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Major depressive disorder (MDD) is a common emotional cognitive disorder that
seriously affects people’s physical and mental health and their quality of life. Due to
its clinical and etiological heterogeneity, the molecular mechanisms underpinning MDD
are complex and they are not fully understood. In addition, the effects of traditional
drug therapy are not ideal. However, postmortem and animal studies have shown
that overactivated microglia can inhibit neurogenesis in the hippocampus and induce
depressive-like behaviors. Nonetheless, the molecular mechanisms by which microglia
regulate nerve regeneration and determine depressive-like behaviors remain unclear.
As the immune cells of the central nervous system (CNS), microglia could influence
neurogenesis through the M1 and M2 subtypes, and these may promote depressive-like
behaviors. Microglia may be divided into four main states or phenotypes. Under stress,
microglial cells are induced into the M1 type, releasing inflammatory factors and causing
neuroinflammatory responses. After the inflammation fades away, microglia shift into the
alternative activated M2 phenotypes that play a role in neuroprotection. These activated
M2 subtypes consist of M2a, M2b and M2c and their functions are different in the
CNS. In this article, we mainly introduce the relationship between microglia and MDD.
Importantly, this article elucidates a plausible mechanism by which microglia regulate
inflammation and neurogenesis in ameliorating MDD. This could provide a reliable basis
for the treatment of MDD in the future.
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INTRODUCTION

Major depressive disorder (MDD) is a common neuropsychiatric disorder with multiple
contributing factors—both genetic and environmental—that now affects approximately 350 million
people worldwide (Jo et al., 2015). In the past decades, many studies have focused on the
monoamine hypothesis. The clinical use of tricyclic antidepressants (TCAs) or serotonin-selective
reuptake inhibitors (SSRIs) is targeted at specific neurons and ignores the microenvironment of
neurogenesis. Recently, there was a major breakthrough in our understanding of the mechanistic
basis for MDD: “inflammatory hypothesis” (Dowlati et al., 2010). Cytokines are pleiotropic
molecules with key roles in inflammatory responses and neuroinflammation is important not
only in inflammatory responses but also in neurogenesis. Patients with MDD exhibit increased
peripheral blood inflammatory biomarkers, including several inflammatory cytokines, such as
interleukin (IL)-1f, tumor necrosis factor (TNF)-a and IL-6 (Kim et al., 2007; Dowlati et al., 2010).
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Proinflammatory cytokines are closely associated with
neurogenesis, in that proinflammatory receptors are highly
aggregated in hippocampal regions with cognitive functions.
For example, IL-1 receptors (IL-1Rs) are distributed in the
central nervous system (CNS) of the human, mouse and rat,
and they are modulated by various opposing factors including
glucocorticoids and anti-inflammatory cytokines to ameliorate
sickness behaviors (Parnet et al., 2002). Various studies suggest
that proinflammatory cytokines exert harmful effects on cell
survival and decrease neurite outgrowth and neural lineage
commitment, and proinflammatory cytokines (MIP2, IL-1f,
INOS and TNF-a) lead to microglial activation that reduce
hippocampal neurogenesis (Monje et al.,, 2003; Farrell et al,
2016; Wang J. et al., 2018).

Microglial cells are the brain’s immune cells in the CNS. While
other major cell populations in the CNS share a neuroepithelial
origin, microglia derive from myeloid progenitors, being more
closely related to peripheral macrophages than to neurons,
neighboring astrocytes, or oligodendrocytes (Ginhoux et al,
2010). They play a role in phagocytes, recognizing and
scavenging dead cells and pathogens (Ajami et al, 2007;
Casano and Peri, 2015). The presence of neurotransmitter
receptors in microglia illustrates their functional connection
to neurons and this receptor activation could cause microglial
cells to perform different activation phenotypes (Pocock and
Kettenmann, 2007). They are involved in various neural activities
and immunological functions. Under normal physiological
conditions, microglia remain in the resting phenotype involved
in neuronal activities such as synaptogenesis, neurogenesis and
the release of neurotrophic factors (Bilbo and Schwarz, 2009;
Ferrini and De Koninck, 2013; Sato, 2015). However, when the
brain is injured and the homeostasis of the microenvironment
is disturbed, microglial cells shift into active phenotypes that
can secrete proinflammatory cytokines, chemokines, and reactive
oxidants (Harry and Kraft, 2008; Lehnardt, 2010). Increases in
proinflammatory mediators are likely to damage normal tissues,
as the uncontrolled and sustained inflammatory alterations have
detrimental effects and further exacerbate the neuronal injury,
thus increasing the susceptibility to MDD.

