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Effects of Microglia on Neurogenesis

Kaoru Sato

This review summarizes and organizes the literature concerning the effects of microglia on neurogenesis, particularly focusing
on the subgranular zone (SGZ) of the hippocampus and subventricular zone (SVZ) of the lateral ventricles, in which the neuro-
genic potential is progressively restricted during the life of the organism. A comparison of microglial roles in neurogenesis in
these two regions indicates that microglia regulate neurogenesis in a temporally and spatially specific manner. Microglia may
also sense signals from the surrounding environment and have regulatory effects on neurogenesis. We speculate microglia
function as a hub for the information obtained from the inner and outer brain regions for regulating neurogenesis.
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Introduction

n humans, approximately 5% of brain cells are microglia
(Pelvig et al., 2008). Originally, microglia attracted attention
because these cells determine the levels of inflammation in
the cellular environment, which subsequently determines
whether newly generated neurons survive. However, increasing
evidence has demonstrated that microglia play diverse roles in
neurogenesis in both the embryonic and postnatal adult
stages. In this review, I summarize and organize the data con-
cerning microglial effects on neurogenesis, particularly focus-
ing on the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) and subventricular zone (SVZ) of the lat-
eral ventricles, in which the neurogenic potential is progres-
sively restricted during the life of the organism. Recent
research regarding the origin of microglia (Ginhoux et al.,
2010; Schlegelmilch et al., 2011; Schulz et al.,, 2012) has
demonstrated conclusively that these cells are derived from
myeloid progenitors at approximately embryonic day 7.5
(E7.5) in mice and infiltrate the brain through blood vessels
between E8.5 and E9.5. This process occurs immediately
before the formation of early radial progenitors for neurons
and glia, which occurs at E10.5 (Dahlstrand et al., 1995).
Microglial progenitors are Myb-negative and PU.1-dependent
cells that express the Csfl receptor; these cells differ from
Myb-dependent hematopoietic stem cells, which differentiate
into macrophages and monocytes (Ransohoff and Cardona,
2010). A recent study that combined parabiosis and myeloa-

blation revealed that monocytes that infiltrate the brain dur-
ing inflammation only contribute to a transient population of
macrophages that disappear once the inflammation is resolved
(Ajami et al., 2011). Therefore, most microglia that have
functional roles in neurogenesis in the brain originate from
embryonic microglia that differentiated from infiltrating mye-
loid progenitors at E7.5. Although these cells all have com-
mon ancestors, microglia have temporally and spatially
specific morphologies, antigen expression profiles, proliferative
potentials, and brain functions (Butovsky et al., 2014; Olah
et al., 2011). The effects of microglia on neurogenesis also
appear to be diverse in a temporally and spatially specific
manner.

Neurogenesis in the Subgranular Zone

In mammals, the SGZ is one of the major sites for the birth
of new neurons from radial glial progenitors (Eckenhoff and
Rakic, 1988; Kaplan and Hinds, 1977; van Praag et al.,
2002). In the hippocampus, granule and pyramidal neurons
exhibit different developmental patterns (Taupin, 2008). In
contrast to the cornu ammonis (CA), which begins to develop
during the prenatal period, 15% of DG granule cells are gen-
erated before birth; 70% are generated during the first 2
weeks of life; and 15% are generated after postnatal day 16
(P16) in mice. Beginning at EI15.5, Proxl-positive cells
migrate from the dentate neuroepithelium, which is adjacent
to the fimbria, to the granular layer of the DG (Nakahira
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and Yuasa, 2005). At E18, the characteristic V-shape of the
DG is highlighted by Prox1 staining in the granular layer and
hilar region. Within the hilar region, neuronal precursors pro-
liferate to generate additional granule neurons. In the post-
natal and adult SGZ, neural stem cells (NSCs) have been
shown to be long-lived NSCs (Li et al., 2013). They initially
originate from the ventral hippocampus during late gestation
and then relocate into the dorsal hippocampus. These NSCs
can produce not only neurons, but also stem cells, and the
ratio of NSCs to neurons depends on experiences of the ani-
mal or the location of the NSCs (Dranovsky et al., 2011).
The proliferating radial and nonradial precursors give rise to
intermediate progenitors, which in turn generate neuroblasts
(Gage et al., 1998; Ming and Song, 2011). Immature neu-
rons migrate into the inner granule cell layer and differentiate
into dentate granule cells in the hippocampus (van Praag
et al., 2002). Through transcriptome analysis, neurogenesis-
related transcription factors crucial for SGZ neurogenesis
have been identified (Miller et al., 2013). Wnt/f-catenin sig-
naling cascade (Lie et al., 2005; Varela-Nallar and Inestrosa,
2013) and circadian molecular clock (Bouchard-Cannon
et al., 2013) are shown to be important in the adult SGZ
neurogenesis. New-born functional granule cells contribute to
cognitive functions (Kempermann et al., 2004) and temporal
memories (Aimone et al., 2006). Aimone et al., have sug-
gested that immature neurons provide a low specificity yet
densely sampled representation of cortical inputs, whereas
mature granule cells provide a highly specific yet sparse repre-
sentation of an event (Aimone et al., 2011). This combined
representation maximizes the information encoded by hippo-
campal memories, thus increasing the memory’s resolution
(behavioral discrimination). Kempermann et al. (1998, 2002)
demonstrated that SGZ neurogenesis continues in senescent
mice. Based on these back ground, the regulation of SGZ
neurogenesis has received abundant attention because of the
link between neurogenesis and cognitive function (Lie et al.,
2004), which has been indicated by many reports.

Regarding the effects on neurogenesis, microglia origi-
nally gained attention because these cells determine the
inflammation levels in the cellular environment, which then
determines whether newly generated neurons survive. Monje
et al. (2003) showed that inflammation caused by LPS inhib-
ited neurogenesis in the adult rat hippocampus via the micro-
glial release of IL-6 and TNFo. The in vitro data of these
authors indicated that the neurogenic lineage has greater sen-
sitivity to inflammation than does the gliogenic lineage
(Monje et al., 2003). Ekdahl et al. (2003) also demonstrated
that inflammation-associated microglial activation impairs
both basal and insult-induced hippocampal neurogenesis in
adult rats. Studies that are more recent have clarified that
TNFuo signaling via TNFR2 is required for basal neurogene-
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sis, whereas signaling via TNFR1 impairs neurogenesis (Chen
and Palmer, 2013). Aging is associated with a substantial
decrease in hippocampal neurogenesis (Kempermann et al.,
1998; Kohman et al., 2012; Rao et al., 2006; van Praag
et al., 2005; Walter et al., 2011), which is associated with
cognitive deficits (Bizon et al., 2004; Drapeau et al., 2003;
Merrill et al., 2003). Aging also alters microglial activity and
drives microglia toward an inflammatory phenotype (Dilger
and Johnson, 2008). Gemma et al. (2007) reported that IL-
1 released from microglia reduced neurogenesis in aged rats.
Age-related priming of microglia contributes to a prolonged
neuroinflammatory response following an immune challenge,
resulting in the exaggerated expression of sickness behaviors
and cognitive deficits (Dilger and Johnson, 2008; Godbout
et al., 2005; Kohman et al., 2007).

