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Editorial on the Research Topic

New Insights Into Adult Neurogenesis and Neurodegeneration: Challenges for Brain Repair

The formation of new neurons in the brain is probably one of the most controversial topics in the
scientific community since in the 1960’s Joseph Altman described for the first time that proliferating
cells give rise to new neurons in the adult brain of rats and other mammals. This Research Topic
includes 1 brief research report, 3 mini review, 4 review and 9 original research papers gathering
different contributions highlighting new developments in the field of neurogenesis.

The existence of neurogenesis in the adult has traditionally been restricted to two specific
regions of the brain: the hippocampus and the subventricular zone. More recently, however, new
neurons have also been found in other brain regions of adult mammals. A review by Jurkowski
et al. summarizes evidence in support of the classic and novel neurogenic zones in mammals
and discusses the functional significance of these new neurons. Authors also discuss the potential
clinical applications of promoting neurogenesis outside of the classical neurogenic niches.

Regarding adult hippocampal neurogenesis, a fundamental problem that remains unclear is
to what extent it actually occurs in humans. The answer is reviewed by Seki based on studies
on adult neurogenesis performed in rodents and humans. The author also discusses the studies
in non-human primates, paying attention to how data of rodent and non-human primate adult
hippocampal neurogenesis should be applied for understanding this process in humans.

In contrast to mammals, the adult zebrafish brain shows neurogenic activity in a myriad of
niches present in almost all brain subdivisions. In fact, the regeneration process in zebrafish after
brain damage is completely different from that observed in mammals. A better understanding
of that regenerative mechanisms could help to develop new therapies to combat the debilitating
consequences of brain injury, stroke, and neurodegeneration. Diotel et al. review this topic to
compare the properties of neural progenitors and the signaling pathways, which control adult
neurogenesis and regeneration in the zebrafish and mammalian telencephalon.
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The neurogenic process implies proliferation of neural stem
cells and migration of precursors from the birthplace to their
final site of integration. In this review, Bressan and Saghatelyan
focus on the intrinsic mechanisms that regulate long-distance
neuroblast migration in the adult brain and on how these
pathways may be modulated to control the recruitment of
neuroblasts to damaged/diseased brain areas. In this regard,
intermediate progenitors, which can replenish neurons in
the adult brain, have been recently identified. However,
the generation of intermediate progenitors of GABAergic
inhibitory neurons (IPGNs) has not been studied in detail.
This original research article by Esumi et al. characterizes the
spatiotemporal distribution of IPGNs in the mouse cerebral
cortex. As a final part of the neurogenic process after migration,
newborn neurons incorporate into existing neuronal networks
throughout the lifespan, which bestows a unique form of
cellular plasticity to the memory system. In this mini review
article, Vergara and Sakaguchi propose several mechanisms
by which hippocampal adult-born neurons could mediate
memory consolidation, particularly during REM sleep, placing
special emphasis on the functional correlation between new
neuron activity and oscillatory dynamics in dentate gyrus and
CA3 circuits.

Many factors are involved in the signaling pathways
that regulate neurogenesis. This research work by Ikegaya
et al. investigates the possible role of the protein netrin-
5 in the stimulation and organization of the neurogenic
niche in experimental animals. Similarly, estrogen and
estrogen-like molecules are involved in regulating the
balance between proliferation and differentiation of
neural stem/progenitor cells (NSPCs), thus influencing
neurogenic processes. Bustamante-Barrientos et al. provide
a comprehensive literature review on the current knowledge
of estrogen and estrogen-like molecules and their impact
on cell survival and neurodegeneration, as well as
their role in NSPCs proliferation/differentiation balance
and neurogenesis.

In addition to factors, cells of the nervous system also regulate
neurogenic processes. For instance, microglial cells regulate
neuronal development in specialized microenvironments of the
adult brain. Since recent evidence suggests that in adulthood
microglia secretes factors which modulate adult hippocampal
neurogenesis, Chintamen et al. discuss how interactions between
immune cells and developing neurons may be leveraged for
pharmacological intervention and as a means to preserve
adult neurogenesis.

From a therapeutic point of view, the stimulation of adult
neurogenic niches may represent a new strategy for the treatment
of neurodegenerative diseases. In this respect, Longoni et al.
propose in their review article that modulation of epigenetics,
mitochondrial function, and neurogenesis might provide new
hope for patients suffering for amyotrophic lateral sclerosis.

Animal models are so important in the study of the
role of neurogenesis in neurodegenerative disorders. Clark
et al. describe their results in an original research article,
showing the functional importance of traumatic-brain-injuries-
induced neurogenesis in assessing the potential of replacing

and/or repairing hippocampal neurons in the brain after
traumatic injury. In this regard, Hampton et al., using a
transgenic mouse, examine the role of the molecular chaperone
HspB5 in an experimental model of human tauopathy. The
aim of this study was to determine whether HspB5 could
present a neuroprotective effect, associated with protective
responses by both microglia and astrocytes. To deepen on
neurodegenerative diseases and considering recent data collected
in mammalian models of multiple sclerosis, Alzheimer’s disease,
stroke and spinal cord injury, Vancamp et al. discuss in a
review article whether thyroid hormone could have beneficial
effects in various pathological contexts acting on neural
stem cells.

A decline in the neurogenic process is also associated
with aging. This review by Rojas-Vázquez et al. focuses on
the interactions between vascular senescence, circulating
pro-senescence factors and the decrease in NSC potential
during aging. Understanding the mechanisms of NSC
dynamics in the aging brain could lead to new therapeutic
approaches, potentially including senolysis, to target age-
dependent brain decline. In a similar way, Cochard et al.
investigate the relationship between age-related changes in
NSPC output and activity of signaling pathways downstream
of the epidermal growth factor receptor, a major regulator of
NSPC activity.

