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Abstract: Microglia are the resident immune cells of the brain, constituting the powerhouse of brain
innate immunity. They originate from hematopoietic precursors that infiltrate the developing brain
during different stages of embryogenesis, acquiring a phenotype characterized by the presence of
dense ramifications. Microglial cells play key roles in maintaining brain homeostasis and regulating
brain immune responses. They continuously scan and sense the brain environment to detect any
occurring changes. Upon detection of a signal related to physiological or pathological processes,
the cells are activated and transform to an amoeboid-like phenotype, mounting adequate responses
that range from phagocytosis to secretion of inflammatory and trophic factors. The overwhelming
evidence suggests that microglia are crucially implicated in influencing neuronal proliferation and
differentiation, as well as synaptic connections, and thereby cognitive and behavioral functions.
Here, we review the role of microglia in adult neurogenesis under physiological conditions, and how
this role is affected in neurodegenerative diseases.
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1. Microglia

Microglia are mononuclear phagocytes that constitute the main resident immune cell population
in the brain [1]. The origin of microglia has been a matter of debate; however, it is now well established
that microglial cells are derived from myeloid progenitors that infiltrate the developing brain at
early stages [2]. Some findings suggest that microglia originate from progenitors derived from the
neuroectoderm and/or the mesoderm to invade the brain [1], while other new findings suggest that
an additional pool of microglia may derive from circulating progenitors, namely the monocytes [3].
Importantly, the vast majority of microglial cell population is generated postnatally after blood–brain
barrier (BBB) formation. How these cells are maintained in the adult brain during lifespan is a matter
of debate. Once microglial cell progenitors have infiltrated the brain, they adopt a highly ramified
morphology characterized by the presence of long and highly motile cellular processes [4]. The recent
findings indicate that microglia are continuously patrolling the brain, and their motile processes act as
sentinels to survey and scan the microenvironment in order to detect any occurring change in the brain
homeostasis [5]. Upon the detection of a relevant biological signal, microglia rapidly get activated
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and modify their morphology by adopting an amoeboid-like phenotype. Depending upon the nature
of the detected signals, an adapted response by activated cells is mounted, which could range from
phagocytosis of biological elements to the release of various immune and non-immune molecular
mediators and factors [5,6]. Importantly, under conditions in which limited neuronal damage is present,
microglial cells in site actively extend their processes towards the damaged neurons, and distant cells
rapidly migrate towards the damaged neurons to establish cell–cell contacts [7]. These reports clearly
outline the dynamic and sophisticated multifunctional role of microglia in the brain.

2. Mechanisms Regulating Microglial Cell Activity

Microglia are highly dynamic and via their processes could scan the entire brain every couple of
hours [8]. This requires a narrow regulation of cell processes’ movement, cell mobility, cell morphology,
phagocytosis, as well as the release of non-immune and immune molecular mediators. Here, we will
briefly present major mechanisms that play key roles in controlling microglial cell activity:

(i) Pattern recognition receptors: Microglia express several receptors that are centrally implicated in
regulating the innate immunity, namely the Pattern Recognition Receptors (PRRs). PRRs comprise
a subfamily of transmembrane proteins that include toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (nod)-like receptors (NLRs), Leucin Rich Repeats (LRRs)-containing receptors,
and retinoic acid-inducible gene-1 (RIG1)-like receptors (RLRs). The initial primary identified function
of these receptors is to recognize microbial components such as pathogen-associated molecular
patterns (PAMPs), and danger-associated molecular patterns (DAMPs). PAMPs include bacterial and
viral genetic materials, peptidoglycans, and lipopolysaccharides (LPS). DAMPs include exogenous
peptidoglycans, endogenous heat shock proteins, high-mobility group box-1 (HMGB1), uric acid,
adenosine triphosphate (ATP), and DNA [9]. The activation of these receptors induces a cascade
of intracellular signaling pathways implicated in modulating microglial activity, namely the master
regulators of inflammation, nuclear factor-kappa B (NF-κB) and interferon regulatory factor-3 (IRF3) [1].

(ii) Cytokine receptors: Microglia express as well a wide range of cytokine receptors and produce
various cytokines including, tumor necrosis factor-α (TNFα), transforming growth factor-β (TGFβ),
and interleukins (ILs). Activation of TNFα receptors (TNFRs) increases TNFα release by microglia,
thus creating a positive autocrine regulatory loop that participates in microglial cell activation [10,11].
TGFβ is a multifunctional cytokine that binds to TGFβ receptor type I (TGFRI/RII) complex [12],
counteracting TNFα-induced pro-inflammatory responses in microglia [13]. TGFRI/RII activation
triggers the formation of Small and Mothers Against Decaplentaplegic-2/3/4 (SMAD-2/3/4) complex
that regulates the expression of several inflammatory genes [12]. TGFβ reduces as well the production
of IL6, interferon-γ (IFNγ), and monocyte chemoattractant protein-1 (MCP1; chemokine ligand 2
(CCL2)) [14]. Additionally, microglial cells express several IL receptors (ILRs), namely IL1Rs, IL5R,
IL6R, IL8R, IL9R, IL10R, IL12R, IL13R, and IL15R. IL1β and IL6 regulate microglial cell activity by
stimulating microglial pro-inflammatory responses. On the other hand, IL4 and IL10 are potent
anti-inflammatory molecules that promote microglial anti-inflammatory responses [15].

(iii) Chemokine receptors: Chemokines are a large family of molecules that are characterized
by the presence of conserved cysteine residues in their N-terminal sequences. They are classified
into four distinct subgroups based on the spacing of cysteine residues, as follows, C chemokines
(one N-terminal cysteine), CC chemokines (two adjacent N-terminal cysteines), CXC chemokines
(one amino acid between two N-terminal cysteines), and CX3C chemokines (three amino acids between
two N-terminal cysteines [16]). In the brain, chemokines are essentially released by microglia as well
as neurons under specific conditions. Chemokines are produced as soluble molecules that generate
a chemotactic gradient for cell migration, except for CX3C ligand 1 (CX3CL1; fractalkine), which in
parallel mediates its effect as a membrane-anchored molecule [16]. Functionally, chemokines are
divided into two subgroups, homeostatic chemokines that are constitutively produced contributing to
basal cell migration, and inflammatory chemokines that are induced once an inflammatory response is
engaged [17]. Besides being the major producer of cytokines in the brain, microglia express different
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types of chemokine receptors, which are G-protein coupled receptors (GPCRs), namely CCL1 receptor
(CCR1), CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, CXCR1, CXCR2, CXCR3, CXCR4 and CXCR5
(reviewed in [4]). Among these ligands/receptors is the CX3CL1/CX3CR1 pathway, which plays
a particularly important role in governing neuron-microglia communication. CX3CL1 is produced
exclusively in neurons, and binds to CX3CR1, which is exclusively expressed in microglia [18,19].