Some models in which aging-induced neurogenesis is
ameliorated have suggested that microglia contribute to SGZ
neurogenesis. An enriched environment (EE) is a housing
manipulation that increases physical and social stimuli (Dia-
mond et al, 1976) and that is reported to stimulate neurogen-
esis in the aged brain, leading to better performance in a
water maze (Kempermann et al., 1998). Ziv et al. (2006)
demonstrated that EE-induced SGZ neurogenesis is associated
with T cell recruitment and microglial activation with
increased MHCII expression. An EE increased microglial
Ibal+ expression only in the DG but not in the CAl or
CA3 and blunted the proinflammatory hippocampal response
to LPS (Williamson et al., 2012), suggesting that the effects
of an EE on microglia may be specific to the DG. Wheel
running, i.e., voluntary physical exercise, also ameliorated sev-
eral of the behavioral consequences of aging and reversed the
decrease in neurogenesis to 50% of that in the young control
animals (van Praag et al., 2005). In this case, despite
increased levels of neural precursors and newborn neurons,
microglia remain in a resting state morphologically and anti-
genically, and T cells and MHClI-expressing microglia are
not present in the DG in the wheel running model (Olah
et al., 2009). Voluntary wheel running suppressed the age-
associated increase in the number of microglia, increased the
proportion of microglia that express IGF-1, and enhanced the
survival of new neurons simultaneously (Kohman et al,
2012). Running induces a neuroprotective microglia pheno-
type and promotes neurogenesis by reducing the expression of
proinflammatory cytokines such as TNF-o (Vukovic et al.,
2012), and by increasing the expression of anti-inflammatory
cytokines such as IL-1ra or the chemokine CX3CLI1 (Pervaiz
and Hoffman-Goetz, 2011). Wheel running has also been
reported to prevent the infection-induced reduction in hippo-
campal BDNF expression in sedentary rats (Barrientos et al.,
2011) and increased neurogenesis in healthy adult mice (van
Praag et al., 1999). Gebara et al. (2013) monitored microglia
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and the proliferation of adult hippocampal stem/progenitor
cells in young adult and aged mice with or without wheel
running and demonstrated that the number of microglia in
the DG correlated inversely with the stem/progenitor cell
number and the cell proliferation rate in the granule cell
layer. The interesting data from this study have indicated that
both the aging-induced decrease and voluntary running-
induced increase in the radial glia number highly correlate
with the number of microglia, suggesting that the regulation
of radial glia number correlates with the regulation of micro-
glia number. In the case of the DCX+ or Tbr2+ cell num-
ber, the correlation coefficients remained high but lower than
were those of RGLs, suggesting that other mechanisms that
are independent of the regulation of the microglia number
are involved in neuronal differentiation. In contrast, some
studies have demonstrated that running induces the transcrip-
tion of genes involved in inflammation, including genes
related to MHCI (f2-microglobulin, H2-D1) and elements
of the complement system (C4A, C3, and Clq) or the
inflammatory response (COX-2 and CX3C; Kohman et al.,
2011; Tong et al, 2001). The endpoint of running may
depend on the exercise intensity. The largest difference
between the embryonic and postnatal adult brains may be the
degree of neuronal network completion. Data from status epi-
lepticus (SE) models have suggested that excitatory inputs
influence both hippocampal neurogenesis and microglial
effects on neurogenesis. Granule cell generation is induced in
electrically evoked SE models, and the cells that do not die
during the first month after SE induction survive for 6
months despite chronic inflammation (Bonde et al., 2006).
Pilocarpine-induced SE can trigger the activation of CRE-
mediated gene expression (Lee et al., 2007), including IGF-1
expression predominantly in activated microglia near the
SGZ (Choi et al., 2008). Recent studies have indicated that
microglia express a variety of neurotransmitter receptors, i.e.,
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA)-type receptors, metabotropic glutamate receptors
(mGluRs), gamma-aminobutyric acid (GABA) B receptors,
purinergic receptors, and adenosine receptors, as well as adre-
nergic, dopaminergic, cannabinoid, and opioid receptors
(Pocock and Kettenmann, 2007). The neurogenic effects of
microglia may be modified by the signalings of these neuro-
transmitters. [z vitro data have suggested that VIP, a neuro-
peptide released by DG interneurons, enhances the
proliferative and proneurogenic effects of microglia via the
VPACI receptor and that these effects are mediated by IL-4
release from microglia (Nunan et al., 2014). Notably, SE-
induced neurogenesis differs from physiologically coordinated
neurogenesis. Aberrant neurogenesis following seizure activity
has been reported to contribute to cognitive impairment
(Jessberger et al., 2007). More recently, Parkhust et al. (2013)
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demonstrated that microglia promote the formation of synap-
ses and the achievement of multiple learning tasks in young
adult mice that carry CXCRICreER to drive the diphtheria
toxin receptor allowing cell ablation after diphtheria toxin
administration. Therefore, the effects of microglia on learning
should be interpreted as the composite results of the effects
on neurogenesis and synaptogenesis.

In addition to regulating the proliferation and differen-
tiation of NSCs/neural progenitor cells (NPCs), microglia
also control the resulting number of newborn neurons via
phagocytosis. Sierra et al. (2010) reported that unchallenged
microglia (CD11b-low and CD68-low) maintain the homeo-
stasis of the baseline neurogenic cascade in the young adult
SGZ in a microglial activation-independent manner. The
primary critical period occurs in the first 4 days of a cell’s
life, specifically during the transition from late amplifying
neuroprogenitors to neuroblasts. The cells that are committed
to apoptosis in the first 4 days of cell life interact with
unchallenged microglia to induce phagocytosis (Sierra et al.,
2010). Interestingly, although the numbers of newly generated
neurons and apoptotic cells decrease with age and acute
inflammation, the phagocytosis index (the percentage of apo-
ptotic cells that undergo microglial phagocytosis) remains
constant, suggesting that once microglia become ramified,
their phagocytic activity is unaffected by the surrounding
environment (Sierra et al., 2010). Two distinct functional
types of phagocytic receptors have been characterized in
microglia (Neumann et al., 2009). The first group, including
TLRs, recognizes microbes; these receptors support the
removal of pathogens and simultaneously stimulate a proin-
flammatory response in phagocytes. The second group of
receptors recognizes apoptotic cellular materials, such as phos-
phatidylserine (PS); these receptors are important for ingest-
ing apoptotic cell corpses and for stimulating an anti-
inflammatory response in phagocytes (Ravichandran, 2003).
The latter pathway may be involved in the microglial phago-
cytosis of newborn cells in the SGZ. Furthermore, in vivo
studies have shown that DAP12-CDI11b-ROS signaling
actively contributes to the developmental death of postnatal
hippocampal neurons (Wakselman et al., 2008).

Mechanisms That Underlie the Neurogenic
Effects of Microglia in the Postnatal and Adult
SGZ

The interaction between T cells and microglia is important
for the EE-induced neurogenic effects of microglia (Ziv et al.,
2006). An in vitro study demonstrated that microglia acti-
vated by T helper cell type 2 (Th2)-derived cytokines,
interleukin-4 (IL-4) and a low level of IFN-y differentially
induce neurogenesis and oligodendrogenesis in adult NSCs/
NPCs. NPCs co-cultured with IL-4-activated microglia are
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biased toward oligodendrogenesis, whereas NPCs co-cultured
with IFN-y-activated microglia are biased toward neurogene-
sis. The effect of IL-4-activated microglia is mediated by
IGF-1 release (Butovsky et al., 20006). Increased IGF-1 expres-
sion has also been observed in a voluntary wheel running
model (Kohman et al., 2012). In addition to the antiapop-
totic effects of IGF-1 during development (Chrysis et al.,
2001), IGF-1 reduces the G1 phase length and total cell cycle
length but increases NPC cell cycle reentry (Hodge et al.,
2004). The interaction of CNS-specific autoimmune T cells
(T cells directed to myelin basic protein, MBP) with resident
microglia is important for the effects of an EE on spatial
learning and memory, as well as for BDNF expression (Ziv
et al., 2006). However, whether this effect is mediated by
direct cell-cell contact between T cells and microglia remains
unclear. Because T cells can barely be detected in healthy
CNS parenchyma, T cells likely interact with microglia via
secreted factors (Ziv and Schwartz, 2008b).

CX3CRI1 is expressed primarily in microglia (Cardona
et al., 2006; Harrison et al., 1998) and is located in hippo-
campal neurons (Sheridan and Murphy, 2013). Its ligand,
CX3CL1/fractalkine, can act as a signaling molecule when
cleaved (Chapman et al., 2000). Wheel running increases the
expression of CX3CLI (Pervaiz and Hoffman-Goetz, 2011)
and the phenotypic transition of microglia from non-
neurogenic to neurogenic fates by facilitating the CX3CL1/
CX3CRI1 signaling axis, which underlies the exercise-induced
reversal of age-related decreases in neurogenesis (Vukovic et al.,
2012). Furthermore, CX3CL1 administration resulted in the
recovery of the age-related decrease in hippocampal neurogene-
sis and an increase in the number of microglia with ramified
morphology (Bachstetter et al., 2009). Generally, CX3CL1
limits the activation of microglia and the expression of proin-
flammatory cytokines, including IL-1f, IL-6, and TNF-o 2009
(Bachstetter et al., 2009; Rogers et al., 2011), which act
directly on neural progenitors (Koo and Duman, 2008; Monje
et al., 2003). Therefore, CX3CLI likely contributes to the
preservation of a neuronal niche that is optimal for SGZ neu-
rogenesis by maintaining a milieu skewed toward quiescence.
Hippocampal neurogenesis is decreased in mice that lack
CX3CRI; these mice have significant deficits in cognitive func-
tions and LTP induction (Rogers et al., 2011). In contrast,
another report demonstrated that CX3CR1—/— mice exhib-
ited enhanced neurogenesis and better hippocampus-dependent
memory, with increased numbers and soma sizes of hippocam-
pal microglia (Reshef et al., 2014). CX3CL1/CX3CR1 signal-
ing is multfunctional in various processes of neuronal
development, including the synaptic pruning process during
postnatal synaptogenic development (Paolicelli et al., 2011).
The effects of CX3CL1/CX3CRI signaling manipulation may

vary in a manner dependent on the developmental stage.
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Neurogenesis in the SVZ

The ventricular zone (VZ) and SVZ are germinal zones dur-
ing the embryonic period. Although several major classes of
neocortical neural precursor cells have been identified in these
areas, the lineal relationships and molecular profiles of these
cells remain largely unknown. Using a novel fate-mapping
approach, neural precursors have been divided into distinct
subtypes based on their lineage profile, morphology, and tran-
scription factor expression 7z wvivo. These results have sug-
gested that neocortical neurons are produced via multiple
indirect routes during embryonic development (Tyler and
Haydar, 2013). Until the report by Cunningham et al.
(2013), few reports had been published regarding the role of
microglia in embryonic SVZ neurogenesis. Cunningham
et al. (2013) demonstrated that microglia regulate the size of
the neuronal precursor pool via phagocytosis of Tbr2+ and
Pax6+ cells during the late stages of cortical neurogenesis, as
analyzed during embryonic stages in these experiments. Nota-
bly, most precursor cells that were targeted by microglia did
not exhibit signs of cell death or apoptosis. These authors
also demonstrated that maternal immune activation reduces
the size of the neural precursor cell pool via microglial phago-
cytosis. The phagocytosis that occurs in the embryonic SVZ
differs from that in the adult SGZ, in which unchallenged
microglia phagocytose apoptotic cells as discussed previously
(Sierra et al., 2010). The precise mechanisms for embryonic
SVZ phagocytosis remain to be clarified. Sultan et al. (2013)
used doxycycline (Dox) and liposomal clodronate to deactivate
microglia and demonstrated that Dox directly increased neuro-
genesis in the adult mouse SGZ (6 w), emphasizing that multi-
ple tools should be used to suppress microglial activation and
the reproducibility of the results should be confirmed to study
about the contribution of microglial activation to the actions.
More recently, using multple mouse models, including cell-
CR3—/—, and

DAP12—/— mutants, embryonic microglia in the forebrain

depletion approaches and o3crl—/—,

were shown to act as modulators of dopaminergic axon out-
growth and neocortical interneuron positioning (Squarzoni et al.,
2014). The microglial functions during brain development have
increasingly attracted more attention to provide a framework for
understanding the etiology of neuropsychiatric diseases.

