotic cells has
proven to be very useful to characterize the baseline phagocytic activity of microglia and its
efficiency, with 90% of all newborn apoptotic cells being engulfed by microglia and cleared from
the parenchyma in under 1.5h (Sierra et al., 2010). In this PhD thesis, | will focus on the
consequences that the lack of phagocytosis has on the adult neurogenic niche of the SGZ. In the
next section, | will first describe the cellular composition of the adult neurogenic niches, then |
will focus on the role of microglia in the elimination of the apoptotic cells that are generated in
the neurogenic niches, and lastly on the effects that microglia can exert in the neural progenitor

pool.

1.2.3.1. Adult hippocampal neurogenic niche
Neurogenesis occurs primarily in two areas of the adult brain (the SVZ and the SGZ) in various
species including humans (Eriksson et al., 1998; Ming and Song, 2011; Spalding et al., 2013;
Hevner, 2016). However, there is currently conflicting literature regarding the persistence of
neurogenesis in humans during aging, with reports stating that it persists until late age (Boldrini
et al., 2018) and reports that claim that it is absent after childhood (Sorrells et al., 2018).
Importantly, in the context of Alzheimer’s disease and other neurodegenerative diseases, it has
been shown that although adult hippocampal neurogenesis persists, it results in the generation
of neurons that show anatomical and functional differences (Teixeira et al., 2018; J. Terreros-
Roncal et al., 2021). In the SVZ, neuroblasts are generated in the anterior part of the SVZ and
migrate through the rostral migratory stream to the OB, where they differentiate into
interneurons (Whitman and Greer, 2007). In the murine hippocampus, where my PhD Thesis
focuses, neurogenesis has been shown to occur throughout the entire life of an organism. These
newly generated neurons originate from neural stem cells called radial neuroprogenitors
(rNPCs). rNPCs are a population of multipotent cells capable of generating neurons and
astrocytes. rNPCs have a radial process that extends through the granule cell layer and express

nestin, glial fibrillary acidic protein (GFAP), and Sox2 (Kempermann et al., 2004). The behaviour
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of rNPCs is still a matter of debate. It is currently debated if they can self-renew to maintain the
rNPC pool during the entire life of the organism (Bonaguidi et al., 2011) if they don’t have that
capability and this pool gets reduced during aging (Encinas et al., 2011; Martin-Suarez et al.,
2019) or if there are subsets of rNPCs that can return to a resting state (Urban et al., 2016; Harris
et al., 2021). Regardless of their fate, rNPCs generate amplifying neural progenitor cells (ANPs)
that have a bipolar morphology and express Tbr2 and doublecortin (DCX). They undergo rapid
symmetrical proliferation to generate neuroblasts and a copy of themselves. These neuroblasts
migrate to the GCL of the DG, where they will mature and integrate into the circuitry (Sun et al.,

2015).
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Figure 6. Microglia in the neurogenic niche of the SGZ: cartoon depicting the different cellular populations of the

adult neurogenic niche of the SGZ of the hippocampus. The generation of apoptotic cells from newborn cells and their

elimination by microglia through phagocytosis is also depicted here. Modified from (Encinas and Sierra, 2012).

Adult hippocampal neurogenesis has been shown to be involved in learning and memory (Deng,
Aimone, and Gage, 2010), spatial and object recognition (Jessberger et al., 2009), fear
conditioning and synaptic plasticity (Saxe et al., 2006), and pattern separation (Sahay et al.,
2011; Toda et al., 2019). Importantly, adult hippocampal neurogenesis dramatically decreases
in patients suffering from neurodegenerative diseases such as Alzheimer’s, frontotemporal
dementia, Parkinson’s disease, etc., when compared to healthy individuals (Moreno-Jiménez et
al., 2019; J Terreros-Roncal et al., 2021). Thus, it is important to understand the relationship

between neurogenesis and microglia since neurogenesis has been shown to be negatively
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affected in patients of these diseases, and microglia is one of the key players in

neurodegenerative diseases.

1.2.3.2. Microglia in adult neurogenesis
There is growing evidence that microglia can affect neurogenesis through various mechanisms:
first, through direct interactions with neurons, microglia have been proposed to engulf synaptic
spines, physically modulate synaptic activity, and affect the growth of both axons and synaptic
spines. Second, through the release of various factors, it has been proposed that microglia can
influence the proliferation, survival, differentiation, and integration of newly generated neurons

into the hippocampal circuitry. (Rodriguez-Iglesias, Sierra and Valero, 2019).

Microglia released factors have been shown to have an effect on the migration and
differentiation of NPCs in vitro. (Aarum et al., 2003) and the proliferation of neural progenitors
in vitro (Aarum et al., 2003). Such microglia-released factors that can influence neurogenesis
include neuronal growth factor (NGF) and transforming growth factor B (TGF-B), which have
been shown to be produced by phagocytic microglia in vitro (de Simone et al., 2003), along with
insulin growth factor-1 (IGF-1) and tumor necrosis factor a (TNF-a) (Butovsky et al., 2006),
among others. Proliferation of NPCs in vivo has been shown to be affected in an IL-13 dependent
manner by modulating microglial activity through CX3CR1 (Bachstetter et al., 2011). Microglia
have also been shown to modulate neurogenesis in a TGF-3 dependent manner (Battista et al.,
2006; Wachs et al., 2006; de Lucia et al., 2016). When challenged by a pro-inflammatory stimulus
such as bacterial lipopolysaccharide (LPS), microglia have been shown to have a detrimental
effect on neurogenesis (Ekdahl et al., 2003; Monje, Toda, and Palmer, 2003). All these data taken
together suggest that microglia released factors, some of which are induced after phagocytosis,
play a role in the regulation of adult neurogenesis. However, most of these experiments were
performed in vitro, and there are only a few reports on microglia's effects on neurogenesis in
vivo. The PhD thesis of Irune Diaz-Aparicio, 2019, already shows that microglial phagocytosis
triggers a transcriptional switch in microglia, which results in an upregulation of, among others,
neurogenesis related genes (Figure 7). We also show that conditioned media from phagocytic
microglia have an effect on the growth and differentiation of neurospheres in vitro. Therefore,
in this PhD thesis, | will focus on how a blockade of microglial phagocytosis affects neurogenesis

in the adult hippocampal neurogenic niche.
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1.3. Hypothesis and objectives

Each of the articles that comprise this thesis responds to a hypothesis regarding the behavior
and nature of microglia

Hypothesis 1. Microglia-like cells can be obtained in monoculture from iPSCs mimicking
developmental cues.
Objectives:
e Optimize a culture protocol to obtain monoculture microglia
e Characterize human iPSC derived microglia-like cells
This hypothesis and objectives are tackled in (Reich et al., 2021).

Hypothesis 2. The automated measurement of microglial motility in 3D gives more robust and
precise data than the manual analysis of 2D projections
Objectives:
e Develop a set of macros to analyze microglial process motility
e Demonstrate that data obtained with our macros are more robust than manually
obtained data: Compare 3D vs 2D and Automated vs Manual
This hypothesis and objectives are tackled in (Paris et al., 2018).

Hypothesis 3. Microglial phagocytosis impairment in the neurogenic niche has effects on adult
neurogenesis
Objectives:

e Analyze phagocytosis impairment in MerTK and P2Y12 KO mice

e Analyze the effects that it has on proliferation and survival in the neurogenic niche
This hypothesis and objectives are tackled in (Diaz-Aparicio et al., 2020).
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1.4. Summary

In this PhD Thesis, we have tackled three major aspects and the development of tools to study
microglial physiology. First, we generated a human model of monoculture microglia and its
characterization. Secondly, we generated a method for the automated and unbiased
measurement of microglial motility. Finally, we have shown that a blockade of microglial

phagocytosis has a detrimental effect on the adult neurogenic niche of the hippocampus.

In Reich and Paris, et al 2021, we describe the optimization of a protocol to generate iPSC
derived microglia in monoculture and the characterization of these cells. We build upon the
protocol previously described by (Gutbier et al., 2020), in which myeloid progenitors can be
obtained on a large scale and differentiated to microglia-like cells for 14 additional days. The
method we describe differs from other previously published mono- and co-culture methods on
the expression level of TREM2 by microglia, which is higher in our method. The functional impact
of increased TREM2 levels was tackled by comparing wild type with isogenic TREM2 KO cells in
functional assays and gene expression analysis. We show that these monoculture microglia
express the canonical microglial markers P2Y12 and CX3CR1; they are able to phagocytose
apoptotic cells, amyloid beta coated beads, and yeast particles; and show Ca?" activity after
stimulation with ATP, ADP, and C5a. This model is particularly useful for mechanistic studies in
Alzheimer’s disease due to their expression of TREM2, which is particularly relevant in the

context of this pathology.

In Paris, et al 2017, We describe a set of tools that allow the automatic analysis of microglial
process motility in 3D. An earlier version of these tools was previously used to demonstrate
reduced microglial process motility in a model of murine mesial temporal lobe epilepsy (Abiega
et al., 2016). The data obtained with this tool was validated by comparing it with data obtained
by manually measuring process motility in 3D. In order to calculate process motility, we used the
measurement of process length and tip position at every time point. The results obtained
showed that ProMolJ was faster and less sensitive to experimenter bias than manual analysis.
The data obtained from this automated analysis was also compared with motility data obtained
from 2D projections (maximum projection) of the same set of images that were used for the 3D
analysis. This was done because the most commonly used methods of process motility rely on
2D projections to simplify and expedite the analysis. Furthermore, these analyses are often non-
comparable, given that they can often rely on different parameters. In addition, we found that

data obtained from 2D projections significantly underestimates microglial process motility.
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Furthermore, we can obtain very valuable biologically relevant data, such as tip position and
process length at every time point, which allows us to calculate its velocity and directionality

towards or away from a lesion.

Furthermore, we analyzed the effects that systemic inflammation has on microglial process
motility using ProMollJ. Previous studies showed very different results after administration of
LPS, reporting either no changes or increased process motility. Our analysis determined that
there was a small reduction in process motility, likely to be missed when using manual 2D
analysis. Inflammation is known to be exacerbated in neurodegenerative diseases, and further
experiments to explore the relationship between microglial process motility and these diseases

would be necessary to determine if this could be a potential therapeutic target.

In summary, we have created and shared with the community a set of tools for the semi-
automated analysis of microglial process motility with high reproducibility and reduced
experimenter bias. We have also shown that microglial process motility is reduced during

inflammation.

In Diaz-Aparicio, et al 2020, we explored the role that microglial phagocytosis of apoptotic cells
has on the adult neurogenic niche of the subgranular zone of the hippocampus. In order to do
so, we relied on both constitutive and inducible KO of different receptors that have been
previously reported to be involved in phagocytosis. We further explored the transcriptional
changes that microglia undergo after the phagocytosis of apoptotic cells in vitro and the effects

that their secretome exerts on neural progenitor cells.

Using constitutive KOs for P2Y12 and MerTK/Axl, previously shown to be involved in the find-me
and eat-me stages of phagocytosis, we show that they exhibit a decreased phagocytic index. This
disruption in phagocytosis leads to a decrease in neurogenesis. However, it is important to
remark that these receptors regulate various features of microglial physiology and that a chronic
accumulation of apoptotic cells could also affect the neurogenic cascade itself. Therefore, we
also used an inducible KO model for MerTK, in which MerTK expression was abolished after
tamoxifen injection. The acute effects of the lack of expression of this receptor led to an even
greater decrease in microglial phagocytosis and a transient increase in proliferation in the
neurogenic niche. This effect was, however, reversed when analyzing the yield of the early

proliferative cells at a later time point. Considering all these findings, we hypothesize that
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microglia is part of a regulatory feedback loop that maintains homeostasis in the adult

neurogenic niche to preserve the rNSCs population and avoid their early exhaustion.

In order to further explore the role that microglia have on neurogenesis, we used our model of
in vitro phagocytosis and performed a transcriptomic analysis. This analysis revealed that
phagocytosis of apoptotic cells induced a modulatory phenotype in microglia that was related
to their secretome. The main ones being genes that encode secreted proteins such as VGF, VEGF,
and FGF2, which had already been described to play a role in the regulation of neurogenesis by
microglia. Additionally, other secreted factors may contribute to the regulation of neurogenesis,
such as the horizontal transmission of mMRNA from microglia to the cells of the neurogenic niche,
metabolites, and extracellular vesicles. To follow up on this, we harvested the media of this
phagocytic microglia and administered it to NPC cultures and in vivo using osmotic pumps. The

administration of this secretome resulted in a decrease in neurogenesis both in-vivo and in-vitro.

To summarize, blocking microglial phagocytosis leads to deregulation in adult neurogenesis in
which there is an early increase in proliferation that is not translated to higher integration of
these newborn cells as mature granule cell layer neurons (a decrease in survival of these
newborn cells). The release of factors by phagocytic microglia and their effect on neurogenesis
should be considered when designing therapies for neurodegenerative diseases since adult
hippocampal neurogenesis is known to be affected by both neurodegenerative diseases and, as

shown in this project, impaired microglial phagocytosis.
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2. Conclusions

In Reich and Paris, et al 2021,

we optimize a protocol to generate iPSC derived microglia in monoculture and
characterize these cells.

The cells obtained using this method differs from other previously described methods
on the expression level of TREM2 by microglia, which is higher in our method. The
functional characteristics and gene expression of these cells were compaired to isogenic
TREM2KO.

We show that these monoculture microglia express the canonical microglial markers
P2Y12 and CX3CR1; they are able to phagocytose apoptotic cells, amyloid beta coated
beads, and yeast particles; and show Ca?* activity after stimulation with ATP, ADP, and
C5a.

This model is particularly useful for mechanistic studies in Alzheimer’s disease due to

their expression of TREM2, which is particularly relevant in the context of this pathology.

In Paris, et al 2017,

We describe a set of tools that allow the automatic analysis of microglial process motility
in 3D.

The results obtained showed that ProMolJ was faster and less sensitive to experimenter
bias than manual analysis.

We found that data obtained from 2D projections significantly underestimates
microglial process motility.

We can obtain very valuable biologically relevant data, such as tip position and process
length at every time point, which allows us to calculate its velocity and directionality
towards or away from a lesion.

In systemic inflammation our analysis determined that there was a small reduction in

process motility, likely to be missed when using manual 2D analysis.

In Diaz-Aparicio, et al 2020,

Constitutive KOs for P2Y12 and MerTK/Axl exhibit a decreased phagocytic index.
Constitutive disruption in phagocytosis leads to a decrease in neurogenesis.
An inducible KO model for MerTK displays an even greater decrease in microglial

phagocytosis.

61



An acute decrease in phagocytosis leads to a transient increase in proliferation in the
neurogenic niche. At a later time point this acute increase in proliferation was reverted
when analyzing the yield of these proliferating cells.

We hypothesize that microglia is part of a regulatory feedback loop that maintains
homeostasis in the adult neurogenic niche to preserve the rNSCs population and avoid
their early exhaustion.

Analyzing gene expression in phagocytic microglia in vitro revealed that phagocytosis of
apoptotic cells induced a modulatory phenotype in microglia that was related to their
secretome. The main ones being genes that encode secreted proteins such as VGF,
VEGF, and FGF2.

The administration of media from phagocytic microglia to NPC cultures and in vivo using

osmotic pumps resulted in a decrease in neurogenesis in both models.
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Microglia are key in the homeostatic well-being of the brain and microglial dysfunction has
been implicated in neurodegenerative disorders such as Alzheimer’s disease (AD). Due to
the many limitations to study microglia in situ or isolated for large scale drug discovery
applications, there is a high need to develop robust and scalable human cellular models of
microglia with reliable translatability to the disease. Here, we describe the generation of
microglia-like cells from human induced pluripotent stem cells (iPSC) with distinct
phenotypes for mechanistic studies in AD. We started out from an established
differentiation protocol to generate primitive macrophage precursors mimicking the yolk
sac ontogeny of microglia. Subsequently, we tested 36 differentiation conditions for the
cells in monoculture where we exposed them to various combinations of media,
morphogens, and extracellular matrices. The optimized protocol generated robustly
ramified cells expressing key microglial markers. Bulk mRNA sequencing expression
profiles revealed that compared to cells obtained in co-culture with neurons, microglia-like
cells derived from a monoculture condition upregulate mRNA levels for Triggering
Receptor Expressed On Myeloid Cells 2 (TREM2), which is reminiscent to the
previously described disease-associated microglia. TREM2 is a risk gene for AD and an
important regulator of microglia. The regulatory function of TREM2 in these cells was
confirmed by comparing wild type with isogenic TREM2 knock-out iPSC microglia. The
TREM2-deficient cells presented with stronger increase in free cytosolic calcium upon
stimulation with ATP and ADP, as well as stronger migration towards complement C5a,
compared to TREM2 expressing cells. The functional differences were associated with
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gene expression modulation of key regulators of microglia. In conclusion, we have
established and validated a work stream to generate functional human iPSC-derived
microglia-like cells by applying a directed and neuronal co-culture independent
differentiation towards functional phenotypes in the context of AD. These cells can now
be applied to study AD-related disease settings and to perform compound screening and

testing for drug discovery.

Keywords: iPSC (induced pluripotent stem cell), microglia, cell culture protocols, drug development, TREM2
(triggering receptor expressed on myeloid cells), Alzheimer’s disease (AD)

INTRODUCTION

Microglia play a key role in the well-being of the brain by
fulfilling various functions in development, homeostasis and
the first-line immune defense (1-7). Alzheimer’s disease (AD)
is a devastating age-related neurodegenerative disorder where
microglia have been implicated for over a century in the
pathogenesis based on neuropathological findings and by
mimicking microglia dysfunction in preclinical models (8).
More recently, genome wide association studies substantiated
the long-time proposed active implication of microglia within
initiation and progression of AD and other neurodegenerative
diseases of the central nervous system (9, 10). Together, this
strongly supports the rationale for developing therapies that
pharmacologically modulate microglia.

In order to facilitate investigating the biology of microglia and
to make them available for drug screening assays, cellular models
had to be established. Until recently, in vitro studies with
microglia have been limited to either employing primary
rodent cells or cell lines (e.g. BV2) (11). Due to the stress
implicated during their isolation process and the loss of tissue
context, primary cells rapidly alter their previous in situ
microglial properties (12, 13), and batch-to-batch variations as
well as impurities are known hurdles of this approach. Moreover,
generation of primary cells requires either euthanizing large
numbers of animals or accessing difficult to obtain highly
characterized human brain samples with short postmortem
delay. Both approaches result in only a small number of cells,
which in turn limits the throughput for compound screening
campaigns or larger biological studies (14, 15). In contrast, due to
their proliferative nature, cell lines do not have limitations in cell
numbers, can be of human origin and are therefore often used in
screening setups (16). However, due to their immortalization or
neoplastic-origin, cell lines show strong discrepancies compared
to the desired in vivo characteristics (17, 18).

With the arrival of human induced pluripotent stem cell (iPSC)
technology (19, 20), and with the evolving understanding of
microglial origin (21-23), several methods were reported for the
generation of iPSC-derived microglia-like cells (24-26), hereafter
called iPSC microglia. These protocols commonly aim to resemble
the yolk sac ontogeny for the generation of primitive macrophage
progenitors. Current reports indicate that iPSC microglia seem to be
superior to primary cells or cell lines with regard to expressing key
microglial marker genes (25). Importantly, unlike primary cells,
iPSC microglia or their macrophage precursors can be generated

robustly and in a controlled manner in scalable amounts (25, 27).
This makes iPSC microglia ideal for drug screening and for
extensively studying biological mechanisms under conditions
resembling better the physiological state of microglia.
Additionally, iPSC based models provide the opportunity to study
the effect of disease associated genes with isogenic mutations or
knockout pairs.

Despite the advances in developing cell culture models, in vitro
microglia often lack important properties such as modulating the
expression of a fully functional repertoire of various surface
receptors, which microglia require to interact with their
environment (28). For instance, microglia are the major cell type
in the brain to express Triggering Receptor Expressed On Myeloid
Cells 2 (TREM2). Signaling through this receptor modulates crucial
microglia functions such as phagocytosis, proliferation, survival, and
lipid metabolism in homeostatic, inflammatory or
neurodegenerative conditions [extensively reviewed in (29, 30)].
Mutations in TREM2 are associated with an increased risk to
develop various neurodegenerative disorders including AD (9, 10,
31-36). In the context of amyloid plaques, a neuropathological
hallmark of AD, TREM2 was found in preclinical experiments to be
essential for the metabolic fitness and transition of homeostatic to
disease-associated microglia (DAM) (37, 38). Although the function
and role of TREM2 in AD pathogenesis remains unclear, it became
a key target for potential therapeutic intervention (39-41).

Some TREM2 loss-of-function-related phenotypes in the
context of AD were recently described by others in iPSC-
derived microglia (42-45). While the literature about iPSC
microglia is growing, more descriptions are needed to compare
different approaches that generate robust and scalable human
cellular models of microglia. Such cellular models of microglia
will hopefully become soon more translatable to microglia in the
brain thereby establishing themselves as valuable tools to study
disease mechanisms and to perform compound screens for drug
development in vitro.

Here, we present the optimization of a protocol to generate iPSC
microglia in a monoculture condition and explored whether these
cells can serve as a model to study microglia function and gene
expression in the context of TREM2 modulation. Building on our
previously published large scale differentiation protocol of myeloid
progenitors from iPSC (27), we have extended the differentiation of
these myeloid progenitors for additional 14 days to microglia-like-
cells. As a major distinction from previously published co-culture
methods, we observed in iPSC microglia from monoculture an
increased TREM2 mRNA expression. The regulatory function of
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TREM?2 in these cells was confirmed by comparing wild type with
isogenic TREM2 knock-out iPSC microglia. The overall approach
resulted in a work stream to generate human iPSC microglia by a
directed and neuronal co-culture independent differentiation
resulting in distinct phenotypes for mechanistic studies in AD.
Our iPSC microglia protocol can now be applied to scale up the
production of these cells, study certain AD-related disease settings,
and perform compound screening and mechanistic experiments in
drug development.

MATERIALS AND METHOD
iPSC Culture

All work with human iPSC and the derived cell types was
performed under the respective Swiss legislation, ethical
guidelines, and approval. All media compositions are
summarized in Table S1. We recently reported an improved
and highly scalable variant of the method published by van
Wilgenburg et al. (27, 46) for the differentiation of iPSC to
primitive macrophages. In brief, for iPSC maintenance culture
dishes (Corning) were coated with 12.5 pug/ml rhLaminin-521
(BioLamina). Human iPSC were seeded and cultured in mTesR1
media (StemCell Technologies) at 37°C with 5% CO, and media
was changed daily. Cells were passaged at 90% confluency, media
was removed, cells were washed 1x with PBS and detached with
Accutase' ™ (Innovative Cell Technologies) for 2 to 5 min at 37°
C. After removal of Accutase' " by centrifugation cells were
either used for maintenance or start of differentiation. The cell
lines used in this study, Bioneer WT (BIONi010-C) and Bioneer
C17 (BIONi010-C17/TREM2 KO) were obtained from Bioneer.
Cells were quality controlled by STR profiling, SNP phenotyping
and karyotyping after banking. To avoid genetic drift and
variations sub-culturing was limited to an absolute minimum.

Differentiation of iPSC to Primitive
Macrophages

Embryoid Body (EB) Generation

This step was performed as previously described (27). Briefly, to
obtain uniform EBs, iPSCs were seeded into AggreWell 800
(StemCell Technologies) plates. Two ml mTesR1, supplemented
with 10 uM ROCK inhibitor (Y27632, StemCell Technologies) and
containing a single cell suspension of 4*10° iPSCs were added to
each AggreWell and centrifuged for 3 min at 100xg to assure an
even and fast distribution of the iPSC into the AggreWells. The next
day, mesoderm and subsequent hemogenic endothelium induction
was started by exchange of 75% of the mTeSR1 media with mTeSR1
media supplemented with 50 ng/ml rhBMP4 (biotechne), 50 ng/ml
rhVEGEF (biotechne), and 20 ng/ml rhSCF (biotechne), and
repeated the following 2 days.

Plating of EBs and Continued Maturation Along the
Myeloid Lineage

On day 4 of differentiation, EBs were harvested and transferred to
factory media, consisting of X-VIVO 15 media (Lonza)
supplemented with 2 mM GlutaMAX (Thermo Fisher Scientific),

10 U/ml Penicillin/Streptomycin (Thermo Fisher Scientific), 50 ug/
ml Mercaptoethanol (Thermo Fisher Scientific), 100 ng/ml rhM-
CSF (Miltenyi Biotech), and 25 ng/ml rhIL3 (Miltenyi Biotech). EBs
were plated at a density of 1 EB/cm” in growth factor reduced
matrigel (Corning) precoated cell culture vessels and myeloid
factories were matured as described previously (25).

Macrophage Progenitor Harvesting

Macrophage progenitors were collected from the supernatant by
centrifugation (4 min, 300xg) and were either matured into co-
culture or monoculture microglia-like cells (Figure 1A).

Differentiation of iPSC Into Microglia-Like
Cells in Co-Culture

Induced pluripotent stem cells were differentiated to neurons using a
protocol that was previously published (47). Neurons were quickly
thawed at 37°C and seeded at a density of 200,000 cells/cm” in
neuronal differentiation media [consisting of 1:1 Advanced DMEM/
F12 media (with GlutaMAX I) (Thermo Fisher Scientific) and
Neurobasal media (Thermo Fisher Scientific) + 1% B27
supplement without vitamin A (Thermo Fisher Scientific), 1% N2
supplement (Thermo Fisher Scientific), 50 pug/ml Beta-
Mercaptoethanol (Thermo Fisher Scientific), 10 U/ml Penicillin-
Streptomycin (Thermo Fisher Scientific), 20 ng/ml rhBDNF
(PeproTech), 10 ng/ml rhGDNF (PeproTech), 100 uM Aa2-P
(Sigma Aldrich), 500 uM cAMP (BIOLOG Life Science), and 1 pg/
ml murine laminin (Roche), supplemented with 10 pM ROCKi
(Y27632, StemCell Technologies) for seeding]. After a 100% media
change one day after seeding, 50% of the media was changed twice a
week. After 14 days, macrophage precursor cells were added at a
density of 160,000 cells/cm”. Therefore, the media was replaced with a
macrophage precursor cell suspension in N2 media [Advanced
DMEM/F12 + 1% N2 supplement, 10 U/ml Penicillin-
Streptomycin, 2 mM Glutamax, 50 pug/ml B-ME, 100 ng/ml rhIL.34
(Miltenyi Biotech), and 10 ng/ml rhGM-CSEF (biotechne)]. Half of the
media was changed twice a week for two additional weeks.

Differentiation of iPSC to Microglia-

Like Cells in Monoculture

Initially, different variations of coating and media were tested
(indicated in figure legends). For the final protocol flasks and
plates were coated with fibronectin. Fibronectin (Corning, 10 pg/
ml in PBS™) was added and incubated for 3 h at RT, before washing
three times with water. Macrophage precursors were seeded in
RPMI media [RPMI 1640 media (Thermo Fisher Scientific) + 10 U/
ml P/S supplemented with 100 ng/ml rhIL34, 25 ng/ml rhM-CSF,
and 50 ng/ml rhTGF-B1 (PeproTech) at a density of 160,000 cells/
cm?]. Half the media was changed twice a week for 14 days. On day
14, cells were replated by collecting cells from the supernatant and
detaching adherent cells with Accutase' . These cells were replated
into fibronectin pre-coated assay plates and cultured for at least two
additional days prior to the assays.

Magnetic-Activated Cell Sorting (MACS)

For the separation of co-cultured iPSC-derived microglia-like
cells from neurons and astrocytes, immunomagnetic separation
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FIGURE 1 | Approaches employed to differentiate human iPSC towards microglia-like cells. (A) Schematic diagram of the protocols to generate different microglia-
like cells from human iPSC. Relevant growth factors and durations (blue) of differentiation steps are indicated. The upper part depicts the differentiation of iPSCs into
“myeloid factories” that produce macrophage precursor cells (pre-Macs) (27). For the generation of monocultured iPSC-derived microglia, pre-Macs were
differentiated in the presence of IL-34, M-CSF, and TGF-B1. The lower part depicts the differentiation steps from iPSCs to neural stem cells and further to neurons.
For the generation of neural co-culture-derived microglia, pre-Macs were seeded on top of the neuron/astrocyte cultures. (B) Representative images of
immunostaining of iPSC microglia after 24 days differentiation in monoculture. Monoculture-derived microglia-like cells stain positive for Ibat (cyan), P2Y12 (yellow),
and TREM2 (red). Cellular nuclei were labeled with Hoechst 33342 (bluge). (C) Immunostaining of microglia-like cells, neurons and astrocytes after 14 days
differentiation in co-culture. Representative images are shown from three biological replicates. Microglia-like cells are detected by Ibal (orange), astrocytes by GFAP
(green), and neurons by TuJd1 (red), respectively. Cellular nuclei were labeled with Hoechst 33342 (blue).

was applied. Cells were detached after 14 days in co-culture by
incubation with accutase at 37°C for 45 min. After centrifugation
at 300xg for 5 min, the cells were resuspended in N2 media
containing 100 U/ml DNasel (Roche) and incubated at RT for
10 min to minimize the amount of free-floating DNA and cell
aggregates. Then, the cell suspension was filtered through a 70
pum cell strainer (Greiner). Magnetic labeling and magnetic
separation using the autoMACSpro (Miltenyi Biotec) was
performed using anti-CD45 MicroBeads (Miltenyi Biotech),
following the CD45 MicroBeads separation manual, provided
by Miltenyi Biotech. Higher specificity of antigen-binding was
achieved by the addition of 12.5 pg/ml Fc Block (BD Biosciences)
during incubation with the MicroBeads. Microglia-like cells were
obtained in the positive selection.

Quantitative Real-Time PCR
Cells were lysed and the RNA purified using the High Pure RNA

Isolation Kit from Roche following the provided protocol.
Macrophage precursor cell aggregates were lysed directly after
the harvest, microglia-like cells, derived using the monoculture
protocol were lysed directly in the cell culture plate. Co-cultured
microglia-like cells were lysed directly after MACS.

For a one-step reverse transcription and PCR, the AgPath-ID
One-Step RT-PCR kit (Thermo Fisher) was used. It contains an
enzyme mix of reverse transcriptase and DNA polymerase. The
reaction mixture was prepared according to the manufacturers
descriptions and reverse transcription as well as PCR performed
in LightCycler 480 384-well plates in a LightCycler 480 II
(Roche) (reverse transcription for 10 min at 45°C, reverse
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transcriptase inactivation and initial denaturation for 10 min at
95°C, 50 cycles of 15 s denaturation at 95°C and 60 s annealing at
60°C). PPIA was used as a housekeeping gene and was detected
simultaneously with the gene of interest using two different dyes
(VIC for PPIA, FAM for the gene of interest). Specificity of the
readout was ensured using no-enzyme and no-primer controls.
A detailed list of the primers used can be found in Table S2.