(iv) Neurotransmitter receptors: Several neurotransmitter receptors have been shown to be expressed in
microglia, including purinoceptors, glutamate receptors, cholinergic receptors, adrenergic receptors and
cannabinoid receptors [1,20]. These receptors seem to play important role in modulating the interaction
between microglia and neurons. As natural receptors of nucleotides, purinoceptors play a central
role in regulating microglial cell activity [21]. Upon neuronal dysfunction, the release of extracellular
nucleotides by neurons, such as ATP, ADP, uridine triphosphate (UTP), and UDP, transmits a signal of alert,
which is caped by microglial that mounts an adequate response [22,23]. These extracellular nucleotides
are recognized by several purinoceptors, namely the metabotropic P1 adenosine receptors (GPCRs),
ionotropic P2X purinoceptors (ligand-gated cationic channels), and metabotropic P2Y purinoceptors
(G protein-coupled receptors) (reviewed in [4]). Activation of these receptors modulates microglial
cell mobility and morphology [24,25] primarily via activation of calcium (Ca2+) signaling and MAP
kinases pathways, leading to the release of various pro-inflammatory cytokines (reviewed in [26]).
Furthermore, glutamate receptors, such as ionotropic α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor, and metabotropic glutamate receptors (mGluRs) have been shown to be implicated
in regulating microglial cell activity (reviewed in [20]) via regulation of NF-kB pathway as well as TNFα
turnover [27,28]. The metabotropic G protein-coupled receptor gamma-aminobutyric acid (GABAB)
type is expressed in a subpopulation of microglia [29]. Interestingly, GABAB activation in LPS-induced
microglial cells in vitro decreases the release of IL-6 and IL-12p240, but not TNFα or nitric oxide [29].
Moreover, GABAA receptors have been demonstrated to promote microglial superoxide production [30],
significantly attenuating the release of LPS-induced IL-6 and TNFα in culture [31]. These findings suggest
that GABAB and GABAA receptors potentially stimulate a neuroprotective phenotype in microglia by
differentially and selectively modulating the release of different cytokines. A large body of evidence
has demonstrated the involvement of α7 nicotinic (α7nAChRs) expressed by microglia in regulating
anti-inflammatory responses [32]. Activation of α7nAChRs inhibits the release of TNFα from microglia,
mediated through deactivation of ERK1/2 and p38 MAP kinase signalling [33]. In comparison to other
central nervous system (CNS) cell types, microglia show a significantly higher expression level of the β2
adrenergic receptor [34,35]. Evidence shows that norepinephrine (NE) and β2 adrenergic receptors play a
critical role in stimulating microglial anti-inflammatory responses [34] via suppression of inducible nitric
oxide synthase (iNOS), and IL-1β [36,37]. Moreover, activation of β1 adrenergic receptors, which are
also expressed in microglia [38], attenuates the synthesis of the pro-inflammatory cytokines IL-6 and
TNFα [39]. Finally, microglia have been shown to express the cannabinoid receptor CB2, which upon
activation stimulates cell migration and inhibits the release of pro-inflammatory cytokines IL-6 and TNFα
(reviewed in [40]).

(v) TREM2: Myeloid cells-2 (TREM2) receptor is a cell surface receptor that belongs to
the immunoglobulin (Ig) superfamily, and is essentially expressed in microglia [41]. TREM2 is
a transmembrane receptor that acts by interacting with the intracellular adaptor DNAX-activation
protein-12 (DAP12) [41]. Association of TREM2 to DAP12 triggers tyrosine phosphorylation of the
latter DAP12 within its immunoreceptor tyrosine-based activation motif (ITAM) signaling pathway.
This association and subsequent phosphorylation leads to the reorganization of the cytoskeleton,
production of chemokines, and stimulation of phagocytosis [42]. Interestingly, TREM2 binds to
gram-positive and gram-negative bacterial components as well as to a number of ligands including
anionic, zwitterionic, and myelin-associated lipids, deriving from the cell membrane of neurons and
glial cells [43]. TREM2 binds as well to heat shock protein-60 (Hsp60), which enhances the phagocytic
capacity of phagocytic cells including microglia [44].
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(vi) Phosphatidylserine receptors: Phosphatidylserine (PS) is a phospholipid sequestered to the
inner leaflet of plasma membrane under normal conditions, but gets exposed in apoptotic cells [45].
Recognition of PS by specialized receptors (PSRs) constitutes a major step in efficiently removing cell
debris by microglia [46]. Microglial PSRs that directly bind to PS include the brain-specific angiogenesis
inhibitor-1 (BAI1), T-cell immunoglobulin mucin receptor 1 (TIM1) and TIM4 [46]. PSRs can bind
indirectly to PS using an intermediate adaptors, such as c-mer proto-oncogene tyrosine kinase (MerTK),
and vitronectin receptors [46].The recent findings are indicating that while PSR activation enhances
microglial cell phagocytosis while significantly mitigating in the release of various pro-inflammatory
mediators including TNFα, IL1β, and nitric oxide (NO) [47].

(vii) Scavenger receptors: Scavenger receptors (SRs) are cell membrane receptors implicated in
regulation of cell adhesion, and in uptake of negatively charged macromolecules as well as modified
low-density lipoprotein (LDL) [48]. Microglial cells express several SRs that play an important role
in modulating microglial cell function. These receptors include macrophage SR class AI (SR-AI),
macrophage receptor with collagenous structure (MARCO), SR-B3 (CD36), macrosialin (CD68),
and lectin-like oxidized low-density lipoprotein receptor-1 (LOX1). A wide range of molecules,
including modified lipids and proteins, polyribonucleotides, polysaccharides, and anionic phospholipids,
bind to SR-AI [49]. In turn, SR-AI activation triggers the production of several pro-inflammatory
mediators, such as TNFα, IL1β, IL-6, and NO [50]. Activation of MARCO on the other hand triggers
reorganization of microglial cell cytoskeleton, an important step during the process of phagocytosis
and cell mobility [51]. CD36 belongs to the SR-B family [52] binding ligands, such as native/modified
LDL, collagen, thrombospondin, oxidized phospholipids, and long-chain fatty acids [53]. Stimulation
of the CD36 signaling pathway enhances microglial cell phagocytic capacity as well as production
of pro-inflammatory cytokines, and chemokines [54]. CD68, which belongs to the SR-B family,
is characterized by the presence of a mucin-like motif in the extracellular domain [55], and is actively
involved in regulating microglial cell phagocytosis [56]. Finally, LOX1 belongs to the SR-E family,
which binds and process oxidized LDL [57], and activation of LOX1 triggers activation of NF-κB
signaling pathway leading to the release of various pro-inflammatory cytokines [58].

(viii) Fc Receptors: Fc receptors (FcRs) belong to the Ig superfamily possessing various immune
functions, including activation of inflammatory cells, degranulation, and phagocytosis. All known
FcR subgroups have been reported to be expressed in microglia, which upon activation modulates
phagocytosis and cytokine release [59]. FcRs bind the constant domain (Fc) of Igs and are subdivided
into different subclasses based on their binding to specific isotype classes and subclasses of Igs [60].