The SVZ is a niche of life-long neurogenesis and oligo-
dendrogenesis. Neurogenesis is initiated in quiescent type B
stem cells that, upon activation to their proliferative state
(activated type-B cells), give rise to type C transit amplifying
progenitors, which subsequently generate type A neuroblasts
(Doetsch et al., 1999; Garcia-Verdugo et al., 1998; Thrie and
Alvarez-Buylla, 2011). Adult-born SVZ type A cells migrate
along the rostral migratory stream (RMS) to the OB, where
they differentiate into GABA- and dopamine (DA)-releasing
interneurons (Lledo et al., 2006; Luskin, 1993). In contrast,
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newly generated oligodendrocytes migrate toward the corpus
callosum, the striatal white matter tracts and the fimbria for-
nix (Gonzalez-Perez and Alvarez-Buylla, 2011; Hack et al.,
2005; Menn et al., 2006). The SVZ NSCs are therefore
important in terms of cell lineage determination and their
potential application in clinical therapy. Although it has been
shown that microglia play bidirectional roles for the mainte-
nance of proper circuitry, i.e., microglia eliminate unnecessary
cells, axons, and synapses, while support the neighboring ones
(Ueno and Yamashita, 2014), limited information is available
especially regarding the interaction between microglia and
postnatal-adult SVZ neurogenesis. During the first few days
after birth, a marked increase in the number of microglia is
observed in the rodent brain (Sminia et al., 1987). As brain
development progresses, amoeboid microglia become less
abundant, with a concomitant increase in the number of
ramified microglia, which acquire a surveillance role (Gin-
houx et al., 2010; Prinz and Mildner, 2011; Schlegelmilch
et al., 2011). However, the microglia in the neurogenic zone,
such as the SVZ, have different functions compared with
those in the non-neurogenic regions in terms of constitutive
and postlesion levels of microglial activation (Goings et al.,
20006).

Recently, we demonstrated that activated microglia first
accumulate in the SVZ during the early postnatal period and
then disperse to white matter where they became more rami-
fied. In addition, the number of activated microglia was high-
est in the medial SVZ throughout the study period (P1-
P30). Using a combination of 7z vive and in vitro approaches,
we demonstrated that these activated microglia in the early
postnatal SVZ enhanced neurogenesis and oligodendrogenesis
via cytokine release (Shigemoto-Mogami et al., 2014). The
addition of microglia-conditioned medium to cultured P8
mouse SVZ cells increased neuroblast production (Walton
et al., 2006), which is consistent with our data. Despite the
lifelong presence of NSCs, a progressive reduction in neuro-
genesis is also observed in the aging SVZ (Tropepe et al.,
1997). Our data also demonstrated that microglia adopt a
more ramified shape by P30 (Shigemoto-Mogami et al.,
2014). Walton et al. (2006) demonstrated that conditioned
medium from adult-derived microglia is less effective in
reconstituting inducible neurogenesis; however, this medium
is markedly more effective in promoting the rapid morpho-
logical development of axonal processes. Taken together, these
data suggest that the SVZ microglia undergo phenotypic
changes during aging.

The effects of microglia on SVZ neurogenesis appear to
differ in the rostrocaudal and dorsoventral locations. In our
study, the number of activated microglia in the early postnatal
SVZ was highest in the center plane along the rostrocaudal
axis (Shigemoto-Mogami et al., 2014). Blood vessels may be
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related to this rostrocaudal distribution. The vasculature may
be a critical niche compartment for stem cells in the adult
SVZ (Goldberg and Hirschi, 2009; Quaegebeur et al., 2011).
The SVZ is extensively vascularized by a rich plexus of blood
vessels (lhrie and Alvarez-Buylla, 2011; Shen et al., 2008;
Tavazoie et al., 2008), and the central SVZ has large blood
vessels that originate from the ventral aspect (Dorr et al,
2007; Shen et al., 2008). Among the soluble factors released
from blood vessels (Goldberg and Hirschi, 2009; Shen et al.,
2004), CXCL12/CXCR4 signaling may be involved in the
accumulation of microglia in the center plane because micro-
glia express CXCR4 and are recruited in the developing cere-
bral cortex by CXCL12/CXCR4 signaling (Arno et al.,
2014). The adult SEZ (subependymal zone to discriminate
from the embryonic SVZ when no ependymal cells are pres-
ent) is highly regionalized, with neuronal progeny of distinct
identities being generated in different areas along its dorso-
ventral and rostrocaudal axes (Brill et al., 2009; Merkle et al.,
2007). The dorsal SEZ has an increased rate of oligodendro-
genesis compared with the lateral SEZ (Ortega et al., 2013).
The contribution of SVZ microglia to each progeny can be
clarified if we specifically focus on the subregions in the SVZ

along the dorsoventral and rostrocaudal axes.

Mechanisms That Underlie the Neurogenic
Effects of Microglia in the Postnatal and Adult
Ssvz

As mentioned previously, the interaction between microglia
and T cells is important for SGZ neurogenesis (Ziv et al.,
2006). In an in vitro study, NSCs/NSPs were collected from
the adult SVZ to demonstrate that neurogenesis and oligo-
dendrogenesis are enhanced by microglia stimulated by Th2-
derived cytokines (Butovsky et al., 2006). In our study (in
the early postnatal SVZ), although the small population of
activated microglia produced IGF-1, IGF-1 did not play a
primary role in the neurogenic effects of activated microglia
(Shigemoto-Mogami et al., 2014). We demonstrated that the
neurogenic effects of early postnatal SVZ microglia were
mediated by a combination of cytokines. We determined that
the levels of IL-1f, IL-6, TNF-¢, and IFN-y in the SVZ
cytosol during the early postnatal period were increased tran-
siently compared with other periods (P1-P30) and that mino-
cycline suppressed both neurogenesis and the cytokine levels
significantly. Given that we could reproduce the neurogenic
effects of activated microglia and the suppressive effects of
minocycline in an 7z wvitro neurosphere assay, we further
examined the contribution of each cytokine to the effects of
activated microglia. Interestingly, in our in wvitro co-culture
experiments, the enhancement of neurogenesis was suppressed
by a mixture of function-blocking antibodies (and-IL-1f,
anti-IL-6, anti-TNF-o, and anti-IFN-y) but not by any single
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antibody. These results suggest that these cytokines enhance
neurogenesis and oligodendrogenesis cooperatively. In support
of this model, among these four cytokines, we confirmed that
only IL-1f and IFN-y enhanced neurogenesis, whereas only
IL-1f and IL-6 exhibited the potential to enhance oligoden-
drogenesis. Previous reports have demonstrated that neural
progenitor cells express IL-1f3, IL-1RI, and IL-1RII and that
IL-1f regulates the proliferation and differentiation of neural
progenitor cells (Wang et al., 2007). Furthermore, IL-6 and
IL-6R have been reported to promote neurogenesis (Islam
et al., 2009). Li et al. (2010) showed that the effects of IFN-
7 are modified in the presence of microglia, supporting a
model of complementary interactions between cytokines. IL-
1f, IL-6, TNF-0, and IFN-y are proinflammatory cytokines
that have been reported to suppress neurogenesis in patholog-
ical conditions, such as chronic LPS stimulation (as described
in the SGZ chapter; Monje et al., 2003), allergic encephalo-
myelitis (EAE; Ben-Hur et al., 2003), and SE (losif et al.,
2006; Koo and Duman, 2008). However, recent reports have
indicated that a slight modification of the LPS application
protocol induces a phenotypic change in microglia (Cacci
et al., 2008). The microenvironment and ambient conditions
may regulate the combination and concentrations of the cyto-
kines that are released by microglia. In fact, some reports
have suggested that the effects of cytokines change in a con-
centration- and context-dependent manner (Bernardino et al.,
2008; Cacci et al., 2008; Das and Basu, 2008; Russo et al.,
2011). Bernardino et al. (2008) demonstrated that TNFa
results in NSC proliferation at 1 ng/mL but causes apoptosis
at 10-100 ng/mL. A more recent study has confirmed that
TNFuo signaling via TNFR2 is required for basal neurogene-
sis, whereas signaling via TNFR1 impairs neurogenesis (Chen
and Palmer, 2013). Our iz wvivo data indicate that when
microglial activation is suppressed by minocycline, the num-
ber of neural progenitors decreases to fewer than half of the
number observed under control conditions; however, the
decrease in each cytokine level was uniform and mild. Cyto-
kines are released by not only microglia but also other glia.
Cytokine release from microglia may stimulate cytokine
release from other cell types in a manner akin to “cytokine
drizzling” (a milder effect than a “cytokine storm”; Clark,
2007).