Microglia are characterized by strong plasticity and a
diversified morphology and are capable of influencing complex
moods, synaptic plasticity, neurogenesis, and memory; hence,
some types of depression could be considered as microglial
disease (i.e., microgliopathy; Yirmiya et al., 2015). Therefore,
analyzing microglia morphology would be a good approach
to better understanding the pathogenesis of depression.
Here, we first review the potential phenotypic transformation
mechanism of microglia, and then describe the impact of
their different activation types on neurogenesis as related to
depression. Next, we proceed to highlight the interplay between
inflammation-microglia and neurogenesis—depression. Lastly,
we explain how the key factors impact microglial activation in
chronic neurological disorders. Understanding how microglia
respond to different stimulators will thus have important
implications for controlling the reactivity of these cells in
MDD, as well as for treating more chronic neurodegenerative
diseases.

MICROGLIA, NEUROINFLAMMATION
AND MDD

MDD and Inflammatory Factors

MDD is a serious disease that globally affects many people often
accompanied by abnormal behavior, anorexia, lethargy, weight
loss, severe feelings of guilt and more sleep (Capuron et al.,
2009). Because of its clinical and etiological heterogeneity, the
molecular mechanisms underpinning depression are complex
and not clearly understood. Inflammatory mediators have been
proposed as causal links to MDD.

Bacterial endotoxin lipopolysaccharide (LPS), a potent
activator of proinflammatory cytokines, was found to
induce depressive-like behaviors (Medeiros et al, 2015).
The sickness-related psychopathological symptoms during
infection and inflammation are mediated by increasing multiple
proinflammatory cytokines, namely IL-183, IL-6, TNF-a and
IFN-y. Intriguingly, an imbalance among them was detected
in the serum of patients with MDD (Young et al, 2014;
Mao et al, 2018). Some antidepressants have shown strong
anti-inflammatory response, for example, selective serotonin
and serotonin norepinephrine reuptake inhibitors (SSRI
and SNRI, respectively) are the first choice pharmacological
options for treating MDD. The transcription of TNF, IL11
and IL6 revealed significant expression differences at baseline
and after escitalopram (SSRI antidepressant) treatment in
depressed patients (Powell et al., 2013). Yet, it is increasingly
apparent that these drugs also exert effects on inhibiting
microglial activation (Tynan et al, 2012). The mechanism
by which inflammation causes depressive-like behaviors
likely involves one or more inflammatory molecules, such as
C-reactive protein (CRP) or prostaglandin E2 (PGE2) and the
hypothalamus-pituitary-adrenal (HPA) axis (Figure 1).

These observations suggest an interesting connection between
microglial inflammatory responses and MDD.

Microglia Regulate Neuroinflammation in
CNS

Although the level of inflammation in the brain is
approximately as that in the peripheral areas, our work has
shown that peripheral inflammation does not contribute to
neuroinflammation in the CNS (You et al., 2011). The peripheral
system is separated from the CNS by the blood-brain barrier
(BBB), and although most cytokines spans have greater than
15 kDa, they cannot cross the BBB. Although the BBB’s
permeability could change under pathological conditions,
this condition is ephemeral and dose not last long (Henry
et al, 2009). In contrast, MDD is a chronic and persistent
psychological disorder. Hence, such permeability changes in the
BBB seem insufficient to explain depression which is regulated
by specific cells in the brain.

Microglia, the innate immune cells that settle in the brain,
account for approximately 5%-20% of the total number of
adult glial cells (Polazzi and Monti, 2010; von Bartheld et al.,
2016). Microglial cells are bone marrow cells derived from the
embryonic yolk sac, which migrate to the brain during early
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FIGURE 1 | Relationship between inflammation and major depressive disorder (MDD). Stress is an important factor in the occurrence of depression symptoms.
There are four main occurrence mechanisms of MDD: (1) stress could lead to disorderly release of neurotransmitters, and then cause an imbalance in the level of
neuroinflammatory factors; (2) stress could lead to abnormal intestinal flora and increase the levels of inflammatory factors from the peripheral nervous system and
the central nervous system (CNS); (3) stress could lead to excessive activation of microglial cells, causing them to release toxic substances to disrupt the balance of
inflammation and anti-inflammation; and (4) stress could lead the immune macrophage to release inflammatory cytokines, which indirectly cause neurological circuit
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development, and they maintain their abundance in the brain
by local self-renewal (Kierdorf et al., 2013; Hoeffel et al., 2015).
An interruption in CNS homeostasis could induce a cascade of
conserved adaptive responses in microglia. They have retractable
branches to search and scan the brain for damage and infection.
When parts of the brain are found to be damaged or infected,
microglial cells trigger an alarm and a signaling cascade by
secreting inflammatory signals (Norden et al., 2015). As more
microglia receive these signals, more are recruited to the site of
the injury, where they secrete more anti-inflammatory cytokines
to resolve the inflammation and also secrete neurotrophic factors
to repair the damage (Verney et al,, 2010). Since microglia
are characterized by diversity and plasticity, it becomes very
meaningful to study the effect of differently activated microglia
on MDD.