(ix) Other Receptors: Many other receptors implicated in immune response regulation are as well
expressed in microglia cells. Among these, the sialic acid-binding immunoglobulin-type lectin-3
(Siglec-3; CD33) is a type 1 transmembrane receptor [59]. CD33 is a member of the CD33-related
Siglecs, which recognize sialic acid residues of glycoproteins and glycolipids [59]. Activation of
CD33 attenuates the phagocytic capacity of microglial cell [61]. Moreover, Siglec-E, a CD33-related
Siglecs, was shown to recognize neural glycocalyx, and to inhibit the phagocytosis of neural debris by
microglia [62]. Microglial express as well complement receptors (CRs), which are major regulators of
the innate immune system [63,64]. Sigma-1 receptors (S1R), which are membrane-associated proteins
recognizing endogenous monoamine molecules, potently regulate microglial immune functions [65].
For instance, administration of a potent allosteric S1R modulator, SKF83959 significantly reduces
the release of NOS as well as the expression of pro-inflammatory cytokines, such as TNFα, IL1β,
and iNOS in LPS-stimulated microglial cells in vitro [66]. Interestingly, these effects were reversed
by administration of a selective S1R antagonist (BD1047) [66], supporting the key role of S1Rs in
mediating the anti-inflammatory effects of microglia [65,67,68]. The progesterone receptor membrane
component-1 (PGRMC1) interacts with S2R to regulate microglial cell activity, and modulates axonal
sprouting [69,70]. Microglial express as well the CD200 (or OX2) cell membrane glycoprotein receptor
(CD200R), a member of the Ig superfamily, and contributes to modulation of microglial cell function [71].
Finally, microglial cells abundantly express the receptor for advanced glycation end products (RAGE),
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which upon activation by binding to advanced glycosylation end products (AGE), S100/calgranulin
family of proteins, and HMGB1, induces NF-κB signaling pathway and the subsequent release of
different pro-inflammatory mediators [72].

3. Microglial Cell Functions

As mentioned above, adequate microglial cell activity/activation is required to maintain brain
homeostasis by recognizing various types of biological signals [7,8]. Through their highly motile
processes, microglia make specific and repeated cell–cell contacts with various cell types, and more
intimately with neurons [8]. Microglial cell dynamic interaction with neighboring cells translates
the complex functions of microglia as regulators of neuronal function under physiological as well
pathophysiological conditions [73]. The overwhelming findings indicate that microglia support neuronal
function via two major mechanisms, phagocytosis and biochemical interactions [1]. The process of
phagocytosis is usually accompanied by the release of several anti-inflammatory mediators, growth and
neurotrophic factors, associated to a reduction in the release of several pro-inflammatory cytokines [74].
Phagocytosis by microglia typically require pathogen-binding receptors such as TLRs, and cellular
apoptotic-recognizing receptors such as TREM-2 [75]. Additional receptors involved in microglial
phagocytosis Fc receptors, complement receptors, scavenger receptors, and others (reviewed in [42]).
Although initially, microglial phagocytic capacity was supposed to be exclusively related to pathological
conditions, emerging findings demonstrated that it is critically involved in physiological processes such
as eliminating apoptotic cell debris within the neurogenic niches in the adult brain, as well as shaping
circuit function via pruning and stabilization of dendritic spines [73,76,77]. Furthermore, microglial
cells were shown to biochemically maintain neuronal function and synaptic plasticity by secreting
different enzymes involved in the remodeling of the extracellular space, namely tissue-plasminogen
activator (t-PA) and matrix metalloproteinases (MMPs) [78–80]. Taken together, these reports clearly
outline the essential role of microglia in influencing neuronal structural and functional integrity in the
adult brain.

The regulation of microglial cell phagocytosis is orchestrated by specialized and tightly controlled
mechanisms that comprise find-me, eat-me, and digest-me steps [46,77,81]. These signals are mediated by
the release of various molecules, such as nucleotides, cytokines, and chemokines to trigger microglial
recruitment and activity modulation. In the find-me step, purinoceptors and chemokine receptors guide
the activated microglial cells towards neurons that are emitting stress signals [18,23]. In the eat-me
step, PSRs mediate the engulfment of apoptotic cells, leading to the formation of a phagocytic cup [46].
Finally, the digest-me step is characterized by the formation of a phagosome, which contains the apoptotic
materials, leading to the formation of a phagolysosome (fusion of phagosomes with lysosomes) [82].
Importantly, microglia are capable as well of internalizing dysfunctional but viable neurons, a new form of
cell death called “phagoptosis” that is essential for a timely removal of aged, senescent and damaged cells
before generating cell debris, which could trigger an excessive inflammatory response [83]. This process is
accompanied by a profound modulation of several microglial functions, namely a fine-tuned intracellular
activation of reactive oxygen species (ROS)-mediated degradation of internalized targets in phagosomes,
and modulation of the overall inflammatory responses (reviewed in [84]) [85].

4. Adult Neurogenesis

Neurogenesis is the process by which new neurons are generated. This process begins early
in life during embryogenesis, and continues into adulthood and throughout the lifespan [86,87].
Neurogenesis occurs mainly in two main regions of the adult mammalian brain; the subgranular
zone (SGZ) of the dentate gyrus (DG) in the hippocampus, and the subventricular zone (SVZ) of the
lateral ventricle (LV) [86–88]. These regions are referred to as neurogenic niches due to the unique
complex microenvironment critical for neural stem cell (NSC) development [89]. Adult neurogenesis
requires long-lived NSCs, but their exact origin of NSCs remains unclear. However, it has been
proposed that adult NSCs share the same origin with the embryonic dentate granule neurons,
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the neuroepithelium [90]. Additional evidence shows that these cells may originate from a population
of sonic hedgehog (shh)-responsive cells in the ventral hippocampus, followed by a relocation of the
descendants cells into the dorsal hippocampus to become the source of adult NSCs in the SGZ [91,92].
These cells undergo asymmetrical cell division and have the capacity for self-renewal and for generating
other specialized cells through differentiation [93,94]. NSCs pass through several consequential steps
before they become functionally active neurons [90]. NSCs population is represented by type 1 radial
glia-like cells (RGLs); these cells then generate proliferating intermediate progenitor cells (IPCs, or type
2 cells) (Reviewed in [95]). Type 2 cells then commit to the neuronal lineage by giving rise to neuroblasts
which become immature neurons and then finally mature to functional dentate granule neurons that
are integrated into the hippocampal circuitry [90]. Type 1 cells are slowly dividing astrocytes-like
cells; these cells express glial fibrillary acidic protein (GFAP), nestin, and the transcription factor
SRY (sex determining region Y)-box 2 (Sox2) [96]. Conversely, type 2 cells are rapidly proliferating
cells that express nestin and Sox2 but not GFAP (Reviewed in [97]). In the adult hippocampus,
new neurons are generated in the SGZ then differentiate into mature neurons in the granular cell layer
of the DG, where they are functionally integrated into the hippocampal circuitry [98]. Importantly,
only a small fraction of newly born neurons survive and approximately 50% functionally integrate
into the hippocampal circuitry in rodents [99], and about 40% of the newly born cells integrate
and survive for less than 18 months in the olfactory bulb in rodents [100]. In humans, evidence
demonstrates that there is no significant postnatal neuronal turnover in the human adult olfactory bulb,
suggesting that olfactory bulb neurogenesis is probably absent in adult humans [101]. In contrary, all
dentate granule neurons turnover in the adult human hippocampus [102], and around 10% of dentate
granule neurons are subject to turnover in adulthood in mice [103,104]. The surviving cells in the
SGZ project their dendrites to the molecular layer of the DG and send projections to CA3 pyramidal
cells, becoming fully mature neurons (NeuN-positive) that integrate into the hippocampal circuitry.
Newly born neurons in the SVZ migrate anteriorly to the olfactory bulb through the rostral migratory
system, where they become functional local interneurons [86,105]. Adult SVZ neurogenesis has been
associated with subependymal astrocytes, which function as NSCs-like cells to generate mammalian
achaete scute homolog-1 (Mash1)-positive progenitors [106,107]. These cells then differentiate into
doublecortin (Dcx)-positive neuroblasts before migrating to the olfactory bulb. Experiments have
shown that adult SVZ neurogenesis is mainly involved in mating [108], and in adult paternal recognition
of offspring [109]. In order to continue throughout the adulthood, neurogenesis should be tightly
regulated to preserve the stem cells pool; otherwise, precursors cells may be depleted earlier by
excessive proliferation and differentiation. Finally, evidence shows that adult neurogenesis also occurs
in the substantia nigra (SN) in the midbrain at very low numbers in physiological conditions [110].
An increased neuronal turnover is observed after lesions to the SN, indicating that the rate of adult
neurogenesis may be regulated in the SN especially after injury [110].