The next question to be resolved is to determine what
activates SVZ microglia in the early postnatal SVZ. A valua-
ble clue is that the role of microglia in postnatal SVZ neuro-
genesis  differs from that in embryonic neurogenesis
(Cunningham et al., 2013). Circulating mediators and hor-
mones are altered after birth (Spencer et al., 2008). During
pregnancy, maternal proinflammatory responses are sup-
pressed (Aguilar-Valles et al., 2007) and anti-inflammatory
responses are increased (Ashdown et al., 2007). The levels of

August 2015

Sato: Microglia and Neurogenesis

circulating estrogen and progesterone increase and progester-
one rapidly decreases immediately before birth (Mesiano and
Welsh, 2007). We speculate that SVZ microglia function as a
“hub” that may trigger an optimal “cytokine nest” for neuro-
genesis in response to peripheral signals. Interestingly, neural
progenitors contact blood vessels at sites devoid of the blood
brain barrier (BBB) in the SVZ (Tavazoie et al., 2008), and
neural progenitors regulate microglia, proliferation, migration,
and phagocytosis via the secretion of immunomodulatory
proteins (Mosher et al., 2012). The interaction between neu-
ral progenitors and microglia may also be important in terms
of peripheral signal delivery to the brain.

Molecular Signaling Regulates the Activation
State of Microglia

The development of microglia, including their renewal, dur-
ing neuronal development has been largely unstudied. How-
ever, this information is important for understanding the
temporally and spatially specific effects of microglia on neuro-
genesis during brain development. Runt-related transcription
factor 1 (Runx1), a key regulator of the proliferation and dif-
ferentiation of hematopoietic stem cells (HSCs; Burns et al.,
2005), is expressed in forebrain microglia during late embryo-
genesis and the first 2 weeks of postnatal development (Zusso
et al, 2012). Runxl regulates microglial proliferation
throughout the neurogenic regions (Logan et al., 2013) dur-
ing development (Ginhoux et al., 2010). Runx1 has also been
demonstrated to be necessary for the transition from the pro-
liferative activated amoeboid state to the deactivated ramified
phenotype in the postnatal mouse SVZ (Zusso et al., 2012).
Runxl is a major genetic target of Notch signaling (Burns
et al., 2005), and amoeboid microglia express Notchl
together with its ligands Jagged-1 and Delta-1 from P1 to
P10 (Cao et al., 2008). During this period, microglial popu-
lations supporting neurogenesis or oligodendrogliogenesis
acquire gene expression of adult microglia (after P4; Butovsky
et al., 2014). TGEpPI signaling is also essential for microglia
to adapt to the adult brain environment. TGEf signaling
induces the quiescent microglial phenotypic characteristics of
adult microglia in wvitro, and most microglia are lost in
Tgfbl—/— mice. Similar to tissue macrophages, microglia are
dependent on Csf-1R for their development (Erblich et al.,
2011; Hamilton, 2008). Recently, a new cytokine, IL-34, has
been identified in mice and humans and shown to bind Csf-
IR with high affinity (Lin et al., 2008). The expression of
IL-34 rescued the phenotype of Csf-1-deficient mice in a Csf-
1R-dependent manner (Wei et al., 2010), suggesting that
Csf-1 and IL-34 both regulate Csf-1R signaling. In specific
areas of the adult brain, including the cortex, olfactory bulb,
ventral striacum, and hippocampus, microglia rely on IL-34/
Cst-1R signaling for their own maintenance (Greter et al.,
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2012). Whether IL-34 and Csf-1 have complimentary or
redundant roles remains to be established.

Heterogeneity of Microglia and Neurogenesis

As described above, microglia have diverse effects on neuro-
genesis in a spatially and temporally specific manner. In gen-
eral, we use the term “activated” to describe the microglial
phenotype in contrast to the ramified phenotype. However,
recent studies have demonstrated that ramified microglia are
not only quiescent, i.c., ramified microglia survey their terri-
tory actively with fine processes and receive environmental
stimuli as sensory cells (Kettenmann et al., 2011). Currently,
the definitions of microglial “activation” are ambiguous.
Microglial phenotypes are determined by the microenviron-
ment, including the myelin content, vascular and BBB fea-
tures, cellular neighborhood, extracellular matrix constituents,
prevalent neurotransmitters, and neurochemical milieu
(Hanisch and Kettenmann, 2007; Kettenmann et al., 2011;
Lawson et al., 1990). Hippocampal microglia express
increased levels of mRNA for TNFa, CD4, and FcyRII com-
pared with microglia in the diencephalon, tegmentum, cere-
bellum, or cerebral cortex (Ren et al., 1999). NT3 expression
is identified selectively in microglia from the cerebral cortex,
globus pallidus, and medulla but not from other brain
regions (Elkabes et al., 1996). Even within a given region, the
reactive phenotypes in response to infection or injury appear
to be represented by subsets rather than by a uniform popula-
tion of microglia (Scheffel et al., 2012). A single population
of microglia can potentially adopt various phenotypes; how-
ever, whether these phenotypic differences can be accurately
classified as “subtypes” remains unclear. Therefore, categoriz-
ing the neurogenic microglia present in the SGZ and SVZ
may be difficult at present.

Furthermore, the MO, M1, and M2 stages are consid-
ered the functional phenotypes of microglia at present. These
delineations are based on data regarding monocyte and mac-
rophage biology (Sica and Mantovani, 2012). Macrophages
that have been exposed to different stimuli are designated
M1, M2a, M2b, and M2c depending on the stimulus and
context (Geissmann et al., 2010; Mantovani et al., 2002;
Mills, 2012). Approximately 50 surface markers that are char-
acteristic of the mononuclear phagocyte lineage have been
identified for macrophages, and 35 of these markers are con-
sidered useful for discriminating subsets of macrophages and
dendritic cells (Chan et al.,, 2007). M1 microglia are proin-
flammatory and cause neurogenesis failure. However, whether
anti-inflammatory M2 microglia represent the active neuro-
genic phenotype remains unknown. The characteristics of M2
microglia are not necessarily associated with positive out-
comes; they can induce an inappropriate downregulation of
the inflammatory response (Mantovani et al., 2002). More-
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over, stimulus-induced transcriptional plasticity of microglia
has been described. Because this type of plasticity does not
correspond to M1 or M2 plasticity and is distinct from the
resting state transcriptome, this stage has been referred to as
MO (Butovsky et al., 2014). Furthermore, the existence of
intermediate phenotypes is possible. P3 mouse brain micro-
glia express increased levels of both M1 (iNOS and TNFa)
and M2 (Arginase-1) genes compared with adult microglia
(Crain et al., 2013). The systemic intraperitoneal administra-
tion of LPS (1 mg/kg) to P5 mice increased the proliferation
of microglia/microglial precursor cells and caused a transient
inhibition of neuronal differentiation in the SVZ (Smith
et al., 2014). The Cd86 (M1) and Yml (M2) genes were
both upregulated at 48 h, whereas iNOS (M1) was upregu-
lated, and IL-6 (M1) was downregulated. These data suggest
that multiple microglial phenotypes, which cannot be simply
categorized as M1 or M2, may exist. Recent comparative
analyses have demonstrated that microglia exhibit distinct
phenotypic and functional properties compared with periph-
eral macrophages regarding their responsiveness to M1-M2
polarization conditions (Durafourt et al., 2012). In addition
to the M1-M2 classification, HoxB8 expression also divides
microglia into positive and negative groups. HoxB8-
expressing cells represent approximately 15% of the CD11b+
cells in the adult brain and may be ontogenically distinct
from the yolk sac-derived dominant population of microglia
(De et al., 2013). The characterization of this population is
important because mice with a complete loss of HoxB8
exhibit excessive grooming, leading to hair loss and skin
lesions; these phenotypes are similar to the human phenotype
of the OCD spectrum disorder trichotillomania (Chen et al.,
2010). The relationship between HoxB8 expression and neu-
rogenic potential remains unknown.

A Note regarding the Experimental Design

An instructive role of microglia in the regulation of neuro-
nal differentiation was first demonstrated by 7z vitro studies.
In vitro microglial systems can never faithfully reproduce the
complex characteristics of the in vivo environment; however,
these systems allow us to investigate specific aspects of
microglia that are masked by surrounding factors. Aarum
et al. (2003) demonstrated that microglia can guide the dif-
ferentiation of precursor cells isolated from the embryonic
brain, as well as adult mouse neural precursor cells toward a
neuronal phenotype. Reports that are more recent have dem-
onstrated that microglia possess intrinsic, spatially restricted
characteristics that are independent of their 7z vitro environ-
ment and that they represent unique and functionally dis-
tinct populations. SGZ microglia in wvitro are uniquely
capable of providing sustained levels of inducible neurogene-
sis (Marshall et al., 2014). Furthermore, the neurogenic
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phenotype acquired from wheel running is sustained iz vitro
(Ziv and Schwartz, 2008a). However, isolated microglia do
not exhibit the highly ramified structure that is typically
observed in the healthy brain (Neiva et al., 2014). One of
the major reasons for differences between iz vivo and in
vitro microglia is serum. In living organisms, microglia
reside behind the BBB and are shielded from plasma pro-
teins (Bechmann et al., 2007). /n vitro cultures include high
concentrations of serum (derived from plasma, to which
microglia are never exposed in the healthy brain) (Ransohoff
and Perry, 2009). Gene expression analysis has indicated
that microglial cultures stimulated with cytokines and bacte-
rial cell-wall components expressed genes in a pattern that
was more similar to macrophages (challenged with the same
stimuli) from the abdominal cavity compared with microglia
isolated from animals that received the same cockrail of
cytokines and bacterial components injected into the brain
(Schmid et al., 2009). Plasma fibrinogen may be a key com-
ponent of serum (Adams et al., 2007). Fibrinogen-
stimulated microglia exhibit increased phagocytic capacity,
an effect that is mediated via AKT- and Rho-dependent
pathways (Ryu et al., 2009). Iz vitro microglial cultures are
useful as long as the differences between iz vivo and in vitro
systems are acknowledged. To achieve convincing signifi-
cance from an iz vitro system, confirming that the observed
phenomena are reproduced 77 vivo and demonstrating that
the effect in question is mediated via the same signaling
pathways are essential.