Microglial Activation and MDD

Microglial activities were recently linked to MDD’s pathological
conditions; they have a detrimental effect on neurogenesis
by causing neuroinflammation and exacerbating depression
(Singhal and Baune, 2017). For example, some models of

chronic stresses—such as chronic unpredictable stress, chronic
restraint stress, and chronic social defeat stress—can trigger
a loss in the number of endogenous hippocampal microglia
and cause hippocampal microglial activation (Tong et al., 2017;
Wang Y. L. et al,, 2018). Many animal studies have shown that
changes in microglia structure and function are associated with
depressive-like behaviors (Franklin et al., 2018; Wang Y. L. et al,,
2018; Wohleb et al., 2018).

Activated microglia have three prominent features: great
numbers, an enlarged cell body, and fewer branches. The
differently activated phenotypes of microglia are likewise found
in the brains of a patient or mouse with depressive-like behaviors
(Wang Y. L. et al., 2018). Microglial activation also occurs in
MDD patients. Interestingly, autopsies of the anterior cingulate
cortex in patients with MDD revealed an activation of microglia
and change of inflammation (Steiner et al,, 2011), and more
activated microglia were found in the ventral prefrontal white
matter of patients who had committed suicide after depression
(Torres-Platas et al., 2014). In other work, activated microglia
appeared in the dorsolateral prefrontal cortex, anterior cingulate
cortex and hippocampus of patients with schizophrenia and
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FIGURE 2 | Different microglial phenotypes are related with MDD. Some stimuli induce different types of microglia involving in different functions. Microglial
phenotypes are divided into five main states: resting microglia (MO0) is mainly to maintain a steady state of the brain’s environment under physiological state; classical
activated microglia (M1) is with neurotoxic properties and can release inflammatory cytokines; alternative activated microglia (M2a) is involved in repair and
regeneration; transitional activated microglia (M2b) is related to immune regulation; and acquired deactivated microglia (M2c) participate in neuroprotection and
release some anti-inflammatory cytokines. Under chronic stress, microglial cells are induced to form the M1 type, releasing inflammatory factors that cause

depression (Steiner et al., 2008, 2011). The increased IBA1 gene
expression measured in the white matter of depressed suicides
may indicate further evidence for increased microglial priming,
as this protein is expressed more highly in the “resting” stage of
microglial cells (Imai and Kohsaka, 2002). In summary, together
these studies suggest that microglia activation may be considered
as an important marker of MDD.

Activated Phenotypes of Microglia

Due to their heterogeneity, microglia may be induced into
several activation phenotypes to detect pathogenic substances
and eliminate cell debris, and they can also contribute to
nerve regeneration and tissue reconstruction (Li and Barres,
2018). Microglial phenotypes are divided into M1 (Li et al,
2014) and M2 (Almolda et al., 2015), with the latter divided
into M2a, M2b and M2c¢ (Franco and Fernandez-Sudarez,
2015). M1 and M2 microglia can transform each other
depending on their activation pathway (Figure 2). Under the
action of the IFN-y cytokine derived from helper T cells
(Thl), the resting microglia may turn into the MI subtype
induced by IFN-y via the classic activation pathway (Prajeeth
et al, 2014). Or, conversely, the cytokines IL-4 and IL-13
derived from Type 2 helper T cells (Th2) can induce the
transformation of microglia cells into the M2 phenotype
through the alternative activation pathway (Ghosh et al., 2016).
Crucial participants in this process are interferon regulatory
factors (IRFs; Hayakawa et al., 2014), nuclear factor (NF)
kappa B (Zhang F. et al, 2017), activator protein 1 (API;

Wang Y. et al, 2018), and peroxidase (pod) body growth-
activated receptor (PPAR)-y (Pan et al., 2015), which interact
with each other to determine the microglial phenotype.
The different microglial phenotypes play an important role
in regulating the occurrence, development and cessation of
inflammatory diseases. Based on the body of evidences, the
M1/M2 polarization of microglia contributes significantly to how
the production of neuroinflammation is governed in the CNS
(Figure 1).

In some chronic neurological diseases, microglial cells
become activated and gradually change morphology and
function. Microglia could enable the sustained release of
proinflammatory mediators leading to the development of
diverse neurodegenerative disorders via activating some innate
immune signaling pathways, such as the NOD-, LRR- and pyrin
domain-containing 3 (NLRP3) inflammasome and so on (de
Rivero Vaccari et al., 2009; Adamczak et al., 2014; Heneka et al.,
2014). We next argue that the mechanism of microglial activation
is associated with MDD.

The Mechanism of Microglia Activation
Associated With MDD

In clinical depression, how microglial activation occurs is
a widely controversial topic that includes several possible
mechanisms (Figure 3).