4.1. Regulation of Neurogenesis

There are many well-conserved molecular mechanisms that are implicated in regulating
neurogenesis within the neurogenic niches in the adult brain. Here, we will briefly present some of the
major mechanisms as follows:

4.1.1. Signaling Pathways

There are several pathways involved in maintaining the balance between self-renewal of the
precursors and their proliferation and differentiation into mature neurons. One of these pathways is
the Notch signaling pathway, which plays an essential role in expanding the neuronal precursor cell
pool while keeping them in undifferentiated states [111]. Inactivation of the notch pathway component,
recombining binding protein J-kappa (RBPJ), results in an early increased differentiation of the
neuronal stem cells and early depletion of the Sox2-positive neuronal precursors, subsequently
leading to the suppression of adult neurogenesis [112–114]. Another signaling pathway is the
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Hedgehog pathway, which is activated by the ligand sonic hedgehog (Shh), and is involved in
the formation of adult neurogenic niches in the brain [115,116]. Administration of cyclopamine,
a pharmacological inhibitor of Shh signaling, in rat brains reduces hippocampal neural progenitor
proliferation within the neurogenic niches [115]. Another pathway is the bone morphogenetic proteins
(BMPs) signaling pathway, which is activated by ligands accounting for the largest subgroup of the TGFβ
superfamily of cytokines. BMPs signaling pathway is highly active in adult hippocampal neurogenesis,
triggering several receptor-specific effects including, cell survival, proliferation, and differentiation [90].
Viral-mediated overexpression of BMP4 not only suppresses NSC cell-cycle entry, but also slows down
NSC maturation [117]. Furthermore, purified mouse Noggin protein, which is an antagonist to BMP
signaling, promotes neurogenesis and neuronal differentiation [118]. Hence, BMP signaling is involved
in maintaining the balance between proliferation and quiescence.

Another essential regulatory mechanism is the Wnt signaling, which regroups the canonical
pathway, and the non-canonical pathway that comprises Ca2+ and planar cell polarity (PCP) signaling
pathways. In both pathways, Wnt ligands bind frizzled (Fz) receptors and transduce a signal to
the cytoplasmic phosphoprotein Dishevelled (Dvl) [119]. However, the canonical Wnt pathway
is β-catenin-dependent, while the non-canonical pathway is β-catenin-independent. Activation of
the canonical pathway leads to β-catenin stabilization in the cytosol, mediated by inhibition of
glycogen synthase kinase-3β (GSK3β), and its subsequent translocation to the nucleus to regulate the
expression of various target genes via the binding to the transcription factor T cell factor/lymphoid
enhancer factor (TCF/LEF) [120]. β-catenin signaling was reported to play a key role in regulating the
expression of various genes implicated in neurogenesis [121,122]. On the other hand, activation of
Wnt/Ca2+ pathway increases intracellular Ca2+, leading to the activation of protein kinase C (PKC),
calcineurin or Ca2+/calmodulin-dependent protein kinase-II (CaMKII) intracellular signaling cascades,
whereas activation of Wnt/PCP pathway leads to the activation of c-Jun N-terminal kinase (JNK),
and Rho-kinase signaling cascades [123]. The activation of Wnt/β-catenin pathway promotes both
SGZ precursor proliferation and differentiation, whereas activating the non-canonical Wnt signaling
pathways is important for maintaining essentially precursor stemness [93,124]. Wnt3, which is
produced by local hippocampal astrocytes, activates Wnt/β-catenin pathway in isolated adult
hippocampal precursors and induces their differentiation towards the neuronal lineage [124].
Moreover, activation of the canonical Wnt pathway through TCF/LEF in dividing neuronal progenitors
induces the transcription of NeuroD1, which is required for the survival and maturation of adult-born
neurons [125,126]. Dickkopf-related protein 1 (Dkk1) and secreted frizzled-related protein 3 (Sfrp3)
are both secreted endogenous antagonist of the canonical Wnt pathway [127]. Dkk1 expression
increases with age associated to neuronal dysfunction and cognitive decline [128]. Attenuation of
Dkk1 expression significantly enhances neurogenesis in the hippocampus [128]. Seib et al. (2013) also
demonstrated that neuronal progenitors with inducible loss of Dkk1 developed an increased Wnt
activity, resulting in enhanced self-renewal capacity and increased immature neurons generation [128].
Together, these reports highlight the role of several key regulatory pathways that are implicated in
controlling of adult neurogenesis.

4.1.2. Epigenetic Regulation

Recent direct evidence suggests that epigenetic regulation, including DNA and histone
modifications, as well as noncoding regulatory RNAs, such as microRNA (miRNA) and long noncoding
RNA (lncRNA), play an important role in embryonic and adult neurogenesis [129]. DNA methylation is
a chemical modification catalyzed by DNA methyltransferases (DNMTs), constituting a major epigenetic
factor that regulates cell differentiation. DNMTs mRNA was found to be expressed in all mature neurons
in the brain of young and aged mice [130]. Interestingly, there was no significant expression of the gene in
the white matter, suggesting a neuron-specific biological function of DNMTs [130]. DNMT1 is expressed
in both post-mitotic neurons and dividing neural precursor cells (NPCs) [130]. Prenatal deletion
of DNMT1 in NSCs impairs neurogenesis [131], characterized by an abnormal NSCs morphology,
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migration, and reduced number of integrated neurons in the SGZ of the DG [131]. Moreover, ablation
of DNMT1 induces JNK/signal transducers and activators of transcription (JAK/STAT), enhancing
glial differentiation, promoting astrogliosis and increasing microglial cell density in the adult mouse
brain [132]. On the other hand, DNMT3a is expressed exclusively in post-mitotic neurons [133,134].
Genome wide analysis (GWAS) of post-natal NSCs showed that DNMT3a methylates a large number
of transcriptionally permissive genes that regulate neurogenesis [134]. In addition, DNMT3a ablation
impairs post-natal neurogenesis in SVZ and SGZ, reducing up to 10 times the number of differentiated
neurons in both neurogenic regions [134]. Indeed, conditional knockout of either DNMT1 or DNMT3a
in forebrain’s excitatory neurons in mice significantly decreases the volume of DG neurons, compared to
controls, suggesting a critical role in neuronal maturation [133]. Interestingly, double knockout animals
for DNMT1 and DNMT3a showed no impairments in dividing neurons in the SGZ compared to control,
suggesting a role of DNMT1 and DNMT3a in post-mitotic cell maintenance [133]. Moreover, DNMT1
and DNMT3a conditional knockout mice displayed deficits in learning and memory, and showed
abnormal long-term plasticity in hippocampal CA1 region [133]. Together, these findings highlight
that epigenetic modifications play a critical role in adult neurogenesis regulation. Strong evidence
suggests that gene expression and epigenetic modifications are similarly regulated in neurons and
microglia (reviewed [135]). For instance, the enzyme Jumonji domain-containing protein D3 (JMJD3)
de-methylases H3K27 in the promoter regions of neural lineage genes, thus influencing neuronal
differentiation [136]. Similar effects on JMJD3-mediated de-methylation of H3K27 are reported via IL-4
in murine microglial cells [137]. In addition, microglia express spalt-like transcription factor 1 (Sall1)
and early growth response protein-1 (Egr1), which are two key transcription factors involved in synaptic
pruning and neurogenesis [138]. These evidences indicate that neurons and microglia share common
epigenetic modifications associated to key transcription factors (reviewed in [135]). These common
changes affect microglia polarization [139], and neurogenesis [140], but further investigations are
required to determine the exact mechanisms involved in specifically regulating microglial cell function
and neurogenesis via epigenetic modifications.