At P4, male rats have a significantly greater number of
microglia compared with females in many brain regions crit-
ical for cognition, learning, and memory, including the hip-
pocampus, parietal cortex, and amygdala (Schwarz and
Bilbo, 2012). The same authors also demonstrated that
females have a greater number of microglia later in develop-
ment (P30-60). Most microglia in P4 males have been dem-
onstrated to have an activated/amoeboid morphology,
whereas microglia in P30-60 females exhibited a more rami-
fied morphology. Furthermore, the hippocampal and cortical
expression profiles of numerous cytokines, chemokines and
their receptors shift dramatically during development and
are highly sex dependent (Schwarz et al., 2011). In human
females, the number of brain microglia has been demon-
strated to increase with age (Pelvig et al., 2008). A strong
sex bias is known to exist with respect to the prevalence of
many neuropsychiatric developmental disorders that exhibit
differences in the latency to onset, as well as to strong dysre-
gulation of the immune system. For example, males are
more likely to be diagnosed with early-onset developmental
neurological disorders, such as autism, dyslexia, and schizo-
phrenia (Bao and Swaab, 2010). Therefore, sex differences
should be considered in animal experiments, particularly for
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studies that investigate animal models of developmental
disorders.

Closing Remarks

In this review, I have summarized and organized the data
regarding the effects of microglia on neurogenesis, particularly
focusing on the SGZ and the SVZ, in which the neurogenic
potential is progressively restricted during the life of the orga-
nism. As described above, microglia regulate neurogenesis in
a temporally and spatially specific manner. To further under-
stand the physiological significance of the role of microglia in
neurogenesis, the development of microglia in the brain
should also be clarified. The data introduced here raise the
possibility that microglia sense signals from the surrounding
environment and have regulatory effects on neurogenesis. We
speculate that microglia function as a “hub” for information
from the inner and outer brain regions during neurogenesis
regulation. When the precise mechanisms for the enhance-
ment of neurogenesis, interaction between microglia and
NSCs, and delivery of peripheral signals into the brain are
clarified, these new findings will be helpful in the clinical
therapy of neuronal disorders, including developmental
disorders.

Acknowledgment

Grant sponsor: Program for Promotion of Fundamental Stud-
ies in Health Sciences of NIBIO, Japan.; Grant sponsor: The
grant for Research on Risks of Chemicals, Health and Labour
Sciences Research Grants on Research on Regulatory Science
of Pharmaceuticals and Medical Devices, a Labor Science
Research Grant for Research on New Drug Development
from the MHLW, Japan.; Grant sponsor: the Grant for iPS
Non-clinical Experiments for Nervous System (iNCENS)
project in Research Grants on Regulatory Science of Pharma-
ceuticals and Medical Devices from Japan Agency for Medical
Research and development (AMED); awarded to KS.

I apologize to those authors whose works were not cited
due to space constraints.

References

Aarum J, Sandberg K, Haeberlein SL, Persson MA. 2003. Migration and dif-
ferentiation of neural precursor cells can be directed by microglia. Proc Natl
Acad Sci USA 100:15983-15988.

Adams RA, Bauer J, Flick MJ, Sikorski SL, Nuriel T, Lassmann H, Degen JL,
Akassoglou K. 2007. The fibrin-derived gamma377-395 peptide inhibits
microglia activation and suppresses relapsing paralysis in central nervous sys-
tem autoimmune disease. J Exp Med 204:571-582.

Aguilar-Valles A, Poole S, Mistry Y, Williams S, Luheshi GN. 2007. Attenuated
fever in rats during late pregnancy is linked to suppressed interleukin-6 pro-
duction after localized inflammation with turpentine. J Physiol 583:391-403.

Aimone JB, Wiles J, Gage FH. 2006. Potential role for adult neurogenesis in
the encoding of time in new memories. Nat Neurosci 9:723-727.

1401



GLIA e

Aimone JB, Deng W, Gage FH. 2011. Resolving new memories: A critical
look at the dentate gyrus, adult neurogenesis, and pattern separation. Neu-
ron 70:589-596.

Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM. 2011. Infiltrating
monocytes trigger EAE progression, but do not contribute to the resident
microglia pool. Nat Neurosci 14:1142-1149.

Armo B, Grassivaro F, Rossi C, Bergamaschi A, Castiglioni V, Furlan R, Greter
M, Favaro R, Comi G, Becher B, Martino G, Muzio L, et al. 2014. Neural pro-
genitor cells orchestrate microglia migration and positioning into the devel-
oping cortex. Nat Commun 5:5611.

Ashdown H, Poole S, Boksa P, Luheshi GN. 2007. Interleukin-1 receptor
antagonist as a modulator of gender differences in the febrile response to
lipopolysaccharide in rats. Am J Physiol Regul Integr Comp Physiol 292:
R1667-R1674.

Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brewster
KW, Hudson CE, Cole MJ, Harrison JK, Bickford PC, et al. 2009. Fractalkine
and CX 3 crl regulate hippocampal neurogenesis in adult and aged rats.
Neurobiol Aging 32:2030-2044.

Bao AM, Swaab DF. 2010. Sex differences in the brain, behavior, and neuro-
psychiatric disorders. Neuroscientist 16:550-565.

Barrientos SA, Martinez NW, Yoo S, Jara JS, Zamorano S, Hetz C, Twiss JL,
Alvarez J, Court FA. 2011. Axonal degeneration is mediated by the mito-
chondrial permeability transition pore. J Neurosci 31:966-978.

Bechmann |, Galea |, Perry VH. 2007. What is the blood-brain barrier (not)?
Trends Immunol 28:5-11.

Ben-Hur T, Ben-Menachem O, Furer V, Einstein O, Mizrachi-Kol R, Grigoriadis
N. 2003. Effects of proinflammatory cytokines on the growth, fate, and motil-
ity of multipotential neural precursor cells. Mol Cell Neurosci 24:623-631.

Bernardino L, Agasse F, Silva B, Ferreira R, Grade S, Malva JO. 2008. Tumor
necrosis factor-alpha modulates survival, proliferation, and neuronal differen-
tiation in neonatal subventricular zone cell cultures. Stem Cells 26:2361-
2371.

Bizon JL, Lee HJ, Gallagher M. 2004. Neurogenesis in a rat model of age-
related cognitive decline. Aging Cell 3:227-234.

Bonde S, Ekdahl CT, Lindvall O. 2006. Long-term neuronal replacement in
adult rat hippocampus after status epilepticus despite chronic inflammation.
Eur J Neurosci 23:965-974.

Bouchard-Cannon P, Mendoza-Viveros L, Yuen A, Keern M, Cheng HY.
2013. The circadian molecular clock regulates adult hippocampal neurogen-
esis by controlling the timing of cell-cycle entry and exit. Cell Rep 5:
961-973.

Brill MS, Ninkovic J, Winpenny E, Hodge RD, Ozen |, Yang R, Lepier A,
Gascon S, Erdelyi F, Szabo G, et al. 2009. Adult generation of glutamatergic
olfactory bulb interneurons. Nat Neurosci 12:1524-1533.

Burns CE, Traver D, Mayhall E, Shepard JL, Zon LI. 2005. Hematopoietic
stem cell fate is established by the Notch-runx pathway. Genes Dev 19:2331-
2342.

Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
Koeglsperger T, Dake B, Wu PM, Doykan CE, et al. 2014. Identification of a
unique TGF-beta-dependent molecular and functional signature in microglia.
Nat Neurosci 17:131-143.

Butovsky O, Ziv Y, Schwartz A, Landa G, Talpalar AE, Pluchino S, Martino G,
Schwartz M. 2006. Microglia activated by IL-4 or IFN-gamma differentially
induce neurogenesis and oligodendrogenesis from adult stem/progenitor
cells. Mol Cell Neurosci 31:149-160.

Cacci E, Ajmone-Cat MA, Anelli T, Biagioni S, Minghetti L. 2008. In vitro neu-
ronal and glial differentiation from embryonic or adult neural precursor cells
are differently affected by chronic or acute activation of microglia. Glia 56:
412-425.