(1) Microglial cells respond to stress through
neuroinflammation. This “cytokine hypothesis of depression”
proposes that inflammatory cytokines play a key role in
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FIGURE 3 | Microglial activation pathway. The activation of microglial cells is affected by many factors. The possible pathways of microglial activation as follows:

(1) microglial cells respond to stress through releasing some inflammation, and inflammatory cytokines disrupt the neuronal network, causing MDD. (2) The
hypothalamus—pituitary—adrenal (HPA) axis is involved in activated microglia. Intestinal flora could cause changes in the levels of inflammatory factors, which in turn
affect the inflammation balance in the CNS and then activate microglia. (3) IL-18 released from inflammasomes activates microglial cells. Inflammasomes release
more inflammatory cytokines, which are amplified by cascade and then activate microglia. (4) Glucocorticoids induce microglia activation. Glucocorticoid-activated
microglia respond to a range of immune challenges, including injury, trauma, or infection. (5) The norepinephrine system is also thought to be a stressor of activated
microglia. (6) Physiological stress may also trigger the microglia activation directly, by releasing damage-associated molecular patterns (DAMPs) in the brain.

(7) Some neurons could directly cause the microglial activation via CX3C receptor 1 (CX3CR1), CD200 and some cytokines.

the crosswalk of the neurochemical, neuroendocrine, and
neurotrophic systems of depressive disorder. It is supported
by the evidence that the administration of proinflammatory
cytokines in both plasma and CSF have been found to influence
the progression and severity of MDD in different populations
(Young et al., 2014). Some central and peripheral conditions
are closely correlated with the increased incidence of MDD,
including stroke, stress, and multiple sclerosis (Anisman and
Hayley, 2012). Conservative pathogen- and risk-associated
molecular patterns are respectively responsible for the infectious
or non-infectious inflaimmatory microglial response, and
microglia are activated by inflammatory factors through
humoral and neural pathways. Normally, the interaction
between peripheral immune cells and microglia are regulated
by the choroid plexus and the BBB. Under pathological
conditions (such as viral infection, stroke and trauma), the BBB
is weakened and immune cells infiltrate into the brain from
the outside. Some damage signals directly stimulate microglia
to become activated via their binding to specific receptors,
causing them to secrete more inflammatory factors, which
thus exacerbate the depression symptoms (de Pablos et al,
2014).

(2) The enteric-brain axis is a system involved in the
activation of microglia. In depressed patients, antidepressant
treatment has been associated with the dysregulation of the
HPA axis (Khemissi et al., 2014). Antidepressant effects of SSRI

treatment has been found to alleviate HPA axis dysregulation
(Young et al, 2004). Additionally, antidepressant treatment
resistance is associated with HPA axis dysfunction. However,
the underlying mechanisms are poorly understood (Khemissi
et al, 2014). A new article points that the P2X7 receptor
antagonist reverses microglial activation and neuroendocrine
dysregulation of an unpredictable chronic mild stress model in
mice (Farooq et al., 2018). Intestinal flora are controlled under
normal physiological conditions and can affect the structure,
function, and migration of immune cells. Some studies have
shown that gut flora disorders can lead to neurological, hormonal
and behavioral changes. For example, hyperactivity of the HPA
axis has been associated with higher rates of MDD relapse and
chronicity. Moreover, the HPA axis changes tend to improve
upon resolution of the depressive syndrome (Juruena, 2014).
Depression symptoms were associated with greater cortisol
levels and a more prolonged activation of the HPA axis and
with an impaired from psychosocial stressors (Lopez-Duran
et al, 2015). Under certain situations, stress can increases gut
permeability, allowing the gut flora or their metabolites to cross
the intestinal mucosa and stimulate the immune-brain system,
eventually leading to the activation of immune cells (Feng et al,,
2018), resulting in microglia activation that is accompanied by
depressive-like behaviors (Depino, 2015).

(3) NLRP3 inflammasome activates microglial cells.
Inflammatory processes have been implicated in both acute
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and chronic stress conditions. The molecular steps leading
to IL-18 maturation and a caspase-activating complex take
place in an intracellular complex termed the inflammasome
(Martinon et al, 2002). NLRP3 (Nucleotide binding and
oligomerization domain-like receptor family inflammasome)
is a multiprotein complex consisting of NLRP3, pro-caspase-1,
and the apoptosis-associated domain (CARD; ASC). There
is emerging evidence in animal models that sustained
inflammatory responses involving microglia and astrocytes
activation contribute to disease progression (Glass et al., 2010).
Microglia are the main cell type in the brain responsible for
IL-1p and IL-18 secretion. in response to classical inflammasome
stimuli (Gustin et al., 2015; Slusarczyk et al, 2018). Thus
microglia-dependent  inflammasome activation plays a
significant role in the brain and especially in neuroinflammatory
condition.

(4) Glucocorticoids induce microglia activation. Most
people with MDD showed elevated levels of inflammatory
biomarkers. The HPA axis is a major endocrine system that
regulates inflammatory responses. Although glucocorticoids are
generally anti-inflammatory, they can promote inflammation
under certain situations, especially when the brain homeostasis
has been disrupted; in this case, glucocorticoids activated
microglia respond to a range of immune challenges, including
injury, trauma, or infection (Espinosa-Oliva et al., 2011).
Glucocorticoid can induce microglia to express the leucine
zipper and FK506 binding protein gene 51- itself, mediated
by glucocorticoids; hence, these proteins aggravate the
stress reaction and depression symptoms. Treatment with
corticosterone inhibitor can increase microglial numbers,
which further inhibit corticosterone production to eliminate
depression symptoms (Nakatani et al., 2012). These results
confirm that glucocorticoid can cause the activation of
microglia.