RNAseq and Data Analysis

Characterization by Bulk RNA Sequencing

Induced pluripotent stem cell derived macrophage progenitors,
co- and monoculture microglia were generated as described
above. Co-cultured microglia were purified as described above.
All cultures were started at five different days to obtain five
independent replicates for the RNAseq experiment. Cells were
lysed and the RNA purified as described above. RNA purity was
assessed using the Agilent 2100 Bioanalyzer. Strand-specific
mRNA-seq libraries were generated from 1 g total RNA using
the TruSeq Stranded mRNA library prep kit (Illumina)
according to manufacturer’s instructions. Briefly, mRNA was
purified from total RNA by polyA capture, fragmented and
subjected to first-strand ¢cDNA synthesis. The second-strand
synthesis was performed incorporating dUTP instead of dTTP
to ensure strand-specificity. Barcoded DNA adapters were
ligated to both ends of the double-stranded ¢cDNA and
subjected to PCR amplification. The resulting libraries were
checked on an AATI Fragment Analyzer, quantified with
Qubit and pooled. The resulting library pool was diluted for
cluster generation on the cBot2 and finally sequenced on the
Mumina HiSeq 4000 platform.

RNAseq Analysis

Base calling was performed with BCL to FASTQ file converter
bel2fastq v2.17.1.14 from Illumina (https://support.illumina.
com/downloads.html). In order to estimate gene expression
levels, paired-end RNASeq reads were mapped to the human
genome (build hg38) with STAR aligner version 2.5.2a using
default mapping parameters (48). Aligned reads were quality
checked with FastQC and MultiQC version 1.7 (49, 50).
Numbers of mapped reads for all RefSeq transcript variants of
a gene (counts) were combined into a single value by using
SAMTOOLS software (51) and normalized as rpkms (number of
mapped reads per kilobase transcript per million sequenced
reads (52),. RNA-seq data have been deposited in Gene
Expression Omnibus (GEO accession number GSE159108).

Principal Component Analysis and Heatmaps
Principal component analysis (PCA) of the gene expression
profiles was generated using ClustVis (53). Each dot in the
PCA plot is a biological replicate. Heatmaps were generated
using ClustVis and default settings (53).

Generation of MA Plots
To visualize changes in gene expression between different
conditions MA plots were generated. The MA plots are based

on gene expression levels measured in log,(RPKM), the
logarithm to the base of two of the reads per kilobase of
transcript per million reads sequenced. The x axis shows, for
every gene, the average expression value between the two
conditions that were compared. On the y axis, the difference
between the two expression levels for every gene is depicted. Each
gene is represented by a single dot. Some strongly affected genes
were highlighted in yellow, with gene names specified.

Microglia Expression Modules

Microglia expression modules were derived from the publication
of Friedman et al. (54) and complemented by two modules
(DAM signatures TREM2 dependent and TREM2 independent)
derived from the publication of Keeren shaul et al. (38). Gene list
for expression modules can be found in Table S3. Differences
between two groups in these expression modules were visualized
in a Radar plot using python.

Gene Ontology Analysis

A gene ontology analysis was performed that used the
differentially expressed genes that showed at least four RPKM
difference between WT and TREM2 KO. The GO terms were
condensed using the GO slim immune response tool from dice
tools (55).

Immunofluorescence Staining

Cells were fixed by replacing the medium with 4% PFA (Thermo
Fisher Scientific, in PBS) followed by incubation at RT for 15 min.
After washing three times using PBS, the cells were permeabilized
by incubation in 0.1% PBS-T [0.1% Triton-X-100 (Sigma Aldrich)
in PBS] for 15 min at RT. Following another washing step, non-
specific binding sites were blocked by incubation in SuperBlock
(Thermo Fisher Scientific) for 60 min at RT. The primary antibody
was added in SuperBlock and incubated overnight at 4°C. Ibal,
TREM2 and P2Y12 were added together, as well as Ibal, TuJ1, and
GFAP. For the no-primary antibody controls, only SuperBlock was
added. Following three washing steps, the cells were incubated with
the three respective secondary antibodies (donkey anti-goat AF555,
donkey anti-mouse AF647 and donkey anti-rabbit AF488, in
SuperBlock) for 90 min at RT in the dark and unbound
antibodies removed in two washing steps. Nuclei were
counterstained with Hoechst33342 (Invitrogen, in SuperBlock) in
the dark at RT, followed by two washing steps. The cells were kept in
PBS and images acquired using the 63x objective of an OperaPhenix
(Perkin Elmer). Images were processed and analyzed using the
built-in Harmony software. The no-primary antibody control was
used for background correction. A complete list of the antibodies
used can be found in Table S4.

Mitochondrial Respiration Assay

The assay was performed using the Seahorse XF Cell Mito Stress
Test kit (Agilent). Cells were differentiated as described above
(14 days monoculture microglia like) and, in a Seahorse XF96
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cell culture microplate, 50,000 cells (480,000 cells/cm?) were
seeded two days prior to the experiment. On the day of the
experiment, the medium was replaced with 180 pl media for the
mitochondrial respiration stress test (base medium + 2 mM L-
glutamine (Thermo Fisher Scientific), 1 mM sodium pyruvate
(Thermo Fisher Scientific), and 0.45% glucose (Sigma Aldrich),
pH 7.4). Prior to the experiment, the cell culture microplate was
incubated for 1 h at 37 °C in a non-CO, incubator. The assay was
performed using a Seahorse XFe 96 Analyzer and compounds
(prepared according to the assay manual) were injected
sequentially (I pM oligomycin, 2 uM FCCP, and 500 mM
rotenone/antimycin A) and the oxygen consumption rate
(OCR) measured three times before treatment and after every
injection. Data was processed and analyzed using the Seahorse
Wave software. For normalization, cells were fixed with 4% PFA
at 37°C for 15 min and nuclei stained with Hoechst 33342 for
15 min, before washing twice with PBS. The Operetta CLS high-
content screening system (Perkin Elmer) was used for imaging
nuclei counted and the ratio between cell types calculated.

Transwell Migration Assay

Cells were differentiated as described above (14 days
monoculture microglia like), detached from the dishes with
accutase and plated at a density of 8,000 cells per well in a 96-
well IncuCyte ClearView cell migration plate (Essen BioScience).
In the lower compartment, either recombinant human
complement C5a (biotechne, 1 ng/ml) or solvent control were
added as chemoattractant, which generates by natural diffusion a
gradient of the chemoattractant. Plates were incubated in an
IncuCyte S3 (Essen BioScience) and images acquired using the
10x objective every 4 h for upper and lower well. Migration was
assessed for 72 h and quantified using the Incucyte software
Migration Analysis tool.

Determination of Free Intracellular Ca®*
Cells were differentiated as described above (14 days monoculture
microglia like) and 8,000 cells were plated per well of a 384 well
plate. For calcium measurements, cells were incubated with the
FLIPR calcium 6 imaging dye (Molecular Devices) following the
manufacturer’s instructions. Briefly, dye was dissolved in 10 ml of
assay buffer 1 and 20 pl per well were added to the cells. Cells were
incubated for 2 h with the dye. Increase in cytosolic calcium in
response to ATP (Thermo Fisher Scientific), ADP (Sigma Aldrich),
as well as C5a was assessed using the Hamamatsu FDSS7000
detection system. Background signal (average of 10 pictures prior
to addition of stimuli) was subtracted from the measured maximum
following stimulation. RFU values were assessed per well.

Phagocytosis Assay

Cells were differentiated as described above (14 days
monoculture microglia like) and 40,000 cells were plated per
well of a 96 well plate (Falcon 353219). For the phagocytosis
assay, cells were incubated with Abeta coated, pHrodo labeled
beads. To obtain these beads Amidine Latex Beads (A37322/
Thermo Fisher Scientific) were washed once with PBS, pelleted
by centrifugation (16,000 g/5 min) and incubated at 37°C
overnight in PBS containing 1 mg/ml APB42 (AnaSpec). After

incubation with AB42 beads were pelleted, washed with PBS and
re-suspended PBS containing 0.2 mg/ml pHrodo™ Red,
succinimidyl ester (pHrodo ™ Red, SE/Thermo Fisher
Scientific). Beads and pHrodo were incubated for 1 h at room
temperature. After the incubation, beads were washed with PBS
and re-suspended in PBS. Phagocytosis of beads was monitored
using Incucyte S3 acquiring brightfield and red fluorescence
images. Cells were recognized using the Incucyte software
adherent cell-by-cell classification tool.

Statistics

Unless otherwise mentioned, all data values are expressed as
means * standard deviation (SD). Unless otherwise indicated,
experiments were performed at least three times (i.e., using three
different cell preparations), with at least three technical replicates
per condition. Statistical methods for analyzing the various data
sets are indicated directly in the figure legends, data were
analyzed using Graphpad Prism software.

RESULTS

For the generation of iPSC microglia many protocols still mostly rely
on co-culturing microglia with neurons, astrocytes or neurons and
astrocytes to mimic the brain environment (25, 26, 56). However, for
drug screening purposes, e.g., with functional cellular assays, pure
cultures of monolayer cells are highly desirable. One key aspect is to
achieve proper microglia morphology in vitro in order to establish
their functional phenotype as well (8).

In our hands, using the media condition that was closest to
the previously published approach to generate iPSC microglia in
monoculture (25), the cells showed only little ramifications
(Figure S1 N2, IL34, GM-CSF, Fibronectin). To increase
ramification and marker gene expression of iPSC monoculture
microglia, we began to screen existing protocols and tested six
different media conditions (either N2 or RPMI media
supplemented with either 1L34+GM-CSF, IL34+M-CSF+TGF-
B1 or IL34+M-CSF+TGF-B+CD200+CX3CL1) in combination
with six different matrix coatings (Tissue culture treated only,
Poly-D-lysine, Collagenl, Gelatin, Fibronectin, or Laminin)
(Figure S1A). Conditions, where cells displayed ramifications,
were chosen for follow up qPCR analysis (Figure S1B). Strongest
differences between the different cultures were observed for key
regulatory receptors of microglia such as fractalkine receptor
CX3CR1, ADP chemoreceptor P2Y12, receptor tyrosine kinase
AXL and lipoprotein lipase LPL mRNA expression. Based on the
morphology and only minor differences upon CD200 and
CX3CL1 addition for the last three days of differentiation, we
chose for further analysis the condition of RPMI supplemented
with IL-34, M-CSF and TGF-B1 on fibronectin coating (Figure
S1A and Figure 1A for timeline). Under this condition, we
confirmed the expression of P2Y12 on protein level by
immunocytochemistry as well (Figure 1B). The iPSC microglia
from monoculture displayed a similar morphology as the co-
culture iPSC microglia (Figure 1C) suggesting that the
fibronectin matrix resembles aspects of the matrix found in
co-cultures.
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To benchmark the microglia monoculture model towards
iPSC microglia in co-culture with iPSC-derived neurons, we
performed magnetic-activated cell sorting to remove the neurons
and compared the microglia based on their bulk RNA-seq
profile. A principal component analysis (PCA) demonstrated a
sufficient cellular differentiation of the mono- and co-culture
derived microglia with their common macrophage precursor
(pre-Macs) (Figure 2A). Similarly, gene expression profiling
between mono- versus co-cultured microglia revealed a higher
expression of ENPP2, FOSB,CCL13, F13A1, IL1B, CD74 in
microglia co-cultured with iPSC-derived neurons, whereas
monocultured microglia expressed higher levels of IDI,
LINC01235, MRC2, FABP4, TIMP3, APOE, and SPP1 (Figure

2B). Together, this confirms that the mono- and co-culture
conditions induce two different microglia subsets.

Microglia are highly plastic cells that can change their
morphological and functional phenotype as a reaction to
different stimuli (8). Such stimuli can derive from
environmental alterations in the brain due to aging and
neurodegeneration. In support of this, comprehensive RNA-
seq analyses of microglia isolated from human and mouse
brain in an AD or other neurodegenerative disease context
indicate an association between gene transcription pattern and
a specific activation state of microglia. Recently, different
transcription patterns were proposed to categorize microglia
into different subsets (38, 54, 57, 58). In that context the
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a clear statistically significant separation between the gene patterns of the different cell types. (B) MA plot to visualize gene expression differences between mono-
and co-culture-derived microglia-like cells. The MA plot is based on gene expression levels measured in logo(rpkm), the logarithm to the base of two of the reads per
kilobase of transcript per million reads sequenced. The x-axis shows, for every gene, the average expression value between the two conditions, on the y-axis is, for
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visualize changes in gene expression in microglial modules. The red circle indicates the reference level as detected in co-cultured microglia. Peaks outside the red
circle indicate higher expression in monoculture microglia and modules closer to the center indicate higher expression in microglia generated in co-culture with
neurons. (D) Heatmap of the genes belonging to the DAM or interferon module in co- and monoculture derived microglia. Expression values were standardized and
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replicates. This confirms the robustness of our new protocol.
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upregulation of APOE and SPP1 as observed in our monoculture
condition is part of a DAM signature (38). This indicates that in
contrast to the co-culture condition, our monoculture condition
provides stimuli that drive iPSC microglia towards a more
disease associated expression pattern.

In order to explore the transcriptional pattern of the
monoculture microglia further and to gain more insight into the
different stimuli that possibly induced the transcriptional
phenotype, we defined nine different modules of microglia states
based on published data sets (See Table S3 for the names of the
genes and of the different modules) (38, 54). We then mapped the
differences in gene expression profiles of the two culture conditions
towards these modules (Figure 2C). Our mono- and co-culture
iPSC microglia were similar in the “microglia” module validating
the chosen differentiation conditions to generate microglia. The
most prominent differences were observed for “macrophage” and
“interferon” modules, which were lower expressed in the
monocultured iPSC microglia. The reduced “interferon” signature
is most likely attributed to the change from GM-CSF
supplementation in co-culture to M-CSF supplementation in
monoculture (59). The lower “macrophage” signature combined
with the also slightly reduced “monocyte” module indicates an even
stronger differentiation away from the peripheral myeloid cells than
the co-cultured microglia. Furthermore, we observed upregulation
of “TREM2-dependent” and “TREM2-independent” modules
suggesting a more DAM-like phenotype for iPSC microglia in
monoculture compared with microglia from co-culture. The
downregulation of the “interferon” module and the upregulation
of “DAM” modules is consistent between different experiments as
indicated by the similar gene expression patterns between different
biological replicates (Figure 2D).

At this point, we wanted to complement the DAM-like gene
expression pattern of our monoculture iPSC microglia with
functional data. Given the implication of TREM2 in the DAM-
like expression pattern and the association of TREM2 with AD
we focused on modulating this gene. To that end, we employed
the isogenic TREM2 knock-out (KO) of the same iPSC line and
differentiated the two cell lines in parallel in the same
monoculture condition. As before, we first made sure there is
an effect of TREM2 KO on a gene expression level. The PCA
revealed a minor but clear separation in RNAseq-based gene
expression between iPSC-derived microglia and their isogenic
KO form (Figure 3A). The majority of differentially regulated
genes were downregulated in the KO compared to the cells
having functional TREM2 (Figure 3B). This included DAM-
signature associated genes and became evident in the module
analysis as well (Figure 3C). The iPSC-derived microglia lacking
TREM2 also displayed an upregulation of the interferon,
proliferation and macrophage module, while the monocyte and
neurodegeneration module were downregulated. Confirming the
genotype, TREM2 independent DAM signature stayed
unaffected by the loss of TREM2. The upregulation of the
“interferon” module and the downregulation of “DAM”
modules in the TREM2 KO microglia compared with wild type
cells is consistent and robust between different experiments as
indicated by the similar gene expression patterns between

different biological replicates (Figure 3D). A gene ontology
(GO) term analysis revealed that in iPSC-derived microglia
lacking TREM2 “myeloid cell homeostasis”, “myeloid cell
development”, and “myeloid progenitor cell differentiation”,
and GO terms related to cell adhesion, motility, and migration
as well as lipid metabolism and mitochondrial organization were
enriched (Figure S2, red boxes). Together, this indicates that the
transcriptional phenotypes of the TREM2 KO and wild type
iPSC microglia are sufficiently different from each other in order
to expect functional differences as well.

To confirm some of the GO term associated functions and to
explore feasibility of functional assays with microglia from our
monoculture condition, we subsequently tested iPSC-derived
microglia for their mitochondrial activity, cellular calcium
responses and migratory capacity. First, we used Seahorse
extracellular flux analysis to assess mitochondrial respiration.
TREM2 KO microglia displayed a significantly lower basal
mitochondrial respiration (Figure 4A, B), spare respiratory
capacity (Figure 4C), and less ATP production (Figure 4D),
while there was no significant difference detected in the proton
leak (Figure 4E) when compared to isogenic wild type iPSC
microglia, indicating reduced use of the respiratory chain for
ATP production.

Microglia continuously monitor their environment and can
react to damage signals (e.g., ADP/ATP released by dying
neurons, local activation of complement pathways in the aging
brain and in neurodegeneration), i.e., by directed migration to the
damage site (60). Many of the microglial receptors rely on changes
of free intracellular calcium levels to mediate the internal signal
transmission and integration. For instance, chemoattractants and
damage-associated molecules signal through GPCR receptors
thereby increasing intracellular calcium levels. To check for this
functionality, we stimulated the cells with different concentrations of
the typical chemoattractants and damage signals ADP, ATP and
complement factor C5a (Figures 5A-C) and monitored the related
intracellular calcium changes. The anaphylatoxin C5a is a well-
described chemoattractant for innate immune cells that can be
employed in cell culture (27). In an in vivo setting light induced
microglial migration in the retina has been reported to be C5aR
dependent (61) and in context of AD recent reports suggest a role of
C5a in the regulation of microglial inflammatory response (62).
ATP and its metabolites are also well-described chemoattractants
for microglia through their plethora of receptors (63-65)
Confirming the GO term result, TREM2 KO cells reacted already
at lower concentrations and with a higher maximum to all three
stimuli than their isogenic wild type iPSC microglia. This indicates a
potentially more rapid signal integration in the TREM2 KO versus
the wild type microglia. This is supported by a slightly elevated
baseline migratory phenotype, and much more by the robust almost
doubling of the migration speed of TREM2 KO versus wild type
microglia upon stimulation by C5a (Figure 5D).

Phagocytosis and in particular uptake of Af—a major
component of senile plaques in the AD brain—is a prominent
function of microglia, which according to preclinical in vitro and
in vivo models is reduced by TREM2 loss of function (39, 66-68).
In line with literature, we observed a strongly diminished uptake
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of AB-coated beads by the TREM2 KO compared with the wild
type microglia (Figures 5E, F) confirming a critical role of
TREM2 in regulation of microglial phagocytosis. Together,
these functional data confirm the DAM-like phenotype of our
iPSC microglia; a phenotype which can be reversed by knocking
out TREM2.

In conclusion, the overall results of our different approaches
to generate iPSC microglia combined with gene expression and
functional phenotypes confirm the feasibility to employ
monoculture conditions to generate microglia-like cells, which
express relevant functional gene sets including the key surface
receptor TREM2. The ability to ablate specific genes such as
TREM2 to reverse their DAM-like phenotype make these iPSC
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FIGURE 3 | Differences in gene expression in wild type and TREM2 KO monoculture-derived iPSC microglia. (A) Principal component analysis of complete
expression profile of monoculture derived microglia-like cells generated from wild type (WT) and TREM2 knockout (KO) iPSC lines. The lack of intersection between
the ellipses (95% confidence interval) indicate a statistically significant separation between the gene patterns of the two cell types while the fact that the ellipses seem
to touch each other indicate only a minimal separation in the PCA. (B) MA plot to visualize gene expression differences between WT and TREM2 KO monoculture
iPSC microglia. The MA plot is based on gene expression levels measured in log,(rpkm), the logarithm to the base of two of the reads per kilobase of transcript per
million reads sequenced. The x-axis shows, for every gene, the average expression value between the two conditions, on the y-axis is, for every gene, the difference
between the two expression levels. Genes highlighted in yellow are part of the TREM2-dependent DAM signature genes according to Keren-Shaul et al. (38).

(C) Radar plot to visualize changes in gene expression in microglial modules. The red circle indicates the reference level as detected in WT iPSC microglia. Peaks
outside the red circle indicate higher expression in TREM2 KO microglia and modules closer to the center indicate higher expression in microglia generated from the
WT iPSC line. (D) Heatmap of the genes belonging to the DAM module in WT and KO monoculture microglia. Expression values were standardized and depicted as
z-scores with red indicating high and blue low expression, respectively. The five red and five blue boxes on top of the heatmap indicate the two different cell types,
respectively, and that each cell type was analyzed in five independent experiments. The gene expression patterns for each cell type appear consistent between
different experiments. This confirms the robustness of our new protocol for WT and TREM2 KO iPSC microglia.

microglia a valuable tool for studying biological mechanisms
relevant for AD and to perform compound screening and testing
for drug discovery.

DISCUSSION

Studying microglia in humans and ultimately finding and testing
novel therapeutic approaches targeting these cells remains a huge
challenge. This is attributed to the heterogeneity of phenotypes
microglia can acquire. For instance, proliferation, migration,
phagocytosis, neurotrophic signaling, factor release for the
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was performed using t-test. (ns, p > 0.05; **p < 0.001; ***p < 0.0001).

modulation of immune function and blood-brain barrier
integrity contribute to their high degree of plasticity (1-7, 69).
This allows them to react to various cues and to switch between
the phenotypes rapidly (8). Moreover, microglia are reported to
have different regional abundance and activity states during
aging, brain activity and neurodegenerative processes (58, 70—
72). In addition, accessing microglia in the human brain is in the
majority of cases only possible in postmortem tissue (73).

To overcome the need to study microglia in or isolated from
humans, the field investigates rodent microglia in situ or as
primary cells in vitro as a surrogate (38, 74, 75). Apart from the
need to use large numbers of animals in order to isolate sufficient
quantities of microglia, there are also many technical caveats
when using rodent microglia; for instance batch-to-batch
variations caused by the isolation process and a rapid switch of
their previous gene expression pattern and phenotype (12, 13).
Additionally, there are concerns about phenotypes induced by
in-breeding, different mouse strains with different immune
backgrounds and the often-limited translatability between mice
and humans. This inter species translatability is of general
concern for all animal models but especially for various

receptors and ligands related to innate immunity and
particularly microglia (74, 76).

Besides rodent models, microglia like cells have also been
derived from human peripheral monocytes (77). These cells have
been shown to resemble microglia specific gene signatures and
functional properties. However, due to the difference in
hematopoietic origin, these cells rather resemble infiltrating
monocytes than brain resident microglia (77).

The iPSC technology together with the evolving
understanding of microglial origin in mice and humans (21-
23) allow now the robust generation of human iPSC-derived
microglia-like cells (24-26, 78) in large amounts (25, 27).This
provides the opportunity to employ human iPSC microglia for
large-scale drug screening and for extensively studying biological
mechanisms under more physiological and translational
conditions. Additionally, iPSC based models provide the
opportunity to study the effect of disease associated genes with
isogenic mutation or knockout pairs (42, 43, 45). All of these
protocols aim to follow the course of embryonic development
and to recapitulate this in vitro as far as possible (24-27, 79). For
the first part, the generation of myeloid progenitors via
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deviation. Statistical analysis was performed using t-test (**p < 0.001).
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coated beads. (F) Quantification of pHrodo positive microglia after 2 h incubation with pHrodo labeled AB-coated beads. n = 3; Data shown as mean with standard

transcription factor MYB-independent primitive myelopoiesis,
most protocols are broadly similar. However, the challenge for
microglia generation as well as for the maintenance of primary
microglia lies in the simulation of the correct neuronal
microenvironment that determines the final differentiation and
is essential for the maintenance of the phenotype (12). Several
approaches exist for the in vitro simulation of this tissue niche,
most of which are based on co-culture approaches with either
neurons (25), astrocytes (42) or both. Other approaches use
chemokines, morphogens and metabolites to differentiate the
microglia-like cells in monoculture (17, 80)

Recently, we demonstrated the scalability of a protocol for the
generation of myeloid precursors and primitive macrophages
(27). The protocol is based on a publication by van Wilgenburg
et al. (46) and cells generated with this differentiation protocol
have already been used previously to obtain microglia like cells in
co-cultures (2 and 3D) as well as in monoculture (25, 81).
However, further optimization of the monoculture protocol
seemed desirable. In our study, we aimed for such a
reductionist approach of monoculture microglia and compared
them on the morphological and gene expression level to the more
elaborate co-culture model. Our observations on the
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transcriptional as well as on the phenotypic level correlate with
the results reported from others (24, 25, 78)and extend these.
The constitution of growth factors in our finally chosen
microglia differentiation media is similar to the one published
by McQuade and colleagues (78). Even though the two protocols
differ in mesoderm induction and pre-Mac generation, resulting
cells showed similar transcriptional and morphological profiles.
However, a key advantage of the protocol shown here is the long
lifetime of the myeloid factories, which allows continuous pre-
Mac supply over a production period of 60-80 days (27).

We observed on the transcriptional level that monoculture-
derived iPSC microglia showed an increase in genes related to the
so-called DAM signature compared with neuronal co-culture
derived microglia (Figure 2). The cell surface receptor TREM2 is
part of the DAM signature (37, 38). It is an important molecule
for microglia to interact with their environment and mutations
in the gene for TREM2 are associated with neurodegenerative
disorders including AD (9, 10, 31-36). Due to the importance of
TREM2 for microglia and in drug discovery attempts for AD in
general, we focused the characterization of our human iPSC
microglia on TREM2 related functions and chose a TREM2 KO
isogenic pair to further challenge the suitability of our
monoculture model in cellular assays. First, we compared the
isogenic controls on the transcriptional level and identified
differences in genes associated with mitochondrial
organization, cell motility and migration. Indeed, we could
confirm differences in mitochondrial respiration by the
Seahorse assay. Furthermore, we observed different responses
in free intracellular calcium following exposure to well-
established microglia chemoattractants, and pronounced
differences in the migration towards one of these attractants
(complement C5a) (Figures 5A-D), which is in line with
observations by others (82). Furthermore, we demonstrated
that the monocultured iPSC microglia are also suitable for
phagocytosis assays (Figures 5E, F) and confirmed here
observations published by others (39, 66-68). TREM2 signals
via DAP12 and phosphorylation of SYK resulting in
phosphorylation of the downstream kinases PI3K, PLCy and
ERK (42, 67). These pathways have already been linked to
alterations in cell proliferation, survival, metabolism, motility,
and phagocytosis (42, 82-84). TREM2 KO has been shown to
restore a homeostatic phenotype in AD and SOD models in vivo
(82, 84). However, our observation that TREM2 KO cells show
an increase in proliferative signatures and in motility was rather
unexpected. One possible explanation could be that DAP12 may
be stronger involved in the integration of other signaling
cascades upon TREM2 loss. For the complete understanding of
the pathway, we plan to explore the effect of loss of downstream
targets on the cellular phenotypes in future studies.

Overall, our monoculture microglia model performed
robustly in the applied functional cellular assays, pointing to its
suitability to study cellular effects of TREM2 modulation. In a
next step, our iPSC microglia model could be applied for cellular
screening and profiling of various microglia modulatory
pathways in the context of AD or other neurological diseases.
Additionally, the established protocol to generate iPSC microglia

now forms the basis to expand the single cell type culture with
other cell types in order to generate multicellular spheroids and
organoids. However, such complex cell models also come with
greatly increased cultivation time, limited throughput and
reduced number of available readouts (85) and more
optimization will be required.

In this study, we have not addressed the suitability of the
monoculture microglia system to investigate the effects of other
disease-associated mutations or to model aspects of other
diseases. However, the transcriptional data set in combination
with the microglial module analysis provides a good basis to
judge suitability of this model for other purposes. Using this as a
starting point, one could test a variety of stimuli and see how they
affect the expression in the different modules. Once we know
what drives the differentiation of iPSC microglia towards a
desired phenotype could enable the development of a toolbox
for modeling key aspects of different microglial subtypes
in monoculture.

In conclusion, the combined results of our experiments
demonstrate that human iPSC microglia can be produced
robustly in monoculture and our data confirm that these cells
can be used in various microglia-relevant functional assays.
Additionally, genetic ablation of TREM2 leads to the expected
phenotypes validating these cells as a valuable tool for studying
microglia-related biological mechanisms and to perform
compound screening and testing for drug discovery.
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1 | INTRODUCTION

Jorge Valerol2

Abstract

Microglia, the immune cells of the central nervous system, continuously survey the brain to detect
alterations and maintain tissue homeostasis. The motility of microglial processes is indicative of
their surveying capacity in normal and pathological conditions. The gold standard technique to
study motility involves the use of two-photon microscopy to obtain time-lapse images from brain
slices or the cortex of living animals. This technique generates four dimensionally-coded images
which are analyzed manually using time-consuming, non-standardized protocols. Microglial process
motility analysis is frequently performed using Z-stack projections with the consequent loss of
three-dimensional (3D) information. To overcome these limitations, we developed ProMolJ, a pack
of ImageJ macros that perform automatic motility analysis of cellular processes in 3D. The main
core of ProMolJ is formed by two macros that assist the selection of processes, automatically
reconstruct their 3D skeleton, and analyze their motility (process and tip velocity). Our results
show that ProMolJ presents several key advantages compared with conventional manual analysis:
(1) reduces the time required for analysis, (2) is less sensitive to experimenter bias, and (3) is more
robust to varying numbers of processes analyzed. In addition, we used ProMolJ to demonstrate
that commonly performed 2D analysis underestimates microglial process motility, to reveal that
only cells adjacent to a laser injured area extend their processes toward the lesion site, and to
demonstrate that systemic inflammation reduces microglial process motility. ProMolJ is a novel,
open-source, freely-available tool which standardizes and accelerates the time-consuming labor of
3D analysis of microglial process motility.

KEYWORDS

ImageJ Macro, life imaging, microglia, process motility, two-photon microscopy

extracellular misfolded proteins (e.g., amyloid B deposits; Sierra et al.,
2013; Wolf et al., 2017).

