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Abstract

The discovery that new neurons are produced in some regions of the adult mammalian
brain is a paradigm-shift in neuroscience research. These new-born cells are produced from
neuroprogenitors mainly in the subventricular zone at the margin of the lateral ventricle,
subgranular zone in the hippocampal dentate gyrus and in the striatum, a component of
the basal ganglia, even in humans. In the human hippocampus, neuroblasts are produced
even in elderlies. The regulation of adult neurogenesis is a complex phenomenon involving
a multitude of molecules, neurotransmitters and soluble factors released by different
sources including glial cells. Microglia, the resident macrophages of the central nervous
system, are considered to play an important role on the regulation of adult neurogenesis
both in physiological and pathological conditions. Following stroke and other acute neural
disorders, there is an increase in the numbers of neuroblast production in the neurogenic
niches. Microglial activation is believed to display both beneficial and detrimental role on
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adult neurogenesis after stroke, depending on the activation level and brain location. In
this article, we review the scientific evidence addressing the role of microglial activation
on adult neurogenesis after ischemia. A comprehensive understanding of the microglial
role after stroke and other neural disorders it is an important step for development of
future therapies based on manipulation of adult neurogenesis.
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Adult Neurogenesis: Historical Background

There was a long-lasting belief that the central nervous system
(CNS) of adult mammals was unable to generate new neurons.
Nevertheless, the pioneering studies performed by Joseph
Altman (Altman and Das, 1965), Michael Kaplan (Kaplan and
Hinds, 1977) and Fernando Nottebohm (Nottebohm et al.,
1986), respectively, in the 1960s, 1970s and 1980s were the
basis for in vitro studies performed in the 1990s (Reynolds
and Weiss, 1992) that definitively confirmed that the adult
brain possesses the capacity of producing new neurons (Lima
and Gomes-leal W, 2019). An important contribution to the
field was the demonstration that new granule neurons are
produced in the dentate gyrus (DG) of adult rodents (Cameron,
1994; Gould et al., 1997). Therefore, the neural circuits of
adult mammalian brains are not fixed and immutable as
previously thought. Experimental findings suggest that the
brain modulates and maintains preexisting neural circuits by
adding newborn cells (Vicidomini et al., 2020). In addition, this
phenomenon might be used to replace neurons lost after CNS
diseases (Zhao et al., 2008).

Nowadays, is fully confirmed the existence of two main
neurogenic niches in the mammalian brain: subventricular
zone (SVZ) at the wall of lateral ventricles (Doetsch et al.,
1997) and subgranular zone in the hippocampus, even in
humans (Boldrini et al., 2018; Moreno-Jiménez et al., 2019).
In the SVZ, astrocyte-like adult neural stem cells, termed B1
in mice, generate C cells, which in turn generate neuroblasts

(A cells). These immature neurons migrate to the olfactory
bulb (OB) to be constantly integrated into preexisting neural
circuits, which seems to be very important for maintenance
and repair of OB circuitry (Imayoshi et al., 2008). In the
hippocampus, progenitor cells originate immature neurons,
which migrate from subgranular zone to the granular layer
of hippocampal dentate gyrus becoming granule cells,
which are functionally integrated into hippocampal circuits
(Li et al., 2009). A search was performed in the US National
Library of Medline (PubMed). The search terms were
microglia, review, adult neurogenesis, stroke.

Function of Adult Neurogenesis

The function of adult neurogenesis is not well established.
Genetic labeling studies in mice suggest that adult
neurogenesis is important for replacement of the majority
of granule neurons in the OB and considerable addition of
granule neurons into the hippocampal circuitry (Imayoshi
et al., 2008). Genetic ablation of newly formed neurons in
both OB and hippocampus results in conspicuous decrease
in the population of granule cells with subsequent functional
deficits (Imayoshi et al., 2008). In the hippocampus, there
was impairment in some kinds of contextual and a spatial
memory, which depends on the hippocampus integrity
(Imayoshi et al., 2008). According to Imayoshi results,
continuous neurogenesis is necessary for maintenance and
reorganization of OB circuitry and refinement and modulation
of adult hippocampal circuits, which are necessary for specific
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types of hippocampal-dependent memory.

Pattern separation is a neural computational task performed
by hippocampal DG, which allows separation of similar
information in the memory system. Plenty of evidences
suggest that adult hippocampal neurogenesis plays a pivotal
role on pattern separation (Sahay et al., 2011a; Anacker and
Hen, 2017). Experimental ablation of adult hippocampal
neurogenesis using optogenetic impairs the ability to
discriminate very similar contexts (Clelland et al., 2009) and
genetic expansion of adult neurogenesis in DG by enhancing
survival of adult-born granule cells increases highly similar
context discrimination (Sahay et al., 2011b). In addition,
adult born cells may also play different roles on DG functions
including pattern integrators and contribution to cognitive
flexibility (Anacker and Hen, 2017; Anacker et al., 2018).
Decrease on pattern separation and cognitive flexibility may
underlie the pathophysiology of mood disorders including
anxiety, depression, post-traumatic stress disorders (Anacker
and Hen, 2017; Anacker et al., 2018). This can be related to
decrease in stress resilience in these pathological conditions
(Anacker et al., 2018; Toda et al., 2019).