Cao Q, Lu J, Kaur C, Sivakumar V, Li F, Cheah PS, Dheen ST, Ling EA. 2008.
Expression of Notch-1 receptor and its ligands Jagged-1 and Delta-1 in
amoeboid microglia in postnatal rat brain and murine BV-2 cells. Glia 56:
1224-1237.

1402

Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
Huang D, Kidd G, Dombrowski S, Dutta R, et al. 2006. Control of microglial
neurotoxicity by the fractalkine receptor. Nat Neurosci 9:917-924.

Chan WY, Kohsaka S, Rezaie P. 2007. The origin and cell lineage of micro-
glia: New concepts. Brain Res Rev 53:344-354.

Chapman GA, Moores K, Harrison D, Campbell CA, Stewart BR, Strijoos PJ.
2000. Fractalkine cleavage from neuronal membranes represents an acute
event in the inflammatory response to excitotoxic brain damage. J Neurosci
20:RC87.

Chen SK, Tvrdik P, Peden E, Cho S, Wu S, Spangrude G, Capecchi MR.
2010. Hematopoietic origin of pathological grooming in hoxb8 mutant mice.
Cell 141:775-785.

Chen Z, Palmer TD. 2013. Differential roles of tnfr1 and tnfr2 signaling in
adult hippocampal neurogenesis. Brain Behav Immun 30:45-53.

Choi YS, Cho HY, Hoyt KR, Naegele JR, Obrietan K. 2008. IGF-1 receptor-
mediated ERK/MAPK signaling couples status epilepticus to progenitor cell
proliferation in the subgranular layer of the dentate gyrus. Glia 56:791-800.

Chrysis D, Calikoglu AS, Ye P, D'Ercole AJ. 2001. Insulin-like growth factor-I
overexpression attenuates cerebellar apoptosis by altering the expression of
bcl family proteins in a developmentally specific manner. J Neurosci 21:
1481-1489.

Clark 1A. 2007. The advent of the cytokine storm. Immunol Cell Biol 85:271-
273.

Crain JM, Nikodemova M, Watters JJ. 2013. Microglia express distinct m1
and m2 phenotypic markers in the postnatal and adult central nervous system
in male and female mice. J Neurosci Res 91:1143-1151.

Cunningham CL, Martinez-Cerdeno V, Noctor SC. 2013. Microglia regulate
the number of neural precursor cells in the developing cerebral cortex.
J Neurosci 33:4216-4233.

Dahlstrand J, Lardelli M, Lendahl U. 1995. Nestin mRNA expression corre-
lates with the central nervous system progenitor cell state in many, but not
all, regions of developing central nervous system. Brain Res Dev Brain Res
84:109-129.

Das S, Basu A. 2008. Inflammation: A new candidate in modulating adult
neurogenesis. J Neurosci Res 86:1199-1208.

De S, Nagarajan N, Xu B, Peden E, Tbrdik P, Capecchi M. 2013. Hoxb8-posi-
tive microglia have distinct developmental and physiological properties. Sc.
Neurosci., Abstract.

Diamond MC, Ingham CA, Johnson RE, Bennett EL, Rosenzweig MR. 1976.
Effects of environment on morphology of rat cerebral cortex and hippocam-
pus. J Neurobiol 7:75-85.

Dilger RN, Johnson RW. 2008. Aging, microglial cell priming, and the dis-
cordant central inflammatory response to signals from the peripheral immune
system. J Leukoc Biol 84:932-939.

Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A. 1999. Sub-
ventricular zone astrocytes are neural stem cells in the adult mammalian
brain. Cell 97:703-716.

Dorr A, Sled JG, Kabani N. 2007. Three-dimensional cerebral vasculature of
the CBA mouse brain: A magnetic resonance imaging and micro computed
tomography study. Neuroimage 35:1409-1423.

Dranovsky A, Picchini AM, Moadel T, Sisti AC, Yamada A, Kimura S,
Leonardo ED, Hen R. 2011. Experience dictates stem cell fate in the adult
hippocampus. Neuron 70:908-923.

Drapeau E, Mayo W, Aurousseau C, Le Moal M, Piazza PV, Abrous DN. 2003.
Spatial memory performances of aged rats in the water maze predict levels
of hippocampal neurogenesis. Proc Natl Acad Sci USA 100:14385-14390.

Durafourt BA, Moore CS, Zammit DA, Johnson TA, Zaguia F, Guiot MC, Bar-
Or A, Antel JP. 2012. Comparison of polarization properties of human adult
microglia and blood-derived macrophages. Glia 60:717-727.

Eckenhoff MF, Rakic P. 1988. Nature and fate of proliferative cells in the hip-
pocampal dentate gyrus during the life span of the rhesus monkey.
J Neurosci 8:2729-2747.

Volume 63, No. 8



Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O. 2003. Inflammation is
detrimental for neurogenesis in adult brain. Proc Natl Acad Sci USA 100:
13632-13637.

Elkabes S, DiCicco-Bloom EM, Black IB. 1996. Brain microglia/macrophages
express neurotrophins that selectively regulate microglial proliferation and
function. J Neurosci 16:2508-2521.

Erblich B, Zhu L, Etgen AM, Dobrenis K, Pollard JW. 2011. Absence of colony
stimulation factor-1 receptor results in loss of microglia, disrupted brain
development and olfactory deficits. PLoS One 6:€26317.

Gage FH, Kempermann G, Palmer TD, Peterson DA, Ray J. 1998. Multipotent
progenitor cells in the adult dentate gyrus. J Neurobiol 36:249-266.

Garcia-Verdugo JM, Doetsch F, Wichterle H, Lim DA, Alvarez-Buylla A. 1998.
Architecture and cell types of the adult subventricular zone: In search of the
stem cells. J Neurobiol 36:234-248.

Gebara E, Sultan S, Kocher-Braissant J, Toni N. 2013. Adult hippocampal
neurogenesis inversely correlates with microglia in conditions of voluntary
running and aging. Front Neurosci 7:145-

Geissmann F, Gordon S, Hume DA, Mowat AM, Randolph GJ. 2010. Unravel-
ling mononuclear phagocyte heterogeneity. Nat Rev Immunol 10:453-460.

Gemma C, Bachstetter AD, Cole MJ, Fister M, Hudson C, Bickford PC. 2007.
Blockade of caspase-1 increases neurogenesis in the aged hippocampus. Eur
J Neurosci 26:2795-2803.

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF,
Conway SJ, Ng LG, Stanley ER, et al. 2010. Fate mapping analysis reveals
that adult microglia derive from primitive macrophages. Science 330:841-
845.

Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, Johnson
RW. 2005. Exaggerated neuroinflammation and sickness behavior in aged
mice following activation of the peripheral innate immune system. FASEB J
19:1329-1331.

Goings GE, Kozlowski DA, Szele FG. 2006. Differential activation of microglia
in neurogenic versus non-neurogenic regions of the forebrain. Glia 54:329—
342.

Goldberg JS, Hirschi KK. 2009. Diverse roles of the vasculature within the
neural stem cell niche. Regen Med 4:879-897.

Gonzalez-Perez O, Alvarez-Buylla A. 2011. Oligodendrogenesis in the sub-
ventricular zone and the role of epidermal growth factor. Brain Res Rev 67:
147-156.

Greter M, Lelios |, Pelczar P, Hoeffel G, Price J, Leboeuf M, Kundig TM, Frei
K, Ginhoux F, Merad M, et al. 2012. Stroma-derived interleukin-34 controls
the development and maintenance of langerhans cells and the maintenance
of microglia. Immunity 37:1050-1060.

Hack MA, Saghatelyan A, de Chevigny A, Pfeifer A, Ashery-Padan R, Lledo
PM, Gotz M. 2005. Neuronal fate determinants of adult olfactory bulb neuro-
genesis. Nat Neurosci 8:865-872.

Hamilton JA. 2008. Colony-stimulating factors in inflammation and autoim-
munity. Nat Rev Immunol 8:533-544.

Hanisch UK, Kettenmann H. 2007. Microglia: Active sensor and versatile
effector cells in the normal and pathologic brain. Nat Neurosci 10:1387-
1394.

Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK, Streit WJ,
Salafranca MN, Adhikari S, Thompson DA, et al. 1998. Role for neuronally
derived fractalkine in mediating interactions between neurons and CX3CR1-
expressing microglia. Proc Natl Acad Sci USA 95:10896-10901.

Hodge RD, D'Ercole AJ, O'Kusky JR. 2004. Insulin-like growth factor-I accel-
erates the cell cycle by decreasing g1 phase length and increases cell cycle
reentry in the embryonic cerebral cortex. J Neurosci 24:10201-10210.

lhrie RA, Alvarez-Buylla A. 2011. Lake-front property: A unique germinal niche
by the lateral ventricles of the adult brain. Neuron 70:674-686.

losif RE, Ekdahl CT, Ahlenius H, Pronk CJ, Bonde S, Kokaia Z, Jacobsen SE,
Lindvall O. 2006. Tumor necrosis factor receptor 1 is a negative regulator of

August 2015

Sato: Microglia and Neurogenesis

progenitor proliferation in adult hippocampal neurogenesis. J Neurosci 26:
9703-9712.

Islam O, Gong X, Rose-John S, Heese K. 2009. Interleukin-6 and neural stem
cells: More than gliogenesis. Mol Biol Cell 20:188-199.