Microglia, the resident immune cells of the central nervous system
(CNS), are in charge of surveying the brain parenchyma and maintain
tight homeostasis. Therefore, microglia have an important role in
physiological conditions contributing to CNS angiogenesis (Arnold &
Betsholtz, 2013), synaptic pruning, and phagocytosis of dead cells dur-
ing development or newborn neurons in adult neurogenic niches (Sierra,
Abiega, Shahraz, & Neumann, 2013; Wolf, Boddeke, & Kettenmann,
2017). In pathological conditions microglia remove dead cells, axonal
fragments, myelin debris, tumor cells, invading microorganisms, and

To accomplish their unique surveying function, microglia continu-
ously protract and retract their processes while maintaining, in most
cases, a static cell body (Nimmerjahn, Kirchhoff, & Helmchen, 2005).
Indeed, it has been estimated that the constant movement of their
processes allows microglia to screen the whole brain parenchyma in a
few hours (Nimmerjahn et al., 2005). Since 2005, when Nimmerjahn
and Davalos described the highly motile nature of microglia (Davalos
et al., 2005; Nimmerjahn et al., 2005), many other groups have ana-

lyzed the motility of microglial processes to evaluate their function in
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physiological and pathological conditions. However, the analysis of
microglial motility in vivo is not trivial. It requires the use of animal
models that express a bright fluorescent protein in microglia for cell vis-
ualization and commonly involves the use of two-photon laser-scan-
ning microscopy to obtain time-lapse images from brain slices or the
brain of living animals. This technique generates a large amount of 4
dimensionally-coded images (XYZT) which need to be preprocessed to
correct technical undesirable artifacts such as stage/focus three dimen-
sional (3D) movements, photo-bleaching, electrical noise, and back-
ground signal. After pre-processing, images are analyzed using diverse
time-consuming and non-standardized protocols which render non-
comparable data. Although the analysis of time-lapse images to evalu-
ate microglial processes motility is highly relevant to the understanding
of microglial function, freely available tools to implement this analysis
are lacking.

Different approaches have been developed to evaluate micro-
glial processes motility, such as measurements of process length
(Davalos et al., 2005; Nimmerjahn et al., 2005; Sipe et al., 2016),
tip position (Kondo, Kohsaka, & Okabe, 2011; Batti et al., 2016;
Fourgeaud et al., 2016), volume/area occupied by microglial proc-
esses (Davalos et al., 2005; Krabbe et al., 2013; Batti et al., 2016;
Sipe et al., 2016), microglial volume, area, perimeter, number of
branches per cell, or cell mass center (Damani et al., 2011; Fontai-
nhas et al., 2011; Dissing-Olesen et al., 2014; Eyo, Miner, Weiner,
& Dailey, 2016; Li, Du, Pei, Du, & Zhao, 2016; Sipe et al., 2016).
The majority of the above-cited studies used 2D projections of
time-lapse Z-stacks to simplify the analysis. However, this
approach reduces the accuracy of the measurements obtained and
disregards the intrinsic 3D nature of process motility.

Among the different parameters analyzed in previous studies, we
focused on those that we consider the most direct measurements of
process motility: process length (Davalos et al, 2005; Nimmerjahn
et al., 2005; Kondo et al., 2011; Sipe et al., 2016) and tip position (Batti
et al, 2016; Fourgeaud et al., 2016). Changes in process length are
indicative of either protraction or retraction. In addition, tip position
reflects lateral scanning movements or directionality toward injured
regions, which are not accounted for when analyzing process length.
Both parameters, i.e. changes in process length (process velocity) and
in tip position (tip velocity), are thus complementary measurements to
evaluate microglial process motility. In this study, we describe a reliable
automatic tool to quantify these two main parameters in 3D. An earlier
version of this tool was used to demonstrate reduced motility of micro-
glial processes in vivo in a mouse model of mesial temporal lobe epi-
lepsy (Abiega et al., 2016). We now introduce a freely available pack of
macros (ProMolJ: Process Motility in Imagel) containing all macros
required to perform image preprocessing and motility analysis based on
the open source image analysis software Fiji, a distribution of the popu-
lar open-source software ImageJ focused on biological-image analysis
(Schindelin et al., 2012). We also use ProMolJ to demonstrate that 2D
motility analysis underestimates microglial process motility, to reveal
that only cells adjacent to a laser injured area extend their processes
toward the lesion site, and to show that systemic administration of bac-
terial lipopolysaccharides (LPS), a model of sickness behavior, reduces

microglial process motility in vivo. ProMolJ performs batch processing
of time-lapse images without manual intervention, thus reducing the
analysis time and variability between researchers. Our validation
experiments comparing microglial process motility estimated using Pro-
MolJ and manual protocols with the same set of processes demon-
strate that ProMol) is a highly efficient tool for the systematic 3D
analysis of microglial process motility both in health and disease.

2 | MATERIAL AND METHODS

2.1 | Animals

15FP’* mice, in which all

All experiments were performed in CX3CR
microglia express the green fluorescent reporter (Jung et al., 2000).
Three 2 month-old mice were used for macro testing and laser
injury analysis, and seven 5 month-old mice were used to analyze
the effects of systemic administration of LPS on microglial process
motility. Four mice were intraperitoneally injected with saline, and
three with LPS (1 mg/kg) 24 hr prior imaging to analyze the effects
of systemic inflammation on microglial process motility. Mice were
housed in 12:12 hr light cycle with ad libitum access to food and
water. All procedures followed the Canadian Council on Animal
Care guidelines and were approved by the Ethics Committees of
the Animal Care Committee of Université Laval (protocol number
2013102-1).

2.2 | Two-photon imaging of the living cortex

Images obtained from a previously published study (Abiega et al., 2016)
were used here to validate data obtained with ProMolJ. In addition, a
new set of images was acquired to analyze the effects of LPS adminis-
tration on microglial process motility. Briefly, mice were anesthetized
with isoflurane and their skull above the motor cortex exposed,
cleaned, glued to a metal plate, and thinned to 20-30 mm thickness
using a high-speed dental drill (Osada Inc) and a microsurgical blade.
Drilling was interrupted periodically, and sterile saline was applied on
the skull to prevent heat-induced damage. Next, the mice were placed
under an Olympus two-photon microscope FV1000MPE equipped
with a Ti:Sapphire laser (Mai Tai Deep See; Spectra Physics) tuned to
920 nm for transcranial imaging, and with a 25X water-immersion lens
(1.05 N.A.; Olympus). Stacks of 41-44 Z slices taken every 1 um were
acquired in 1.58-1.57 min intervals during 14.22-15.8 min (10-11
time frames) with a 512 X 512 pixels XY resolution (0.497 um of pixel
width and height).

2.3 | Two-photon focal laser injury

Restricted injury was achieved by focusing a two-photon laser beam (3
microns) in the somatosensory area of the cortex for 8 s to create a
small injury site around the focal point of the beam. The wavelength of
the two-photon laser was set at 820 nm and the laser power was 50-
70 mW at the sample. Images were acquired 90 s after laser injury

induction.
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2.4 | Macro writing

All macros were written in ImageJ1 macro language using the script
editor of Fiji (Schindelin et al., 2012) and are freely available under the
terms of the GNU General Public License version 3, as published by
the Free Software Foundation (http://www.gnu.org/licenses). In addi-
tion, we wrote a step by step user's manual to guide non-expert
researchers through the 3D analysis of process motility. Both ProMolJ
and the User's Manual can be downloaded from https://www.achu-

carro.org/downloads.

2.5 | Automatic process motility analysis with
ProMolJ

The automatic analysis of process motility was performed using a series
of ImageJ macros that we combined into a package named ProMolJ
(Process Motility in ImageJ). ProMolJ has been developed as a user-
friendly, step-by-step protocol for the analysis of microglial motility by
non-expert researchers. ProMolJ includes macros for cell cropping
(Macro 1), image preprocessing (Macro 2 and 3), process selection
(Macro 4), automatic 3D reconstruction of the process skeleton, and
motility analysis (process and tip velocity, Macro 5; Figure 1a-c). Each
macro asks users to select the folders that contain the required files
(i.e., time-lapse images files or process-selection files created with
Macro 4), as well as the folders where the resulting images, selections,
or data tables will be stored. In addition, macros ask users to specify
different parameters (Table 1) necessary to transform or analyze the
images. Importantly, ProMolJ performs batch processing of the images
(i.e., without manual intervention by the user), applying the same

parameter values in all the images.

2.5.1 | Image size reduction (macro 1)

Large images (over 2 Gb size) may present problems during pre-
processing due to the lack of available RAM memory. Therefore, we
developed a macro (Macro 1: ProMolJ_M1_Cropping) that allows
reducing the number of image channels, Z-slices and/or time-frames,
and cropping cells to generate smaller images for processing (Table 1,
parameters M1.1-8).

2.5.2 | Pre-processing (macros 2 and 3)

Automated analysis of images was performed using two macros: Macro
2 (ProMolJ_M2_Registration) and Macro 3 (ProMolJ_M3_Image_cor-
rections). Different Image) plugins were included in these macros to
align 3D images across time frames (registration), correct photobleach-
ing, reduce noise, and subtract background (Figure 1a).

Macro 2 performs batch registration of images using two Image)
registration plugins: “MultistackReg v_1.45" (Brad Busse, http://brad-
busse.net/downloads.html) to register stacks in 2D using “TurboReg”
plugin (Thevenaz, Ruttimann, & Unser, 1998); and “Correct 3D drift”
(Parslow, Cardona, & Bryson-Richardson, 2014), which corrects sample
drifts in 3D. Images may be registered using either plugin or both
(Table 1; parameters M2.1 and M2.2). Macro 2 allows selecting one of
the following algorithms available from “MultisatckReg v_1.45" (Table
1; parameter M2.3): Translation, Rigid Body, Scaled rotation, and
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Affine. Appropriate registration is achieved when microglial soma
remains almost static throughout the time-frames. Macro 2 includes an
“Optimization mode” (Table 1; parameter M2.4) which allows visualiza-
tion of registered images (more information about the “Optimization
mode” is available in the User’s manual).

Macro 3 performs batch photo-bleaching correction using the
Image) plugin “CorrectBleach_V2.0.2" and applying its “Histogram
Matching” method (Miura, Rueden, Hiner, Schindelin, & Rietdorf,
2014). In addition, Macro 3 uses a Difference of Gaussians filter to
reduce noise and background. Gaussian filters smooth images by apply-
ing a Gaussian function, which combines the intensity of each pixel
with the intensity of those pixels located within a determined radius
around them. This radius is defined by the so-called “sigma value.” The
Difference of Gaussians filters is calculated as the difference between
the images filtered with the minimum and the maximum sigma values.
The minimum sigma value defines the grade of smoothness of the
resulting image, whereas the maximum sigma value defines the amount
of local intensity subtracted. Users should define their own optimal
sigma values depending on the characteristics of their images (Table 1;
parameters M3.1 and M3.2). Macro 3 includes an “Optimization mode”
(Table 1; parameter M3.3) which allows visualization of images after
correction (more information about the “Optimization mode” is avail-

able in the User’s manual).

2.5.3 | Selection of processes (macro 4)

Microglial processes to be analyzed are manually selected and their ori-
entation (base-to-tip) defined using ProMolJ Macro 4 (ProMolJ_M4_-
Process_selection). Macro 4 facilitates the selection of individual
process by: (1) collapsing time-frame information into one single image
(the maximum projection of all time frames) and (2) identifying the
static regions of the cell from where the base of the process is defined.
Static cellular regions are identified by highlighting in red the pixels
that maintain an intensity value above a user-defined threshold level
throughout the time frames (Table 1, parameter M4.1). This threshold
level may be determined by activating the “Optimization mode” (Table
1, parameter M4.2) which allows image thresholding and visualization
of static regions (more information about the “Optimization mode” is
available in the User's manual). Then, the user is asked to select the
processes of interest using the regions of interest (ROI) manager tool
of Fiji. Selected process, that could be either primary or secondary
branches, should be confined within the XYZT stack of images. In addi-
tion, the investigator must indicate the process orientation by drawing
an arrow pointing from the constant basal region of the process to its
tip (orientation vector). Finally, the macro saves all the selections and

vectors for further analysis (Figure 1b).

2.5.4 | Process reconstruction and motility analysis
(macro 5)

Motility analysis is performed by estimating process length and tip
position in each time frame. ProMolJ Macro 5 (ProMolJ_M5_Motili-
ty_analysis) automatizes this analysis by reconstructing the 3D skeleton
of the process. Once the 3D skeleton is reconstructed, the length and

position of the skeleton tip in each time frame are analyzed to estimate
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FIGURE 1 ProMolJ work flow. (a) Image pre-processing is performed by Macro 1 for image cropping; Macro 2 for image registration; and
Macro 3 for photobleaching, noise, and background corrections. Images on the right are representative projections (41 Z-slices = 41 um) of 2-
photon images of microglia at tO (cyan) and 14.22 min (t10, magenta) in the mouse cortex showing a microglial cell before (left) and after (right)
registration and corrections. Scale bar = 20 um. (b) Assisted process selection is performed using Macro 4, which first highlights cell constant
regions in red (right image) and then allows both manual selection of the process (white dotted line) and manual drawing of the orientation vector
(white arrow). (c) Automated motility analysis is performed by Macro 5, which reconstructs the 3D skeleton of the selected process in all time
frames and then extracts motility data. 3D skeletons are shown in the image as a line and tip positions as a filled circle (t0 = cyan and

t10 = magenta). (d) 3D skeletons are reconstructed analyzing the intensity profiles of horizontal lines (red lines) and identifying the presence of
processes and their borders in each Y position, based on the intensity of the profile maxima (red curve peak). Profile lines are analyzed in each Z-
slice to obtain the X coordinates of the borders (Xleft and Xright) which are used to calculate the coordinates of the center of the process (X,Z
center). Base-to-tip line profile analysis is performed and center coordinates smoothed and used to estimate the length of the process skeleton
and the position of the tip (X, Y, Z). (e) A branching point is detected when more than one X central point (X1 and X2) is found. Macro 5 calcu-
lates the distances (d1 and d2) of both central points to the skeleton defined in the previous time frame (dotted yellow line). Then, the closest X
central point is selected and 3D skeleton reconstruction continues [Color figure can be viewed at wileyonlinelibrary.com]

process velocity (changes in length, pm/min, including protraction and Macro 5 asks the user to define the value of several parameters
retraction) and tip velocity (changes in the position of the tip, um/min; that will be used to reconstruct the 3D skeleton of the processes and
Figure 1c,d). estimate motility (Table 1; parameters M5). First, the user must specify
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TABLE 1 ProMolJ parameters

N° Name Possible values
Macro 1 Cropping M1.1 Crop cells A
M1.2 Channel 1-—00
M1.3 Select Z-slices A
M1.4 First Z-slice 1-o00
M1.5 Last Z-slice 1-x
M1.6 Select time frames Iy
M1.7 First time frame 1-00
M1.8 Last time frame 1-0o00
Macro 2 M2.1 Apply 3D Drift None
Registration Correction Before
After
Before & After
MultistackReg
M2.2 Apply MultistackReg vy
M2.3 Registration Translation
algorithm Rigid Body
Affine
Scaled Rotation
M2.4 Optimization mode vy
Macro 3 M3.1 Minimum sigma 1-o0
Image corrections
M3.2 Maximum sigma 1-00
M3.3 Optimization mode v,
Macro 4 M4.1 Threshold level 0-o00
Process selection
M4.2 Optimization mode v,
Macro 5 M5.1*  Time interval 0-
Motility analysis
M5.2* 3D Gaussian sigma 0-
M5.3  Skeleton smoothing 0-
range
M5.4%  Maxima threshold 0-
M5.5 Advanced menu Iy
M5.6 Optimization mode vy

“Relevant parameters for automatic analysis are highlighted in bold.

the time interval between consecutive time frames in minutes (Table 1;
parameter M5.1). As will be demonstrated in this study, apart from
time interval, only three parameters are critical for motility analysis and
are included in the Main Menu (Table 1; parameters M5.2-4). The
remaining parameters are set to default values that may be modified in
the Advanced Parameters Menu, accessed by selecting the correspond-
ing option in the Main Menu (Table 1, parameter M5.5). Optimization
of parameters was performed by visualizing 3D skeleton reconstruction
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Used value Description

| Activates cell cropping

1 Channel used to analyze cells

O Activates selection of Z-slices

N/A Selects the first Z-slice to be used

N/A Selects the last Z-slice to be used

J Activates selections of time frames

1 Selects the first time frame to be used

10 Selects the last time frame to be used

After Activates 3D registration with the plugin
“Correct 3D drift”

J Activates registration with the plugin
“MultistackReg”

Rigid Body Selects the algorithm used during
registration

J Optimization and analysis

2 Image smoothing

(higher values = smoother image)

50 Local background subtraction, (lower va-
lues = more subtraction)

N Optimization and analysis

100 Intensity threshold used to identify static
regions (should be higher than the
threshold used for analysis, M5.4)

| Optimization and analysis

1.58 Time interval between frames, in minutes

1 3D smoothing (higher values = smoother
image)

2 Range (in pixels) for 3D skeleton smooth-
ing, (higher values = smoother skeleton)

50 Intensity threshold used to identify a
process

Il Advanced parameters (Supporting
Information, Table S1)

O Optimization and parameters saving

and modifying parameters when mismatches between the original pro-
cess and the reconstructed 3D skeleton were found. Optimization may
be accessed by selecting the “Optimization mode” in the Main Menu
(Table 1; parameter M5.6, more information about the “Optimization
mode” is available in the User’s manual).

Macro 5 loads each batch of time-lapse images, as well as the pro-
cess selections and orientation vectors associated with each image. For
each selection (selected process) Macro 5 crops the process, clears all
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pixels out of the selection, smooths the image using the filter “Gaussian
Blur 3D” from Fiji, reorients the selected process in the Y axis following
the direction of the orientation vector, and reconstructs the process
from the basal constant region (the constant region of the process,
included in the selection, that is farthest away from its tip).

To recreate the 3D skeleton, Macro 5 uses a strategy based on the
identification of the process borders in each XZ plane along the Y axis.
First, Macro 5 analyzes the intensity profiles of horizontal lines run
from the top to the bottom of the image in each XZ plane. Intensity
profiles are used to identify the presence of a process and its borders
in each Y position based on the intensity of the profile maxima (above
a user-defined threshold; Table 1, parameter M5.4). The process bor-
ders in each Z-slice are detected by consecutively checking the inten-
sities of adjacent pixels flanking the profile maxima. A border is
identified when: (1) a pixel intensity below a user-defined threshold is
encountered (Table 1; parameter M5.4 or Supporting Information,
Table S1, parameters M5.10 and M5.11) or (2) a concave inflexion with
a determined amplitude (Supporting Information, Table S1, parameter
M5.12) is found in regions that are close to splitting branches or adja-
cent processes. Profile lines are analyzed in each Z-slice and the X, Z
coordinates of the borders are used to calculate the coordinates of the
center of the process in each horizontal plane (XZ planes) using the fol-
lowing equations:

Zy+zp
Zc=

. ()

where z¢, zy, and zg are the Z coordinates of the center, the upper Z-
slice, and the bottom Z-slice containing the process, respectively.

XR+XL
X =

c 5 (2)

where xc, xg and x_ are the X coordinates of the center, the right bor-
der, and the left border of the process, respectively, in z¢. If zc-slice is

virtual (i.e., not an integer):

_ XR(zc—o 5) +XR(z(+o,5)

XR 5 (4)
X 05 XL o
X = (z¢ 05)2 (2c +0.5) (5)

The reconstruction of the 3D process skeleton is made by con-
necting center points of adjacent XZ planes. Only center points belong-
ing to the same process are connected. Thus, the coordinates of the
borders corresponding to each center point are compared, and center

points are connected if borders coordinates satisfy:
Zy1—1< Zy > Zy1+1
and
XRy > XLy_1and XLy < XRy_1

where Zy and Zy.4 are Z coordinates in the current and previous (Y-1)
Y positions, respectively; and XRy, XLy, XRy.1 and XLy.; are the right
and left border X coordinates in the current and previous Y positions.

Next, Macro 5 defines the last connected XZ plane as the one that

corresponds to the process tip. Finally, the skeleton is smoothed using
a Mean or Gaussian filter with a determined smoothing range (in pixels)

defined by the user (Table 1; parameter M5.3 and Supporting Informa-
tion, Table S1, parameter M5.20) to eliminate perturbations caused by
small protrusions or noise in the borders of the processes.

The length of the 3D skeleton of the process is then calculated as
the summation of the distances between each pair of center points

located in consecutive XZ planes:

Yn—
length= Zi \/ Vier i)+ (X, e, ) ‘s (2., 7chi>2 (5)

i=yo

Where yp and y,, are the y coordinates of the first & last horizontal
lines, respectively, containing the skeleton.

During the reconstruction of the 3D skeleton of the process two
exceptions may occur:

(1) If more than one connected center point is detected, a branch-
ing point is identified. Macro 5 selects the branch that is closer to the
skeleton defined in the previous time frame, if it exists (Figure 1e). If
there is no skeleton in the previous time frame with coordinates similar
to the current one, the macro will select the XZ central position that is
closest to the skeleton that is being reconstructed.

(2) When no immediately adjacent center point is detected, the
macro considers the existence of a gap in the process (i.e., lack of label-
ing in a portion of the process). Therefore, the macro searches for the
process in the following Y positions until it reaches a distance in pixels
either defined by default (2 pixels) or by the user in the advanced
menu (Supporting Information, Table S1, parameter M5.17).

Macro 5 includes the possibility of activating a pre-detection step
that improves the quality of the reconstruction and serves as a quality
check. If the skeleton does not reach a certain percentage of the selec-
tion height (Supporting Information, Table S1, parameter M5.14), at
least in one time frame, it is assumed that the reconstructed process is
different from the one that was supposed to be analyzed and the
reconstruction of the process is then aborted.

Finally, Macro 5 calculates process velocity as the absolute differ-
ence of process length between two consecutive time frames divided by
the time interval, and tip velocity as the distance between the positions
of the tip in two consecutive time frames divided by the time interval.

The following equation was used to calculate process velocity:

\/(Iengthm —lengthy)?
B t

(6)

process velocity

where f is time frame and t corresponds to the time interval between
consecutive frames (1.58 min). Mean process velocity was used for
analysis. Mean protraction and retraction of a process were calculated
as the mean of process velocity from consecutive frames (f and f + 1)
where the length of the process was increased or decreased, respec-
tively. Net velocity of a process was calculated as the difference
between its protraction and retraction.
Tip velocity was estimated as follows:

B \/(Xf+1 X+ (Yo =Yp) P+ (Zrea=2p)°

- )

tip velocity

where t corresponds to the time interval between consecutive

frames (1.58 min), and X, Y and Z are the coordinates of the tip of



PARIS ET AL

the process in the time frames f and f + 1. Mean tip velocity was

used for analysis.

2.6 | Assisted manual process motility analysis

To compare ProMolJ with conventional motility analysis methods,
investigators measured the length of the selected processes and their
tip position in each time frame manually. Process length was measured
using the ImageJ plugin “Simple Neurite Tracer” (Longair, Baker, & Arm-
strong, 2011), which allows semi-automatic tracing of tube-like struc-
tures through 3D image stacks. However, “Simple Neurite Tracer” is
not ready to analyze time-lapse images, and thus we developed an
Image) macro (Macro 6, not included in ProMolJ) that assisted the
investigators in reconstructing the process over time. Macro 6 auto-
matically imports the time-lapse images into Fiji and concatenates all
the time frames into a single Z-stack, intercalating a white Z-slice
between time frames to facilitate the identification of the limits
between time frames. Then, Macro 6 crops the selected process using
ROIs created with Macro 4, runs the ImageJ plugin “Simple Neurite
Tracer”, and allows manual tracing of the process in each time frame.
Finally, Macro 6 calculates protraction, retraction, and process velocity
using Equation 6.

To manually analyze process tip position, researchers used the
Image) plugin “3D viewer” (Schmid, Schindelin, Cardona, Longair, &
Heisenberg, 2010) and the point tool to obtain the 3D position (XYZ)
of the tip in each frame. Tip velocity was calculated using Equation 7.

2.7 | Estimation of time required for analysis

The investigator used a computer equipped with an Intel Core i5-
4590S 3GHz CPU processor, 8Gb of RAM, and Windows 7 Professio-
nal 64 bits and recorded time spent in analyzing 45 processes from
three different time-lapse images using ProMolJ or the assisted manual

protocol.

2.8 | Analysis of data robustness

The variability of the data obtained was determined using the relative

standard error (rse):
rse=—o % 100 (8)
mean

To estimate the minimum number of processes required to achieve
an rse <15%, we generated random sets of process data of different
sizes, ranging from 1 to 45 processes. We performed 10,000 data itera-
tions and calculated the value of the rse per iteration. Then, we esti-
mated the probability of obtaining a mean rse <15% for n processes:

> iterations with rse < 15%
Total number of iterations(10000)

Probability, = x100%  (9)
2.9 | Analysis of the response to laser injury

Nineteen time frames (28.44 min) were selected for analysis of micro-

glial motility before (8 frames) and after (11 frames) laser injury
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induction. Microglial cells were divided in two groups: cells immediately
adjacent to the injured area (maximum distance between cell soma and
lesion center <60 um), and cells distant from the injured area (minimum
distance between cell soma and lesion center >60 um). In addition, cell
processes were divided into those directly oriented toward the injury
site, and those positioned in the opposite region of the cell (Figure 7b).
Then, process motility was obtained using ProMolJ Macro 5. The rela-
tive distances of the tip of the processes to the center of the injured
area were also calculated. First, we obtained the XYZ coordinates of
the center of the injured region (X; Y;, and Z;) using the Point tool of
ImagelJ. Then, we used the XYZ position of the tips provided by Pro-
MolJ Macro 5 to calculate the absolute distance of the tips to the cen-

ter of the injured area:

Distancer=y/ (X —X,)2 + (YY) >+ (2~ Z,)? (10)

Where Distancey corresponds to the distance of the tip to the cen-
ter of the lesioned area in the time frame f, and X, Yy, and Z; are the
coordinates of the tip of the process in the frame f. The distances
obtained for each frame were referred to the mean distance in the first
five frames before laser injury induction (Mean Distanceo) to calculate

relative distances:

Distances

Relative distance; = <m
0

><100> -100  (11)

where Relative distancey is the relative distance of the tip in the time
frame f. This equation generates negative values when the distance to
the center of the injured area decreases compared with the initial dis-
tance in time frame O.

2.10 | Statistics

Experiments were analyzed using GraphPad Prism 5 (GraphPad Soft-
ware, Inc, San Diego, CA) by Mann Whitney test or Wilcoxon signed-
rank test to compare two groups of data, Friedman test to compare
paired observations followed by the Dunn’s Multiple comparison test,
or two-way analysis of variance (ANOVA) for more than two groups of
data, followed by Bonferroni posthoc analysis. Only P < .05 is reported
to be significant. Box plot whiskers represent the 10th and 90th
percentiles.

3 | RESULTS

Motility of microglial processes was evaluated by analyzing changes in
their length (process velocity) and tip position (tip velocity). The analy-
sis of process velocity in 3D requires reconstruction of their 3D skele-
ton through time, while the analysis of tip velocity requires tracking the
position of the tip to estimate the mean distance covered per unit of
time.

We have developed ProMolJ to accelerate and systematize the
analysis of microglial process motility. The analysis of process motility
using time-lapse imaging requires several preprocessing steps aimed at
correcting imaging artifacts. ProMolJ) facilitates the following pre-
processing steps: image cropping (Macro 1), alignment (registration,
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Macro 2), photobleaching correction (Macro 3), as well as noise and
background subtraction (Macro 3; Figure 1a). The core of ProMolJ is
based on Macros 4 and 5, which allow the selection of individual micro-
glial processes and the automated analysis of their motility (Figure 1b-
c). The strategy followed is based on aligning each selected process
along an orientation vector (base-to-tip) defined by the user. Once the
process is oriented in the Y axis, profile intensity lines are run for each
Y position to define the left and right borders of the process. The XZ
geometric center of the process in each Y position is then calculated
for each time point, thus defining the 3D skeleton of the process over
time (Figure 1d). One of the main advantages of using ProMolJ is that
each macro facilitates and speeds up the analysis through batch proc-
essing (i.e., without manual intervention by the user), thus automatically

opening and saving images, selections, and data tables.

3.1 | Pre-processing of images using ProMolJ

A main problem with time-lapse imaging is sample drift, which may
reflect translational movements (in X and Y axes) and rotations (at an
angle) of the sample. Sample drift can be corrected using tools to align
time-lapse images (registration). ProMolJ Macro 2 runs “MultistackReg”
(Thevenaz et al., 1998; Brad Busse) and “Correct 3D drift” (Parslow
et al., 2014) ImageJ plugins to implement batch registration of the
images. “MultistackReg” plugin contains several algorithms that allow
Z-stacks registration. We tested two algorithms: “Translation”, which
aligns images correcting translational movements; and “Rigid Body”,
which aligns the images correcting for both translational and rotational
movements. The registration was adequate when the soma of most
cells in our images remained in the same position over time. “Rigid
Body” algorithm produced the best results, and thus images registered
with this algorithm were used for further processing. However, if the
images evidence changes in sample size (shrinkage or expansion), users
may also test the “Scaled rotation” or the “Affine” algorithms, which
may correct even more complex morphological changes. In addition,
we also found that the combination of both plugins “MultistackReg”
and “Correct 3D drift” produced better results than using them alone,
at least in our images. “Correct 3D drift” plugin allows corrections “in
depth” (focal position). Therefore, we recommend registering the
images using the algorithm “Rigid body” of “MultistackReg” plugin fol-
lowed by “Correct 3D drift” as a first approach. This is the strategy that
worked best in our hands when testing different types of images.

A second common problem in time-lapse imaging is photobleach-
ing of fluorescent probes, which may be corrected using image proc-
essing tools that compensate intensity changes over time. ProMolJ
Macro 3 performs batch photo-bleaching correction using the ImageJ
plugin “CorrectBleach_V2.0.2" and its “Histogram Matching” method
(Miura et al., 2014), which homogenizes image intensity throughout
time-frames by normalizing their histograms. In addition, this macro
uses a “Difference of Gaussians filter” to reduce noise and background.
Two parameters (Table 1; parameters M3.1 and M3.2) are defined for
the “Difference of Gaussians filter”: minimum sigma value (degree of
image smoothing and noise elimination), and maximum sigma value

(degree of background subtraction). It is important to consider that a

large minimum sigma value, while it reduces noise, may also affect the
resolution of the image thus decreasing the accuracy of further meas-
urements. Moreover, utilizing large maximum sigma values better pre-
serves the structures observed in the original image but subtracts less
background. Thus, we recommend using the smaller minimum sigma
value that adequately reduces image noise and the larger maximum

sigma value that adequately reduces image background.