Microglia and Adult Neurogenesis

There is a complex regulation of adult neurogenesis by intrinsic
and extrinsic factors comprising several growth factors,
calcium and neurotransmitters (Song et al., 2016). It seems
that glial cells play an important role on the regulation of adult
neurogenesis in both physiological and pathological conditions
(Song et al., 2016). It has been reported that microglia instruct
neurogenesis in vitro (Aarum et al., 2003) and continuous loss
of microglia in culture is detrimental for neurogenesis (Walton
et al., 2006). In vivo, microglia seem to regulate neurogenesis
in the hippocampus of adrenalectomized rats (Battista et al.,
2006) and also the proliferation of progenitor cells by working
in synergism with lymphocytes (Ziv et al., 2006). In DG,
newborn cells dye by apoptosis between 1 to 4 days after their
birth and are efficiently removed by microglial cells, which
shape hippocampal adult neurogenesis through apoptosis-
coupled phagocytosis (Sierra et al., 2010). It has been also
shown that synaptic pruning by microglial is necessary for
normal brain development (Paolicelli et al., 2011), while
synaptic integration of adult hippocampal newborn cells is
tightly controlled by astrocytes (Sultan et al., 2015).

Stroke and Adult Neurogenesis

Adult neurogenesis is influenced by stroke, trauma and other
pathological conditions (Arvidsson et al., 2002; Gomes-Leal,
2012; Liang et al., 2019). There is conspicuous neuroblast
migration to striatum (Arvidsson et al., 2002) and cortex
(Liang et al., 2019) after experimental stroke. Arvidsson et al.
(2002) showed for the first time that neuroblasts migrate to
ischemic striatum and partially replace neurons that are lost
after stroke. Similar results were reported by a other group a
short time later (Parent, 2003). Since then, other studies have
shown migration of neuroblasts to other brain areas, including
cerebral cortex (Liang et al., 2019).

It has been recently shown that cortical ischemia influences
proliferation of neuroblasts in the SVZ (Liang et al., 2019). SVZ
neuroblasts migrate to peri-infarct cortical area contributing
to spontaneous functional recovery in this experimental
paradigm (Liang et al., 2019). It has been also shown that
immature adult-born GABAergic migrate from SVZ and
integrate into the peri-infarct area after cortical ischemia,
although their contribution to functional recovery was not
determined (Kannangara et al., 2018). In addition, neuroblasts
migrate toward ischemic cortex contributing to increase in the

number of total cortical neurons at 65 days post-injury (Palma-
Tortosa et al., 2017). Finally, it has been reported that an
endogenous population of cortical progenitors may originate
adult-born GABAergic neurons in layer 1 of neocortex, which
migrate to other cortical layers following damage (Ohira et al.,
2010).

Microglia are considerably activated after stroke with
beneficial and detrimental actions for adult neurogenesis
(Thored et al., 2009; Gomes-Leal, 2012; Lopes et al., 2016).
These glial cells together with astrocytes seem to contribute to
neuroblast migration toward striatum after stroke by releasing
factors including monocyte chemoattractant protein-1 (Yan
et al., 2006) and stromal cell-derived factorl a (Thored et al.,
2006). We have previously shown that long-lasting microglia
activation occurs in both SVZ and striatum following middle
cerebral artery occlusion (MCAQ) (Thored et al., 2009). In
this study, we have reported that SVZ microglia display a
more ramified morphological phenotype in both acute and
chronic survival times after MCAO presenting a proneurogenic
phenotype (Figure 1) by expressing and releasing insulin-like
growth factor (Thored et al., 2009).

In a follow up study, we have described clusters of ramified
microglia spatially correlated with clusters of neuroblasts in
the SVZ suggesting a beneficial role of microglia for striatal
neurogenesis (Gomes-Leal, 2012). Surprisingly, in the same
study, we also described hyper activated microglia in regions
of absence of neuroblast migration in the dorsal striatum
(Gomes-Leal, 2012), while in the same animal activated but
more ramified microglia were present together with migrating
neuroblasts in the ventral striatum (Gomes-Leal, 2012). Based
on these results, we hypothesized that after MCAO beneficial
and detrimental microglia are present in different anatomical
niches in the damaged striatum (Gomes-Leal, 2012).