Jessberger S, Nakashima K, Clemenson GD Jr, Mejia E, Mathews E, Ure K,
Ogawa S, Sinton CM, Gage FH, Hsieh J. 2007. Epigenetic modulation of
seizure-induced neurogenesis and cognitive decline. J Neurosci 27:5967-
5975.

Kaplan MS, Hinds JW. 1977. Neurogenesis in the adult rat: Electron micro-
scopic analysis of light radioautographs. Science 197:1092-1094.

Kempermann G, Gast D, Gage FH. 2002. Neuroplasticity in old age: Sus-
tained fivefold induction of hippocampal neurogenesis by long-term environ-
mental enrichment. Ann Neurol 52:135-143.

Kempermann G, Kuhn HG, Gage FH. 1998. Experience-induced neurogenesis
in the senescent dentate gyrus. J Neurosci 18:3206-3212.

Kempermann G, Wiskott L, Gage FH. 2004. Functional significance of adult
neurogenesis. Curr Opin Neurobiol 14:186-191.

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. 2011. Physiology of
microglia. Physiol Rev 91:461-553.

Kohman RA, DeYoung EK, Bhattacharya TK, Lindsey N, Peterson LN, Rhodes
JS. 2012. Wheel running attenuates microglia proliferation and increases
expression of a proneurogenic phenotype in the hippocampus of aged mice.
Brain Behav Immun 26:803-810.

Kohman RA, Rodriguez-Zas SL, Southey BR, Kelley KW, Dantzer R, Rhodes
JS. 2011b. Voluntary wheel running reverses age-induced changes in hippo-
campal gene expression. PLoS One 6:22654.

Kohman RA, Tarr AJ, Byler SL, Boehm GW. 2007. Age increases vulnerability
to bacterial endotoxin-induced behavioral decrements. Physiol Behav 91:
561-565.

Koo JW, Duman RS. 2008. IL-1beta is an essential mediator of the antineuro-
genic and anhedonic effects of stress. Proc Natl Acad Sci USA 105:751-756.

Lawson LJ, Perry VH, Dri P, Gordon S. 1990. Heterogeneity in the distribution
and morphology of microglia in the normal adult mouse brain. Neuroscience
39:151-170.

Lee B, Dziema H, Lee KH, Choi YS, Obrietan K. 2007. CRE-mediated tran-
scription and COX-2 expression in the pilocarpine model of status epilepti-
cus. Neurobiol Dis 25:80-91.

Li G, Fang L, Fernandez G, Pleasure SJ. 2013. The ventral hippocampus is
the embryonic origin for adult neural stem cells in the dentate gyrus. Neuron
78:658-672.

Li L, Walker TL, Zhang Y, Mackay EW, Bartlett PF. 2010. Endogenous inter-
feron gamma directly regulates neural precursors in the non-inflammatory
brain. J Neurosci 30:9038-9050.

Lie DC, Song H, Colamarino SA, Ming GL, Gage FH. 2004. Neurogenesis in
the adult brain: New strategies for central nervous system diseases. Annu
Rev Pharmacol Toxicol 44:399-421.

Lie DC, Colamarino SA, Song HJ, Désiré L, Mira H, Consiglio A, Lein ES,
Jessberger S, Lansford H, Dearie AR, Gage FH. 2005. Wnt signalling regu-
lates adult hippocampal neurogenesis. Nature 437:1370-1375.

Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E, Halenbeck R, Wu G, Zhou
A, Behrens D, et al. 2008. Discovery of a cytokine and its receptor by func-
tional screening of the extracellular proteome. Science 320:807-811.

Lledo PM, Alonso M, Grubb MS. 2006. Adult neurogenesis and functional
plasticity in neuronal circuits. Nat Rev Neurosci 7:179-193.

Logan TT, Villapol S, Symes AJ. 2013. TGF-beta superfamily gene expression
and induction of the runx1 transcription factor in adult neurogenic regions
after brain injury. PLoS One 8:e59250-

Luskin MB. 1993. Restricted proliferation and migration of postnatally gener-
ated neurons derived from the forebrain subventricular zone. Neuron 11:173-
189.

1403



GLIA e

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. 2002. Macrophage
polarization: Tumor-associated macrophages as a paradigm for polarized m2
mononuclear phagocytes. Trends Immunol 23:549-555.

Marshall GP I, Deleyrolle LP, Reynolds BA, Steindler DA Laywell ED.
2014. Microglia from neurogenic and non-neurogenic regions display dif-
ferential proliferative potential and neuroblast support. Front Cell Neurosci
8:180.

Menn B, Garcia-Verdugo JM, Yaschine C, Gonzalez-Perez O, Rowitch D,
Alvarez-Buylla A. 2006. Origin of oligodendrocytes in the subventricular zone
of the adult brain. J Neurosci 26:7907-7918.

Merkle FT, Mirzadeh Z, Alvarez-Buylla A. 2007. Mosaic organization of neural
stem cells in the adult brain. Science 317:381-384.

Merrill DA, Karim R, Darraq M, Chiba AA, Tuszynski MH. 2003. Hippocampal
cell genesis does not correlate with spatial learning ability in aged rats.
J Comp Neurol 459:201-207.

Mesiano S, Welsh TN. 2007. Steroid hormone control of myometrial contrac-
tility and parturition. Semin Cell Dev Biol 18:321-331.

Miller JA, Nathanson J, Franjic D, Shim S, Dalley RA, Shapouri S, Smith KA,
Sunkin SM, Bernard A, Bennett JL, Lee CK, Hawrylycz MJ, Jones AR, Amaral
DG, Sestan N, Gage FH, Lein ES. 2013. Conserved molecular signatures of
neurogenesis in the hippocampal subgranular zone of rodents and primates.
Development 140:4633-4644.

Mills CD. 2012. M1 and M2 macrophages: Oracles of health and disease.
Crit Rev Immunol 32:463-488.

Ming GL, Song H. 2011. Adult neurogenesis in the mammalian brain: Signifi-
cant answers and significant questions. Neuron 70:687-702.

Monje ML, Toda H, Palmer TD. 2003. Inflammatory blockade restores adult
hippocampal neurogenesis. Science 302:1760-1765.

Mosher Kl, Andres RH, Fukuhara T, Bieri G, Hasegawa-Moriyama M, He Y,
Guzman R, Wyss-Coray T. 2012. Neural progenitor cells regulate microglia
functions and activity. Nat Neurosci 15:1485-1487.

Nakahira E, Yuasa S. 2005. Neuronal generation, migration, and differentia-
tion in the mouse hippocampal primoridium as revealed by enhanced green
fluorescent protein gene transfer by means of in utero electroporation.
J Comp Neurol 483:329-340.

Neiva I, Malva JO, Valero J. 2014. Can we talk about microglia without neu-
rons? A discussion of microglial cell autonomous properties in culture. Front
Cell Neurosci 8:202.

Neumann H, Kotter MR, Franklin RJ. 2009. Debris clearance by microglia: An
essential link between degeneration and regeneration. Brain 132:288-295.

Nunan R, Sivasathiaseelan H, Khan D, Zaben M, Gray W. 2014. Microglial
VPAC1R mediates a novel mechanism of neuroimmune-modulation of hippo-
campal precursor cells via IL-4 release. Glia 62:1313-1327.

Olah M, Biber K, Vinet J, Boddeke HW. 2011. Microglia phenotype diversity.
CNS Neurol Disord Drug Targets 10:108-118.

Olah M, Ping G, De Haas AH, Brouwer N, Meerlo P, Van Der Zee EA, Biber
K, Boddeke HW. 2009. Enhanced hippocampal neurogenesis in the absence
of microglia T cell interaction and microglia activation in the murine running
wheel model. Glia 57:1046-1061.

Ortega F, Gascon S, Masserdotti G, Deshpande A, Simon C, Fischer J,
Dimou L, Chichung Lie D, Schroeder T, Berninger B. 2013. Oligodendroglio-
genic and neurogenic adult subependymal zone neural stem cells constitute
distinct lineages and exhibit differential responsiveness to wnt signalling. Nat
Cell Biol 15:602-613.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Giustetto
M, Ferreira TA, Guiducci E, Dumas L, et al. 2011. Synaptic pruning by microglia
is necessary for normal brain development. Science 333:1456-1458.

Parkhurst CN, Yang G, Ninan |, Savas JN, Yates JR Ill, Lafaille JJ, Hempstead
BL, Littman DR Gan WB. 2013. Microglia promote leaming-dependent synapse
formation through brain-derived neurotrophic factor. Cell 155:1596-1609.

Pelvig DP, Pakkenberg H, Stark AK, Pakkenberg B. 2008. Neocortical glial
cell numbers in human brains. Neurobiol Aging 29:1754-1762.

1404

Pervaiz N, Hoffman-Goetz L. 2011. Freewheel training alters mouse hippo-
campal cytokines. Int J Sports Med 32:889-895.

Pocock JM, Kettenmann H. 2007. Neurotransmitter receptors on microglia.
Trends Neurosci 30:527-535.

Prinz M, Mildner A. 2011. Microglia in the CNS: Immigrants from another
world. Glia 59:177-187.

Quaegebeur A, Lange C, Carmeliet P. 2011. The neurovascular link in health
and disease: Molecular mechanisms and therapeutic implications. Neuron 71:
406-424.

Ransohoff RM, Cardona AE. 2010. The myeloid cells of the central nervous
system parenchyma. Nature 468:253-262.