(5) The norepinephrine system is also thought to be a
stressor of activated microglia. Both social and psychological
stress cause the release of norepinephrine, and these signals are
released by various immune cells, including microglia. Primary
microglia expressed beta(2) adrenergic receptor (AR) and
norepinephrine and isoproterenol upregulated the expression
of receptor mFPR2, a mouse homolog of human formyl
peptide receptor FPR2 that activated beta(2) AR in microglia.
Furthermore, the activation of beta(2) AR on microglia induced
the expression of an insulin-degrading enzyme and increased
the degradation of AP42 (Kong et al, 2010). In this way,
norepinephrine evidently functions as a link between the
neurons and microglia to orchestrate the host response to
stress.

(6) Physiological stress may also trigger microglia activation
directly by releasing damage-associated molecular patterns
(DAMPs) in the brain. The DAMP acts on the toll-like
receptor 4 (TLR4) receptor of microglia, producing dangerous
signals that are further passed on and cause changes in
microglia; specifically, acute stress induces the production of
high mobility group box-1 protein (HMGBI1) in the DAMP,
which enables the microglia to secrete proinflammatory factors,
leading to upregulate the gene expression of microglial matrix

metal proteins (Kigerl et al., 2018). Stress can also change
the expression level of 70 kilodalton heat shock proteins
(HSP70) and affect the binding of its molecular partners
BAGI, HSP70, and TLR4 receptors, all of which are related
to the onset and prevalence of depression (Song et al.,
2001).

(7) The activity of neurons causes the activation of
microglia. Microglia are involved in synaptic pruning both
in development and in the mature CNS. It is now known that,
under certain conditions, microglia may adopt a proneurogenic
phenotype, which involves the expression of neurotrophins
and anti-inflammatory cytokines, such as insulin-like growth
factor 1 (IGF-1), brain-derived neurotrophic factor (BDNE),
and IL-4 (Ribeiro Xavier et al., 2015; Chen and Trapp, 2016).
The physiological functions of microglia are important for
maintaining neuronal integrity, network functioning, and
neurogenesis in the brain. Stress usually leads to increased
neuron activity, and microglial cells may be activated by strong
neuronal signals while monitoring environmental changes.
Given that the surfaces of microglia have numerous receptors,
they can bind to many stress-related neurotransmitters,
including glutamate, norepinephrine and serotonin. When
faced with stress, threat, anxiety, or pain, we find that many
microglial cells are activated and near neurons in the gray matter
area of the brain (Hellwig et al., 2016). In addition, chronic
mild stress is closely related to the activated microglia and
neurons, and pharmacological inhibition of NMDA receptors
can inhibit the activation of microglia (Wendt et al.,, 2016).
Clearly then, the activity of neurons interacts with the activation
of microglia.

MDD AND NEUROGENESIS

Because of the heterogeneity of MDD, its pathophysiological
mechanism and biological basis remain unclear. Decades of
research has clearly shown that a variety of neurotransmitters,
especially monoamine neurotransmitters and neurotrophic
factors, do contribute to MDD (Joca et al., 2015), which has
also been linked to glutamate signaling (Cunningham and
Watson, 2008). The hypothesis of depression is based on much
related research; for example, brain imaging and postmortem
studies in MDD patients indicated the apoptosis of mature
neurons and a reduced hippocampal volume, and perhaps
more interestingly, that the lag time of antidepressant drugs
was approximately equivalent to the cycle of neurogenesis
(Sahay and Hen, 2008). In addition, stress is a common
risk factor for depression, and long-term stressful conditions
can inhibit the neurogenesis of nonhuman primates but
this is recoverable via antidepressant therapy. In rodents,
inhibiting their hippocampal neurogenesis leads to depression,
yet antidepressant drugs could promote neurogenesis. TCA-
Imipramine, rarely used in neurogenesis studies, has been
shown to increase the proliferation and survival of nerve
precursor cells (Zhang et al, 2013). In addition, some drugs,
although not approved for use in laboratory animals, did
show antidepressant effects, such as CRF1 antagonists and
V1B antagonists, which increased the proliferation of neural
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precursor cells (Henn and Vollmayr, 2004). Nondrug therapy
that improves depressive-like behavior also has neurogenic
effects. A single electroconvulsive stimulus (ECS), similar
to electroconvulsive therapy used for severe depression in
clinical practice, can significantly increase the number of
newborn neurons that survive (Tang et al, 2016). The
stimulation of an electric spasm can also restore to a certain
extent the neurogenesis damaged by X-ray irradiation and
also restore nerve injuries caused by chronic antidepressant
treatments (Santarelli et al., 2003). In addition to influencing
both spatial learning and memory, neurogenesis in the
hippocampus is also associated with stress-induced depression-
and anxiety-like behaviors. An enriched environment can
promote the proliferation of nerve precursor cells and alleviate
depression and anxiety-like symptoms (Wu et al., 2017). Since
different types of antidepressant treatments can increase the
proliferation and survival of vital neural precursor cells, this
demonstrates that neurogenesis has a positive effect for resisting
stress and antidepressant injury, thus suggesting that decreased
neurogenesis in the adult hippocampus may be the pathological
basis of MDD.