Microglia are also detrimental for adult neurogenesis.
Treatment with the nonsteroidal anti-inflammatory drug
indomethacin reduced microglia activation and increased
survival and numbers of neuroblasts in the striatum following
transient focal ischemia (Hoehn et al., 2005). Chronic
treatment with minocycline also reduced microglia activation
and increased number of neuroblasts in the hippocampal DG
after MCAO (Liu et al., 2007). Recently, we provided further
evidence that inhibition of microglia with indomethacin
increases numbers of neuroblasts in both SVZ and striatum
mainly at 14 days after endothelin-1-induced striatal stroke
even in the absence of infarct area reduction (Lopes et al.,
2016). In addition, indomethacin treatment enhances adult
neurogenesis in the hippocampal DG giving further support
that this anti-inflammatory drug may modulate microglia
activation contributing to increased neurogenesis (Hain et al.,
2018).

The pathological environment is non-permissive to survival
of migrating neuroblasts (Arvidsson et al., 2002). 80% of
neuroblasts migrating to ischemic striatum dye in the first
2 weeks after MCAO (Arvidsson et al., 2002), although a
continuous neuroblast migration has been reported (Thored
et al.,, 2006). Excessive inflammation certainly contributes
to neuroblast death after stroke and a proper modulation
of microglia activation is suitable approach to increase
adult neurogenesis as previously discussed. It follows that
minocycline and indomethacin may modulate microglial
phenotypes after stroke maximizing expression of M2
microglia, which release growth factors and contribute to
repair after stroke (Hu et al., 2012). This seems to be valid for
stem cell survival as we have also shown that modulation of
microglial activation with minocycline improves therapeutic
actions of bone marrow mononuclear cells transplanted into
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Figure 1 | Expression of insulin-like growth factor 1 (IGF-1) by microglia in
the subventricular zone (SVZ).

Double immunofluorescence for Ibal (green, microglial marker) and IGF-1
(red) in the SVZ. Iba-1 positive cells are also positive for IGF-1. LV: Lateral
ventricle. Laboratory of Experimental Neuroprotection and Neuroregeneration
image data bank. See Thored et al. (2009) for details on the protocol for IGF-1
immunohistochemistry. Scale bar: 30 um.

the acute phase of both cortical (Franco et al., 2012) and
striatal stroke (Cardoso et al., 2013).

Recent studies have addressed the mechanisms underlying
the influence of microglia on adult neurogenesis suggesting
both beneficial (Chapman et al., 2015; Sellner et al., 2016) and
detrimental roles (Jin et al., 2014; Ortega et al., 2014; Moraga
et al., 2015), as previously reported. It has been shown that
inflammation, even in the absence of neuronal damage, is a
major inducer of neuroblast migration to striatum (Chapman
et al., 2015). Blockage of K(ATP)-channel in microglia using
glibenclamide enhances striatal neurogenesis following stroke
(Ortega et al., 2013, 2014), suggesting that very reactive
microglia may impair adult neurogenesis. Nevertheless, a
proper modulation of microglial activation seems to contribute
to neurogenesis as glibenclamide may increase monocyte
chemoattractant protein-1 release by microglia contributing to
neuroblast migration (Ortega et al., 2013, 2014). In addition,
increased microglial proliferation has been demonstrated with
aging with a subsequent impairment of adult neurogenesis
and neuroblast migration to striatum following stroke in aged
animals (Moraga et al., 2015).

The “Janus face” of microglia seems to be related to their
immune functions (Gomes-Leal, 2019). Different microglial
phenotypes (M1, M2, etc) are likely a product of soluble
factors released by different sources in the pathological
environment. Recently, we have introduced the “friend fire
hypothesis” to explain the dual role of microglia after CNS
diseases (Gomes-Leal, 2019). According to this hypothesis,
microglial can be beneficial or detrimental depending on the
kind of pattern recognition receptors that are activated by
“danger signals” released by dying cells in the pathological
environment. We proposed that “danger signals” might
activate some receptors, like toll-like receptors, activated
by pathogens during infection even in the absence of a real
infection (Gomes-Leal, 2019). Under these circumstances,
microglia would use the same biochemical weapons normally
used to eliminate pathogens during infectious diseases killing
neurons during stroke, trauma and other neural disorders
(Gomes-Leal, 2019). These mechanisms might underlie the
dual role of microglia on adult neurogenesis, as previously
discussed.

Conclusions and Future Perspective

Further studies are necessary to precisely establish the
role of microglia on adult neurogenesis following stroke.
Nevertheless, a critical analysis of the papers discussed above
indicates that the final contribution that the final contribution
of microglia to adult neurogenesis will depend on how the
pathological environment determines the fate of microglial
phenotypes. Anti-inflammatory drugs such indomethacin and
minocycline may inhibit specific populations of M1 microglia
maximizing the beneficial effects of M2 microglial phenotypes
contributing to adult neurogenesis improvement. It seems
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clear that a complete inhibition of microglia is not a suitable
approach to improve adult neurogenesis following stroke.
Future studies are mandatory to establish the contribution of
adult neurogenesis to functional recovery after stroke and this
will depend on the functional integration of new born neurons
into preexisting neural circuits.
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