3.2 | Selection of processes using ProMolJ

ProMolJ Macro 4 assists the selection of processes to be analyzed. In
addition, it allows defining the orientation vector used to align the pro-
cess with the Y axis. A critical point is to define the static basal region
of the process from where motility is to be calculated. To facilitate
defining the constant basal region, Macro 4 collapses all Z-stacks
through the time-lapse into one single image and highlights in red the
pixels that maintain an intensity value above a user-defined threshold
level throughout the time frames (Table 1; parameter M4.1). The
threshold should be selected to only include pixels that clearly corre-
spond to cellular elements. It is preferable to select a highly restrictive
threshold than a permissive one, even if it excludes some cellular ele-
ments. The process is selected using the ROl manager tool of Fiji. The
selection must include a part of the basal constant region of the pro-
cess and any area occupied by the non-constant region of the process
at any given time frame. Variations in the size of selected basal con-
stant region are not expected to induce relevant changes in motility
estimations, but it is recommended to select a small portion of the con-
stant region to reduce the time of analysis. Finally, the orientation of
the process is indicated by creating an arrow (orientation vector) point-
ing from the basal constant region to the tip of the process.

3.3 | Automatic analysis of microglial process motility
using ProMolJ

We evaluated motility of microglial processes by analyzing two main
parameters: process velocity and tip velocity. ProMolJ Macro 5 esti-
mates process and tip velocity by reconstructing the process 3D skele-
ton. 3D reconstruction of the process skeleton is performed by
analyzing the intensity profiles of horizontal lines and identifying the
presence of processes and their borders in each Y position based on the
intensity of the profile maxima (above a user-defined threshold; Table 1;
parameter M5.4). Profile lines are analyzed in each Z-slice and the X and
Z coordinates of the borders are used to calculate the coordinates of
the center of the process in each horizontal plane (XZ planes; Figure 1d).

Macro 5 loads images and their corresponding process selections
and orientation vectors. Then, to analyze motility, the macro recon-
structs the skeleton of the same process over time by starting the
reconstruction from the same constant region and selecting the
branches, when they exist, that are closest to the previously recon-
structed skeleton (Figure 1d,e).

During the development of ProMol)J we occasionally observed
that the reconstructed process was not the one we intented to analyze
but a nearby, truncated one. Therefore, we added a pre-detection step
in Macro 5 to force the detection of non-truncated processes and
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FIGURE 2 ProMolJ validation. (a) Experimental design. The same 45 microglial processes were analyzed by three independent researchers
with different levels of experience in the analysis of motility, from no-experience (1), with some experience (2), to highly-experienced (3)
using ProMolJ and the assisted manual protocol. (b-e) Mean motility data (process velocity [b], protraction [c], retraction [d], and tip velocity
[e]) from the three researchers estimated with ProMolJ or the assisted manual protocol. (f and g) Process (f) and tip velocity (g) data
obtained with ProMolJ and the assisted manual (A. manual) protocol by each researcher. ** indicates P < .01 by Bonferroni posthoc test
(after two-way ANOVA was significant at P < .05 for researcher factor). (h) Time spent in data analysis (45 processes) by an experienced
researcher using ProMolJ or our assisted manual method. (i-1) Process velocity (i), protraction (j), retraction (k), and tip velocity (l) relative
standard errors (rse) of combined data from the three researchers. * indicates P < .05 and *** indicates P < .001 by Wilcoxon signed rank
test. Whiskers in box plots represent 10th and 90th percentiles, and the line in box plot represents 50th percentile [Color figure can be

viewed at wileyonlinelibrary.com]

avoid their analysis. Macro 5 excludes from the analysis those process
skeletons whose length does not reach a certain percentage of the
length of the process selection at least in one time frame during the

pre-detection step. This pre-detection step slows down the speed of

the analysis and aborts skeleton reconstruction of some processes

(when it is not able to reconstruct a skeleton that matches the length

criteria), but we found it tremendously useful to improve the quality of

the analysis.
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FIGURE 3 ProMolJ robustness. (a) Experimental design. We generated random groups of process data (from the least experienced
researcher) of different sizes, ranging from 1 to 45 processes. 10,000 data iterations were performed and the value of the relative standard
error (rse) per iteration calculated. Then, we estimated the probability of obtaining an rse < 15% when using ProMolJ or assisted manual (A.
manual) protocol. In addition, we calculated the mean rse of the iterations. (b and c) Lines show changes in the probability of obtaining a
process velocity rse < 15% (b), or tip velocity rse < 15% (c) while the number of processes analyzed increases from 1 to 45. The horizontal
black dotted lines represent 95% probability of obtaining an rse < 15%. Vertical colored dotted lines represent the number of processes
required to reach a probability >95%. (d and e) Lines show changes in mean process velocity rse (d), or mean tip velocity rse (e) while the
number of processes analyzed increases. The dotted line indicates rse = 15%. Data in graphs are expressed as mean = SD. *** indicates

P < .001 by Bonferroni posthoc test for ProMolJ vs A. Manual method (after two-way ANOVA was significant at P < .0001 for number of
processes, method, and the interaction between the two factors) [Color figure can be viewed at wileyonlinelibrary.com]

In the following sections we validate ProMolJ and then assess time
required for analysis, sensitivity to experimenter bias, and robustness
to the number of processes analyzed when using ProMolJ or a manual
method. Our manual method was assisted by Macros 2, 3, 4, and 6 (not
included in ProMolJ). Macro 6 loads and saves images, selections and
data tables, and also prepares images for manual reconstruction of 3D
skeletons with the ImageJ plugin “Simple Neurite tracer” (Longair et al.,
2011). XYZ coordinates of process tips were obtained using the ImageJ
plugin “3D viewer” (Schmid et al., 2010) and the “point” tool. Therefore,
we named this protocol “assisted manual”.

3.4 | ProMolJ data validation

We validated ProMolJ as a reliable tool to analyze microglial process
motility through comparison with the assisted manual protocol. The
same 45 microglial processes were analyzed by three independent

researchers with different levels of experience in the analysis of
motility, from non-experienced (1), with some experience (2), to
highly-experienced (3) using both ProMolJ and the assisted manual
protocol. A schematic diagram of the different comparisons per-
formed to validate ProMolJ is shown in Figure 2a. First, we checked
overall differences between assisted manual and ProMolJ analysis
using mean motility data from the three researchers. Overall, no sig-
nificant differences were found in process velocity, protraction,
retraction, and tip velocity when estimated with ProMolJ or the
assisted manual protocol (Figure 2b-e and Supporting Information,
Table S2). In addition, motility data obtained with ProMolJ and the
assisted manual protocol by each researcher were not significantly
different (Figure 2f,g and Supporting Information, Table S3), thus
further validating ProMolJ as a reliable tool to analyze microglial
process motility.
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3.5 | Time required for analysis is greatly reduced by
ProMolJ

Manual analysis of microglial process motility is conventionally done
in 2D by manually reconstructing the skeleton of the process in each
time frame or by tracking the position of the tip, and it is therefore a
time-consuming procedure. To compare the time spent in data anal-
ysis using our assisted manual method and ProMolJ, an experienced
researcher recorded the time required to measure motility from the
same 45 processes (from three time-lapse images, each with five
microglial cells; 41 Z-slices, and 10 time frames per image) using Pro-
MolJ or the assisted manual protocol. Both methods shared the
same preprocessing and process selection steps, which required
around 1 hr (53 min). When performing the assisted manual proto-
col, 97.5 min were spent performing the whole analysis (2.2 min per
process). In contrast, only 22.0 min were required to perform the
analysis when using ProMolJ, of which 16.0 min were used to opti-
mize ProMolJ parameters and 6.0 min to perform the motility analy-
sis itself (8.0 s per process). In summary, 2.5 hr were needed to
obtain data with the assisted manual protocol, while ProMolJ analy-
sis required 1.25 hr (Figure 2h). It should be noted that without the
assistance of Macros (Macros 2, 3, 4, and 6) image pre-processing
would take considerably more time for manual analysis. Therefore,
ProMolJ greatly reduced the time required to obtain motility data,

being twice as fast as the assisted manual protocol.

3.6 | ProMolJ data are less sensitive to experimenter
bias

One of the aims of this study was to develop a tool to homogenize
motility analysis among different laboratories as to yield comparable
and reproducible results. To test the effect of ProMolJ on experimenter
bias, we evaluated the variability between researchers by comparing
the results they obtained individually when using ProMolJ or the
assisted manual protocol. We found that process and tip velocity data
obtained by the least experienced researcher were significantly differ-
ent from one of the other two researchers when using the assisted

manual protocol (Figure 2f,g and Supporting Information, Table S3). In

contrast, ProMolJ reduced the between-researchers variability and no
significant differences were found among any of the three researchers.

To further analyze the variability between researchers of data
obtained with ProMolJ and the assisted manual protocol, we compared
the relative standard errors (rse) of combined data from the three
researchers (Figure 2a). This analysis revealed that ProMolJ significantly
reduced the between-researchers variability in process and tip velocity
analysis (Figure 2i-1 and Supporting Information, Table S4). Therefore,
motility data obtained with ProMolJ are less sensitive to experimenter

bias than data obtained using the assisted manual protocol.

3.7 | ProMolJ analysis variability is robust to changes
in the number of processes analyzed

Data variability observed in our experiments is a combination of
researcher bias, biological variability, and methodological variability
(e.g., acquisition and processing artifacts). The impact of these sources
of variation may be minimized by increasing the number of processes
analyzed. We thus evaluated motility data robustness to the number of
processes analyzed when using ProMolJ or the assisted manual proto-
col, with data from the least experienced researcher. We established as
robustness criterion to reach a 95% probability of obtaining an rse
<15%, and calculated the minimum number of processes to be ana-
lyzed in order to achieve this criterion. We generated 45 sets of data,
each with 10,000 groups of 1 to 45 processes, and calculated in each
of these sets the percentage of groups with an rse <15%. This percent-
age represents the probability of obtaining an rse <15% for each set of
“n” processes (Figure 3a).

Our analysis indicates that data obtained with ProMolJ are more
homogeneous than data obtained with the assisted manual protocol
(Figures 2i,l and 3b,c). Increasing the number of processes analyzed
increased the probability of obtaining an rse <15% following a regular,
sigmoidal pattern when using ProMolJ (Figure 3b,c). In contrast, in the
data obtained with the assisted manual protocol, the probability of
reaching an rse <15% for both process and tip velocity fluctuated
when increasing the number of processes. Furthermore, we calculated
how many processes should be analyzed to reach the robustness crite-
rion: 32 and 42 processes for process and tip velocity, respectively,
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* indicates P < .05 and *** indicates P < .001 by Wilcoxon signed rank test for ProMolJ vs A. Manual method. Whiskers in box plots
represent 10th and 90th percentiles, and the line in box plot represents 50th percentile

were necessary when using the assisted manual protocol, while only 23
and 17 processes were required when using ProMolJ (dotted lines in
Figure 3b,c).

We finally analyzed the average rse for the 10,000 iterations calcu-
lated. As expected, the variability of process and tip velocity decreased
when more processes were analyzed (Figure 3d,e). In addition, the rse
of both process and tip velocity obtained with ProMolJ were signifi-
cantly lower when compared with the rse of data obtained with the
assisted manual protocol (Figure 3d,e). Therefore, compared with the
assisted manual protocol, ProMolJ analysis requires a reduced number

of processes to produce robust and representative data.

3.8 | Relevance of Z-step size to estimate process
motility

One of the key parameters that must be selected during image acquisi-

tion is the Z-step size, which ranged from 0.5 to 3 um in previous

studies (Davalos et al., 2005; Nimmerjahn et al., 2005; Damani et al.,
2011; Kondo et al., 2011; Krabbe et al., 2013; Dissing-Olesen et al.,
2014; Gyoneva et al., 2014; Batti et al., 2016; Eyo et al., 2016; Four-
geaud et al., 2016; Li et al., 2016; Sipe et al., 2016). ProMolJ can use
any size of Z-step interval to estimate process motility. Large Z-step
intervals reduce the time required to acquire Z-stacks, but in turn they
reduce the image axial resolution. Therefore, the size of the Z-step
interval may have a significant effect on process motility estimation in
3D. To evaluate the influence of the Z-step size on process motility
estimations we processed the same images with increased Z-step size
by reducing the number of Z slices at fixed intervals. Increasing the Z
slice interval by 2 um (from 1 to 3 pm) significantly altered process
velocity estimations (Figure 4a,b and Supporting Information, Table S5).
Thus, ProMolJ analysis overestimates process motility when the Z-step
interval is increased. This effect may be related to the loss of axial reso-
lution resulting from the increased Z-step interval, leading to higher
variability in 3D skeleton reconstructions and length estimations. Thus,
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the size of the Z-step is a relevant factor to take into account when
capturing images, and when comparing data from different

experiments.

3.9 | Influence of ProMolJ parameters in motility
estimations

ProMolJ Macro 5 utilizes 20 parameters that may be defined by the
user to optimize the reconstruction of processes skeleton. All these
parameters are summarized in Table 1 (parameters M5.1-6) and Sup-
porting Information, Table S1 (parameters M5.7-20). From those
parameters, the time interval (Table 1; M5.1) is inherent to capturing
the time-lapse images, thus precluding the need for optimization during
analysis. For the remaining parameters, deciding which of them should
be optimized may be an arduous process. Therefore, we statistically
determined the parameters which had a relevant influence on the final
motility estimations. We systematically varied each parameter while
maintaining the others in their optimized values (settings and process
selection from the most experienced researcher) and obtained motility
data. To test which combination was optimal, we compared different
sets of data produced with ProMolJ with the data obtained using the
assisted manual protocol (Figure 5). It is important to note that the
optimization of these parameters by users should be performed by vis-
ual inspection of the reconstructed 3D skeleton (Macro 5 “Optimiza-
tion mode”), rather than by comparison between ProMolJ and the
assisted manual protocol. Most of the parameters analyzed did not
induce significant deviation between the data obtained with ProMolJ
versus the assisted manual protocol (data not shown). However, we
identified three parameters (sigma value of the 3D Gaussian filter, the
range of skeleton smoothing, and the threshold of the maxima, Table 1,
parameters M5.2-4) that showed a relevant effect on final data
(Figure 5).

Importantly, parameters related to smoothing filters produced the
largest impact on final data. The sigma value of the 3D Gaussian filter

(Table 1, parameter M5.2) was decisive for obtaining accurate process
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FIGURE 7 Microglial process motility analysis after laser-induced
injury. (a) Representative projections (41 Z-slices = 41 um) of 2-
photon images of microglial cells at tO (cyan) and 15.8 min (t11,
magenta) in the mouse cortex injured with a laser beam. Scale

bar = 20 um. Arrowheads point to reconstructed skeletons. (b)
Representative scheme of the image showed in (a). (c) Comparison
between process velocities (mean + SEM) obtained from processes
of adjacent and distant microglial cells, and oriented toward the
injury side or situated in the opposite region of the cell. (d and e)
Comparison between motility data (process velocity [d] and tip
velocity [e]) obtained from processes of adjacent and distant micro-
glial cells, and oriented toward the lesion or situated in the oppo-
site region of the cell. (f) Comparison between relative distances to
the center of the laser-injured region (mean = SEM) obtained from
processes of adjacent and distant microglial cells, and oriented
toward the injury side or situated in the opposite region of the cell.
Negative relative distances indicate shorter distances to the center
of the injured region. In (c) and (f) *, a, b and c represent signifi-
cance respect other groups, opposite processes from adjacent cells,
injury oriented processes from distant cells, and opposite processes
form distant cells, respectively. One symbol is used for P < .05,
two symbols for P < .01, and three symbols for P < .001 by Bon-
ferroni posthoc test after two-way repeated measures ANOVA.
The vertical dotted lines separate the data from the images
obtained before and after the induction of laser lesions. In (d) and
(e) *** indicates P < .001 by Bonferroni test. Whiskers in box plots
represent 10th and 90th percentiles, and the line in box plots rep-
resents 50th percentile [Color figure can be viewed at wileyonline-
library.com]
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centile [Color figure can be viewed at wileyonlinelibrary.com]

and tip velocity data (Figure 5a,b), as small variations in this parameter
significantly deviated the data obtained with ProMolJ from data
obtained with the assisted manual protocol. In addition, the skeleton
smoothing range (Table 1; parameter M5.3) was also important to
obtain accurate process and tip velocity data (Figure 5c¢,d). Finally, the
threshold of the maxima (Table 1; parameter M5.4), a parameter that
defines the intensity threshold for the analysis, admitted a wide range
of values without inducing significant deviations in process and tip
velocity data obtained with Promol) from data obtained with the
assisted manual protocol (Figure 5e,f). Thus, ProMolJ analysis is rela-
tively robust to variations in image intensity but sensitive to image
smoothing.

Summarizing, ProMolJ motility estimations strongly depend on the
adequate selection of smoothing filter parameters. Thus, the use of the
optimization step included in the main menu of Macro 5 (Table 1;
parameter M5.6) is recommended to select the optimal smoothing

parameters for the analysis.

3.10 | Data obtained from 2D projections
underestimate motility

Several studies have analyzed microglial motility using two-dimensional
projections of Z-stacks of images to simplify the analysis (Davalos
et al., 2005; Nimmerjahn et al., 2005; Kondo et al., 2011; Fourgeaud
et al,, 2016; Sipe et al., 2016). Therefore, we evaluated differences in
motility estimations (obtained with ProMolJ) when analyzing the same
images preserving their 3D information or using their maximum projec-
tion of Z-stacks (2D analysis). Our analysis revealed, as expected, that
the lack of 3D information leads to a significant underestimation of

process motility (Figure 6a,b).

3.11 | Only cells adjacent to a laser-injured area
extended their processes toward the lesion site

Focal laser injury has been widely used to test the capacity of microglial

cell processes to respond to a lesion (Davalos et al., 2005; Nimmerjahn

et al., 2005; Damani et al., 2011; Krabbe et al., 2013; Dissing-Olesen
et al., 2014; Gyoneva et al., 2014; Fourgeaud et al., 2016; Sipe et al.,
2016). We used ProMolJ Macros to analyze directional process motility
toward a focal lesion induced with a laser beam in the cortex. We dif-
ferentiated between microglial cells immediately adjacent to the injured
area, and microglial cells distant from the injured area. In addition, we
distinguished between processes directly oriented toward the injury
site, and processes positioned in the opposite region of the cell (Figure
7a,b). We detected a significant increase in process velocity after laser
injury induction only in processes oriented toward the injured region of
cells adjacent to the lesion (Figure 7c). In addition, mean process veloc-
ity and tip velocity were significantly increased only in processes ori-
ented toward the lesion from adjacent cells (Figure 7d,e). Interestingly,
oriented processes from adjacent cells also showed increased retrac-
tion (Supporting Information, Table S7), although their net process
velocity was significantly increased (Supporting Information, Table S7),
indicating an overall extension toward the injured area. No significant
changes were detected either in opposite processes from adjacent cells
or in the process from distant cells (Figure 7c-e and Supporting Infor-
mation, Table S7).

To further analyze the extension of processes to the lesion, we
estimated the relative distance of the processes tip to the center of the
injured region. Again, only oriented processes from adjacent cells signif-
icantly decreased their distance to the center of the lesion (Figure 7f).
Our data reveal that only cells adjacent to the injured area extended
their processes toward the lesion site, and that only the processes that
emerge from the region of the cell oriented toward the injured region

increased their motility and approached the injury site.

3.12 | Systemic administration of LPS reduces
microglial process motility

Systemic inflammation is known to trigger neuroinflammation, affecting
the behavior of microglial cells (Sierra, Gottfried-Blackmore, McEwen,
& Bulloch, 2007). We analyzed the effect of a systemic inflammatory
challenge, induced by intraperitoneal administration of LPS (1 mg/kg),
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on microglial process motility 24 hr after its induction, when microglial
expression of pro-inflammatory cytokines is largely resolved (Sierra
et al., 2007). Our data showed that process motility was significantly
reduced by LPS administration (Figure 8 and Supporting Information,
Table S8), indicating that systemic inflammation reduces microglial pro-

cess motility in the cortex.

4 | DISCUSSION

We have developed a new tool, ProMolJ, which allows automatic
analysis of microglial process motility in 3D. Data obtained with
ProMolJ protocol were validated by comparing them with data
obtained with an assisted manual protocol. Our results revealed
that ProMolJ analysis of process motility is faster, less sensitive to
experimenter bias, and produces more robust data than manual
analysis. We also show here that commonly used 2D projections
(maximum projection) of 3D acquired images significantly underesti-
mate microglial processes motility. In addition, we analyzed the
extension of microglial processes toward a focal laser injury reveal-
ing that only cells adjacent to the injured area sent their processes
toward the lesion site, and observed that 24 hr after intraperitoneal
administration of LPS microglial process motility is reduced in vivo
in the cortex.

ProMolJ is a freely available and user-friendly tool to facilitate the
quantification of microglial process and tip velocity in 3D. Many differ-
ent, non-comparable protocols have been used to extract microglial
process motility information from live-imaging experiments (Davalos
et al., 2005; Nimmerjahn et al., 2005; Damani et al., 2011; Fontainhas
et al, 2011; Kondo et al., 2011; Krabbe et al., 2013; Dissing-Olesen
et al,, 2014; Batti et al., 2016; Eyo et al., 2016; Fourgeaud et al., 2016;
Li et al., 2016; Sipe et al., 2016). To analyze microglial process motility
we selected two direct measurements of motility that provide full and
complementary information: changes in processes length (process
velocity) and tip position (tip velocity) over time. Manual extraction of
these data from 3D time-lapse images is time consuming and tedious,
often prompting the use of 2D projections of original images (Davalos
et al., 2005; Nimmerjahn et al., 2005; Kondo et al., 2011; Fourgeaud
et al., 2016; Sipe et al., 2016). Hence, we developed ProMolJ for naive
and expert researchers as a step-by-step guided tool to analyze 3D
process motility.

The protocol implemented by ProMolJ consists of 5 steps: Macro
(1) Image cropping; Macro (2) image registration; Macro (3) photo-
bleaching, noise and background correction; Macro (4) process selec-
tion; and Macro (5) automated 3D motility analysis (Figure 1). Although
we mainly focused on process and tip velocity (including protraction
and retraction), other three biologically relevant parameters were
extracted from data obtained with ProMolJ: protraction-retraction
velocity, net change in process length per time unit, and tip directional-
ity. In physiological conditions protraction and retraction of processes
are counterbalanced hence preventing net changes in process length
(Figure 2c,d and Supporting Information, Table S2; Nimmerjahn et al.,
2005). However, this balance is disrupted after laser injury leading to a
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net growth of processes toward the lesion (Figure 7 and Supporting
Information, Table S7). In addition, tip directionality may be tracked
and analyzed using tip position data, providing information about the
influence of attractants or repellents. Importantly, ProMolJ saves XZY
coordinates of process tip in each time frame, thus offering the possi-
bility of evaluating the directionality of tip movements toward a spe-
cific region of the image in 3D (e.g., lesioned regions or dendritic
spines). Therefore, using tip XZY coordinates provided by ProMolJ we
showed here that in early time points (=15 min) only processes facing
the laser injury site from adjacent cells (<60 mm) increased their motil-
ity and extended toward the lesion (Figure 7 and Supporting Informa-
tion, Table S7). In addition, previous reports suggest that at later time
points (30 min), processes situated in the part of the cell opposite to
the lesion retract, while processes from distant microglial cells also
changed their motility after laser injury, becoming polarized toward the
lesioned region (Lee, Liang, Fariss, & Wong, 2008; Davalos et al., 2005;
Nimmerjahn et al., 2005).

ProMolJ protocol was validated through comparison with the
assisted manual protocol. Our validation demonstrated that both Pro-
MolJ and the assisted manual protocols produce similar microglial pro-
cess motility data (Figure 2b-e and Supporting Information, Table S2).
Due to the lack of in vivo 3D microglial process motility analysis, we
were unable to compare our data with previous publications. However,
several studies have analyzed 2D microglial process motility in unin-
jured brains obtaining mean process velocity values ranging from 0.58
to 1.47 um/min (Nimmerjahn et al., 2005; Sipe et al., 2016) and 2D tip
velocity data with mean values around 0.81 pum/min (Kondo et al,
2011; Fourgeaud et al., 2016). Our 2D results pooling together primary
and secondary order processes (process velocity: 0.66 + 0.06 um/min,
tip velocity: 0.71 + 0.05 pum/min, Supporting Information, Table Sé)
are in the same range of those obtained by others, although image
resolution and time intervals were different (Nimmerjahn et al., 2005;
Kondo et al., 2011; Fourgeaud et al., 2016; Sipe et al., 2016). Impor-
tantly, our results indicate that 2D motility analysis greatly underesti-
mates process motility and that microglial processes movements are
faster than previously thought (Figure 6a and Supporting Information,
Table S6).

One main benefit of using ProMolJ is that it prevents bias
related to the investigator. Indeed, we observed that using the
assisted manual protocol the least experienced researcher obtained
statistically different motility data compared with the other two
researchers. Importantly, data obtained with ProMolJ protocol were
similar between researchers and showed lower between-researchers
variability than data obtained with the assisted manual protocol (Fig-
ure 2f,g,i-l1 and Supporting Information, Table S3 and S4). Hence,
our analyses indicate the ProMolJ will contribute to homogenize
motility analysis among different laboratories rendering comparable
results.

Another advantage of ProMolJ is that the motility analysis is more
robust to variations in the number of processes analyzed compared
with the assisted manual protocol. During manual analysis it is
expected that, depending on the investigator, crucial decisions (i.e.,
selection of the starting basal point, process central points, final tip
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position, branch selection and gap inclusion) may be less consistent
between time frames and processes, thus introducing extra sources of
variability. Increasing the number of processes analyzed may buffer the
impact of this extra variability on motility estimations. Indeed, data pre-
cision obtained with both ProMolJ and assisted motility protocol in val-
idation tests seemed acceptable when analyzing 45 processes, as
indicated by their relative standard error (rse <10%, Figure 3d,e). How-
ever, ProMolJ analysis requires a lower number of processes to pro-
duce representative data (rse <15%) than the assisted manual protocol
(Figure 3b,c), indicating that data obtained with ProMolJ) are, as
expected, more robust.

The third asset of ProMolJ is that it reduces the time required
to analyze microglial process motility. ProMolJ performs batch proc-
essing of time-lapse images, without manual intervention after selec-
tion of folders and parameters, thus reducing the analysis time and
allowing for consistent pre-processing settings in the whole experi-
ment. In addition, we show here that ProMolJ analysis of microglial
process motility (Macro 5) is twice as fast as the assisted manual
protocol (Macro 6; Figure 2h). However, because we used batch
processing to assist our manual analysis, these results likely underes-
timate the time required for analysis with more conventional manual
protocols, and thus ProMolJ’s impact on the acceleration of motility
analysis might be underestimated here. In addition, our data indicate
that ProMolJ reduces the number of processes needed to obtain a
robust estimation of microglial process motility, further contributing
to saving imaging and analysis time.

A limitation of ProMolJ is that users may optimize 3D skeleton
reconstructions by re-defining up to 20 parameters. Although the
possibility of varying parameters converts ProMolJ into a flexible
tool, it may also render the process of optimization tedious. To over-
come this limitation we identified three parameters which had a sig-
nificant influence on final motility estimations (Figure 5) and
simplified the optimization establishing default values for the
remaining parameters. However, default values of these remaining
parameters may be changed by activating the “Advanced Menu”
option in the main menu (Table 1, M5.5). Image acquisition, process-
ing, and analysis related factors affect the comparability of motility
results obtained by different laboratories. One critical parameter
previously identified is the time sampling interval, and it was recom-
mended to use short time intervals (30-45 s) to obtain accurate data
(Nimmerjahn et al., 2005). Another critical parameter is the Z-step
interval as it significantly affects the process motility estimations
(Figure 4 and Supporting Information, Table S5). Nonetheless, the
spatiotemporal resolution of our images (0.497 um/pixel, 1 um of Z-
step interval and 1.57-1.58 min/frame) was sufficient to detect dif-
ferences between control and experimental conditions both in LPS-
induced neuroinflamamtion (Figure 8 and Supporting Information,
Table S8) and in a model of mesial temporal lobe epilepsy (Abiega
et al., 2016). Another critical issue is whether image resolution is
decreased by image preprocessing, particularly when using smooth-
ing filters, which combine 2D pixels or 3D information. Indeed, we
show here that optimization of smoothing-related parameters is cru-
cial to obtain adequate estimations of microglial process motility

(Figure 5). We observed that the use of these filters, although some-
times necessary, should be limited to the minimum (between values
1 and 2) in order to eliminate noise and background without affect-
ing the accuracy of the analysis.

ProMolJ presents two other limitations that should be consid-
ered: (1) ProMolJ use is limited to the analysis of non-hollow struc-
tures because 3D skeleton reconstruction is based on the use of
maximum intensities and the search of connected pixels and (2) Pro-
MolJ is not able to reconstruct twisted structures as it assumes that
microglial processes are oriented in one main direction along their
entire length. These limitations may be solved in the future, as Pro-
MolJ is open source (downloadable from https://www.achucarro.
org/downloads) and thus amendable for further functionality
upgrades. However, in its current version, the possibility of varying
up to 20 parameters in ProMolJ allows fine tuning of process motil-
ity analysis and extends the use of ProMolJ for other applications.
Therefore, ProMolJ may be used by a wide range of scientists inter-
ested in analyzing the motility of non-hollow and non-twisted tubu-
lar structures such as, in addition to microglial processes, filaments,
dendrites, dendritic spines, growth cone filopodia, cilia, plant roots,
growing stalactites, etc.

Microglia continuously survey the brain parenchyma to detect
alterations and maintain tissue homeostasis. Importantly, microglial pro-
cess motility has been shown to be reduced in aged mice (Damani
et al,, 2011), as well as mouse models of Alzheimer’s disease (Krabbe
et al, 2013; Gyoneva, Swanger, Zhang, Weinshenker, & Traynelis,
2016) and epilepsy (Abiega et al., 2016). In addition, using ProMolJ we
described here a decrease in microglial process motility in cortex 24 hr
after the induction of a systemic inflammation mediated by intraperito-
neal administration of LPS, when microglial expression of pro-
inflammatory cytokines is largely resolved (Sierra et al., 2007) but mor-
phological changes are still evident (Kondo et al., 2011). Previous stud-
ies provided controversial results regarding LPS effects on microglial
motility 48 hrs after challenge, reporting either increased microglial
process motility (2 mg/kg of LPS, 48 hr, Gyoneva et al., 2014) or no
changes (0.5 mg/kg of LPS, 48 hr, Kondo et al., 2011). Indeed, our data
shows a very small effect (0.25-fold reduction) of LPS on microglial
motility, which is likely to be missed when analyzed manually. Inflam-
mation is known to be exacerbated in most neurodegenerative diseases
and therefore further experiments will be crucial in determining the
relationship between microglial release of pro-inflammatory mediators
and process motility.