4.2. Physiological Regulation of Neurogenesis by Microglia

Microglia play an important role in maintaining neuronal plasticity [141]. Microglia are majorly
found in the neurogenic niches, namely the SVZ and SGZ [142]. Co-culturing microglial cells with
the neuropoietic cells, which initially retain its ability to self-renew and then loose it, is essential for
neuroblast production [143]. As mentioned earlier, NPCs in SGZ of the DG give rise to newborn
neuroblast; however, at the end of 4 weeks, only a small portion of these cells join the hippocampal
circuitry as mature neurons. The rest of the newborn cells undergo death by apoptosis, and the
apoptotic newborn cells are then cleared through phagocytosis by microglia [76]. Hence, microglia
play a key role in shaping the adult hippocampal neurogenesis. Moreover, although the number
of newly generated neurons and the apoptotic newborn cells decrease with age and inflammation,
the phagocytic feature of microglia remains constant [76]. The role of microglia in neurogenesis is not
limited to the clearance and removal of cells, as they are highly involved in the local control of NPCs
differentiation to neuroblasts, as well as latter survival, and integration to circuitry (reviewed in [144]).
Evidence shows that microglia cells affect the migration and differentiation of NPCs, as precursor
cells isolated from the developing brain of mouse migrate toward a gradient of microglia-conditioned
media [145]. This observation suggests that microglial cells assist in directing and spatially orienting
the migration of NPCs. Aarum et al. (2003) demonstrated that the density of neurons increases
in cell cultures treated with microglia-conditioned media, which might be due to the release of
microglia-derived soluble factors implicated in the differentiation of precursor cells [145]. The role
of microglia in regulating neurogenesis within the SVZ is still a matter of debate. In the adult
rodent SVZ, microglia do not express TREM2 [146], suggesting that the phagocytosis phenotype
in microglia is lacking in this particular neurogenic region [76,147]. In the olfactory bulb layers,
however, microglia express TREM2 and present an amoeboid morphology [147]. Local depletion of
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microglia in the SVZ via injections of saporin conjugated to CD11b significantly increases the number
of neuroblasts in the SVZ, but decreases the number of neuroblasts in the rostral migratory system
(RMS) and olfactory bulb [147]. Ribiero Xavier et al. (2015) speculated that the increased number
of neuroblasts in SVZ could be due to increased mitotic rate triggered by cytokines in response to
the toxic saporin injections, or a result of impaired migration due to the lack of microglial support
of newly generated neurons to migrate through the RMS and olfactory bulb [147]. Importantly,
the reduced number of neuroblasts in the RMS and olfactory bulb, but not in the SVZ, after microglial
cell depletion, suggests that the neuroblasts need microglial support to survive and migrate in the adult
neurogenic SVZ region [147]. In contrast, systemic microglial cell ablation using PLX5622 showed
no changes after 14 days in neurogenesis nor oligodendrogenesis [148], suggesting that microglia
are not required for normal adult SVZ neurogenesis [148]. Nonetheless, Reshef et al. (2017) showed
that ablation of microglia with PLX5622 reduces dendritic spine elimination under physiological
conditions [149]. Interestingly, depletion of microglia significantly reduces spine density in adult
neuroblasts in the SVZ, suggesting that microglia play a critical role in both synapse formation as well
as elimination [149]. Finally, evidence shows that phagocytosis of apoptotic bodies in SGZ occurs via
unchallenged microglia [7,150], which exhibit a ramified morphology associated to a low expression of
inflammatory markers, such as CD11b and CD68 [150].

The association of hippocampal neurogenesis to microglial cell activity was furthered outlined
following exposure to external factors, such as environmental enrichment (EE), which has been shown
to boost neurogenesis via modulation the functions of microglia and T cells [151]. Interestingly, EE did
not enhance adult hippocampal neurogenesis in immune-deficient rats, which was restored by T cells
recognizing specific CNS antigens [151]. These findings outline an important role of T-cells in adult
neurogenesis by affecting progenitor-cell proliferation. It has been shown that microglial cells cooperate
with T helper cells to modulate both neurogenesis and oligodendrogenesis [152]. For instance, it has
been shown that the pharmacological suppression of microglial activation results in significant inhibition
in neurogenesis and oligodendrogenesis through decreased levels of pro-inflammatory mediators,
such as IL1β, IL6, TNFα, and IFNγ [152]. These findings are in line with various reports showing
that microglial cell activation enhances neurogenesis [143,145,151] (reviewed in [153]). Such findings
demonstrate that microglial polarization and/or the state of NPCs are important factors on the overall
outcome on neurogenesis [142,154,155]. Indeed, depending upon the phenotype that microglia adopt,
it can either switch towards neurogenesis or oligodendrogenesis. IL4-activated microglial cells
promote oligodendrogenesis, whereas IFNγ-activated microglial cells stimulate neurogenesis [156].
Recent evidence shows that phagocytic microglia do not only play a role in passive clearance of
apoptotic cells, but also play a central role in controlling adult hippocampal neurogenesis [157].
Chronic depletion of the purinergic receptor P2Y12 and the tyrosine kinases of the TAM family Mer
tyrosine kinase (MertK)/Axl in mice impairs adult hippocampal neurogenesis, while the conditional
reduced expression of MertK expression transiently increases adult hippocampal neurogenesis [157].
Moreover, Diaz-Aparicio et al. (2020) recently demonstrated that phagocytic microglia provide
a negative feedback loop through their secretome to ensure proper proliferation of the newborn
cells [157]. Microglial cell implication in maintaining homeostasis in the neurogenic SGZ niche
via their secretome is in line with recent work highlighting the role of macrophages in regulating
stem cell niches (reviewed in [158]). Furthermore, involvement of the microglial purinergic receptor
P2Y12 in modulating neurogenesis was highlighted in epilepsy, which has been shown to promoting
aberrant adult hippocampal neurogenesis by increasing immature neuronal projections associated
to seizures [159]. Neuronal-microglial crosstalk via the CX3CL1-CX3CR1 pathway has also been
implicated in regulating adult neurogenesis (reviewed in [144]). CX3CR1 knockout mice display
decreased hippocampal neurogenesis, and mediated essentially by increased levels of IL1 [160].
In addition, CX3CR1 knockout mice have smaller spine heads in adult born NPCs in the SVZ [149].
Decreased spine size has been previously correlated with synaptic efficacy [161]. These reports indicate
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that the CX3CL1-CX3CR1 pathway plays an essential role in regulating synaptic development as well
as the generation of newborn neurons in the adult brain.