MICROGLIA AND NEUROGENESIS

According to the activation state of microglial cells, they have
two potential functions: supporting or damaging neurogenesis
in adult brains. The proinflammatory program (termed
M1) microglia often release inflammatory mediators that
severely result in the injured tissue (Ding et al., 1988), while
the anti-inflammatory phenotypes of microglial cells are
neuroprotective type in function and promote the survival of
new neurons (Gemma and Bachstetter, 2013). In short, the
inflammatory phenotypes of microglial cells often impede
neurogenesis. Nonetheless, the effects of different microglial
phenotypes on hippocampal neurogenesis are complex and
slow.

Resting Microglia and Neurogenesis

In a healthy brain, most microglial cells are in a resting state.
The morphology of resting microglia is poly-branched with many
fine branches and a smaller cytoplasm. These cells use their fine
branches to detect infections and damage in their environment.
In the hippocampal area, resting microglia actively participate in
adult neurogenesis through the process of phagocytosis (Sierra
et al, 2010). Yet some studies have shown that phagocytic
newborn neurons do not trigger microglial activation, indicating
that incompletely activated microglial cells also have phagocytic
functions. These findings suggest that resting microglia can
also regulate, in part, neurogenesis (Sierra et al., 2014). Resting
microglia could affect neurogenesis by regulating the function
of the neural stem cells in vitro, as well as the proliferation
and differentiation of neurons by releasing neurotrophic factors
(Wadhwa et al., 2017). For example, a review article has shown
that over time, the proportion of nerve cells in the subependymal
tissue of mice were reduced when they were cultured separately
from activated microglia (Shigemoto-Mogami et al,, 2014).
Another way that neurogenesis is affected is by the disfiguring

of microglial receptors, such as ADP receptor P2Y1 (Stefani
et al., 2018), vacuolar sorting protein 35 (VPS35; Appel et al.,
2018), and CX3C receptor 1 (CX3CRI1; Reshef et al., 2014).
Thus, the body of work to date suggests that microglia can
enhance neurogenesis by secreting unknown factors or via
directing contact with neurons. Moreover, it is interesting to
note that microglial cells extracted from young rats promoted
significantly more neurogenesis than did those from old rats,
indicating that the influence of microglial activity weakens with
age (Boehme et al.,, 2014). Together, the evidence suggests that
microglial cells support neurogenesis when not activated, thus
giving us a better understanding of their functional role in the
brain.

Classical Activation of Microglia on

Neurogenesis

There is considerable evidence for the classical activation
microglia having a negative effect on neurogenesis in the
hippocampus. The bacterial endotoxin LPS can be injected
into the CNS or whole body to simulate the inflammatory
response in the brain, thereby inducing the classic activation
of microglia cells (M1). This activation of microglia by LPS
was found to decrease adult neurogenesis, specifically by
inhibiting the proliferation or the survival of the new cells
(Fujioka and Akema, 2010). LPS with TLR4 molecules induced
the microglia activation, and the release of proinflammatory
factors, namely IL-1f3, TNFa and IL-6 as well as some other
inflammatory molecules (Zhang J. et al., 2017), and an LPS
treatment reportedly induced the long-term impairment of
hippocampal neurogenesis and memory (Valero et al., 2014).
In addition, LPS significantly reduced the number of cells
expressing the dual adrenal cortical hormone (DCX), proving
that the application of LPS could limit the differentiation
of new cells into neurons (Valero et al, 2014). In these
studies, the survival of newborn neurons was negatively
correlated with the number of microglia activated. In other
animal experiments, minocycline, a microglia activity inhibitor,
selectively prevented the M1 microglia polarization into a
proinflammatory state, providing a basis for understanding
the pathogeneses of many diseases accompanied by microglial
activation (Kobayashi et al., 2013). Generally, a related report
demonstrated that neuroinflammation inhibits neurogenesis in
the hippocampus by reducing the differentiation and survival
of new neurons (Wang and Jin, 2015). Systemic inflammation,
induced by an LPS injection, was sufficient to alter inflammatory
status and deregulate the ongoing process of neurogenesis in
animals and increased the proliferation of microglia/microglial
precursor cells (Smith et al., 2014). Because LPS stimulates
M1 microglial activation and this decreased neurogenesis, this
strongly suggests that microglial phenotypes are associated
with neurogenesis (Zhang J. et al, 2017). Interestingly, over
time, aging microglial cells may adopt a potent neurotoxic,
proinflammatory “primed” (M1) phenotype when challenged
with inflammatory or neurotoxic stimuli that hinder the
brain’s own restorative potential and inhibit its endogenous
neurorepair mechanisms, and microglia interact with neural
stem progenitor cells (NSCs). Microglial subtypes are able to
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regulate NSCs differently; NSCs from the anti-inflammatory
microglial subtype (M2) had better survival and increased
migration when kept in a conditioned medium (Osman et al,,
2017). This suggests that M2 microglial cells likely contribute to
neurogenesis.