In summary, understanding the mechanisms that contribute to the
reduction of microglial process motility might lead to the development
of therapies aimed to restore brain homeostasis through the recovery
of microglial physiological functions. Therefore, the analysis of micro-
glial process motility, as a measurement of microglial surveillance
capacity, is highly relevant in the context of aging and neurodegenera-
tive diseases. To the best of our knowledge, ProMolJ is the first freely
available tool that standardizes and accelerates 3D microglial process
motility analysis, a measure directly linked to microglial function in

health and disease.



PARIS ET AL GLIA (‘S%iag,g WI LEY | 17
ACKNOWLEDGMENT of microglial physiology. Nature, 532, 240-244. https://doi.org/10.

This work was supported by grants from the Spanish Ministry of
Economy and Competitiveness with FEDER funds to A. S. (RYC-
2013-12817), A. S. and J. V. (BFU2015-66689-R), from the Basque
Government to A. S. (PI-2016-1-0011), the Natural Sciences and
Engineering Research Council of Canada (NSERC; RGPIN-2014-
05308) to M. -E. T., and lkerbasque start-up funds to J. V. I. P. was
supported by a Jesus de Gangoiti Barrera Foundation Fellowship, J.
V. by an Ikerbasque Research Fellow grant, and J. C. S by a Postdoc-
toral Fellowship from Fonds de la recherche du Québec - Santé
(FRQS). We are grateful to Steve Lacroix at CRCHU de Québec-
Université Laval for the use of his two-photon microscope.

ORCID

Marie-Eve Tremblay () http://orcid.org/0000-0003-2863-9626
http://orcid.org/0000-0001-8415-096X
http://orcid.org/0000-0001-6072-3313

Amanda Sierra

Jorge Valero

REFERENCES

Abiega, O., Beccari, S., Diaz-Aparicio, ., Nadjar, A., Layé, S., Leyrolle, Q.,
... Sierra, A. (2016). Neuronal hyperactivity disturbs ATP microgra-
dients, impairs microglial motility, and reduces phagocytic receptor
expression triggering apoptosis/microglial phagocytosis uncoupling.
PLOS Biology, 14, €1002466. https://doi.org/10.1371/journal.pbio.
1002466

Arnold, T., & Betsholtz, C. (2013). The importance of microglia in the
development of the vasculature in the central nervous system. Vascu-
lar Cell, 5, 4. https://doi.org/10.1186/2045-824X-5-4

Batti, L., Sundukova, M., Murana, E., Pimpinella, S., De Castro Reis, F.,
Pagani, F., ... Heppenstall, P. A. (2016). TMEM16F regulates spinal
microglial function in neuropathic pain states. Cell Reports, 15, 2608-
2615. https://doi.org/10.1016/j.celrep.2016.05.039

Damani, M. R., Zhao, L., Fontainhas, A. M., Amaral, J., Fariss, R. N., &
Wong, W. T. (2011). Age-related alterations in the dynamic behavior
of microglia. Aging Cell, 10, 263-276. https://doi.org/10.1111/j.
1474-9726.2010.00660.x

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., ...
Gan, W.-B. (2005). ATP mediates rapid microglial response to local
brain injury in vivo. Nature Neuroscience, 8, 752-758. https://doi.org/
10.1038/nn1472

Dissing-Olesen, L., LeDue, J. M., Rungta, R. L., Hefendehl, J. K., Choi, H.
B., & MacVicar, B. A. (2014). Activation of neuronal NMDA receptors
triggers transient ATP-mediated microglial process outgrowth. Journal
of Neuroscience, 34, 10511-10527. https://doi.org/10.1523/JNEUR-
0SCl1.0405-14.2014

Eyo, U. B, Miner, S. A,, Weiner, J. A, & Dailey, M. E. (2016). Develop-
mental changes in microglial mobilization are independent of apopto-
sis in the neonatal mouse hippocampus. Brain, Behavior, and
Immunity, 55, 49-59. https://doi.org/10.1016/.bbi.2015.11.009

Fontainhas, A. M., Wang, M., Liang, K. J., Chen, S., Mettu, P., Damani,
M., ... Wong, W. T. (2011). Microglial morphology and dynamic
behavior is regulated by ionotropic glutamatergic and GABAergic
neurotransmission. PLoS ONE, 6, €15973. https://doi.org/10.1371/
journal.pone.0015973

Fourgeaud, L., Través, P. G., Tufail, Y., Leal-Bailey, H., Lew, E. D., Burrola,
P. G, ... Lemke, G. (2016). TAM receptors regulate multiple features

1038/nature17630

Gyoneva, S., Davalos, D., Biswas, D., Swanger, S. A., Garnier-Amblard, E.,
Loth, F., ... Traynelis, S. F. (2014). Systemic inflammation regulates
microglial responses to tissue damage in vivo. Glia, 62, 1345-1360.
https://doi.org/10.1002/glia.22686

Gyoneva, S., Swanger, S. A., Zhang, J., Weinshenker, D., & Traynelis, S. F.
(2016). Altered motility of plaque-associated microglia in a model of
Alzheimer's disease. Neuroscience, 330, 410-420. https://doi.org/10.
1016/j.neuroscience.2016.05.061.

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W.,
Sher, A, & Littman, D. R. (2000). Analysis of fractalkine receptor
CX3CR1 function by targeted deletion and green fluorescent protein
reporter gene insertion. Molecular and Cellular Biology, 20, 4106-
4114. https://doi.org/10.1128/MCB.20.11.4106-4114.2000

Kondo, S., Kohsaka, S., & Okabe, S. (2011). Long-term changes of spine
dynamics and microglia after transient peripheral immune response
triggered by LPS in vivo. Molecular Brain, 4, 27. https://doi.org/10.
1186/1756-6606-4-27

Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J. L., Eom, G. D., Bern-
hardt, U., ... Heppner, F. L. (2013). Functional impairment of micro-
glia coincides with B-amyloid deposition in mice with Alzheimer-like
pathology. PLOS One, 8, €60921. https://doi.org/10.1371/journal.
pone.0060921

Lee, J. E, Liang, K. J., Fariss, R. N., & Wong, W. T. (2008). Ex vivo
dynamic imaging of retinal microglia using time-lapse confocal
microscopy. Investigative Ophthalmology & Visual Science, 49, 4169-
4176. https://doi.org/10.1167/iovs.08-2076.

Li, Y., Du, X., Pei, G, Du, J., & Zhao, J. (2016). B-Arrestinl regulates the
morphology and dynamics of microglia in zebrafish in vivo. European
Journal of Neuroscience, 43, 131-138. https://doi.org/10.1111/ejn.
13065

Longair, M. H., Baker, D. A, & Armstrong, J. D. (2011). Simple neurite
tracer: Open source software for reconstruction, visualization and
analysis of neuronal processes. Bioinformatics, 27, 2453-2454.
https://doi.org/10.1093/bioinformatics/btr390

Miura, K., Rueden, C., Hiner, M., Schindelin, J., & Rietdorf, J. (2014).
Image) Plugin CorrectBleach V2.0.2. Zenodo [Internet]. Available
from: https://zenodo.org/record/30769

Nimmerjahn, A., Kirchhoff, F., & Helmchen, F. (2005). Resting microglial
cells are highly dynamic surveillants of brain parenchyma in vivo. Sci-
ence, 308, 1314-1318. https://doi.org/10.1126/science.1110647

Parslow, A., Cardona, A., & Bryson-Richardson, R. J. (2014). Sample drift
correction following 4D confocal time-lapse imaging. Journal of
Visualized Experiments, e51086. https://doi.org/10.3791/51086

Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M.,
Pietzsch, T., ... Cardona, A. (2012). Fiji: An open-source platform for
biological-image analysis. Nature Methods, 9, 676-682. https://doi.
org/10.1038/nmeth.2019

Schmid, B., Schindelin, J., Cardona, A., Longair, M., & Heisenberg, M.
(2010). A high-level 3D visualization API for Java and Imagel). BMC
Bioinformatics, 11, 274. https://doi.org/10.1186/1471-2105-11-274

Sierra, A., Abiega, O., Shahraz, A, & Neumann, H. (2013). Janus-faced
microglia: Beneficial and detrimental consequences of microglial
phagocytosis. Frontiers in Cell Neuroscience, 7, 6. https://doi.org/10.
3389/fncel.2013.00006

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., & Bulloch, K.
(2007). Microglia derived from aging mice exhibit an altered inflam-
matory profile. Glia, 55, 412-424. https://doi.org/10.1002/glia.
20468



18 | Wl LEY GLIA @ PARIS €T AL

Sipe, G. O., Lowery, R. L., Tremblay, M.-E., Kelly, E. A., Lamantia, C. E., & SUPPORTING INFORMATION
Majewska, A. K. (2016). Microglial P2Y12 is necessary for synaptic
plasticity in mouse visual cortex. Nature Communications, 7, 10905.
https://doi.org/10.1038/ncomms10905 porting information tab for this article.

Thevenaz, P., Ruttimann, U. E., & Unser, M. (1998). A pyramid
approach to subpixel registration based on intensity. IEEE Transac-
tions on Image Process, 7, 27-41. https://doi.org/10.1109/83. How to cite this article: Paris I, Savage JC, Escobar L, et al. Pro-
650848

Wolf, S. A., Boddeke, H. W. G. M. & Kettenmann, H. (2017).
Microglia in physiology and disease. Annual Review of Physiology,
79, 619-643. https://doi.org/10.1146/annurev-physiol-022516-
034406

Additional Supporting Information may be found online in the sup-

MolJ: A new tool for automatic three-dimensional analysis of
microglial process motility. Glia. 2017;00:1-18. https://doi.org/
10.1002/glia.23287



The Journal of Neuroscience, February 12, 2020 - 40(7):1453-1482 - 1453

Development/Plasticity/Repair

Microglia Actively Remodel Adult Hippocampal
Neurogenesis through the Phagocytosis Secretome
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During adult hippocampal neurogenesis, most newborn cells undergo apoptosis and are rapidly phagocytosed by resident microglia to
prevent the spillover of intracellular contents. Here, we propose that phagocytosis is not merely passive corpse removal but has an active
role in maintaining neurogenesis. First, we found that neurogenesis was disrupted in male and female mice chronically deficient for two
phagocytosis pathways: the purinergic receptor P2Y12, and the tyrosine kinases of the TAM family Mer tyrosine kinase (MerTK)/Axl. In
contrast, neurogenesis was transiently increased in mice in which MerTK expression was conditionally downregulated. Next, we per-
formed a transcriptomic analysis of the changes induced by phagocytosis in microglia in vitro and identified genes involved in metabo-
lism, chromatin remodeling, and neurogenesis-related functions. Finally, we discovered that the secretome of phagocytic microglia limits
the production of new neurons both in vivo and in vitro. Our data suggest that microglia act as a sensor of local cell death, modulating the
balance between proliferation and survival in the neurogenic niche through the phagocytosis secretome, thereby supporting the long-
term maintenance of adult hippocampal neurogenesis.

Key words: adult neurogenesis; MerTK/Axl; microglia; P2Y12; phagocytosis; secretome
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Microglia are the brain professional phagocytes and, in the adult hippocampal neurogenic niche, they remove newborn cells
naturally undergoing apoptosis. Here we show that phagocytosis of apoptotic cells triggers a coordinated transcriptional program
that alters their secretome, limiting neurogenesis both in vivo and in vitro. In addition, chronic phagocytosis disruption in mice
deficient for receptors P2Y12 and MerTK/Axl reduces adult hippocampal neurogenesis. In contrast, inducible MerTK downregu-
lation transiently increases neurogenesis, suggesting that microglial phagocytosis provides a negative feedback loop that is
necessary for the long-term maintenance of adult hippocampal neurogenesis. Therefore, we speculate that the effects of promot-
ing engulfment/degradation of cell debris may go beyond merely removing corpses to actively promoting regeneration in devel-
opment, aging, and neurodegenerative diseases. j

ignificance Statement

Introduction
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ermann, 2008) and humans (Moreno-Jimenezetal., 2019). Now-
adays, newly generated neurons are strongly suggested to
contribute to hippocampus-dependent learning and memory,
among other functions (Deng et al., 2010). Multiple endogenous
factors regulate the proliferation, survival, differentiation, and
integration of the new neurons in the adult hippocampus. In the
cellular niche, one key element is microglia, the resident macro-
phages of the nervous system that coordinate the brain inflam-
matory response. The detrimental effect of neuroinflammation
on neurogenesis is well described, and is mediated by inflamma-
tory cytokines such as interleukin (IL)-1f3, tumor necrosis factor
a (TNFa), and IL-6 (Ekdahl et al., 2003; Monje et al., 2003).

Microglia also beneficially affect neurogenesis, as they are ca-
pable of producing factors that modulate proliferation or survival
of different cells within the neuronal lineage. I vitro studies dem-
onstrate that cultured microglia promote differentiation of pre-
cursor cells (Aarum et al., 2003), whereas microglia-conditioned
media enhances neuroblast production and neuronal survival
(Morgan et al., 2004; Walton et al., 2006). Furthermore, micro-
glia were suggested to inhibit the proliferation of hippocampal
rNSCs, as their number inversely correlates with adult hip-
pocampal neurogenesis (Gebara et al., 2013). Recently, experi-
ments using diphtheria toxin-induced ablation of microglia
propose that microglia are essential for neuroblast survival (Kre-
isel et al., 2019) but the mechanisms underlying the regulation of
hippocampal neurogenesis by microglia are still unexplored both
in vitro and especially in vivo (Sierra et al., 2014).

Here, we focus on another major role of microglia in the adult
hippocampal neurogenic niche: the removal of apoptotic new-
born cells through phagocytosis (Sierra et al., 2010). The majority
of hippocampal newborn cells undergo apoptosis in the first few
days of cells’ life through adulthood (Beccari et al., 2017) and are
immediately recognized and degraded by “unchallenged” micro-
glia (Sierra et al., 2010). Microglia are the brain professional
phagocytes compared with other cell types (Sierra et al., 2013)
and prevent the release of toxic intracellular contents (Nagata et
al., 2010), and thus, this process is essential to avoid alterations of
the surrounding tissue.

In this study, we propose that microglial phagocytosis does
not conclude with the physical elimination of apoptotic cells, but
is followed by a coordinated transcriptional program that triggers
the production of neurogenic modulatory factors, which directly
contribute to the maintenance and correct regulation of the adult
hippocampal neurogenic cascade. We have used constitutive and
inducible knock-out (KO) mice to abolish two phagocytosis-
related receptors: the purinergic receptor P2Y12 and the Mer
tyrosine kinase (MerTK) of the TAM (Tyro, Axl, and Mer) fam-
ily. We discovered that chronic phagocytosis deficiency disrupts
neurogenesis but acute phagocytosis impairment only transiently
increases neurogenesis. In addition, using a combined in vitro
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and in vivo based experimental strategy, we found that the secre-
tome of phagocytic microglia limits the production of new neu-
rons to maintain the homeostasis of the adult hippocampal
neurogenic niche.

Materials and Methods

Mice. All experiments were performed in fms-EGFP (MacGreen) mice,
except where indicated, in which all microglia express the fluorescent
reporter (Sasmono et al., 2003; Sierra et al., 2007). KO mice were pro-
vided by Beata Sperlagh, Institute of Experimental Medicine (P2Y12 KO)
and Greg Lembke, Salk Institute (MerTK/Axl KO). Microglial-specific,
inducible MerTK/Axl mice were generated using Cx3cr1<"**® (Parkhurst
etal., 2013) and Mertk™! (Fourgeaud et al., 2016), described previously.
To induce deletion of the Mertk™" allele in Cx3cr1 "R+ Mertk"" mice,
two doses of tamoxifen dissolved in corn oil (75 mg/kg) or corresponding
volume of corn oil alone (control mice) were administered intraperito-
neally at postnatal days (P)21 and P23. All mice used were in a C57BL/6
background. Mice were housed in 12 h light/dark cycle with ad libitum
access to food and water. Mice received a single dose of 5-bromo-2'-
deoxyuridine (BrdU; 100-150 mg/kg) at P28. At 24 h or 28 d after BrdU
injection, mice were anesthetized with a mixture of ketamine and xyla-
zine (100 mg/kg and 10 mg/kg, respectively), perfused with 20 U/ml
heparin in PBS followed by 4% PFA in PBS. Brains were collected, im-
mersion fixed for 4 h in 4% PFA in PBS, and stored in 30% sucrose, 30%
ethylene glycol at —20°C until analysis. All procedures followed the Eu-
ropean Directive 2010/63/EU and NIH guidelines, and were approved by
the Ethics Committees of the University of the Basque Country EHU/
UPV (Leioa, Spain; CEBA/205/2011, CEBA/206/2011, CEIAB/82/2011,
CEIAB/105/2012).

SH-SY5Y cell line. SH-SY5Y (American Type Culture Collection), a
human neuroblastoma cell line derived from the bone marrow of 4-year-
old female was used for phagocytic assay experiments. SH-SY5Y cells
were grown as an adherent culture in non-coated culture flasks covered
with 10-15 ml of medium. The medium consisted of DMEM (Invitro-
gen), supplemented with 10% fetal bovine serum (FBS) and 1% antibi-
otic/antimycotic (all from Invitrogen). When confluency was reached,
cells were trypsinized and re-plated at 1:4.

BV2 cell line. BV2 (Interlab Cell Line Collection San Martino-Instituto
Scientifico Tumori-Instituto Nazionale per la Ricerca sul Cancro), a cell
line derived from raf/myc-immortalized murine neonatal microglia was
used to obtain LPS-induced conditioned media. BV2 cells were grown as
an adherent culture in non-coated culture flasks covered with 10—15 ml
of medium. The medium consisted of DMEM (Invitrogen), supple-
mented with 10% FBS and 1% antibiotic/antimycotic (all from Invitro-
gen). When confluency was reached, cells were trypsinized and replated
at 1:4.

Primary microglia cultures. Primary microglia cultures were performed
as previously described (Abiega et al., 2016; Beccari et al., 2018). PO-P1
fms-EGFP mice pup brains were extracted and the meninges were peeled
off. The olfactory bulb and cerebellum were discarded and the rest of the
brain was then mechanically homogenized by careful pipetting and en-
zymatically digested with papain (20 U/ml; Sigma-Aldrich), a cysteine
protease enzyme, and DNase (150 U/ul; Invitrogen) for 15 min at 37°C.
The resulting cell suspension was then filtered through a 40 wm nylon cell
strainer (Fisher) and transferred to a 50 ml Falcon tube quenched by 5 ml
of 20% FBS (Invitrogen) in HBSS. Afterward, the cell suspension was
centrifuged at 200 X g for 5 min, the pellet was resuspended in 1 ml
DMEM (Invitrogen) supplemented with 10% FBS and 1% antibiotic/
antimycotic (Invitrogen), and seeded in T75 poly-1-lysine-coated (15
wul/ml; Sigma-Aldrich) culture flasks at a density of two brains per flask.
Medium was changed the day after and then every 3—4 d, always enriched
with granulocyte-macrophage colony stimulating factor (5 ng/ml GM-
CSF; Sigma-Aldrich), which promotes microglial proliferation. After
confluence (at 37°C, 5% CO, for ~14 d), microglia cells were harvested
by shaking at 100—150 rpm, 37°C, 4 h. Isolated cells were counted and
plated at a density of 80,000 cells/well on poly-1-lysine-coated glass cov-
erslips in 24-well plates for immunofluorescence purposes or 1,000,000
cell/dish on coated Petri dishes for real-time quantitative PCR (qPCR).
Microglia were allowed to settle for at least 24 h before any experiment.
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NPC culture. Neurosphere cultures were performed as previously de-
scribed (Babu et al., 2011) with some modifications. Briefly, PO—P1 fms-
EGFP pups were decapitated and the brains extracted and placed in cold
HBSS. The homogenization process was performed as detailed in the
Primary microglia cultures section, except that no FBS was used in any
step to avoid undesired neurosphere adhesion and differentiation. After-
ward, the cell suspension was centrifuged at 200 X g for 5 min, the pellet
was resuspended in 1 ml DMEM/F12 with GlutaMAX (Invitrogen) sup-
plemented with 1% penicillin/streptomycin, 1% B27, EGF (12.5 ng/ml),
FGF-2 (5 ng/ml; Xapelli et al., 2013). Cells were plated on uncoated Petri
dishes (P60); each brain was plated in four Petri dishes with supple-
mented DMEM/F12. After 6 d, neurospheres were then disaggregated
into a single-cell suspension of neuroprogenitor cells (NPCs) using Neu-
roCult chemical dissociation kit following the manufacturer’s instruc-
tions and each Petri dish was plated in two 6-multiwell plates. To
maintain replicability through the experiments, neurospheres were fro-
zen until their use at —80°C in 15% DMSO after the first passage.

In vitro phagocytosis assay. The protocol was detailed previously (Bec-
cari et al., 2018). In brief, microglia were allowed to rest and settle for at
least 24 h before phagocytosis experiments. Phagocytosis experiments
were performed in DMEM +10% FBS to ensure the presence of comple-
ment molecules, which are related to microglial phagocytosis in vivo
(Diaz-Aparicio and Sierra, 2019) and whose presence determines the
immunomodulatory outcome of phagocytosis (Fraser et al., 2010). Pri-
mary microglia cells were fed for different time points with SH-SY5Y.
The cell line was previously labeled with the membrane marker CM-Dil
(5 wMm; 10 min at 37°C, 15 min at 4°C; Invitrogen) and treated with
staurosporine (STP; 3 uM, 4 h; Sigma-Aldrich) to induce apoptosis. Only
the floating dead-cell fraction was collected from the supernatant and
added to the primary microglia cultures in a proportion of ~1:1. Apo-
ptotic cells were visualized and quantified by trypan blue in a Neubauer
chamber. Because cell membrane integrity is still maintained in early
induced apoptotic cells, cells not labeled with trypan blue were consid-
ered apoptotic. The media of naive and phagocytic (24 h) microglia was
immediately stored at —80°C until its use as conditioned media for
NPCs.

In some experiments, control and phagocytic microglia were treated
with LPS. Three different LPS paradigms were used. In the low LPS
concentration paradigm, media was removed and fresh medium with
150 ng/ml LPS or vehicle (PBS) was added for 18 h to primary microglia
(Fraser et al., 2010). In the high LPS concentration paradigm, medium
was removed and fresh medium with 1 pg/ml LPS or vehicle (PBS) was
added for 24 h to primary or BV2 cells (Monje et al., 2003). To control for
LPS presence in the phagocytic media, a third paradigm was performed
in which primary microglia was treated with 1 ug/ml LPS or vehicle
(PBS) for 6 h, then media was changed into fresh media for another 18 h.
All supernatants were collected and stored at —80°C until its use as
conditioned media for NPCs, and all of them were filter-sterilized before
adding to the NPC culture.

NPC proliferation and differentiation. Neurospheres of Passage 1 were
thawed and expanded for 1 week before the experiment in proliferative
conditions (2 passages were performed in total).The day of the experi-
ment Passage 3 neurospheres were dissociated into NPCs, cells were
counted and plated at a 80,000 cells/well density on poly-1-lysine-coated
glass coverslips in 24-well plates in supplemented (Penicillin/streptomy-
cin, B27, EGF, and FGF2) DMEM/F12. NPCs were allowed to proliferate
for 48 h (Babu et al., 2011) and then washed with PBS before treatment
with conditioned media (CM) from control or phagocytic (24 h) micro-
glia. For the experimental group, DMEM was also added as a control
because it is the media in which microglia were grown. NPCs were then
fixed with 4% PFA for 10 min at 3 d, and 5 d of differentiation. For
multipotency experiments, NPCs treated for 3 d with CM (control, 24 h
phagocytosis or DMEM) were transferred back to DMEM/F12 (without
trophic factors) medium and were allowed to differentiate for 5 and 9 d.
For late survival and differentiation assay, after the 48 h of proliferation,
NPCs were allowed to differentiate in DMEM/F12 (no trophic factors)
for 10 d and then were treated with CM from control or phagocytic (24 h)
microglia or DMEM for another 3 and 5 d.
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Calcium imaging. Intracellular calcium imaging experiments were per-
formed as described previously (Alberdi et al., 2013). CM-treated NPCs
were incubated and loaded with 5 um Fura-2 AM (Invitrogen) for 30 min
at 37°C and then washed in HBSS containing 20 mm HEPES, pH 7.4, 10
mM glucose, and 2 mm CaCl, for 10 min at room temperature. The
perfusion chamber was assembled on the platform of an inverted epiflu-
orescence microscope (Zeiss Axiovert 35) equipped with a 150-W xenon
lamp Polychrome IV (TILL Photonics) and a Plan Neofluar 40X oil-
immersion objective (Zeiss). NPCs were treated with 50 mm KCl, 10 um
AMPA, 1 mm ATP, and 100 uMm histamine, sequentially. Cells were
allowed to recover their baseline before adding the next compound. Cells
were visualized with a digital black/white CCD camera (ORCA;
Hamamatsu Photonics). Intracellular calcium signaling responses were
calculated as the proportion of different cell phenotypes responding to
the different stimuli. The baseline was calculated as the mean of the first
60 s of recording for each cell. Only peaks that increase or decrease three
times the SEM of the baseline were considered as a significant response.

FACS sorting. Microglia cells were isolated from brains as described
previously (Sierra et al., 2007; Abiega et al., 2016). The corresponding
tissues from fms-EGFP mice were dissected and placed in enzymatic
solution (in mm: 116 NaCl, 5.4 KCI, 26 NaHCO;, 1 NaH,PO,, 1.5 CaCl,,
1 MgSO,, 0.5 EDTA, 25 glucose, 1 L-cysteine) with papain (20 U/ml) and
DNase I (150 U/ul; Invitrogen) for digestion at 37°C for 15 min. The
homogenization process was also helped by careful pipetting. After ho-
mogenization, tissue clogs were removed by filtering the cell suspension
through a 40 wm nylon strainer to a 50 ml Falcon tube quenched by 5 ml
of 20% FBS in HBSS. For further enrichment of microglia, myelin was
removed by using Percoll gradients. For this purpose, cells were centri-
fuged at 200 X g for 5 min and resuspended in a 20% solution of isotonic
percoll (SIP; 20% in HBSS), obtained from a previous stock of SIP (9
parts Percoll per 1 part PBS 10X). Then, each sample was layered with
HBSS poured very slowly by fire-polished pipettes. Afterward, gradients
were centrifuged for 20 min at 200 X g with minimum acceleration and
no brake so the interphase was not disrupted. Then the interphase was
removed, cells were washed in HBSS by centrifuging at 200 X g for 5 min
and pellet was resuspended in 500 ul of sorting buffer (25 mm HEPES, 5
mum EDTA, 1% BSA, in HBSS). Microglia cell sorting was performed by
FACS Jazz (BD Biosciences), in which the population of green fluores-
cent cells was selected, collected in Lysis Buffer (Qiagen) containing 0.7%
B-mercaptoethanol and stored at —80°C until processing.

Administration of microglia CM in vivo. CM from control and phago-
cytic (Ph24h) microglia was administrated via osmotic pumps for 6-d to
2-month-old fms-EGFP mice. Briefly, osmotic pump (flow rate 1 ul/h;
Model 2001, Alzet) and infusion catheter tubes (Alzet) were filled with
the conditioned media (200 wl) and connected. Pumps were incubated
overnight at 37°C in PBS before the surgery. Mice were anesthetized with
ketamine/xylazine (10/1 mg/kg) and received a single dose of the analge-
sic buprenorphine (1 mg/kg) subcutaneously. The infusion cannulae
were inserted at anteroposterior: —1.7 mm, laterolateral: —1.6 mm, and
dorsoventral: —1.9 mm from bregma. The injection site did not reach
nor damage the DG in any of the mice included in the study. Afterward,
a surface of dental cement was created from the cannulae to the screw to
avoid any unwanted removal of the cannulae. Osmotic pumps were in-
serted inside the skin of the mice. After 6 d, mice were intraperitoneally
injected with BrdU (150 mg/kg, single injection), and transcardially per-
fused 2 h later to assess proliferation. For differentiation experiments,
CM-containing osmotic pumps were inserted for 6-d to 2-month-old
fms-EGFP mice. Pumps were removed at 6 d and afterward, a single
intraperitoneal injection of BrdU (150 mg/kg) was administered, and
mice were killed 28 d later.

Gene expression arrays. Gene arrays analysis was performed following
the recommendations of the MIAME (Minimum Information About a
Microarray Experiment) consortium (Brazma et al., 2001). Cell samples
from control, Ph3h, and Ph24h microglia (n = 3 independent experi-
ments) were lysed and kept at —80°C until processing. Total RNA was
isolated using PureLink RNA Mini kit (Ambion), following the manu-
facturer’s instructions. RNA amount was quantified in a UV/VIS Nano-
Drop 1000 spectrophotometer (ThermoFisher Scientific), and its
integrity was analyzed with Lab-chip technology in an Agilent 2100 Bio-
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analyzer in combination with Agilent RNA 6000 Nano Chips. Eukaryote
Total RNA Nano Assay was used as type of test. In all samples, RIN > 9.3,
and 285/18S > 1.3 values were obtained. Sample labeling, hybridization,
and scanning gene expression profiling were performed at the Gene Ex-
pression Unit of Genomics Core Facility of the University of the Basque
Country UPV/EHU.

One-color microarray-based gene expression analysis was performed
following the One-Color (p/n5190-2305) protocol from Agilent Tech-
nologies (Low Input Quick Amp Labeling kit) for the labeling of the
samples. First, 50 ng of total RNA were retrotranscribed with the Affini-
tyScript Reverse enzyme Transcriptase (AffinityScript RT), a thermo-
stable modified enzyme derived from Moloney murine leukemia virus
retrotranscriptase, using promoter-coupled T7 Oligo dT primers. The
double-stranded cDNA synthesized by AffinityScript RT was transcribed
in vitro by the T7 RNA pol in the presence of Cy3-CTP to generate labeled
and amplified cRNA. The labeled samples were purified with columns of
RNeasy Mini kit (Qiagen). Subsequently the labeled samples were quan-
tified in the NanoDrop ND-1000 to determine the performance of the
specific activity of the fluorochromes after labeling. All the hybridized
samples met the following minimum requirements: yield > 0.825 ug per
reaction and cyanine 3-specific activity > 6 pmol/ug.

For the hybridization, 600 ng of labeled cRNA were fragmented and
cohybridized to SurePrint G3 Mouse GE 8X60K Microarray Design ID:
028005. Each array/slide contained 8 identical subarrays of >60,000 60-
mer oligonucleotides of high resolution and performance. It contained
probes for 55,681 sequences or transcripts (biological features or non-
control features). Several of these biological probes were replicated 10
times for the calculations and quality control measurements (QCMet-
rics) of the microarrays. It also contained probes for internal positive
controls (spike-ins), which were added to the RNA sample before label-
ing and were used for evaluation and verification of the microarray pro-
cessing. Manual washing method was performed following Agilent’s
recommendations to prevent ozone-related problems.