There is direct evidence suggesting that microglial cell activity and neurogenesis in the
adult hippocampus are influenced by physiological conditions such as aging and exercise [162].
Indeed, voluntary exercise induces neurogenesis in the DG of adult mice [163,164]. In the context
of microglial control of neurogenesis associated to physical exercise, the findings suggest that
the exercise-induced increase in hippocampal neurogenesis is associated with CX3CL1-CX3CR1
pathway [162]. Vukovic et al. (2012) have demonstrated that the exercise-induced increase in
hippocampal neurogenesis is associated with a decreased number of major histocompatibility
complex class II (MHCII)-positive microglia [162]. These findings suggest that microglial cell activity,
under normal physiological conditions and exercise, regulates adult hippocampal neurogenesis.
The age-dependent decrease in neurogenesis is associated to an age-related upregulation of the BMPs
signaling pathway [165,166]. Moreover, Dkk1, a canonical Wnt pathway antagonist, increases with age
in the adult hippocampus and inhibits SGZ precursors proliferation and differentiation [128]. Loss of
Dkk1 enhances neurogenesis and counteracts the age-related cognitive decline [124,128]. The age-related
decrease in neurogenesis and the associated cognitive decline can be attenuated by EE. Indeed, EE was
found to improve cognition in several animal models of neurodegenerative diseases [167]. Specifically,
EE increases the proliferation and survival of newborn adult neurons in the SGZ of the DG [168].
Moreover, exercise-induced neurogenesis has been shown to delay the age-related cognitive decline [169].
Exercise using a wheel-runner was found to reverse neurogenesis decline in aged mice compared to
controls [170]. Interestingly, running reduces the age-associated morphological deficits of newborn adult
neurons [170]. In parallel, treadmill running attenuates the age-dependent increase in aberrant microglia
activation in a transgenic model of Alzheimer’s disease (AD) [171]. Running was also found to reduce
the number of hyper-activated microglia in the brain of aged mice and increase their pro-neurogenic
phenotype by increasing the expression of growth factors, namely insulin-like growth factors (IGF1) [172].
Indeed, IGF-1 release by microglia was reported after EE [151]. These findings suggest that physical
exercise and EE may enhance neurogenesis by modulating microglial cell activity/activation and
prompting their transition towards a proneurogenic phenotype. Finally, microglia-derived TGFβ was
also shown to regulate neurogenesis (reviewed in [173]), by enhancing neuronal differentiation and
neuronal survival [174,175], and reducing the pool of NSCs in the hippocampus [176]. These reports
demonstrate that microglial cells play a complex yet critical role in modulating adult neurogenesis,
but more investigations are still required to fill-in the gaps in the literature.

4.3. Pathological Regulation of Neurogenesis by Microglia

Under pathological conditions, microglia change their morphology by adopting an amoeboid-like
phenotype, and acquire activation-specific phenotypes, such as phagocytosis, and secrete a various range
of inflammatory mediators [4,177]. In addition to the previously mentioned physiological contribution of
microglia in regulating neurogenesis, there is evidence that an excessive pro-inflammatory phenotype
associated to pathological stimuli may also have profound consequences on neurogenesis. For example,
intraperitoneal injection of lipopolysaccharide (LPS) in adult rats impairs neurogenesis by stimulating
a pro-inflammatory response in microglia within the neurogenic niches, characterized by IL1β, IL6,
and TNFα release [178]. Ekdahl et al. (2003) also found that the number of the surviving newborn neurons
in the hippocampus negatively correlates with the number of activated microglia. Indeed, induction
of chronic inflammation using cranial radiation increases the number of activated microglia in the
brain of rats, and impairs adult hippocampal neurogenesis [179]. Exposure of progenitor cells in vitro
to recombinant IL6 significantly decreases neurogenesis, while administration of IL1β, or IFNγ did
not [179]. Nonetheless, recent findings demonstrate that the pro-inflammatory phenotype of microglia
has no effect on the survival of NPCs, indicating that more investigations are needed to fully understand
the role of neuroinflammation on adult neurogenesis [157]. Furthermore, chronic neuropathic pain
induced by the chronic construction injury (CCI) of the sciatic nerve in C57BL/6 aged mice was
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shown to cause memory impairments [180]. Neuropathic pain stimulates the transition of activated
microglial state towards a pro-inflammatory phenotype, associated to reduced adult hippocampal
neurogenesis [180]. Moreover, evidence shows that the vacuolar sorting protein 35 (VPS35) has an essential
role in the pathological microglial regulation of neurogenesis. This protein is a component of retromer,
which has an essential role in recycling cargo molecules from endosomes to the trans-Golgi network [181].
VPS35 regulates microglial activity, and VPS35 is significantly decreased in AD patients [182]. Mice lacking
VPS35 have impaired hippocampal neurogenesis associated to an increased NPCs proliferation without
normal differentiation [183]. VPS35-depleted mice exhibited impaired long-term memory and exacerbated
microglial phagocytic activity when assessed in vitro [183]. Together, these findings indicate that
microglial VSP35 is a key regulator of adult hippocampal neurogenesis and that its downregulation
disrupts hippocampal homeostasis. Additionally, intrastriatal thrombin injection induces microglial
activation resulting in impaired adult hippocampal neurogenesis [184]. Conversely, administration of a
direct thrombin inhibitor, indometacin, reduces microglial excessive activation, enhances neurogenesis,
and subsequently improves spatial memory in mice [184]. Taken together, these reports outline a key role
activated microglia associated to pathological neuroinflammatory conditions impair adult neurogenesis.

5. Microglia-Mediated Regulation of Neurogenesis in Aging and Neurodegeneration

Aging is characterized by a progressive decline in the physiological and biological functions of all
organs and cells, resulting in an increased susceptibility to disease and death. Many studies show that
neurogenesis decreases with age [185–187] (reviewed in [188]). Recently, inconsistent findings were
reported in humans regarding neurogenesis during aging (reviewed in [189]); Sorrells et al. (2018)
reported a significant age-dependent decrease in adult hippocampal neurogenesis in postmortem
samples [190], while others showed that adult hippocampal neurogenesis was relatively preserved [191].
During aging, microglia become less mobile [192], chronically express pro-inflammatory cytokines [193],
and their phagocytic capacity gets impaired [194,195]. It is well established that inflammation
is associated with normal aging as well as neurodegenerative diseases; potentially influencing
adult neurogenesis. Microglia can either adopt a neuroprotective or neuroinflammatory phenotype,
depending upon the biological context [196]. The process of aging progressively shifts the brain
towards mild neuroinflammatory state and alters microglial activity that adopt a pro-inflammatory
neurodestructive phenotype [197]. Indeed, aged microglia express higher levels of pro-inflammatory
cytokines compared to their young counterparts [193]. The pro-inflammatory microglial phenotype is
accompanied by the release of various neurotoxic cytokines such as IL1β, IL16, and TNFα, which have
been shown to impair neurogenesis [172,198,199]. CX3CR1 knockout mice have decreased NPCs
proliferation and a decreased number of neuroblasts [200]. Indeed, a disrupted CX3CL1/CX3CR1
axis (microglial-neuron communication) is associated with increased IL1β protein levels, and the
blockage of IL1-R1 was sufficient to reverse long-term potentiation (LTP) and cognitive impairments
in CX3CR1 knockout mice [200]. Importantly, the release of CX3CL1 is reduced in aged brains [162].
Hence, altered CX3CL1/CX3CR1 signaling during aging could underlie neurogenesis impairments
(reviewed in [201]). In this regard, CX3CR1 depletion in animal models of AD significantly reduces
AD-related pathology by enhancing microglial phagocytic ability [202–204].