Alternative Activation of Microglia on

Neurogenesis

The alternative activated microglia (M2) phenotype operates in
both neuroprotection and reconstruction of neural networks
in the brain. The M2 microglial cells are distinguished by
the release anti-inflammatory mediators, such as IL-4,
IL-10 and transforming growth factor-(TGF) £3 (Almolda
et al, 2015; Franco and Ferndndez-Suarez, 2015). These
inflammatory cytokines inhibit the nonimmune cells from
releasing proinflammatory factors. M2 microglia consist of
three subtypes (M2a, M2b, M2c). M2a contribute to the
repair of damaged tissue by expressing anti-inflammatory
and neurotrophic factors; M2b constitute the deactivating
phenotype and it also expresses anti-inflammatory mediators;
M2c is characterized by its phagocytosis function and
associated benefits from clearing out cell debris in the
brain (Almolda et al, 2015). Moreover, the M2 microglia
supernatant could activate the peroxisome proliferator-activated
receptor (PPAR)y signaling pathway to promote neurogenesis
and differentiation of NSPCs (Yuan et al, 2017). Newer
research is focusing on the effects of herbal medicines on
neurogenesis. For example, naringin dihydrochalcone (NDC),
a widely used dietary sweetener with strong antioxidant
activity, reduced the abundance of activated microglia and
inhibited neuroinflammation, which collectively reduced

the neuronal damage (Yang et al, 2018). Salvianolic acid
B (SalB), with its anti-inflammatory, antioxidant, and
neuroprotective effects, significantly lowered the chronic
middle stress (CMS)-induced apoptosis and microglia
activation in the hippocampus and cortex (Zhang et al,
2016); it also promoted microglial M2-polarization and rescued
neurogenesis in stress-exposed mice (Zhang J. et al, 2017).
Indeed, there is compelling evidence that anti-inflammatory
factors may promote neurogenesis. Positive correlations
were found between the serum IFN-y/IL-4 ratio and the
levels of neurotrophic factors and neurogenesis in the
hippocampus (Yang et al, 2016). It was recently revealed
that microglial cells secreting IL-10 play a supporting role
in the differentiation of neurons and the survival of new
cells in cell cultures (Qi et al., 2017). Taken together, these
results suggest that M2 microglia do promote neurogenesis
differentiation.

Microglia can regulate brain circuit connectivity in
multiple ways. During embryonic neurogenesis, they
regulate the stem cell pool via their secretion of trophic
factors and through phagocytosis (Cunningham al.,
2013). Microglia provide trophic support to neurons and
endothelial cells, notably by producing BDNF, IGF-1/2 and
TGF-§ such that disrupted growth factor production in
microglia could interrupt cortical layer formation (Ueno
et al., 2013). Microglial cells are inflammatory phenotypes
initially associated with brain injury (Toshimitsu et al,
2018). After ischemic injury to the striatum, microglial
cells displayed an M2 phenotype. In addition, this injury
also caused new cells to accumulate in the subependymal
(SVZ) region of the CNS, as many new cells migrated
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into the lesion site in the striatum. Prominent changes to
microglia activation patterns mainly occur in the alternative
activation of neuroprotective phenotypes. In the stroke model,
microglial cells in the SVZ region modulate the expression
of IL-1f, IL-6, TNF-a and IL-10 (Wang Q. et al, 2018),
contributing to neurogenesis. This would suggest that the
M2 microglia in particular contribute to the differentiation
and migration of neurons. For this reason, microglial cells
are now recognized as "gate-keepers" of a healthy brain’s
microenvironment, where their disrupted functions adversely
affect neurovascular integrity, neuronal homeostasis and
network connectivity.

MICROGLIAL PHENOTYPE SWITCHING IS
RELATED TO THE TREATMENT OF
DEPRESSION

It has become increasingly evident that different internal or
external triggers prompt activated microglia to exert their
neurotoxicity or neuroprotection. However, which molecules
synergistically interact to switch the states of activated microglia
and which act in a gene-specific manner to alter later
development of an opposing phenotype are not known. Several
studies elucidate that in vitro, the former microglia phenotype
affects the development of the latter phenotype by initially
treating with LPS, IL-4, or IL-10, respectively and subsequently,
switching the stimulators’ order (Gresa-Arribas et al., 2012). On
one hand, applying an IL-10 pretreatment before administering
LPS prevented the expression of TNF-a, IL-6 and COX2;
on the other hand, treatment with LPS before an IL-10
introduction led to the expression of inflammation. Alternatively,
while pretreatment with IL-4 before LPS failed to inhibit
CD86, COX2, INOS and CD32, treatment with LPS before
IL-4 prevented the loss of CD32 but did not decrease the
M1 marker (Chhor et al., 2013). These contribute evidence
for microglia displaying a morphological switch under different
activators.