Slides were scanned on a G2565CA Microarray DNA Scanner from
Agilent Technologies with a resolution of 3 wm and a Tiff image size of
20bit, using the Scan software v8.5.1 with default settings (Scan profile
Agilent, G3_GX_1color). The scanned TIFF images were processed and
the fluorescence of the probes quantified using Agilent Feature Extrac-
tion software 10.7.3.1. Feature Extraction protocol for data extraction:
GE1_107_Sep09; Design File: 28005_D_F_20140728. Software extracts
information of the raw fluorescence signal (mean signal) for the fluoro-
chrome or channel (Cy3: green channel) from the spot containing the
probes (positive and negative controls and no controls or biological fea-
ture) and the background, obtained from the negative controls (which
contains sequences for which no hybridization is expected, nonspecific
binding indicators).

Default parameters (Agilent Feature Extraction software 10.7.3.1) for
one-color gene expression microarrays were used for flagging of non-
uniform features, population outliers for replicated probes, and features
with no significant intensities in Cy3 channel. Agilent Feature Extraction
raw data were processed with software GeneSpring GX 13.0 (Agilent
Technologies). Probes not present in any sample were filtered out. A list
of the filtered 36,665 probes was used in the statistical analysis.

Tissue or cultured cells RNA isolation and retrotranscription. The corre-
sponding tissue (P8 hippocampi for positive PCR controls) was rapidly
isolated immediately under tribromoethanol overdose, and stored at
—80°C. Tissue was disrupted with a roto-stator homogenizer with Lysis
Buffer (Qiagen) containing 0.7% [B-mercaptoethanol and stored at
—80°C until processed. Cultured cells (>500,000 cells) were lysed and
stored at —80°C until processed. Total RNA was isolated using Qiagen
RNeasy Mini Kit (Qiagen), following the manufacturer’s instructions,
including a DNase treatment step to eliminate genomic DNA residues.
RNA was quantified in a NanoDrop 2000, and 1.5 ug were retrotrans-
cribed using random hexamers (Invitrogen) and Superscript III Reverse
Transcriptase kit (Invitrogen), following the manufacturer’s instructions
in a Veriti Thermal Cycler (Applied Biosystems).

FACS-sorted cells RNA isolation and retrotranscription. RNA from
FACS-sorted microglia (<<500,000 cells) was isolated by RNeasy Plus
micro kit (Qiagen) according to the manufacturer’s instructions, and the
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RNA was retrotranscribed using an iScript Advanced cDNA Synthesis Kit
(Bio-Rad) following the manufacturer’s instructions in a Veriti Thermal
Cycler (Applied Biosystems).

Real-time qPCR. Real-time qPCR was performed following MIQE
guidelines (Minimal Information for Publication of Quantitative Real
Time Experiments; Bustin, 2010). Three replica of 1.5 ul of a 1:3 dilution
of cDNA were amplified using Power SYBR Green (Bio-Rad) for tissue or
cell culture experiments or SsoFast EvaGreen Supermix (Bio-Rad) for
FACS-sorted microglia experiments in a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). The amplification protocol for both en-
zymes was 3 min 95°C, and 40 cycles of 10 s at 95°C, 30 s at 60°C.

Primers. Primers were designed to amplify exon—exon junctions using
PrimerBlast (NIH) to avoid amplification of contaminating genomic
DNA, and their specificity was assessed using melting curves and electro-
phoresis in 2% agarose gels. Primer sequences are listed in Table 1. For
each set of primers, the amplification efficiency was calculated using the
software LinRegPCR (Ramakers et al., 2003) or standard curve of 1:2
consecutive dilutions, and was used to calculate the relative amount us-
ing the following formula:

(1 + eff, target gene)(Ctsnmple*Cz control )

B (1 + eff - reference gene)(Cr sample=Ct control)*

AACt

Up to three independent reference genes were compared: L27A, which
encodes a ribosomal protein of the 60S subunit (Sierra et al., 2007);
OAZ-1, which encodes ornithine decarboxylase antizyme, a rate-limiting
enzyme in the biosynthesis of polyamines and recently validated as ref-
erence gene in rat and human (Kwon et al., 2009); and HPRT, which
encodes hypoxanthine guanine phosphoribosyl transferase (van de
Moosdijk and van Amerongen, 2016). The expression of L27A, OAZ-1,
and HPRT remained constant independently of time and treatments,
validating their use as reference genes. In all experiments, the pattern of
mRNA expression was similar using the assigned couple of reference
genes, and in each experiment the reference gene that rendered lower
intragroup variability was used for statistical analysis.

Immunofluorescence. Six series of 50-um-thick coronal sections of
mouse brains were cut using a Leica VT 12008 vibrating blade microtome
(Leica Microsystems). Fluorescent immunostaining was performed fol-
lowing standard procedures (Sierra et al., 2010; Beccari et al., 2018).
Free-floating vibratome sections were blocked in permeabilization solu-
tion (0.3% Triton X-100, 0.5% BSA in PBS; all from Sigma-Aldrich) for
3 h at room temperature (RT), and then incubated overnight with the
primary antibodies diluted in the permeabilization solution at 4°C. For
BrdU labeling an antigen retrieval procedure was performed by incubat-
ing in 2 M HCI for 30 min at 37°C and then washing with 0.1 M sodium
tetraborate for 10 min at RT before the blockade of the sections. After
overnight incubation with primary antibodies, brain sections were thor-
oughly washed with 0.3% Triton in PBS. Next, the sections were incu-
bated with fluorochrome-conjugated secondary antibodies and DAPI (5
mg/ml; Sigma-Aldrich) diluted in the permeabilization solution for 3 h at
RT. After washing with PBS, the sections were mounted on glass slides
with Dako Cytomation Fluorescent Mounting Medium.

Primary microglial cultures were fixed for 10 min in 4% PFA and then
transferred to PBS. Fluorescent immunostaining was performed follow-
ing standard procedures (Abiega et al., 2016; Beccari et al., 2018). Cov-
erslips with primary microglial cultures were blocked in 0.1% Triton
X-100, 0.5% BSA in PBS for 30 min at RT. The cells were then incubated
with primary antibodies in permeabilization solution (0.2% Triton
X-100, 0.5% BSA in PBS) for 1 hat RT, rinsed in PBS and incubated in the
secondary antibodies containing DAPI (5 mg/ml) in the permeabiliza-
tion solution for 1 h at RT. After washing with PBS, primary cultures were
mounted on glass slides with Dako Cytomation Fluorescent Mounting
Medium.

For fluorouridine labeling, SH-SY5Y were treated with 2 mm 5’'-
fluorouridine (Sigma-Aldrich) for 30 min. Afterward, cells were fixed in
4% PFA with 0.5% Triton X-100. The immunofluorescence was per-
formed as described with primary microglial cultures and anti-BrdU
primary antibody was used to detect fluorouridine.
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Table 1. qPCR primer sequences
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Gene Gene Bank Amplicon size Sequence 5'-3’
Reference genes 0AZ1 NM_008753 51 Fwd AGCGAGAGTTCTAGGGTTGCC
Rev CCCCGGACCCAGGTTACTAC
L27A BC086939 101 Fwd TGTTGGAGGTGCCTGTGTTCT
Rev CATGCAGACAAGGAAGGATGC
HPRT NM_013556.2 150 Fwd ACAGGCCAGACTTTGTTGGA
Rev ACTTGCGCTCATCTTAGGCT
Phagocytosis receptors P2Y12 NM_027571 88 Fwd GCAGAACCAGGACCATGGAT
Rev (TGACGCACAGGGTG(TG
MerTK NM_008587.1 131 Fwd AAGGTCCCCGTCTGTCCTAA
Rev GCGGGGAGGGGATTACTTTG
A NM_009465.4 86 Fwd GTTGGTGT(TGGAGGATGGG
Rev TGTGTGTCCTTATGGGCTGC
Peptides and hormones VGF NM_001039385.1 74 Fwd CACCGGCTGTCTCTGGC
Rev AAGGAAGCAGAAGAGGACGG
Cartpt NM_013732.7 106 Fwd GCGCTATGTTGCAGATCGAAG
Rev GCGTCACACATGGGGACTTG
FGF2 NM_008006.2 113 Fwd (GGCTGCTGGCTTCTAAGTG
Rev AGTGCCACATACCAACTGGAG
Trophic factors VEGFA NM_001025250.3 88 Fwd GGCCTCCGAAACCATGAACT
Rev (TGGGACCACTTGGCATGG
PDGFe NM_008808.3 9% Fwd TACCCCGGGAGTTGATCGAG
Rev TCAGCCCCTACGGAGTCTATC
IGF-1 NM_010512.4 122 Fwd TTACTTCAACAAGCCCACAGG
NM_184052.3 Rev GTGGGGCACAGTACATCTCC
NM_001111274.1
NM_001111275.1
NM_001111276.1
EGF NM_010113.3 136 Fwd GGACTGAGTTGCCCTGACTC
Rev CAATATGCATGCACACGCCA
GDNF NM_010275.2 145 Fwd CGCTGACCAGTGACTCCAA
Rev TGCCGATTCCTCTCTCTTCG
Matrix protein Mmp3 NM_010809.2 88 Fwd ACCCAGTCTACAAGTCCTCCA
Rev GGAGTTCCATAGAGGGACTGA
Surface ligands Jag1 NM_013822.5 119 Fwd TTCAGGGCGATCTTGCATCA
Rev CACACCAGACCTTGGAGCAG
DIl4 NM_019454.3 113 Fwd GGTTACACAGTGAGAAGCCAGA
Rev GGCAATCACACACTCGTTCC
Cytokines Gsf3 NM_009971.1 70 Fwd GCAGCCCAGATCACCCAGAAT
Rev TGCAGGGCCATTAGCTTCAT
IL1B NM_000576.2 72 Fwd AGATGAAGTGCTCCTTCCAGG
Rev GGTCGGAGATTCGTAGCTGG
IL6 NM_000600.3 107 Fwd GAAAGCAGCAAAGAGGCACTG
Rev TTCACCAGGCAAGTCTCCTCAT
TNFo NM_000594.3 142 Fwd TGCACTTTGGAGTGATCGGC
Rev GCTTGAGGGTTTGCTACAACA
TGFB NM_000660.5 112 Fwd TCCTGGCGATACCTCAGCAA

Rev CAATTTCCCCTCCACGGCTC

List of primers used to amplify reference genes, phagocytosis receptors, peptides and hormones, trophic factors, matrix protein, surface ligands, and cytokines. The gene name, Gene Bank accession number, amplicon size, and sequence are

listed.

NPC cultures were fixed for 10 min in 4% PFA and then transferred to
PBS. Coverslips containing the cells were blocked in blocking solution (0.5%
Triton X-100, 3% BSA in PBS) for 1 h at RT, and then incubated overnight
with the primary antibodies diluted in the permeabilization solution (0.2%
Triton X-100, 3% BSA in PBS) at 4°C. After overnight incubation, coverslips
were allowed to warm at RT and were thoroughly rinsed in PBS. Next, the
coverslips were incubated with fluorochrome-conjugated secondary antibodies
and DAPI (5 mg/ml; Sigma-Aldrich) diluted in the permeabilization solution for
2 h at RT. After washing with PBS, the coverslips were mounted on glass slides
with Dako Cytomation Fluorescent Mounting Medium.

Western blot. CM-treated NPCs were directly lysed in RIPA buffer
containing protease and phosphatase inhibitor cocktail (100X; Thermo-
Fisher Scientific). Cells were sonicated for 5 s and then centrifuged
(10,000 X g, 10 min). Solubilized protein was quantified in triplicates by
BCA Assay Kit (ThermoFisher Scientific) at 590 nm using a microplate
reader (Synergy HT, BioTek). Ten to 15 ug of protein (denatured with

B-mercaptoethanol) were loaded onto Tris-glycine gradient polyacryl-
amide gels (8—16%; ThermoFisher Scientific) and run at 120 V for 90
min. Protein samples were then blotted to nitrocellulose membranes
(0.45 wm pore size; ThermoFisher Scientific) at 220 mA for 2 h. Transfer
efficiency was verified by Ponceau S (Sigma-Aldrich) staining. For im-
munoblotting, membranes were rinsed in Tris-Buffered Saline contain-
ing 0.1% Tween 20 (TBS-T; Sigma-Aldrich) and then blocked for 1 hin
TBS-T containing 5% powder milk. Membranes were afterward incu-
bated with rabbit primary antibodies for REST (1:500; EMD, Millipore),
and phosphorylated Smad 1/5/9 (1:500; Cell Signaling Technology), and
mouse primary antibodies for Smad 1 (1:500; Santa Cruz Biotechnol-
ogy), Ascll (1:500; BD Biosciences), and B-actin (1:5000; Sigma-
Aldrich), in TBS-T containing 4% BSA overnight (4°C, shaker). Next
day, membranes were rinsed and incubated with horseradish peroxidase-
conjugated anti-rabbit (1:5000) and anti-mouse (1:5000) secondary an-
tibodies (Cell Signaling Technology) in TBS-T containing 5% powder
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Table 2. Statistics for Figures 1and 2
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Figure Parameter Groups Statistical test Statistic p
1B Phindex WTvs P2Y12KO (Tm + 1d) Unpaired ¢ test fe =135 p < 0.001
Ph capacity Unpaired t test t = 5.08 p = 0.002
Apoptosis Unpaired t test ey =117 p =0.287
Microglia Unpaired ¢ test tey = —0.05 p = 0.964
1C Phindex WT vs MerTK/AxI KO (1 m) Unpaired ¢ test ty = —3.97 p < 0.001
Ph capacity Unpaired t test tgy =290 p = 0.044
Apoptosis Unpaired ¢ test tgy = —3.97 p=0.017
Microglia Unpaired t test tiy =098 p=10382
1E Neuroblasts WTvsP2Y12KO(Tm + 1d) Unpaired t test te = 10.83 p < 0.001
Proliferating Neuroblasts Unpaired ¢ test fe =351 p=10.013
1F Neuroblasts WT vs MerTK/AxI KO (1 m) Unpaired ¢ test tgy =297 p = 0.041
Proliferating Neuroblasts Unpaired t test fy =038 p=10723
2B Newborn cells WTvsP2Y12KO (1m + 4w) Unpaired ¢ test lgy = 272 p = 0.026
Newborn neurons Unpaired t test fg = 2.68 p=0.028
2 Phindex WTvsP2Y12KO (Tm + 4w) Unpaired t test tgy =745 p < 0.001
Ph capacity Unpaired ¢ test te =993 p < 0.001
Apoptosis Unpaired t test te =117 p = 0.287
Microglia Unpaired t test te = —0.05 p = 0.964
2F Phindex WTvs P2Y12 KO (7 m) Unpaired ¢ test lg =421 p =0.003
Apoptosis Unpaired t test tg = —0.18 p = 0.863
Microglia Unpaired t test tg = —0.95 p=10375
26 Neuroblasts Unpaired t test lg = 3.14 p=10.014
2 P2Y12 GFP+ vs GFP— Unpaired t test ty = 552,3 p < 0.001
MerTK Unpaired t test tg = 1491 p < 0.001
Axl Unpaired t test tgy =182 p =0.144
Table 3. Statistics for Figure 3
Figure Parameter Groups Statistical test Statistic pvalue
3F Phindex Control vsiKO (Tm + 1d) Unpaired t test ty = 18.40 p < 0.001
Ph capacity Unpaired ¢ test fyy =340 p = 0.027
Apoptosis Unpaired t test ty = —217 p = 0.096
Microglia Unpaired t test ty =117 p = 10308
3F Phindex Control vsiKO (1m + 4w) Unpaired ¢ test tisy = 19.56 p < 0.001
Ph capacity Unpaired t test ts) = 4.53 p = 0.006
Apoptosis Unpaired t test tisy = —240 p = 0.062
Microglia Unpaired ¢ test tisy =133 p = 0.240
3H Proliferating cells Control vsiKO (Tm + 1d) Unpaired t test ty = —319 p=0019
Proliferating neuroblasts Unpaired t test ty = —330 p =0.030
3/ Neuroblasts Control vsiKO (1m + 1d) Unpaired ¢ test fy = —054 p =10616
3K Newborn cells Control vsiKO (Tm + 4w) Unpaired t test tg =177 p=0114
Newborn neurons Unpaired t test tg = 0.63 p = 0.547
3L BrdU * yield Control vsiKO (Tm + 4w) Unpaired t test tg = 595 p < 0.001

milk. After rinsing membranes, protein was visualized by enhanced
chemiluminescence using Supersignal West Femto Maximum Sensitivity
Substrate (ThermoFisher Scientific) in a ChemiDoc imaging system
(Bio-Rad). Band intensity was quantified using the Gel Analyzer method
of Fiji software. Phospho-Smad 1/5/9 levels were normalized to total
levels of Smad 1. B-actin was used as loading control.

Image analysis. All fluorescence immunostaining images were col-
lected using an Olympus FluoView or a Leica SP8 laser-scanning micro-
scope using a 40X oil-immersion objective and a z-step of 0.7 um. All
images were imported into Adobe Photoshop 7.0 in Tiff format. Bright-
ness, contrast, and background were adjusted equally for the entire image
using the “brightness and contrast” and “levels” controls from the “im-
age/adjustment” set of options without any further modification. For
tissue sections, two to three 20-um-thick z-stacks of the sections contain-
ing the septal hippocampus from one vibratome series was analyzed
(usually 6 slices, spanning from —1 to —2.5 mm in the AP axes, from
bregma), to avoid variability due to the differential regulation of neuro-
genesis in the septal and temporal regions of the hippocampus. For pri-
mary cultures, over 45 z-stacks were obtained per coverslip.

Phagocytosis analysis in vivo and in vitro. The analysis of phagocytosis
in vivo was performed as described in a series containing the six most

septal sections (Abiega et al., 2016; Beccari et al., 2018). Apoptotic cells
were defined based on their nuclear morphology after DAPI staining as
cells in which the chromatin structure (euchromatin and heterochroma-
tin) was lost and appeared condensed and/or fragmented (pyknosis/
karyorrhexis). Phagocytosis was defined as the formation of an enclosed,
three-dimensional pouch of microglial processes surrounding an apo-
ptotic cell. In tissue sections, the number of apoptotic cells, phagocytosed
cells, BrdU+ cells, and microglia were estimated using unbiased stereol-
ogy in the volume of the DG contained in the z-stack (determined by
multiplying the thickness of the stack by the area of the DG at the center
of the stack using Image]J, Fiji). To obtain the absolute numbers, this
density value was then multiplied by the volume of the septal hippocam-
pus (spanning from —1 to —2.5 mm in the AP axes, from bregma; ~6
slices in each of the 6 series), which was calculated using Fiji from a Zeiss
Axiovert epifluorescent microscope images collected at 20 X. In vitro, the
percentage of phagocytic microglia was defined as cells with pouches
containing apoptotic SH-SY5Y nuclei and/or CM-Dil particles (Beccari
etal., 2018).

Neurogenesis analysis in vivo and in vitro. The analysis of neurogenesis
in vivo was performed as described previously (Encinas and Enikolopov,
2008; Abiega et al., 2016; Beccari et al., 2018). Six sections from one series
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Table 4. Statistics for Figure 8

J. Neurosci., February 12,2020 - 40(7):1453-1482 « 1459

Figure Parameter Groups Statistical test Statistic p
8C VGF (log10) CvsPh3 hvsPh24h One-way ANOVA Foo = 5274 p << 0.001
Cartpt (log10) One-way ANOVA Fog = 19.37 p < 0.001
FGF2 One-way ANOVA F9 =555 p =10.027
VEGF (log10) One-way ANOVA Fipo =89.23 p << 0.001
PDGFa (log10) One-way ANOVA Fo =557 p =0.027
IGF1 (log10) One-way ANOVA Fo = 153.2 p < 0.001
EGF (log10) One-way ANOVA Fio =499 p =0.035
GDNF (log10) One-way ANOVA F0 = 1288 p < 0.001
Mmp3 (log10) One-way ANOVA Foo) = 1479 p < 0.001
Jag1 One-way ANOVA Fio =15.26 p =0.001
Gsf3 (log10) One-way ANOVA Foo = 242.7 p < 0.001
IL-18 (log10) One-way ANOVA Fip0) = 86.82 p < 0.001
IL-6 Kruskal-Wallis Hg =0.20 p =001
TNFe (log10) One-way ANOVA Fo0) = 25.50 p < 0.001
TFGB (log10) One-way ANOVA Fo) = 29.04 p < 0.001
Table 5. Statistics for Figure 9
Figure Parameter Groups Statistical test Statistic p
9 Proliferation MicroC vs MicroPh vs DMEM One-way ANOVA Foe = 14.94 p = 0.005
) Proliferation Treatment X cell types Two-way ANOVA Fireat  celiga,18) = 16.99 p < 0.001
Ftreat(2,18) =0.00 p= 1
Feiog) = 3460 p < 0.001
Proliferation MicroC Foe =843 p=10.018
Proliferation MicroPH Foe = 35.90 p < 0.001
Proliferation MicroDMEM GFAP only vs nestin * vs unlabelled One-way ANOVA Foe =463 p < 0.001
9F Differentiation Treatment X cell types X time Three-way ANOVA Fireat x cell  time(6,48) = 0-245 p=10959
Ftreat X cell(6,48) — 138.69 p< 0.001
Fireat  time(z,48) = 0- p= 0870
F(ell X time(2,48) =1 p= 0.300
Ftreat(2,48) =477 p= 0.013
Feenas) = 19479 p < 0.001
Feime(1,48) = 0-44 p=0510
Bipolar One-way ANOVA 3dF, e = 336.60 p < 0.001
54F, = 7058 p <0001
Stellate One-way ANOVA 3dF,e = 3529 p < 0.001
5dF,g =29.17 p < 0.001
Early ramified One-way ANOVA 3dF, e =3.06 p=0121
5dF;,q =086 p = 0471
Late ramified One-way ANOVA 3dF,q =218 p =10.194
MicroC vs MicroPh vs DMEM 5dF,q =154 p=10288
9H Dead and live cells Treatment X life X time Three-way ANOVA Fireat  iife x time(2,24) = 0-589 p = 0.563
Fuveat < tite(z, 09 = 3722 p < 0.001
Fuveat  time(z, 4 = 4:54 p=1002
Fite x time(1,4) = 1:92 p=0.179
Fireata,20 = 20.24 p < 0.001
Fiteq.29 = 128.33 p < 0.001
Fime(1,2) = 0.15 p=10.702
One-way ANOVA 3dF,g =893 p=10016
Live 54F, 5 = 24.86 p = 0.001
3dF,e = 1685 p =0.003
Dead MicroCvs MicroPh vs DMEM One-way ANOVA 5dF,g =154 p = 0306

containing the septal hippocampus were analyzed in all experiments ex-
cept in mice injected with microglia CM, in which only the three tissue
sections closest to the injection site were analyzed. Proliferation was
assessed by BrdU *cell quantification; neural stem cells were identified
by the expression of the markers Nestin and glial fibrillary acidic protein
(GFAP) and their radial morphology for cell quantification; neuroblast
were assessed by doublecortin (DCX) * cell quantification and morphol-
ogy to classify them in AB, CD, or EF neuroblasts (Plimpe et al., 2006);
neurons were assessed by NeuN * cell quantification. The proliferation
of either of these populations was assessed by their mentioned staining
combined with BrdU. Numbers of cells were estimated using unbiased
stereology in the volume of the DG of the z-stack, which was determined

by multiplying the thickness of the z-stack (12 wm) by the area of the DG
at the center of the stack using the software Image] (Fiji). In vitro, the
effect of microglia-derived conditioned media on neuroprogenitor cells
was analyzed considering both their morphology and the expression of
cell-specific markers. Percentages of the different morphologies present
in the population were obtained as well as the percentages of the different
cell markers (nestin, GFAP, DCX, S1008) per morphology.

Statistical analysis. SigmaPlot (Systat Software) was used for statistical
analysis. Data were tested for normality and homoscedasticity. When the
data did not comply with these assumptions, a logarithmic transforma-
tion was performed and the data were analyzed using parametric tests. In
the case of IL-6 mRNA expression, normality was not achieved with the
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Table 6. Functional analysis of the phagocytic microglia transcriptome reveals
changes in apoptosis

Gene FC FC Effecton
symbol Ph3h Ph24h Location apoptosis
PRDX1 1,1 2 Autologous Anti-apoptotic
SIRT1 2 1,6 Autologous Anti-apoptotic
SMO 1 3,6 Autologous Anti-apoptotic
S0D2 1.2 2 Autologous Anti-apoptotic
SPHK1 44 1,6 Autologous Anti-apoptotic
UBE2B 14 15 Autologous Anti-apoptotic
XRCC5 2,1 38 Autologous Anti-apoptotic
PRNP 18 13 Auto/Hetero Anti-apoptotic
TGM2 55 45 Auto/Hetero Anti-apoptotic
CNTF 15 2,6 Heterologous Anti-apoptotic
FGF2 42 3,7 Heterologous Anti-apoptotic
FGF8 17 1,6 Heterologous Anti-apoptotic
VEGFA 45 18 Heterologous Anti-apoptotic
RARG 13 3 Autologous Pleiotropic
IL6 18,7 15,8 Heterologous Pleiotropic
BAD 18 22 Autologous Proapoptotic
FAS 15 15 Autologous Proapoptotic
FOX03 21 38 Autologous Proapoptotic
GAS1 2,7 3 Autologous Proapoptotic
NLRP3 12 19 Autologous Proapoptotic
PPP2(B 15 1,6 Autologous Proapoptotic
PTEN 1,1 1,6 Autologous Proapoptotic
RHOA 1 17 Autologous Proapoptotic
SCRIB 19 24 Autologous Proapoptotic
STK3 1 15 Autologous Proapoptotic
TFPT 24 3 Autologous Proapoptotic
GAL 1,2 18 Heterologous Proapoptotic
LB 89 30,7 Heterologous Proapoptotic

Classification of the genes related to cell death obtained from DAVID analysis. The genes were classified according to
their FC, to the effects on microglia (autologous), or on the surrounding cells (heterologous) and to the positive or
negative effect on apoptosis.

logarithmic transformation and the data were analyzed using a Kruskal—
Wallis ranks test, followed by Tukey test as a post hoc. In the rest of the
cases, two-sample experiments were analyzed by Student’s t test and
more than two-sample experiments by ANOVA. In two-way and three-
way ANOVA, when interactions between factors were found, the analysis
of the relevant variable was split into several one-way ANOVAs and
Holm-Sidak method was used as a post hoc. The transformation used (if
any), the test used, the comparison performed, the value of the statistical
and the p values are shown in Tables 2-5 and 7-9. Only p < 0.05 is
reported to be significant. Data are shown as mean = SEM.

Statistical analysis of gene expression arrays. To analyze the differential
expression between naive (+ = 0) and phagocytic (t = 3hand t = 24 h)
microglia groups over time the statistical analysis the maSigPro package
of R/Bioconductor was used (R v3.0.3, Bioconductor release v2.13,
maSigPro v1.34.1; Conesa et al., 2006). This method is based on a general
regression approximation for the modeling and adjustment of the pa-
rameters required according to the type of analysis. The parameter
“Time” is considered as a continuous variable, and creates a regression
model of the gene response. The analysis was performed in three steps.
First, genes that exhibited changes in expression over time were selected
based on a p-corrected Benjamini-Hochberg (FDR) value. Next, for each
of the genes that presented a significant change in their expression over
time a regression was applied to determine their model (R? > 0.7) to
identify patterns or models of change based on time variables, obtaining
20,800 probes. Finally, the probes were selected according to their fit to
the regression model. Next, the number of genes with a very high differ-
ential pattern was reduced by applying a more restrictive criterion (R* >
0.9), obtaining 13,146. The R 2> (.7 list was used for the identification of
neurogenesis related genes and the R* > 0.9 list was used for the study of
transcriptional profile of phagocytic microglia.

DAVID. The database for annotation, visualization, and integrated
discovery (DAVID; https://david.ncifcrf.gov/) v6.8 provides a compre-
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hensive set of functional annotation tools to understand biological
meaning behind large list of genes. DAVID was used to generate a
gene-GO term enrichment analysis that identified enriched biological
themes and to highlight the most relevant GO terms associated with the
array gene list. The array gene list of R* > 0.9 was used for this gene
profile analysis. The analysis of each expression pattern was performed
separately and only terms with an adjusted p value (Benjamini—-Hoch-
berg) > 0.05 were considered significant.

ClueGO. ClueGO was used to generate protein pathways and to con-
stitute the network of pathways based on the Gene Ontology and KEGG
database (Bindea et al., 2013). ClueGO is a plugin of Cytoscape (http://
www.cytoscape.org/) that visualizes the non-redundant biological terms
for large clusters of genes in a functionally grouped network. A ClueGO
network is created with « statistics and reflects the relationships between
the terms based on the similarity of their associated genes (Mlecnik et al.,
2018). Gene ontology (GO) analysis of mouse array data were performed
with ClueGO v1.4 (Bindea et al.,, 2013) using the following parameters:
enrichment/depletion two-sided hypergeometric statistical test; correc-
tion method: Benjamini-Hochberg; GO term range levels: 3—8; minimal
number of genes for term selection: 10; minimal percentage of genes for
term selection: 10%; k-score threshold: 0.8; general term selection meth-
od: smallest p value; group method: k; minimal number of subgroups
included in a group: 3; minimal percentage of shared genes between
subgroups: 50%.