Aging is a known risk factor for several neurological conditions, including AD and Parkinson’s
disease (PD). AD is an age-related, progressive and irreversible neurodegenerative disorder
characterized by extracellular deposition of beta-amyloid (Aβ) plaques, intracellular deposition
of neurofibrillary tangles, and neuronal death [205]. The sustained inflammatory response triggered
by Aβ brain accumulation might be responsible for the tauopathy, synaptic toxicity and dysfunction,
and consequently neuronal death [206,207]. The hippocampus is affected early in AD, and recently
it has been proposed that impaired adult neurogenesis constitutes an early event in AD caused by
the intracellular Aβ oligomers [208]. However, there has been conflicting reports about whether
neurogenesis is enhanced or repressed in AD, and is still a matter of debate that requires further
clarification [209]. Nonetheless, recent evidence from human hippocampal post-mortem tissue
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demonstrates a clear decrease in the number of NPCs and neuroblasts that even preceded tangle and
plaque formation in individuals with mild cognitive impairment [210]. In line with these findings,
Tobin et al. (2019) have demonstrated reduced number of neuroblasts in individuals with mild
cognitive impairment, correlating with a higher number of neuroblasts and better cognitive functions
and synaptic strength [211]. Moreover, some mutations associated to elevated risk of AD must be
taken into account as they may affect neurogenesis differently. For example, NPCs-derived from mice
expressing the presinilin-1 (PS1) variant associated to familial AD show no difference in proliferation
and differentiation when compared to wild-type controls [212]. However, when the same NPCs were
co-cultured with PS1-expressing microglia, a significant decrease was observed in proliferation and
neuronal differentiation [212]. This suggests that microglia may play a central role in PS1-mediated
deficits in adult hippocampal neurogenesis. Moreover, evidence shows that the familial PS1 A246E
mutation stabilizes β-catenin, which is involved in Wnt pathway, resulting in an increased proliferation
of NPCs in the DG of adult mice without affecting their survival or differentiation [213]. Conversely,
experiments in transgenic mice having the mutated form of the amyloid precursor protein (APP)
showed decreased proliferation and survival of NPCs in the DG of the hippocampus [214]. Interestingly,
Jin et al. (2004) detected 2-fold enhancement in neurogenesis in both the DG and SVZ in AD transgenic
(PDGF-APPSw, Ind) mice, which express the Swedish and Indiana APP mutations [215]. These findings
were observed before the detection of neuronal loss and Aβ deposition. Similarly, an increase in
neurogenesis was detected in the brain of AD patients using Dcx, which is a microtubule-associated
neuronal protein, as well as other neurogenesis markers [216].

On the other hand, homozygous PDAPP mice, which overexpress the human APP V717F mutation,
show an age-dependent decrease in precursor proliferation within the SGZ [217]. However, 1-year old
PDAPP mice had increased rate of immature neurons in the outer portion of the granule cell layer,
potentially explaining why some reports linked AD with increased neurogenesis [217]. Using humans
NPCs, Haughey et al. (2002) showed that Aβ oligomers impairs the proliferation and neuronal
differentiation of the NPCs and induces their apoptosis by deregulating the cellular Ca2+ homeostasis
and the activation of calpains and caspases [214]. Furthermore, an enhanced neurogenesis was observed
within the SVZ in vivo or in vitro after administration of Aβ1–42 in the SVZ of young adult mice [218].
This increase in neurogenesis was associated with high expression levels of p75 neurotrophin cell
receptor (p75NTR) [218]. Surprisingly, precursor cells from an old APP/PS1 mice failed to respond to
Aβ1–42, suggesting that overstimulation of p75 receptor early in life may deplete the NSC pool and
impair neurogenesis later in life [218]. A decrease in SGZ neurogenesis was also reported using HH3,
a proliferating mitotic marker, in 3xTg-AD mice, which harbor 3 mutant genes for APPswe, for PS1m146,
and for taup301L. This decrease in adult neurogenesis in the SGZ worsens with age and was directly
associated with Aβ plaques [219]. Similarly, decreased adult neurogenesis in the SGZ and SVZ of
3xTg-AD mice was reported early in the disease before the development Aβ plaques and neurofibrillary
tangles [220]. It is noteworthy to mention that evidence has also linked microglia to a role in facilitating
AD pathology. For example, the expression of IGF1, which is implicated in regulating neurogenesis,
significantly increases in APP/PS1 mice along with an increased activation of microglia, and a reduction
in neurogenesis in the SGZ [221]. Furthermore, the reduction of TGFβ in another AD mouse model
led to accelerated neurodegeneration and AD-like pathology [222]. Together, these findings point
to IGF1, and TGFβ as a potential target in modulating adult hippocampal neurogenesis in AD.
Moreover, Biscaro et al. (2012) found that administration of minocycline, a tetracycline derivative,
reduced the number and activity of microglial cells interacting with Aβ deposits in the DG of APP/PS1
mice [199]. Minocycline also normalizes the increased hippocampal level of IL6 and TNFα in APP/PS1
mice, and increases the survival of the newly born neurons [199]. Interestingly, minocycline had no
effect on cell proliferation and differentiation as indicated by the numbers of Ki67+ cells, and both
brain levels of Aβ and Aβ-related morphological deficits remained unaffected by minocycline [199].
Hence, in APP/PS1 mice, decreased microglial activity could be beneficial for adult hippocampal
neurogenesis. Aβ peptide is known to cause abnormal activation of cyclin-dependent kinase 5



Int. J. Mol. Sci. 2020, 21, 6875 13 of 27

(CDK5) enzyme leading to tau hyper-phosphorylation (Reviewed in [223]). Using APPswe/PS1E9
mice, which express a chimeric mouse/human APP (Mo/HuAPP695swe) and mutant human PS1-dE9,
an increase in the levels of Aβ and phosphorylated tau was reported in the neurogenic niches and
was demonstrated to impair neurogenesis [224]. Other findings indicate that APPswe/PS1E9 mice
display a significantly higher number of activated microglia in the DG in comparison to controls [225].
Indeed, evidence demonstrates that microglia play a central role in the spreading of tau and synaptic
dysfunction in AD (reviewed in [226]). Additionally, several experimental findings using different
animal models of tauopathy suggest that tau phosphorylation is sufficient to trigger microglial
activation and promote neuroinflammation [227–230]. However, the exact mechanisms underlying
how the microglial-control of neurogenesis is influenced by pathological hallmarks of AD remain
elusive. In summary, these findings illustrate that distinct mechanisms could underlie the regulation
of adult neurogenesis in AD, and that further studies are needed to elucidate their exact role in the
pathogenesis of AD (Table 1).

Table 1. Summary of models of neurodegeneration and the reported effects on neurogenesis (NPC: neural
precursor cell; PS1: presinilin-1; SGZ: subgranular zone; SVZ: subventricular zone; DG: dentate
gyrus; AD: Alzheimer’s Disease; PD: Parkinson’s Disease; 6-OHDA: 6-hydroxydopamine; MPTP:
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).