Evidence is mounting to suggest that PPARy can inhibit
microglial activation, promote M2 polarization and suppress
inflammatory cytokines in inflaimmation-related diseases.
Depending on the stimulus encountered, the activation profile
of microglia transforms from classical activated (M1) to
alternative activated (M2) cells (Cherry et al, 2014). In
the case of multiple sclerosis, glatiramer acetate (GA) is a
promising molecule capable of altering the inflammatory
environment by recruiting Th2 T cells to the CNS, inducing
the production of IL-4, which ameliorates depressive-like
behaviors (Miki et al., 2018). Inflammatory signals may then
act on the neuronal network via their neurotoxic activities
or by directly influencing mood regulation. A number of
inflammatory cytokines, such as IL-1p, TNF-a and IFN-
Y, are known to inhibit serotonin transporter activity and
ameliorate  depressive-like behaviors (Janssen et al., 2010).
Microglial cells can come into close contact with neuronal
synapses and enhance neurogenesis, thus contributing to
MDD.

THE KEY FACTORS TO MODULATE
MICROGLIAL PHENOTYPE

Immune cells are needed to clear endogenous or exogenous
factors and repair tissue damage, and most of them are resident
myeloid cells-microglia.

Some marker molecules were specially expressed on the
microglia in brain regions, such as Cd200r4 and Sirpa (Grabert
et al, 2016), while Cx3crl was expressed uniformly on the
macrophages and microglia (Kim et al., 2011). It is expected that
different phenotypes of microglia depend on the communication
with neurons. For example, CX3CR1-CX3CL1 signaling may
control the microglial phenotype through the release of
neuroinflammation; Mef2C and IL-4Ra are highly expressed by
microglia in response to TGF-B (Butovsky et al., 2014). Mef2C, as
a microglia "off" signal, can alter microglial transcriptome in the
presence of type I interferon in aged mouse brain (Deczkowska
et al, 2017; Figure 4). Altogether, some complex, spatially
diverse cytokine is likely to be involved in controlling microglial
activity.

Several endogenous molecule stressors shifting the microglia
activation phenotype have been identified, and some studies
focus on the key microRNAs (miRNAs) and transcription
factors (TFs) in microglia (Guedes et al., 2013; Butovsky
et al, 2015). MiRNAs regulate gene expression and are
major factors in molecular biology. Several studies indicate
that miRNAs participate in the regulation of almost all the
cellular processes and the changes in their expression are
observed in diseases (Bushati and Cohen, 2007). MiRNAs
mediate post-transcription to control cell fate, such as
cellular activation and proliferation. An increasing number
of studies have revealed that MiRNAs provide a genetic
switch to activate target genes via regulating TFs (Arora et al,,
2013). For example, CEBPa and PU.1 orchestrate microglial
development altogether. CEBPa is being considered as the
main regulator in hematopoietic stem cell differentiation
(Fazi et al., 2005). MiRNAs are related to microglia activation
phenotypes (Ponomarev et al., 2013; Porta et al., 2015); resting
microglia cells are characterized by low expression levels
of miR-155 and high expression of miR-124; M1 microglia
increase the expression levels of miR-155 and decrease the
level of miR-124; M2 microglia are distinguished by low
expression levels of miR-124 and a high expression of miR-155.
MiRNAs are also believed to modulate microglial inflammation
stations that contribute to neurogenesis (Freilich et al., 2013;
Guedes et al., 2013). Therefore, MiRNA-modulated microglial
phenotype therapies could contribute to improve depressive-like
behaviors.

CONCLUSION

Microglial cells have multiple activation states, namely M1 and
M2, that have different effects on modulating neurogenesis in
normal and disease conditions. For some, clinical depression
is caused by decreasing neurogenesis. Understanding whether
the approaches are able to regulate key factors to transform the
microglial phenotype for treating MDD is still a great challenge.
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Much work remains to be done, but it is possible that a deeper
understanding of the interplay between different activations of
microglia and adult hippocampal neurogenesis may help to
develop future strategies to treat MDD.

SUMMARY

1. The review article elaborately discusses the fact that the
activated microglia phenotypes are related to MDD and
are helpful for precisely regulating microglia to explore the
mechanism of treatment of MDD.

2. The hypothesis of neurogenesis and inflammation, which
complement the defects of monoamine hypothesis, gives us a
better understanding of the pathogenesis of MDD. Changing
the microglial structure and function may link the two
hypotheses.
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