Results

Chronic impairment of microglial phagocytosis reduces adult
hippocampal neurogenesis

To examine the impact of microglial phagocytosis on adult hip-
pocampal neurogenesis in vivo, we focused on two signaling
pathways involved on phagocytosis: P2Y12 (purinergic receptor
type Y12), which mediates chemotaxis toward the “find-me” sig-
nal ADP (Haynes et al., 2006); and the TAM family tyrosine
kinases MerTK and Axl, which bind to phosphatidylserine adapt-
er/bridging molecules: growth arrest specific factor 6 and protein
S (Elliott et al., 2009; Fourgeaud et al., 2016). We used two trans-
genic mouse models in which these proteins are constitutively
knocked out (P2Y12 KO and MerTK/Axl KO). We decided to
study the impact of phagocytosis in young mice (1 month old), as
neurogenesis and apoptosis of newborn cells and subsequent
phagocytosis by microglia rapidly declines with age (Sierra et al.,
2010; Beccari et al., 2017). Apoptotic cells were defined as py-
knotic/karyorrhectic nuclei labeled with the DNA dye DAPI,
which we have previously characterized to express other apopto-
sis markers such as activated caspase 3 and fractin (Sierra et al.,
2010). First, we assessed phagocytosis in the hippocampus of the
two KO models by quantifying the Ph index (the percentage of
apoptotic cells engulfed by microglia), which is ~90% in physi-
ological conditions (Abiega et al., 2016), and found significantly
lower Ph index in the two KO models (74.8 + 0.9% for P2Y12,
61.5 = 1.6% for MerTK/Ax]; Fig. 1A—C). In addition, the micro-
glial Ph capacity (weighted average of the number of pouches
containing apoptotic cells per microglia, i.e., the average number
of phagocytic pouches per microglia) was significantly reduced in
both KO models (Fig. 1A-C). Nonetheless, we found no changes
in the number of microglia and the phagocytosis reduction was
small, possibly because of compensatory mechanisms resulting
from the chronic depletion, and we only detected the expected
increase of apoptotic cells in MerTK/Axl KO mice (Fig. 1A-C),
possibly indicating not a complete dysfunction but a slowdown of
phagocytosis.

Next, we examined hippocampal neurogenesis in these
phagocytosis impaired KO models and observed that the two
showed a significant decrease in the population of neuroblasts
and immature neurons, labeled with DCX, compared to wild-
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Table 7. Statistics for Figure 10
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10F Dead and live cells (log10) Treatment X life X time Three-way ANOVA Frreat  life x time(4,18) = 0-995 p = 0.671
Fireat  ife(a,18) = 4:656 p < 0.009
Ftreat X time(2,18) 0.265 p=0770
Fite ¢ time(z,18) = 1:481 p=0.254
Flreat[2,18) = 0.544 p= 0.590
Fitez.18) = 50.494 p < 0.001
Fiime(1,1) = 0.695 p = 0415
Live MicroC vs MicroPh vs DMEM One-way ANOVA 5d(log10) f, ¢ = 8.774 p=0.017
9dF,5 = 14103 p = 0.005
Dead One-way ANOVA 5dF, = 1476 p =0301
9dF, e = 8.563 p=10.017
106 Bipolar MicroC vs MicroPh vs DMEM Kruskal Wallis 5dH, =7.624 p=0.071
9dH, = 7.624 p=0.071
Stellate Kruskal Wallis 5dHg, = 5.956 p =10025
One-way ANOVA 9dF, 5 = 15331 p = 0.004
Early ramified One-way ANOVA 5dF, = 1.469 p=10303
Kruskal Wallis 9dHg,, = 2.000 p=10829
5dF, 6 =7.249 p = 0.025
Late ramified One-way ANOVA 9dF, = 1.880 p=10232
Table 8. Statistics for Figures 11-13
Figure Parameter Groups Statistical test Statistic pvalue
1F REST MicroC vs MicroPh vs DMEM One-way ANOVA F3.11) = 0.688 p =0.5%
Ascl One-way ANOVA Faay = 3.53 p = 0.068
pSMAD/SMAD One-way ANOVA Famy = 27.30 p < 0.001
12€ Differentiation Treatment X cell types X time Three-way ANOVA Fireat < cell  time(2,4) = 0-24 p=0.787
Flrea\ X cell (2,24) =046 p= 0.636
Ftreat X time (2,24) — 0.156 p= 0.856
Feelt < time(1, 4 = 1.052 p=10315
Flrea\(2,24) = 6.42 p= 0.006
Feeligi,20) = 1235.66 p < 0.001
Fiime(1,24) = 0.361 p = 0554
120 (SF3 (log10) MicroC vs MicroPH vs LPS vs MicroPH + LPS One-way ANOVA Fi31) = 44.56 p < 0.001
IL-18 (log10) One-way ANOVA Fiaqy = 19.44 p < 0.001
IL-6 Kruskal-Wallis Hay =11.43 p=10.010
TNFa (log10) One-way ANOVA Fi312 = 52.539 p < 0.001
TGFf3 (log10) One-way ANOVA Fiap = 3.57 p =0.047
138 Dead and live cells Treatment X life X time Three-way ANOVA treat  life < time(2,24) = 0-312 p = 0.606
Flrea\ X life(2,24) =479 p= 0.018
Ftreat X time(2,24) 0.14 p= 0.872
Fite < time20) = 0-90 p=0757
Flrea\(2,24) =133 p= 0.283
Fiiter.24) = 309.10 p < 0.001
Fiime(1,249 = 0.01 p=10912

type (WT) controls. In addition, we assessed proliferation by
quantifying the number of dividing cells using either BrdU, an
analog of thymidine that gets incorporated into the DNA during
S phase of dividing cells (mice were injected with 150 mg/kg and
killed 24 h later); or the proliferation marker Ki67 * (Scholzen
and Gerdes, 2000). P2Y12 KO mice had a decrease in both neu-
roblasts (reduction of 31.7 = 2.7%) and neuroblast proliferation
(reduction of 39.3 = 9.8%), and MerTK/Axl KO mice showed a
reduction in neuroblasts (reduction 0f26.2 = 9.4%) compared to
WT mice (Fig. ID-F). We further studied the formation of new-
born neurons using BrdU pulse-and-chase in the most robust
model, the P2Y12 KO. Four weeks after the BrdU injection, when
the mice were 2 months old, both total BrdU * cells and newborn
neurons (NeuN "/BrdU ") were reduced in P2Y12 KO mice
compared to WT mice (reduction of 24.6 = 9.7%; Fig. 2A,B), in
parallel to a decrease in phagocytosis (Ph index and Ph capacity)
and no changes in apoptosis nor microglia (Fig. 2C). The defect
in neurogenesis was maintained later in life, because at 7 months,

P2Y12 KO mice still showed a significant reduction in phagocy-
tosis (Ph index) without alterations in apoptosis nor microglia
(Fig. 2 D, E), in parallel to a reduction in neuroblasts compared to
WT mice (Fig. 2F,G).

To confirm the specificity of these results, we analyzed the
expression of P2Y12, MerTK, and Axl in FACS-sorted cells from
1-month-old fms-EGFP mice, in which microglia is labeled with
EGFP. We found that, P2Y12 and MerTK, but not Axl, were
highly expressed in microglia compared with other cells of the
hippocampal parenchyma (Fig. 2 H,I), suggesting that the dis-
ruption of neurogenesis in the KO models might be attributable
to the lack of these receptors in microglia. These receptors regu-
late multiple features of microglial physiology (Elliott et al., 2009;
Fourgeaud et al., 2016). In addition, constitutive MerTK/Axl KO
mice show autoimmune diseases (Rothlin and Lemke, 2010), as
both MerTK and Axl are highly expressed in peripheral macro-
phages (http://rstats.immgen.org/Skyline/skyline.html). In addi-
tion, in the brain Axl is also expressed in astrocytes (http://
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Table 9. Statistics for Figure 14
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Figure Parameter Groups Statistical test Statistic p
14C BrdU, , (log10) MicroC vs MicroPh Unpaired ¢ test thg = —0.003 p=0998
14D Apoptosis MicroCvs MicroPh Unpaired t test ty = —0.867 p = 0.403
14F Stem cells MicroC vs MicroPh Unpaired ¢ test tg = 0.42 p = 0677
146 Stem cell proliferation MicroCvs MicroPh Unpaired ¢ test thg = 197 p = 0.065
141 Neuroblasts (total) MicroC vs MicroPh Unpaired ¢ test ty = 0.02 p =0.984
AB Unpaired ¢ test tay = —0.18 p =0.862
® Unpaired ¢ test thy = —042 p =0.679
EF Unpaired ¢ test ty = 0.293 p=10774
14 BrdU neuroblasts (log10) MicroC vs MicroPh Unpaired ¢ test tay = —0.47 p = 0.650
14M BrdU,,, (log10) MicroCvs MicroPh Unpaired ¢ test tayy = 241 p =0.031
14N Apoptosis MicroCvs MicroPh Unpaired t test tyqy = 0.12 p =0.908
14P Neuroblasts Treatment X distance Two-way ANOVA, Frreat < dist(1,11) = 0-20 p = 0.664
Faiser,1n) = 0.852 p=0376
I:treat(1,11) =1419 p= 0.003
14R Neuroblasts (total) MicroC vs MicroPh Unpaired ¢ test tg = 3.38 p =0.003
AB Unpaired ¢ test thg = 1.80 p =0.099
O] Unpaired ¢ test tag = 2.09 p = 0.035
EF Unpaired ¢ test tg = 4.62 p < 0.001
14§ New neurons MicroCvs MicroPh Unpaired ¢ test tayy = 2.28 p =0.036

www.brainrnaseq.org/). Nonetheless, P2Y12 is largely specific to
microglia (http://www.brainrnaseq.org/) and P2Y12 KO mice
show an impairment of microglial phagocytosis and concom-
itant decrease in neurogenesis up to 7 months. Thus, the sim-
ilar phagocytosis impairment and neurogenesis reduction in
the two KO models suggests that an intact microglial phago-
cytosis is necessary for the long-term maintenance of hip-
pocampal neurogenesis.

Acute microglial phagocytosis impairment transiently
increases adult hippocampal neurogenesis

We then studied the effect of acute phagocytosis blockage on
neurogenesis using an inducible MerTK KO model (generated by
crossing Mertk" to Cx3cr1® P mice; Fourgeaud et al., 2016).
Mice received tamoxifen (two 75 mg/kg i.p. injections) or vehicle
(corn oil) at P21 and P23 to induce microglial-specific Cre-
mediated depletion of Mertk, and one injection of BrdU at P28 to
label dividing cells. Phagocytosis and neurogenesis were analyzed
at 1 d and 4 weeks after BrdU administration (i.e., when mice
were 1 and 2 months old, respectively; Fig. 3 A, B). Phagocytosis
was strongly reduced in the inducible KO mice injected with
tamoxifen (iKO) compared to control mice injected with vehicle,
as shown by the Ph index (73.0 * 3.7% and 72.9 * 2.6% reduc-
tion at 1 d and 4 weeks, respectively) and the Ph capacity (54.5 =
3.1% and 65.6 = 11.0% reduction at 1 d and 4 weeks, respec-
tively), together with an accumulation of apoptotic cells (Fig.
3C-F).iKO mice showed no significant changes in the number of
microglia but a trend toward increased apoptotic cells compared
to control mice (Fig. 3E,F). Concomitantly, 1 d after the BrdU
injection the number of proliferating BrdU * cells and the num-
ber of DCX™, BrdU¥, proliferating neuroblasts increased
(51.8 £ 10.2% and 55.4 * 12.2% increase, respectively), whereas
there was no change in the total number of neuroblasts in MerTK
iKO compared to control mice injected with oil (Fig. 3G-I).
However, at 4 weeks after BrdU injection there were no signifi-
cant changes in the total number of newborn cells nor newborn
neurons (BrdU ™, NeuN *; Fig. 3],K). Thus, the excess of BrdU
cells formed at 1 d were lost at 4 weeks, and indeed the net yield of
newborn cells, calculated as a ratio of the cells at 4 weeks over the
cells at 1 d, was significantly lower in iKO compared to control
mice (43.1 * 4.5% reduction; Fig. 3L).

This transient increase in neurogenesis in the MerTK iKO
model (Fig. 3) is in apparent disagreement with the reduction of
neurogenesis in the constitutive P2Y12 and MerTK/Axl KO mod-
els (Figs. 1, 2). It is important to note that in the iKO model,
phagocytosis is acutely and strongly impaired in the adult hip-
pocampus, whereas in the constitutive KO models the effect on
phagocytosis is low, chronic and from embryonic development.
In addition, other differences could explain the contrast between
the models, including targeting peripheral immune cells in
MerTK/Axl KO mice, but not in the P2Y12 KO mice or the
MerTK iKO mice; or the fact that iKO mice were generated in a
heterozygous CX3CR1 background, which reduces basal neuro-
genesis (Rogers et al., 2011). Importantly, the administration of
tamoxifen, used to activate the Cre recombinase, does not affect
neurogenesis (Rotheneichner et al., 2017). Nonetheless, the data
from the three models altogether suggests that microglial
phagocytosis participates in the regulation of adult hippocam-
pal neurogenesis.

Phagocytosis of apoptotic cells triggers the expression of
neurogenic modulatory factors by microglia in vitro

To study the mechanism by which microglial phagocytosis regu-
lates neurogenesis, we developed a xenogenic in vitro model of
phagocytosis of apoptotic cells (Beccari et al., 2018), in which
mouse primary microglia were fed for different lengths of time
(1-24 h) with a human neuronal line (SH-SY5Y), previously la-
beled with CM-Dil and treated with STP (4 h, 3 um) to induce
apoptosis (Fig. 4 A, B). In this model, pooled telencephalic micro-
glia were used in the cultures, disregarding possible specific ef-
fects of hippocampal microglia. When fed with apoptotic human
cells, microglia were phagocytic as early as 1 h (30.2 = 5.8%), a
percentage that kept increasing until 24 h (83.8 = 3.6%; Fig. 4C).
We then performed a mouse-specific genome-wide transcrip-
tomic analysis using gene expression mouse-specific arrays to
compare naive versus phagocytic microglia.

Hence, we compared the genome-wide transcriptome naive
versus phagocytic microglia (3 and 24 h) using gene expression
arrays. Hierarchical clustering and principal component analysis
(PCA) of the transcriptome of control, Ph3h and Ph24h micro-
glia showed strong differences in the clustering of the expression
profile of three groups (Fig. 4D, E). To analyze which particular



Diaz-Aparicio et al. ® Phagocytosis Secretome Feeds Adult Neurogenesis J. Neurosci., February 12,2020 - 40(7):1453-1482 « 1463

A BrdU
P2Y12 KO MerTK/AxI KO

A I

MerTK/AxI KO ~ ¢
s wr 3"

-

<
a
[
<
a

” Ph index Ph capacity @ Ph index Ph capacity
kot 100 S 0,30 3 100 S 030
O 5 80 *kk 2 & O 5 (¢} % %
O D §v020 [SIr) 80 *kk ] 020
= 8] s *% = [3) ’
835 € o8 835 60 o .8
§ g ;g 8 o0 § g ‘218 &g o0
QO © o O
b 0 £ 0,00 = 0 £ 0,00
< WT  P2Y12 WT P2Y12 2 WT M;;rle K WT M/t;rle K
Apoptosis Microglia Apoptosis Microglia
° 3000 ° 8000 o 6000 i o 6000
e 5 & 6000 5o iy
o ‘= 2000 Qg Q ' 4000 Q ‘& 4000
25 2 g 4000 23 23
2 ‘g 1000 g ‘% 2000 8 *%2000 8 *gzooo
(2] (2] (2] (2]
0 0 0 0
WT P2Y12 WT P2Y12 WT  MerTK/ WT  MerTK/
Axl Axl

Proliferatin Proliferatin
E Neuroblasts 9 F Neuroblasts 9
neuroblasts neuroblasts
2]
§160000 . § 8000 §_160000 % §10000
S B 0 = i
2 'S 120000 2 26000 2 20000 82 8000
o — *kk X = o — * —_
°F RE °F & S 6000
%< & 80000 S 4000 wa T o
% 8 £8 * % 5 80000 ¥4 S 4000
O = 40000 3+ 2000 B = 40000 % s
g O
g = g 8 & 2000
0 0 0 0
WT P2Y12 WT P2Y12 WT MerTK/ WT MerTK/
Alx Alx

Figure 1. Chronic microglial phagocytosis impairment reduces adult hippocampal neurogenesis. 4, Representative maximum projection of confocal z-stack of P2Y12 and MerTK/AxI KO mice
immunofluorescence in the mouse hippocampal DG at 1 month (1 m). Microglia were labeled with Iba1 (cyan) and apoptotic nuclei were detected by pyknosis/karyorrhexis (white, DAPI). B, C,
Percentage of apoptotic cells engulfed (Ph index), weighted average of the percentage of microglia with phagocytic pouches (Ph capacity), apoptotic cells and microglia per septal hippocampus in
P2Y12 KO mice (B) and MerTK/AxI KO mice (C). D, Representative confocal z-stack of P2Y12 and MerTK/AxI KO mice immunofluorescence in the mouse hippocampal DG at 1 m. Neuroblasts were
labeled with DCX (green) and proliferation was labeled with either BrdU (150 mg/kg, 24 h) or Ki67 (magenta). £, Neuroblast and neuroblast proliferation in 1-month-old P2Y12 KO mice. F, Neuroblast
and neuroblast proliferation in 1-month-old MerTK/AxI KO mice. Scale bars: A, D, 50 um (inserts, 10 um); A, left, z = 20 um; A, right, z = 17 um; D, left,z = 7 um; D, right, z = 10 um.N =
3—4mice (B, C, E, F). Error bars represent mean == SEM. *p << 0.05, **p << 0.01,***p << 0.001 by Student’s ¢ test. Only significant effects are shown. Values of statistics used are shown in Table 2.

genes were different among the three experimental groups, we = We obtained 10,000 significantly regulated probes with a restric-
searched for array probes with significant changes over time us-  tive criterion of R* > 0.9 and a fold-change (FC) > 1.5 or <—1.5,
ing a p-corrected Benjamini—-Hochberg value and a polynomial ~ eventually obtaining 6585 genes that presented significant
regression model to identify time patterns (Conesa et al., 2006).  changes over time (Fig. 4F).
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Figure2. Chronicmicroglial phagocytosisimpairment reduces adult hippocampal neurogenesis in the long term. A, Representative confocal z-stack of P2Y12 KO mice immunofluorescence in the
mouse hippocampal DG at 2 months. Neuroblasts were labeled with DCX (green), neurons were labeled with NeuN (magenta) and proliferation was labeled with BrdU (yellow; 4 weeks after BrdU
injection). B, New cells and new neurons (NeuN ™, BrdU ) in 2-month-old P2Y12 KO mice, 4 weeks after the BrdU injection. C, Percentage of apoptotic cells engulfed (Ph index), weighted average
of the percentage of microglia with phagocytic pouches (Ph capacity), apoptotic cells and microglia per septal hippocampus in P2Y12 KO mice 4 weeks after BrdU injection (2m). D, Representative
maximum projection of confocal z-stack of P2Y12 KO mice immunofluorescence in the mouse hippocampal DG at 7 months (7 m). Microglia were labeled with Iba1 (cyan) and apoptotic nuclei
were detected by pyknosis/karyorrhexis (white, DAPI). E, Percentage of apoptotic cells engulfed (Ph index), number of apoptotic cells and microglia per septal hippocampus in 7-month-old
P2Y12 KO mice. F, Representative confocal z-stack of P2Y12 KO mice immunofluorescence in the mouse hippocampal DG at 7 months. Neuroblasts were labeled with DCX (green). G, Number of
neuroblasts per septal hippocampus in 7-month-old P2Y12 KO mice. H, Experimental design used to isolate microglia (GFP *) versus non-microglial cells (GFP ~) from 1-month-old fms-EGFP
mice using flow cytometry. First, debris was excuded using the P1 gate in FSC versus SSC (left). Next, gates for GFP ™ microglia cells (P2) (Figure legend continues.)
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We classified these genes according to four main expression
patterns (Fig. 4G): UP (upregulation both at 3 and 24 h), DOWN
(downregulation in both time points), transient UP (upregula-
tion at 3 h and downregulation at 24 h), and transient DOWN
(downregulation at 3 h and upregulation at 24 h). Genes in the
UP expression pattern showed the largest average FC changes
among all patterns, some of them even reaching 8000 FC at 24 h.
The rest of the patterns had on average more modest changes.

Next, we performed a functional analysis of the phagocytic
microglia transcriptome using the ClueGO network (Fig. 5) and
DAVID (Fig. 6A). These analyses revealed a number of functional
biological pathways associated with each of the four main expres-
sion patterns of phagocytic microglia including downregulation
in pathways related to DNA and chromosomes and upregulation
of different functions associated with metabolism and chromatin
remodeling. Interestingly, different studies suggesting metabolic
changes in phagocytes upon the uptake of apoptotic cells have
recently emerged (Morioka et al., 2018). Importantly, for many
upregulated genes, ClueGO revealed specific terms like “genera-
tion of neurons”, “neuron differentiation” or “neuron develop-
ment” that were grouped under the term “neurogenesis” and had
a direct interrelation with “neuron projection development”
group.

We then focused on the identity of the neurogenesis-related
genes using the following strategy (Fig. 6B). To identify pha-
gocytosis-related potential regulators of neurogenesis, we used
MANGO (The Mammalian Adult Neurogenesis Gene Ontol-
ogy), a database of 259 genes already described to be involved in
the regulation of adult hippocampal neurogenesis (Overall et al.,
2012). Of the MANGO genes, 213 were found significantly regu-
lated in our arrays. We then filtered those MANGO genes by
disregarding those encoding for autologous proteins (i.e., acting
on the same cell, such as transcription factors) and focusing on
those encoding heterologous proteins (i.e., acting on neighbor
cells, such as secreted molecules). We first applied this criterion
to MANGO, and found 26 heterologous genes that had been
previously identified to regulate adult hippocampal neurogen-
esis. To further extend the list of heterologous genes outside
MANGO that could be potential regulators of neurogenesis, we
looked into the filtered gene array list (R* > 0.9 and —1.5 > FC >
1.5), searched the GO terms associated with each MANGO het-
erologous gene, and selected those terms that could be related to
different steps of the neurogenic process (proliferation, differen-
tiation, migration, chemotaxis, survival, and development).
MANGO heterologous genes encompassed 57 different neuro-
genesis-related GO terms, such as growth factor activity (GO:
0008083), nervous system development (GO:0007399), learning
(G0:0007612), memory (GO:0007613), cell proliferation (GO:
0008283), cell differentiation (GO:0030154), and neuron devel-
opment (GO:0048666).

We then searched for heterologous genes belonging to each of
these 57 categories in our arrays, using a less-restrictive list of
20,800 probes (R 2>(.7,no screening of FC). We finally obtained

<«

(Figure legend continued.) ~ and GFP ~ non-microglial cells (P3) were defined based on the
distribution of the fms-EGFP * cells in EGFP versus FSC (right). /, Expression of P2Y12, MerTK,
and Axl in microglia (GFP *) versus non-microglial cells (GFP ~) by real-time qPCR in FACS-
sorted cells from fms-EGFP mice hippocampi. 0AZ1 (ornithine decarboxylase antizyme 1) was
selected as areference gene. Scale bars: A, D, F, 50 um; A,z = 20 um; D, F,.z = 17.5 um.N =
5 mice (A). N = 4-6 mice (E, G), N = 3 independent experiments (H; each from 8 pooled
hippocampi), *p << 0.05, **p << 0.01, ***p << 0.001 by Student’s t test. Values of statistics used
are shown in Table 2.
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224 genes with differential expression between naive and phago-
cytic microglia, which were heterologous and whose function had
been previously involved in neurogenesis (based on the GO
terms). The 224 candidate genes were classified according to their
main regulatory expression patterns: 94 UP, 73 DOWN, 28
transient-UP, and 29 transient-DOWN genes (Fig. 6B). In the
four regulation patterns, the majority of the genes were catego-
rized as trophic factors (between 23 and 29% in all regulatory
patterns; Fig. 7 A, B). We also found cytokines, chemokines, pep-
tides, and hormones as the main gene types of the candidates.
Despite the fact that trophic factors were the largest percentage in
each regulation pattern, they showed a similar and rather low
mean FC compared to the other categories. Only the upregulated
peptides and hormones revealed a large mean of 800 FC at
both 3 and 24 h of phagocytosis. These data suggest that pep-
tides and hormones were the most likely molecules to perform
modulatory functions in the neurogenic niche by phagocytic
microglia.

To disregard the possible detection of residual mRNA from
the (human) apoptotic cells, we checked the sequence of the
60,000 array probes against the human transcriptome by BLAST.
We found that 96% of the probes had low homology to the hu-
man transcriptome (MegaBlast homology < 5%). In addition,
we analyzed the RNA integrity in apoptotic cells using a bioana-
lyzer, and found that whereas naive and phagocytic (24 h) micro-
glia had the expected 18S and 28S rRNAs profile, apoptotic
SH-SY5Y cells (24 h) showed a smear typical of RNA degradation
(Fig. 8A). Finally, we analyzed whether apoptotic cells could syn-
thesize new mRNA using 5’-fluorouridine (FU; a uridine analog
that integrates at transcription sites; Fig. 8B). Apoptotic SH-
SY5Y, unlike live cells, did not exhibit nuclear FU labeling, evi-
dencing that they were not transcriptionally active. Altogether,
the RNA profiling and analysis of transcription in apoptotic cells
strongly suggests that although the gene arrays used could virtu-
ally detect up to 4% of mRNAs from human apoptotic cells, their
lack of residual RNA would result solely in the detection of
microglial-specific transcriptional changes after phagocytosis.

Finally, we validated the mRNA expression of the candidates
in naive and phagocytic microglia by real-time qPCR. We se-
lected a subset of genes for validation based both on their high FC
in the array and/or the well known neurogenesis modulatory
potential described in the literature. We found that the expres-
sion pattern of the selected candidates determined by real-time
qPCR was largely in agreement with that obtained in the arrays.
Among the genes with the largest mRNA expression were the
neuropeptide VGF, the matrix metalloprotease 3, and the cyto-
kine colony stimulating factor 3 (Fig. 8C), reinforcing the notion
that phagocytosis promotes the production of neurogenic mod-
ulators by microglia.

The secretome from phagocytic and naive microglia drives
neuroprogenitor cells toward different fates in vitro

Of the 224 heterologous candidates, 83.5% belonged to the secre-
tome, suggesting an important role of the phagocytic microglial
secretome on the modulation of neurogenesis. We thus directly
tested the effect of the phagocytic microglial secretome on neu-
rogenesis in vitro. To model neurogenesis, we used a monolayer
of NPC cultures derived from disaggregated neurospheres, ob-
tained from whole PO—P1 brains and allowed them to proliferate
48 h in DMEM/F12 with trophic factors EGF/FGF2 (Babu et al.,
2011). We first performed a neurogenesis differentiation assay in
which NPCs were allowed to differentiate during a time course
(1-5 d) in the presence of conditioned media from control [naive
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Figure3. Acute microglial phagocytosis impairment tran

siently increases adult hippocampal neurogenesis. 4, B, Experimental design in microglial-specific MerTK inducible KO mice, generated

by crossing Mertk™" and C3cr1"*E" mice treated with tamoxifen (iK0) or corn oil (control) at P21 and P23 and injected with BrdU at p28 (100 mg/kg). Mice were killed at 1 d (4) or 4 weeks (B) after

the BrdU injection. €, D, Representative maximum projectiol
labeled with Iba1 (cyan) and apoptotic nuclei were detected

n of confocal z-stack of MerTK iKO mice immunofluorescence in the mouse hippocampal DG at 1d (€) and 4 weeks (D). Microglia were
by pyknosis/karyorrhexis (white, DAPI). E, F, Percentage of apoptotic cells engulfed (Ph index), weighted average of the percentage of

microglia with phagocytic pouches (Ph capacity), apoptotic cells and microglia per septal hippocampus in MerTK iKO mice at 1d (E) and 4 weeks (F). G, Representative confocal z-stack of MerTKiKO

mice immunofluorescence in the mouse hippocampal DG at

1d. Neuroblasts were labeled with DCX (green) and proliferation was detected with BrdU (magenta). H, Newborn cells (BrdU *) and

newborn neuroblasts (DCX ™, BrdU ™) in MerTK iKO mice at 1d post-BrdU. I, Neuroblasts (DCX ) in MerTK iKO mice at 1 d post-BrdU. J, Representative confocal z-stack of MerTK iKO mice

immunofluorescence in the mouse hippocampal DG at 4 wi

eeks post-BrdU. Neuroblasts were labeled with DCX (green), neurons were labeled with NeuN (magenta) (Figure legend continues.)



Diaz-Aparicio et al. ® Phagocytosis Secretome Feeds Adult Neurogenesis

microglia (CM microC)] and phagocytic [24 h phagocytic micro-
glia (CM microPH)] microglia (Fig. 9A). DMEM was used as an
internal control, because microglia were cultured in this media.
After 1 d of differentiation, cultures in CM microPH maintained
higher levels of proliferation than CM microC as observed by a
higher proportion of cells labeled with the proliferation marker
Ki67 * (Fig. 9B,C). Most of the proliferating cells in microPH
cultures expressed nestin, a marker of progenitor cells, stem cells,
and reactive astrocytes (Encinas and Sierra, 2012; Lopez-Atalaya
et al., 2018; Fig. 9D). We then followed the progeny of those
populations at 3 and 5 d and labeled them with cell identity
markers: nestin, GFAP, a marker of astrocytes (Encinas and Si-
erra, 2012) and DCX, a marker of neuroblasts (Brown et al., 2003;
Fig. 9E). We found that CM microC treatment mainly produced
GFAPMe" nestin ¥/~ stellate cells both at 3 and 5 d, as well as a
small percentage of DCX ramified cells. In contrast, in CM mi-
croPH cultures the majority of the cells were nestin high ' GFAP ™,
with a bipolar morphology (Fig. 9F,G). Cell death (apoptosis)
was observed in all conditions, as has been noted before in this
type of cultures upon growth factor withdrawal-induced differ-
entiation (Babu et al., 2011). However, higher rates of apoptosis
were found in NPCs cultured in CM microPH, which resulted in
alower cell density (Fig. 9H ). Importantly, the majority (57%) of
cell death-related upregulated heterologous genes were anti-
apoptotic (Table 6), suggesting that the phagocytic microglia se-
cretome did not directly induce NPCs apoptosis. Together, the
above results (Fig. 9) results indicate that naive microglia led to
the production of stellate cells, resembling astrocytes in culture,
and a small proportion of ramified DCX " -expressing cells, cor-
responding to an immature stage of the neuronal lineage. In con-
trast, phagocytic microglia drove NPCs toward a unique bipolar
cell type, expressing nestin and GFAP but never DCX, which is
characteristic of both astrocytes and undifferentiated progenitor
cells (Encinas and Sierra, 2012).

The secretome from phagocytic microglia drives
neuroprogenitor cells toward an astrocytic phenotype in vitro
To precisely identify bipolar cells produced by CM microPH, we
performed several studies to characterize their phenotype: label-
ing with the mature astrocytic marker (S10083; Raponi et al.,
2007), a multipotency assay, response to stimuli by calcium im-
aging, and Western blot analysis of neural and astrocyte-
committed transcription factors.