Ransohoff RM, Perry VH. 2009. Microglial physiology: Unique stimuli, special-
ized responses. Annu Rev Immunol 27:119-145.

Rao MS, Hattiangady B, Shetty AK. 2006. The window and mechanisms of
major age-related decline in the production of new neurons within the den-
tate gyrus of the hippocampus. Aging Cell 5:545-558.

Ravichandran KS. 2003. “recruitment signals” from apoptotic cells: Invitation
to a quiet meal. Cell 113:817-820.

Ren L, Lubrich B, Biber K, Gebicke-Haerter PJ. 1999. Differential expression
of inflammatory mediators in rat microglia cultured from different brain
regions. Brain Res Mol Brain Res 65:198-205.

Reshef R, Kreisel T, Beroukhim Kay D, Yirmiya R. 2014. Microglia and their
cx3crl signaling are involved in hippocampal- but not olfactory bulb-related
memory and neurogenesis. Brain Behav Immun 41:239-250.

Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grimmig
BA, Weeber EJ, Bickford PC, Gemma C. 2011. Cx3cr1 deficiency leads to
impairment of hippocampal cognitive function and synaptic plasticity.
J Neurosci 31:16241-16250.

Russo |, Barlati S, Bosetti F. 2011. Effects of neuroinflammation on the regen-
erative capacity of brain stem cells. J Neurochem 116:947-956.

Ryu JK, Davalos D, Akassoglou K. 2009. Fibrinogen signal transduction in the
nervous system. J Thromb Haemost 7 Suppl 1:151-154.

Scheffel J, Regen T, Van Rossum D, Seifert S, Ribes S, Nau R, Parsa R, Harris
RA, Boddeke HW, Chuang HN, et al. 2012. Toll-like receptor activation
reveals developmental reorganization and unmasks responder subsets of
microglia. Glia 60:1930-1943.

Schlegelmilch T, Henke K, Peri F. 2011. Microglia in the developing brain:
From immunity to behaviour. Curr Opin Neurobiol 21:5-10.

Schmid CD, Melchior B, Masek K, Puntambekar SS, Danielson PE, Lo DD,
Sutcliffe JG, Carson MJ. 2009. Differential gene expression in LPS/IFNgamma
activated microglia and macrophages: In vitro versus in vivo. J Neurochem
109 Suppl 1:117-125.

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N,
Kierdorf K, Prinz M, Wu B, Jacobsen SE, Pollard JW, et al. 2012. A lineage of
myeloid cells independent of myb and hematopoietic stem cells. Science
336:86-90.

Schwarz JM, Bilbo SD. 2012. Sex, glia, and development: Interactions in
health and disease. Horm Behav 62:243-253.

Schwarz JM, Sholar PW, Bilbo SD. 2011. Sex differences in microglial coloni-
zation of the developing rat brain. J Neurochem 120:948-963.

Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent P,
Pumiglia K, Temple S. 2004. Endothelial cells stimulate self-renewal and
expand neurogenesis of neural stem cells. Science 304:1338-1340.

Shen Q, Wang Y, Kokovay E, Lin G, Chuang SM, Goderie SK, Roysam B,
Temple S. 2008. Adult SVZ stem cells lie in a vascular niche: A quantitative
analysis of niche cell-cell interactions. Cell Stem Cell 3:289-300.

Sheridan GK, Murphy KJ. 2013. Neuron-glia crosstalk in health and disease:
Fractalkine and cx3cr1 take centre stage. Open Biol 3:130181-

Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, Sekino Y, Sato K. 2014.
Microglia enhance neurogenesis and oligodendrogenesis in the early post-
natal subventricular zone. J Neurosci 34:2231-2243.

Volume 63, No. 8



Sica A, Mantovani A. 2012. Macrophage plasticity and polarization: In vivo
veritas. J Clin Invest 122:787-795.

Sierra A, Encinas JM, Deudero JJ, Chancey JH, Enikolopov G, Overstreet-
Wadiche LS, Tsirka SE, Maletic-Savatic M. 2010. Microglia shape adult hippo-
campal neurogenesis through apoptosis-coupled phagocytosis. Cell Stem
Cell 7:483-495.

Sminia T, de Groot CJ, Dijkstra CD, Koetsier JC, Polman CH. 1987. Macro-
phages in the central nervous system of the rat. Immunobiology 174:43-50.

Smith PL, Hagberg H, Naylor AS, Mallard C. 2014. Neonatal peripheral
immune challenge activates microglia and inhibits neurogenesis in the devel-
oping murine hippocampus. Dev Neurosci 36:119-131.

Spencer SJ, Mouihate A, Galic MA, Pittman QJ. 2008. Central and peripheral
neuroimmune responses: Hyporesponsiveness during pregnancy. J Physiol
586:399-406.

Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, Bessis A,
Ginhoux F, Garel S. 2014. Microglia modulate wiring of the embryonic fore-
brain. Cell Rep 8:1271-1279.

Sultan S, Gebara E, Toni N. 2013. Doxycycline increases neurogenesis and
reduces microglia in the adult hippocampus. Front Neurosci 7:131.

Taupin P, editor. 2008. Development of the hippocampus. New York: Nova
Biomedical Books. p 93.

Tavazoie M, Van der Veken L, Silva-Vargas V, Louissaint M, Colonna L, Zaidi
B, Garcia-Verdugo JM, Doetsch F. 2008. A specialized vascular niche for
adult neural stem cells. Cell Stem Cell 3:279-288.

Tong L, Shen H, Perreau VM, Balazs R, Cotman CW. 2001. Effects of exercise
on gene-expression profile in the rat hippocampus. Neurobiol Dis 8:1046-1056.

Tropepe V, Craig CG, Morshead CM, van der Kooy D. 1997. Transforming
growth factor-alpha null and senescent mice show decreased neural progenitor
cell proliferation in the forebrain subependyma. J Neurosci 17:7850-7859.

Tyler WA, Haydar TF. 2013. Multiplex genetic fate mapping reveals a novel
route of neocortical neurogenesis, which is altered in the Ts65Dn mouse
model of down syndrome. J Neurosci 33:5106-5119.

Ueno M, Yamashita T. 2014. Bidirectional tuning of microglia in the develop-
ing brain: From neurogenesis to neural circuit formation. Curr Opin Neurobiol
27:8-15.

van Praag H, Kempermann G, Gage FH. 1999. Running increases cell prolifer-
ation and neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2:
266-270.

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH. 2002.
Functional neurogenesis in the adult hippocampus. Nature 415:1030-1034.

August 2015

Sato: Microglia and Neurogenesis

van Praag H, Shubert T, Zhao C, Gage FH. 2005. Exercise enhances learing
and hippocampal neurogenesis in aged mice. J Neurosci 25:8680-8685.

Varela-Nallar L, Inestrosa NC. 2013. Wnt signaling in the regulation of adult
hippocampal neurogenesis. Front Cell Neurosci 7:100.

Vukovic J, Colditz MJ, Blackmore DG, Ruitenberg MJ, Bartlett PF. 2012.
Microglia modulate hippocampal neural precursor activity in response to
exercise and aging. J Neurosci 32:6435-6443.

Wakselman S, Bechade C, Roumier A, Bernard D, Triller A, Bessis A. 2008.
Developmental neuronal death in hippocampus requires the microglial
CD11b integrin and dap12 immunoreceptor. J Neurosci 28:8138-8143.

Walter J, Keiner S, Witte OW, Redecker C. 2011. Age-related effects on hip-
pocampal precursor cell subpopulations and neurogenesis. Neurobiol Aging
32:1906-1914.

Walton NM, Sutter BM, Laywell ED, Levkoff LH, Kearns SM, Marshall GP I,
Scheffler B Steindler DA. 2006. Microglia instruct subventricular zone neuro-
genesis. Glia 54:815-825.

Wang X, Fu S, Wang Y, Yu P, Hu J, Gu W, Xu XM, Lu P. 2007. Interleukin-
1beta mediates proliferation and differentiation of multipotent neural precur-
sor cells through the activation of SAPK/JNK pathway. Mol Cell Neurosci 3é:
343-354.

Wei S, Nandi S, Chitu V, Yeung YG, Yu W, Huang M, Williams LT, Lin H,
Stanley ER. 2010. Functional overlap but differential expression of CSF-1 and
IL-34 in their CSF-1 receptor-mediated regulation of myeloid cells. J Leukoc
Biol 88:495-505.

Williamson LL, Chao A, Bilbo SD. 2012. Environmental enrichment alters glial
antigen expression and neuroimmune function in the adult rat hippocampus.
Brain Behav Immun 26:500-510.

Ziv'Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, Cohen H, Kipnis
J, Schwartz M. 2006. Immune cells contribute to the maintenance of neuro-
genesis and spatial learning abilities in adulthood. Nat Neurosci 9:268-275.

Ziv Y, Schwartz M. 2008a. Immune-based regulation of adult neurogenesis:
Implications for learning and memory. Brain Behav Immun 22:167-176.

Ziv Y, Schwartz M. 2008b. Orchestrating brain-cell renewal: The role of
immune cells in adult neurogenesis in health and disease. Trends Mol Med
14:471-478.

Zusso M, Methot L, Lo R, Greenhalgh AD, David S, Stifani S. 2012. Regula-
tion of postnatal forebrain amoeboid microglial cell proliferation and devel-
opment by the transcription factor runx1. J Neurosci 32:11285-11298.

1405