Model of Neurodegeneration Effect on Neurogenesis

NPCs from mice expressing the PS1 variant
co-cultured with PS1-expressing microglia [212] Decreased proliferation and differentiation

Mice with familial PS1 A246E mutation [213] Increased proliferation of NPCs in the SGZ, no effect on
survival and differentiation

Mice with mutated form of APP [214] Decreased proliferation and survival of NPCs in the DG

Mice with PDGF-APPSw,Ind mutation [215] Two fold enhancement in proliferation in both the DG and SVZ

AD human patients [216] Increased proliferation and differentiation in the DG

AD human patients [210] Decreased proliferation and survival in the DG

Mice with PDAPP mutation [217] Age-dependent decrease in proliferation in the SGZ

Administration of Aβ1–42 in vitro [218] Increased proliferation in the SVZ

3xTg-AD mice [219,220] Age-dependent decrease in neurogenesis in the SGZ

APP/PS1 mice [224] Decreased neurogenesis in the SGZ

APP/PS1 mice treated with minocycline [199] Increased survival in the SGZ, no effect on cell proliferation
and differentiation

Overexpression of human wild-type
α-synuclein model of PD in mice [231] Decreased survival in the SGZ

MPTP model of PD in mice [232] Decreased proliferation in the SVZ

6-OHDA model of PD in rats [232] Decreased proliferation in the SVZ

PD human patients [233] Decreased proliferation in the SGZ

PD human patients [234] Decreased proliferation in the SVZ

MPTP model of PD in mice [235] Transient increase in proliferation in the SGZ

6-OHDA model of PD in rats [236] No effect on proliferation or differentiation in the SGZ

MPTP model of PD in mice [237] Decreased proliferation in the SVZ

The neuropathological cascade in PD includes the selective degeneration of dopaminergic
neurons in the SN, and the deposition of cytoplasmic Lewy bodies, which is composed of ubiquitin
and α-synuclein, and gliosis [238]. Impairments in adult neurogenesis have been reported in PD
patients [233,234,239], as well as in transgenic animal models of PD [231,233,240–242] (reviewed in [243]).
In vivo, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA)
mediated lesion models of PD with loss of dopaminergic nigrostriatal tract show a robust decrease
in NPCs proliferation at the SVZ [232,234,244,245]. Interestingly, neurogenesis reduction that is
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observed in the SVZ positively correlates with the severity of dopaminergic denervation [244].
Administration of Levodopa, a dopamine precursor, to dopamine-depleted animals was sufficient
to recover NPCs proliferation in the SVZ, suggesting that dopaminergic input is necessary for
neurogenesis in the SVZ [234]. In addition, microgliosis has been reported in the olfactory bulb
in PD patients [246] and mouse models [247]. Potential mechanisms underlying the control of
neurogenesis in the SVZ by dopaminergic neurons include interactions between dopamine and the
epidermal growth factor (EGF) [239], and the ciliary neurotrophic factor (CNTF) [248]. Importantly,
recent evidence shows that microglia express the CNTF receptor alpha (CNTFα), and that CNTF
inhibits microglial pro-inflammatory activation and microglial-derived oxidative stress in a PD mouse
model [249]. Hence, the CNTF pathway in microglia could be a potential mechanism through which
neurogenesis in the SVZ is affected in PD. Indeed, it is well established that neuroinflammation
plays a central role in the pathogenesis of PD [250]. Similarly to what has been reported in AD,
the advanced stages of PD are associated with severe hippocampal atrophy, which may partly
explain why neurogenesis in the SGZ is substantially decreased in PD [232,233] (reviewed in [243]).
Nonetheless, several other reports showed either no effects or an increased effect of dopaminergic
depletion in animals on SGZ and SVZ neurogenesis [235,236], suggesting that non-dopaminergic
changes in PD may underlie the impairments in neurogenesis. Dopaminergic depletion models of PD
is associated with neuroinflammation, thus providing a framework to better characterize the exact
contribution of microglial cell activity/activation as well as other key pathways such as the canonical
Wnt/β catenin, to the impaired neurogenesis (reviewed in [251]). For example, evidence shows
that the impaired neurogenesis at the SVZ following MPTP injection is partly due to an exacerbated
pro-inflammatory response triggered by activated microglia associated to upregulation of the phagocyte
oxidase, and downregulation of the Wnt/β catenin pathway [237,252]. Indeed, recent data demonstrate
that D1 receptors regulate dopaminergic neurogenesis in the SN and mitochondrial functions via
stimulating the Wnt/β catenin pathway in 6-OHDA rat model of PD [253]. These findings outline
the importance of the crosstalk between microglia and the Wnt/β catenin pathway in maintaining
homeostasis in the SVZ neurogenic niche, and dopaminergic neurogenesis in the SN, in the context of
PD. Whether these mechanisms and pathways also contribute to the regulation of adult neurogenesis
in the SGZ in PD models remains unclear. Together, evidence suggests that adult neurogenesis is
impaired in PD; however, the exact role of microglia in regulating neurogenesis in PD remains to
be elucidated.

6. Concluding Remarks

Under physiological conditions, microglia exhibit a morphology characterized by dense long
processes, which continuously scan their microenvironment to sense the presence of abnormal signals.
Microglia rapidly respond once a signal is detected by orchestrating specific responses, which include
the release of cytokines and chemokines, and phagocytosis, in order preserve brain structural and
functional integrity at the biochemical and cellular level. A large body of evidence points to a central
role of microglial cell function in the biology of aging and neurodegenerative disease (Figure 1).
The overwhelming findings suggest that microglia attempt to prevent AD pathogenesis via Aβ

elimination at early stages, but largely fail on the long-term as the pathogenesis progresses, notably
due to the excessive accumulation of Aβ and adoption of a pro-inflammatory phenotype (Figure 1).
Similarly, microglia are implicated in regulating adult neurogenesis, a biological process that helps in
promoting neuronal function. While further investigations are needed to determine how neurogenesis
changes with age in humans, the majority of the experimental findings in various animal models
clearly indicate that neurogenesis is impaired in an age-dependent manner (Table 1) (reviewed in [254]).
The recent findings are highlighting an unexpectedly complex, yet fascinating, role of microglia
in regulating adult neurogenesis. However, further evidence is still required to fully address the
mechanism mechanisms underlying microglial cell contribution in modulating neurogenesis in aging
and neurodegenerative diseases, and to characterize the subsequent outcomes. A better understanding
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of the regulatory mechanisms that trigger microglial dysfunction during age and neurodegenerative
diseases, including AD and PD, would allow the development of novel immunomodulatory therapeutic
interventions that aim essentially to influence neurogenesis via modulation of microglial cell responses
(reviewed in [255]).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 15 of 27 
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Figure 1. Microglia regulation of neurogenesis during lifespan: In the young healthy brain, microglia
actively modulate neurogenesis via several supportive mechanisms that ensure the proper turnover of
adult newly born neurons. A plethora of modulatory factors dictate microglial functions, and thereby
influencing the rate of adult neurogenesis. Over age, microglia become less mobile, adopt an amoeboid-like
phenotype, chronically express pro-inflammatory cytokines, and display an impaired phagocytic activity.
The age-dependent establishment of a pro-inflammatory phenotype is accompanied by the release of
neurotoxic cytokines, which impairs neurogenesis and synaptic integrity, and thereby contributing to
neuronal loss and cognitive decline seen in Alzheimer’s disease (AD), and Parkinson’s disease (PD).
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