First, we tested whether bipolar cells could be mature astro-
cytes and stained the CM-treated cultures with S100/3, a marker
of mature astrocytes (Raponi et al., 2007; Fig. 10A). In CM mi-
croC few stellate cells were S1008 ™" and exhibited rather dim
labeling, suggesting that they were still immature astrocytes (Fig.
10B, C). In addition, in CM microC cultures, we observed a small
percentage of cells that did not express GFAP, expressed high
levels of S100B and had several branched processes, that may
possibly be oligodendrocytes (Hachem et al., 2005). On the other
hand, in CM microPH cultures the majority of both bipolar and
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(Figure legend continued.)  and proliferation was labeled with BrdU (yellow). K, Newborn
cells (BrdU ™) and newborn neurons (NeuN ™, BrdU ™) in MerTK iKO mice at 4 weeks post-
BrdU. L, BrdU+ yield was calculated as a ratio of the BrdU * cells at 4 weeks over the average
BrdU ™ cells of each group at 1d after injection. Scale bars: €, D, G,J, 50 um (insets, 10 um); €,
D,z=16.1um;G6,z=7mm;J,z=23.1 um.N = 3 mice (E, H,I), N = 4—6mice (F, K, L).
Error bars represent mean == SEM. #p = 0.096 (E), #p = 0.062 (F), *p << 0.05, **p < 0.01,
*¥¥1 <0.001 by Student’s t test. Only significant effects are shown. Values of statistics used are
shown in Table 3.
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stellate cells had a very dim S100f staining and oligodendrocyte-
like cells were not found. Therefore, the faint S1003 expression in
bipolar cells triggered by conditioned media from phagocytic
microglia suggested that they could be immature astrocytes.

Second, we analyzed the multipotency of bipolar cells. After
3 d of differentiation into stellate, ramified, and bipolar cells in
CM microC and microPH, we switched the culture media to
DMEM/F12 culture media (the regular media to grow neuro-
spheres) without trophic factors and allowed cells to differentiate
for another 5-9 d (Fig. 10D-G). We found that after 5-9 d in
DMEM/F12, cells derived from microPH CM had lower rates of
cell death than cultures derived from microC and DMEM treat-
ments, calculated as a ratio over the number of cells at 3 d in each
culture (Fig. 10F). We then analyzed the multipotency of the
cultures by calculating the ratio of change of each cell type after
DMEM/F12. CM microC-derived cultures presented similar ra-
tios of stellate cells and ramified cells after 5-9 d in DMEM/F12
(Fig. 10G). In contrast, cultures derived from microPH CM had a
strong increase in the ratio of differentiation into stellate cells
while neuroblasts were not found (Fig. 10G). These data strongly
suggest that bipolar cells produced after treatment with the
phagocytic microglia secretome were unlikely to be prototypical
neuroprogenitors because they only gave rise to astrocytes but
not to neuron-committed cells.

Third, we used calcium responses to different cell-specific
stimuli to characterize bipolar cells triggered by microPH me-
dium. We used Fura-2 AM, a cell permeant calcium indicator:
KCI, which triggers an intracellular Ca “2 response in excitable
cells (De Melo Reis et al., 2011); AMPA, which depolarizes neu-
rons expressing the corresponding glutamate receptors (Blood-
good and Sabatini, 2008); ATP, which activates purinergic
receptors in astrocytes and neurons (De Melo Reis et al., 2011);
histamine, which triggers intracellular Ca ** response in imma-
ture cells through histamine receptor, highly expressed on imma-
ture/stem cells and embryonic stem cells (Eiriz et al., 2011); and
NMDA (Fig. 11A-D). We examined the calcium response to
these stimuli of bipolar and stellate cells, as well as freshly disso-
ciated NPCs as control. We found that 69% of the freshly disso-
ciated NPCs depolarized in response to ATP and histamine, and
became hyperpolarized in response to KCIL. The majority of stel-
late cells depolarized in response to KCl, AMPA, and ATP, and
the majority of ramified cells responded to all stimuli except
NMDA, most likely because they were still immature neuroblasts.
On the other hand, in CM microPH-treated cultures, the major-
ity of bipolar cells highly depolarized when incubated with ATP
and hyperpolarized when incubated with KCI (Fig. 11C,D).
These data show that bipolar cells have similar features as both
NPCs and astrocytes, suggesting an intermediate phenotype.

Finally, we performed Western blot analysis of NPCs as well as
CM microC and CM microPH cultures of different fate-
committing transcription factors: REST (RE1 silencing transcrip-
tion factor 1), a repressor of neuronal genes that is highly
expressed in astrocytes (Kohyama et al., 2010); Ascl (ASC1-like
protein), which is related to neuronal fate commitment (Liu et
al., 2015); and SMAD1, which is highly phosphorylated in differ-
entiating astrocytes (Kohyama et al., 2010). In the CM-treated
NPC cultures, we found no differences for REST and Ascl, but
the pPSMAD/SMAD ratio was significantly increased in CM
microPH-treated cells compared to CM microC (Fig. 11E,F),
suggesting that CM microPH bipolar cells were committed to the
astrocytic lineage. All together, these in vitro data demonstrate
that at the cellular level, the microglial phagocytosis secretome
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promotes the inhibition of neural-committed cells and resulted
in the differentiation of NPCs into astrocytes.

Cytokines are unlikely to drive the bipolar phenotype
triggered by phagocytic microglia conditioned media

We next focused on characterizing the nature of the phagocytosis
secretome. As observed in the arrays (Figs. 7, 8), phagocytic mi-
croglia expressed the mRNA of several cytokines, such as Csf3,
IL-1B, IL-6, TNF-qa, or TGF-f3 among others. In addition to
phagocytosis, these molecules are also released by microglia upon
inflammatory stimuli and some have already been reported to
impair neurogenesis (Ekdahl et al., 2003; Monje et al., 2003). To
directly compare cytokine expression induced by phagocytosis
and by a classical inflammatory stimulus such as LPSs (bacterial
lipopolysaccharides) we treated NPCs with the CM of primary
microglia that had been pretreated with LPSs (1 pg/ml; Monje et
al., 2003) for 6 h to trigger the inflammatory response, and then
changed to fresh media for another 18 h to ensure that the CM
would not contain any leftover LPSs (Fig. 12A). We found that
NPC cultures treated with LPSs or CM microLPS produced a
majority of stellate cells and a small proportion of ramified cells,
although there were no differences between the two treatments in
terms of cell-type proportion and numbers (Fig. 12B,C). CM
microLPS treatments did not trigger bipolar cells, strongly sug-
gesting that cytokines were unrelated to the effect of the phago-
cytosis secretome on NPCs.

Unexpectedly, neither LPSs nor CM microLPS reduced the
number of neuroblasts compared to CM microC (Fig. 12B,C).
These were surprising results because proinflammatory cytokines
are well documented to exert detrimental consequences for neu-
rogenesis (Ekdahl et al., 2003; Monje et al., 2003). To disregard
that this discrepancy resulted from different LPS concentration
or exposure time compared with prior publications, we per-
formed a series of LPS-based experiments in which we used first,
a lower LPS dosage (150 ng/ml for 18 h; Fraser et al., 2010) that

produced a very similar cytokine expression as phagocytosis in
microglia (Fig. 12D-F); second, the exact LPS dosage and time (1
ug/ml, 24 h) described by Monje et al. (2003 ), where they found
a reduction in DCX ™ cells after CM microLPS treatment (Fig.
12G,H); and third, the paradigm described by Monje et al.
(2003), who used the BV2 cell line instead of primary microglia
(Fig. 121,]), although they used hippocampal NPC cultures de-
rived from adult rats. None of the LPS or CM LPS treatments gave
rise to bipolar cells, strongly suggesting that cytokines are highly
unlikely to drive the bipolar phenotype triggered by the phago-
cytic microglia secretome.

The phagocytosis secretome reduces neuronal differentiation

We next characterized the effect of the CMs at later stages of
neurogenesis using a late survival/differentiation assay in which
NPCs were allowed to differentiate for 10 d into neuroblasts and
astrocytes using DMEM/F12 without trophic factors. At this
stage (t = 0), the cultures exhibited a high percentage of cell death
(65.8 = 2.4%) and the majority of the cells had a stellate mor-
phology. These differentiated cultures were then treated for 3 and
5 d with CM microC and microPH as well as DMEM for positive
control (Fig. 13 A, B). Importantly, treatment with microPH did
not result in higher levels of apoptosis than microC or DMEM
(Fig. 13B). Cultures treated with CM microC presented a vast
majority of stellate cells and few ramified cells. In contrast, CM
microPH-treated cultures showed no DCX ™ cells, a small per-
centage of stellate cells and a majority of stellate cells with a more
mature morphology (more complex ramifications; Fig. 13C,D).
Nonetheless, the gene array data did not support a direct induc-
tion of astrogenesis. The functions “gliogenesis” and “glial cell
differentiation” were significantly upregulated in the ClueGo
analysis (Fig. 5), but the majority of the genes found under those
categories were autologous, and therefore, their overexpression
would only modulate the microglial cells expressing them. As the
astrocytic lineage is the default differentiation mode of neural
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stem cells (Bonaguidi et al., 2011; Encinas et al., 2011), these data
suggest that the phagocytosis secretome inhibited neuronal dif-
ferentiation, indirectly promoting astrocyte differentiation.

Neurogenic modulatory factors secreted by phagocytic
microglia in vitro alter neurogenesis in vivo

To then confirm the neurogenic modulatory role of the phago-
cytosis secretome on adult hippocampal neurogenesis in vivo, we
injected CM microC and microPH into the hippocampus of
2-month-old fms-EGFP mice for 6 d using osmotic minipumps.
After this period, BrdU was administered to track proliferating
cells and mice were killed 2 h later (Fig. 14A).

We observed no differences in the density of total BrdU ™
proliferative cells in CM microPH treated mice compared to CM
microC treatment (Fig. 14 B, C). Importantly, CM microPH did
not induce apoptosis in vivo (Fig. 14D). In addition, there was a
trend toward decreased density of proliferating BrdU ™ rNSCs in
mice treated with CM microPH compared to CM microC (p =
0.0649; Fig. 14E-G). Moreover, the density of DCX ™ neuro-
blasts, the proportion of the different neuroblast subpopulations
(AB, CD, and EF), and neuroblast proliferation did not differ
between CM microC and microPH (Fig. 14H-]).

Because we observed a declining trend for rNSCs in the pres-
ence of CM microPH after 6 d, we hypothesized that the induced
alterations would accumulate over time. Therefore, we per-

<«
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formed a long-term experiment in which mice were treated with
CM microC and microPH through osmotic minipumps for 6 d,
followed by BrdU administration, and killed 28 d later to allow
differentiation of the labeled cells (Fig. 14K). The density of
BrdU * cells in mice treated with CM microPH showed a signif-
icant decrease compared to CM microC (Fig. 14L,M). Impor-
tantly, CM microPH did not induce apoptosis in vivo (Fig. 14N).
We then quantified neuroblasts and newborn neurons (NeuN *,
BrdU *; Fig. 140-S). In all experiments in Figure 14, because the
conditioned media diffused over the 6 d infusion period, we
found a stronger effect closer to the injection site (Fig. 14P).
Thus, for this set of experiments, only the three tissue slices of
the sectioning series most proximal to the injection site were
quantified. We found a significant reduction in the interme-
diate (CD) and most mature (EF) neuroblast subpopulations
in mice treated with CM microPH compared to CM microC
(Fig. 14R). Finally, the density of newborn neurons was also
reduced in CM microPH compared to CM microC (Fig. 14S).
In summary, we found a trend toward fewer proliferative stem
cells at 2 h after BrdU, and reduced number of mature neuro-
blasts and newborn neurons after 28 d, suggesting that the
acute (24 h) phagocytic microglia secretome limits neurogen-
esis via the reduction in the production of neuronal-
committed cells.

Discussion

In this paper, we provide evidence that microglia modulate adult
hippocampal neurogenesis through the secretome associated
with phagocytosis of apoptotic newborn cells, based on the fol-
lowing major findings. First, adult hippocampal neurogenesis
was reduced in two KO models with chronic microglial phagocy-
tosis impairment. Second, neurogenesis was transiently increased
in an acute model of phagocytosis impairment. Third, tran-
scriptomic analysis in vitro revealed that phagocytosis trig-
gered an expression change in a panoply of neurogenesis-
related genes in microglia, strongly suggesting a coordinated
neurogenic modulatory program that encompasses up to 224
heterologous genes previously shown to modulate neurogen-
esis, including peptides, trophic factors, matrix metallopro-
teases, and cytokines. Fourth, the secretome of phagocytic
microglia drove NPCs differentiation toward a bipolar pheno-
type of astrocytic lineage in vitro, characterized by high ex-
pression of astrocytic markers such as nestin, GFAP and
S100; calcium responses to ATP and other stimuli; and high
levels of phosphorylation of SMAD. Finally, the secretome of
phagocytic microglia reduced the most mature neuroblast
subpopulation at 28 d in vivo. Hence, we present evidence that
microglial phagocytosis is a pivotal mechanism for the main-
tenance of homeostasis in the adult neurogenic cascade.

Microglia control the long-term homeostasis of the adult
hippocampal neurogenic cascade

The accurate homeostasis of stem cell niches is crucial for their
long-term maintenance, as disruption of the equilibrium be-
tween quiescence and proliferation leads to early exhaustion
(Santos et al., 2018). In the adult hippocampal neurogenic niche,
the mechanisms described to maintain homeostasis rely on the
quiescence of INSCs (Encinas et al., 2011), a feature that prevents
an early exhaustion of the niche (Sierra et al., 2015). Herein we
focus on the unexplored role of resident immune cells, micro-
glia, which engulf newborn cells that undergo apoptosis (Si-
erra et al., 2010). Immune cells are increasingly recognized to
participate in stem cell niches, and macrophages have been recently
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are shown. Values of statistics used are shown in Table 4.

shown to promote erythroblast production in the bone marrow
(Chow et al., 2013), and to be required for ductal morphogenesis in
the mammary gland (Chakrabarti et al., 2018). We found that
chronic disruption of microglial phagocytosis impairs neurogenesis
using two constitutive KO mice models for receptors P2Y12, and
MerTK/Axl, which participate in different stages of phagocytosis
(Scottetal., 2001; Elliott et al., 2009). Nonetheless, it is important to
note that these receptors regulate multiple features of microglial
physiology, and that MerTK and Axl are also expressed in peripheral
macrophages (Rothlin and Lemke, 2010). In addition, microglial
phagocytosis impairment leads to the accumulation of non-
removed apoptotic cells, which may also affect neurogenesis directly
through the release of toxic intracellular contents. However, the sim-
ilar reduction in adult neurogenesis in the two models strongly sup-
ports the key role of microglial phagocytosis.

In contrast to the effect of constitutive phagocytosis im-
pairment, acute phagocytosis impairment by inducible deple-
tion of MerTK resulted in a transient increase in early
neuroblasts that was compensated at later time points. Several
effects may explain the differences between the constitutive
MerTK/Ax] KO and the inducible MerTK KO mice (i.e., dou-
ble KO vs single KO; body-wide in all TAM-expressing cells vs
microglial-specific; and knock out from embryonic develop-
ment vs only in selected cells in the adult). Nonetheless, the
transient increase in early neuroblasts after acute impairment
of phagocytosis in the iKO MerTK model, together with the
chronic reduction of neurogenesis in the P2Y12 and MertK/Axl
constitutive KO models, and the reduction in neurogenesis in mice
treated with the phagocytic microglia conditioned media, suggest
that the microglial phagocytosis of newborn cells participates in a
feedback loop that maintains the homeostasis of adult hippocampal
neurogenesis (Fig. 15).

Sidak post hoc test of (after one-way ANOVA was significant at p < 0.05). Only significant effects

Microglia regulates neurogenesis through the
phagocytosis secretome
We found that phagocytosis of apoptotic cells induced a neuro-
genic modulatory phenotype in microglia that was mostly related
to their secretome, as the majority of the modulatory genes en-
coded secreted proteins, including neuropeptides such as VGF,
and growth factors such as VEGF and FGF2, some of which have
already been described to participate in the microglial regulation
of neurogenesis (Kreisel et al., 2019). In addition, the microglial
secretome may contain metabolites, miRNAs and extracellular
vesicles, which may also alter neurogenesis (Rodriguez-Iglesias et
al., 2019). When administered in vivo, the acute secretome of
phagocytic microglia inhibited hippocampal neurogenesis, as it
had an early tendency to decrease rNSCs proliferation that was
later followed by a reduction in mature neuroblasts. The effect
was similar on isolated NPCs, as we found a decreased produc-
tion of neuroblasts. However, this effect was unlikely related to an
active promotion of apoptosis, which was not detected in vivo. In
agreement, the in vitro transcriptomic analysis did not reveal sig-
nificant increases in heterologous proapoptotic genes, and cell
death was not observed in the late survival/differentiation assays.
Nonetheless, many early NPCs did die upon culture with the
early phagocytic microglia conditioned media, an effect that may
be attributed to the lack of key survival factors, possibly metabo-
lites consumed by phagocytic microglia. Apoptosis is common in
these early cultures and has been linked to the stress associated
with differentiation upon growth factor withdrawal (Babu et al.,
2011). Overall, these results suggest that the secretome of phago-
cytic microglia modulates neurogenesis by acting not on the sur-
vival but on the differentiation of neural-committed cells.

The reduced neuronal differentiation induced by the secre-
tome of phagocytic microglia was unlikely related to an enhance-
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Figure9. Effectof phagocyticmicroglia secreted factors on neurogenesis in vitro. A, Experimental design of the in vitro neurogenesis assay: (1) brain disaggregation; (2) neurosphere proliferation;
(3) dissociation, plating, and proliferation of NPCs for 48 h; (4) differentiation in the presence of conditioned media (CM) from control microglia (microC) or 24 h phagocytic microglia (microPh). B,
Representative confocal microscopy images of NPCs treated with C(M microC or microPH after 1d. DMEM was used as control. €, Percentage of cells labeled with Ki67 over total cells labeled with DAPI.
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morphologies observed in the neurogenesis assay images. F, Percentage of the different cell types found after 3 and 5 d treatment with CM microC or microPH. Early/late ram refers to early/late
ramified cells. G, Representative confocal microscopy images of NPCs treated with CM microC or microPH after 3 d. H, Density of live and dead cells (determined by pyknosis/karyorrhexis) after (M
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used are shown in Table 5.
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Figure11.

Characterization of (M cell types by calcium imaging and late survival/differentiation assays. A, Experimental design of the in vitro calcium imaging assay. NPCs were treated with CM

microC or microPH for 5 d and the resulting stellate, ramified and bipolar cells were incubated and loaded with Fura-2 AM and afterward, cells were challenged with KCl, AMPA, ATP, histamine, and
NMDA to measure their Ca ™2 response. B, Representative epifluorescence microscopy images of neuroprogenitors treated with CM microC or microPH for 5 d. Freshly dissociated NPCs were used as
control. €, Calcium responses to consecutive stimuli (KCI, AMPA, ATP, histamine, NMDA) determined as a ratio of Fura2 fluorescence of cells shown in B. D, Percentage of cell phenotypes responding
to each stimulus (38 stellate cells, 8 ramified cells, 19 bipolar cells, and 33 NPCs; pooled from N = 2 independent experiments). The baseline was calculated as the mean of the first 60 s of recording
for each cell. Only peaks that increase or decrease three times the SEM of the baseline were considered as a positive response. E, Representative blots showing relative levels of REST, Asdl,
phospho-SMAD1/5/9, and SMAD1 in NPCs treated with CM microC or microPH for 3 d. F, Quantification of the relative expression of REST, Ascl and the ratio phospho-SMAD/total-SMAD in NPCs
treated with CM microC or microPH for 3 d. 3-actin was used as a loading control. Scale bar, 20 wm. N = 2 independent experiments (D, pooled cells), N = 3 independent experiments (F). Error
bars represent mean == SEM. *p << 0.05, ***p << 0.001 by Holm—Sidak post hoc test (after one-way ANOVA was significant at p << 0.05). Values of statistics used are shown in Table 8.

ment of gliogenesis. In vivo no changes in the production of
newborn astrocytes were observed in the neurogenic cascade,
although on isolated NPCs the phagocytic microglial secretome
gave rise to astrocyte-committed cells with a bipolar phenotype,
reminiscent of radial glia (Encinas and Enikolopov, 2008). These
cells presented several astrocytic features, including the expres-
sion of GFAP and S1008 (Raponi et al., 2007; Encinas and Enikol-
opov, 2008); intracellular calcium response to ATP (De Melo Reis

etal., 2011) and high phosphorylation of SMAD, which interacts
with TGEP to give rise to astrocytes/radial glia (Stipursky and
Gomes, 2007). Nonetheless, our transcriptional assay did not
show heterologous ‘gliogenic’ genes in phagocytic microglia, sug-
gesting that rather than actively promoting astrogenesis, the
acute phagocytosis secretome indirectly promote the default as-
trocytic lineage (Miller and Gauthier, 2007) by restricting the
neuronal lineage.
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Figure 12.  Effect of CM microLPS on neurogenesis in vitro. A, Experimental design of the in vitro neurogenesis assay. B, Representative confocal microscopy images of neuroprogenitors treated
with CM MicroC, CM MicroLPS6 h + 18 h (1 .g/ml) or LPS alone (1 g/ml; 24 h). C, Percentage of cell types found after 3 or 5 d treatment with (M MicroC, (M MicroLPS (6 h + 18 h), LPS. The group
“bipolar cells” is included for visualization purposes, but as this cell type was not found with any of the treatments, it was not included in the statistical analysis. Three-way ANOVA (treatment X
life X time) showed interactions between the different factors and thus the data were split into several one-way ANOVAs, which showed no significant effect of the treatment. D, mRNA expression
levels of selected cytokines by real-time qPCR in control microglia (microC), 24 h phagocytic microglia (microPH), as well as control and phagocytic microglia treated with LPS (150 ng/ml, 18 h). HPRT
was selected as a reference gene. E, Representative confocal microscopy images of NPCs treated with CM from LPS treated microglia or LPS alone (low concentration: 150 ng/ml; 18 h). F,
Quantification of the different cell types found after 3 or 5 d treatment with CM from LPS treated microglia or LPS. G, Representative confocal microscopy images of NPCs treated with CM MicroLPS
orLPS (1 eg/ml; 24 h). H, Quantification of the different cell types found after 3 or 5 d treatment with CM MicroLPS or LPS (high concentration: 1 g/ml; 24 h). I, Representative confocal microscopy
images of neuroprogenitors treated with CM BV2, CM BV2 LPS high or LPS high (1 wg/ml; 24 h). J, Quantification of the different cell types found after 3 or 5 d (Figure legend continues.)
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Effect of phagocytic microglia secreted factors on late neurogenesis in vitro. A, Experimental design of the in vitro late survival and differentiation assay. B, Density of live and dead cells

found after 10 d of DMEM/F12 followed by 3—5 d of CM microC or microPH and DMEM. The number of cells before adding the CM (t = 0) is shown as a control. €, Representative confocal microscopy
images of NPCs treated for 10d with DMEM/F12 followed by 3—5 d of (M microC, microPH, or DMEM. Top, Left, DMEM/F12 treatment of 10 d, before adding any CM. D, Percentage of cell types found
after 10 d of DMEM/F12 followed by 3—5 d of CM microC or microPH and DMEM. The number of cells before adding the (M (t = 0) is shown as a control. Mat stellate designates stellate cells with
mature (more branched) morphology, and early/late ram designates early/late ramified cells. Scale bars: 20 wm, z = 6.3 wm. N = 3 independent experiments (B, D). Three-way ANOVA
(treatment X life X time, F) showed interactions between the different factors and thus the data were splitinto several one-way ANOVAs, which showed no significant effect of the treatment. Data
in D could not be normalized because some cell categories were only present in particular treatments (i.e., the mature stellate phenotype only occurred in MicroPH groups). Error bars represent

mean = SEM. Values of statistics used are shown in Table 8.

Cytokines are unrelated to the effect of phagocytosis
secretome on neurogenesis

Several cytokines were also expressed by phagocytic microglia,
such as IL-1p3, IL-6, and TNFa, which have been reported to
decrease survival of neuroprogenitors in vitro (IL-18, TNFa) and
in vivo (IL-6; Breton and Mao-Draayer, 2011), inhibiting adult
neurogenesis. This cytokine expression profile of phagocytic mi-
croglia holds some parallelism to the proinflammatory profile
triggered upon inflammation, a process that impairs neurogen-
esis (Ekdahl et al., 2003; Monje et al., 2003). However, in our
hands the inflammatory microglia secretome did not trigger a
reduction in the survival of NPCs. Furthermore, we found that
treatment with neither LPS nor the secretome of LPS-stimulated

<«

(Figure legend continued.)  treatment with CM BV2, (M BV2 LPS, or LPS. Scale bars: B, E, G, 1,
20 wm, z = 6.3 um. N = 3 independent experiments (C), N = 4 independent experiments
(D), N = 2independent experiments (F, H, J). Error bars represent mean = SEM. **p << 0.01,
***p < 0.001 by Holm—Sidak post hoc test (after one-way ANOVA was significant at p << 0.05).
Only significant effects are shown. Values of statistics used are shown in Table 8.

microglia reduced the production of neuroblasts in vitro, suggest-
ing that inflammation is not as detrimental for neurogenesis as
previously stated (Ekdahl et al., 2003; Monje et al., 2003) and that
cytokines were not responsible for the effects of phagocytic mi-
croglial secretome on neural-committed cells. In addition, the
neurogenic modulatory program initiated by phagocytosis en-
compassed genes involved in matrix remodeling (matrix metal-
loproteases) and membrane ligands (Jagl, ligand for Notch
receptor), suggesting that the observed direct contact between
microglia and rNSCs/neuroblasts (Sierra et al., 2010) may also
participate in shaping the neurogenic niche through participat-
ing in the local control of neuroblast differentiation, survival and
synaptic integration (Rodriguez-Iglesias et al., 2019).

Phagocytosis reprograms microglia

Finally, we here show that phagocytosis is not simply a terminal
process designed to eliminate debris. In fact, in peripheral mac-
rophages engulfment and degradation result in epigenetic, met-
abolic and functional reprogramming, a process named 'trained
immunity’ (Bekkering et al., 2018). Similarly, we here show that
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Figure 14.  Acute and long-term effects of phagocytic microglia secreted molecules on neurogenesis in vivo. A, Experimental design used for the administration of CM microC or microPH by
osmotic pumps to 2-month-old fms-EGFP mice. B, Representative confocal images of cell proliferation after the (M treatments for 6 d. Cell nuclei were labeled with DAPI (white) and BrdU was used
asaproliferative marker (magenta). €, BrdU * cell density after C(M microC or microPH treatment. D, Apoptotic cell density after CM microC or microPH treatment. E, Representative confocal images
of stem cells labeled with nestin (red) and GFAP (green). F, Stem cell density after (M microC or microPH treatment. G, Proliferating stem cell (nestin * GFAP*,BrdU ) density after C(M microC or
microPH treatment. H, Representative confocal images of neuroblast cell populations AB, (D, EF, and total neuroblasts. Neuroblast cells are labeled with DCX (green). /, Density of neuroblast types
AB, (D, and EF. J, Proliferating neuroblasts (BrdU *, DCX ™) density after treatment with CM microC or microPH. K, Experimental design used for the administration of (M microC or microPH by
osmotic pumps to 2-month-old fms-EGFP mice. L, Representative confocal images of BrdU * cells in the dentate gyrus. M, BrdU * cell density after (M microC or (Figure legend continues.)
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in microglia phagocytosis of apoptotic cells triggers a coordinated
transcriptional program that involves key chromatin remodeling
and metabolic genes, suggesting a long-term reprogramming that
may affect multiple microglial functions, from spine surveillance
to inflammation. Whether these changes are triggered by the rec-
ognition of find-me and “eat-me” surface receptors, or by down-
stream steps in the phagocytic process of apoptotic cells, remains
to be determined. Apoptosis is a widespread phenomenon in
neurodegenerative diseases (Abiega et al., 2016) and we speculate
that phagocytosis of cell debris and the subsequent alteration of
the secretome, as well as other potential functions, may be akey to
understanding how microglia impacts surrounding surviving
neurons. Similarly, during aging (Pluvinage et al., 2019) or in
diseases in which microglial phagocytosis is impaired, such as
epilepsy (Abiega et al., 2016), the beneficial effects of promoting
engulfment/degradation of cell debris may go beyond merely re-
moving corpses to actively promote regeneration.

In summary, in this paper, we provide strong evidence that
phagocytic microglia are a central mechanism to control the ho-
meostasis of the adult hippocampal neurogenic cascade by
acutely providing a negative feedback loop via their secretome.
This ‘brake’ is necessary for the long-term maintenance of the
neurogenic cascade, since neurogenesis is transiently increased
when phagocytosis is acutely blocked, but is disrupted when mi-
croglial phagocytosis is chronically impaired, as observed in ge-
netically deficient mice for P2Y12 and MerTK/Axl. Importantly,

<«

(Figure legend continued.) ~ microPH treatment. N, Apoptotic cell density after C(M microC or
microPH treatment. 0, Representative confocalimages of neuroblasts labeled with DCX (green).
P, Density of total number of neuroblasts in Sections 1-3 closest to the injection site, and 4 - 6
further away. Q, Representative confocal images of a newborn neuron labeled with BrdU (yel-
low) and NeuN (magenta). R, Density of neuroblast types AB, (D, EF, and total neuroblasts. S,
New neurons (NeuN ™, BrdU ™) density after (M microC or microPH treatment. Scale bars: B, L,
E,0,H,50 pm (insertin H, 20 m); @, 20 m (insert, 10 wm); B,L,E, 0,H,z =12 um; Q,z =
6 um. N = 7-10 mice (B-J), N = 5-11 mice (L-S). Error bars represent mean = SEM. #p =
0.0649, *p << 0.05, **p << 0.01, ***p < 0.001 by Student’s ¢ test. Values of statistics used are
shown in Table 9. ns, not significant.
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Microglia provides a feedback loop that controls neurogenesis through the phagocytosis-secretome.

the link between the proliferation of newborn cells and apoptosis
was already suggested to be necessary for the correct learning and
memory of the adult brain (Dupret et al., 2007), and our data here
points toward microglial phagocytosis of apoptotic cells as the
connecting mechanism. As apoptosis is closely related to neural
stem cell proliferation, our data suggest that microglial phagocy-
tosis may also shape other developmental and adult neurogenesis
sites, such as the SVZ (Cunningham et al., 2013). In addition,
phagocytosis of newborn cells has also been recently shown to
playarole in sculpting sex differences in the developing amygdala
(VanRyzin et al., 2019). While previous work has suggested a
largely detrimental effect of microglia on hippocampal neuro-
genesis (Valero etal., 2016), our data are in agreement with recent
evidences supporting the essential role of macrophages and other
immune cells in remodeling stem cells niches (Naik et al., 2018).
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