Adult neurogenesis is not only affected by aging and
neurodegenerative diseases. Hippocampal neurodegeneration
is also a consequence of excessive alcohol consumption in
alcohol use disorders, being females more susceptible to
alcohol-induced brain damage. In this study, Nawarawong
et al. investigated the effects of alcohol dependence
on NPCs in the dentate gyrus of the hippocampus
and its impact on cell cycle activation during recovery
in abstinence.

Finally, Yu et al. in their mini review discuss several
potential drug targets that focus on the neurovascular
unit informing about novel vascular-targeted therapies for
neurodegenerative disorders like Alzheimer, Parkinson and
amyotrophic lateral sclerosis.

Hopefully, the reader will find in this Research
Topic a useful reference for the latest state-of-the-art
evidence about adult neurogenesis and its implications in
neurodegenerative disorders.

We thank all the authors for presenting a critical view about
how our basic knowledge on neurogenesis might be used to
prevent neurodegenerative disorders in the future.
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The neurovascular unit (NVU), composed of vascular cells, glial cells, and neurons,
is the minimal functional unit of the brain. The NVU maintains integrity of the blood–
brain barrier (BBB) and regulates supply of the cerebral blood flow (CBF), both of
which are keys to maintaining normal brain function. BBB dysfunction and a decreased
CBF are early pathophysiological changes in neurodegenerative disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS). In this review, we primarily focus on the NVU in AD as much research has been
performed on the connection between NVU dysfunction and AD. We also discuss the
role of NVU dysfunction in the pathophysiological mechanisms of PD and ALS. As
most neurodegenerative diseases are difficult to treat, we discuss several potential drug
targets that focus on the NVU that may inform novel vascular-targeted therapies for AD,
PD, and ALS.

Keywords: Alzheimer’s disease, blood–brain barrier, neurovascular unit, neurodegenerative disease, target

INTRODUCTION

Neurodegenerative disorders, like Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS), are severe neurological disorders that severely affect the quality
of life of patients and result in a heavy burden on the economy and society. AD symptoms include
memory loss and cognitive impairment (Govindpani et al., 2019). The prevalence of AD patients
is high. In 2020, there were approximately 4.7 million people with AD in the United States,
and by 2050, the number is expected to triple (Hebert et al., 2013). PD is the second most
common neurodegenerative disorder. Common clinical manifestations include tremor, rigidity,
and bradykinesia, which result in a heavy burden on patients and society (Lee and Pienaar, 2014).
ALS is a common degenerative disease, which affects motor neurons and causes progressive atrophy
of skeletal muscles, paralysis, and death (Petrov et al., 2017). However, our understanding of the
pathogenesis of these disorders is still limited.

Numerous research studies have demonstrated that the diseases mentioned above are related
to disruption of the neurovascular unit (NVU) (Sweeney et al., 2018; Liu et al., 2019). The NVU,
which is composed of vascular cells, glial cells, and neurons, plays an important role in maintaining
the functional integrity of the blood–brain barrier (BBB) and regulating the volume of the cerebral
blood flow (CBF) (Sweeney et al., 2018). Disruption of the NVU may induce dysfunction of the BBB
and decrease the CBF, which may contribute to the pathogenesis of neurodegenerative disorders.
When the NVU is disrupted and CBF decreases, not only is the supply of oxygen and nutrients
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to the brain reduced but also the clearance of neurotoxic
substance, such as β-amyloid (Aβ) and α-synuclein from brain
parenchyma is diminished.

In this review, we will discuss the roles of the NVU in
the pathogenesis of neurodegenerative diseases, AD, PD, and
ALS. Because the prevalence of Huntington’s disease, multiple
sclerosis, and other neurodegenerative diseases is relatively low
(McColgan and Tabrizi, 2018), we do not discuss research related
to those diseases in this review. We will especially focus on AD
because of significant research related to the close interaction
between NVU dysfunction and AD. In this article, we describe
the composition of the NVU as well as its function in molecular
transport and CBF regulation. Moreover, in this study, we
review changes in the NVU with respect to the pathogenesis of
neurodegenerative disorders, including specific mechanisms in
different neurodegenerative diseases. Finally, we review potential
therapeutic targets associated with these neurovascular deficits.

COMPOSITION OF THE
NEUROVASCULAR UNIT

The NVU is composed of vascular cells (including endothelial
cells, pericytes, and vascular smooth muscle cells), glial
cells (astrocytes, microglia, and oligodendroglia), and neurons
(Figure 1; Zlokovic, 2011). The tube structure of the capillaries
in the brain is formed by endothelial cells. The outside of the
endothelial tubes is surrounded by pericytes and astrocyte end-
feet. Moreover, endothelial tubes are surrounded by extracellular
matrix that forms the basement membrane. Combined with
neurons, all those mentioned above comprise the NVU. Tight
junctions and adherens junctions connect endothelial cells and
tight junctions limit the paracellular permeability of the BBB
(Zlokovic, 2008). There are several transmembrane proteins
involved in constructing tight junctions, including claudin,
occludin, junctional adhesion molecule, and zonula occludens-1
(ZO-1) (Zlokovic, 2011; Yamazaki and Kanekiyo, 2017). Vascular
endothelial (VE) cadherin is the principal cadherin that forms the
adherens junction and mediates intercellular adhesion (Zenaro
et al., 2017). Both tight and adherens junctions play key roles in
the control of endothelial permeability. Tight junctions prevent
free diffusion of proteins and seal the paracellular cleft between
endothelial cells (Tietz and Engelhardt, 2015), whereas adherens
junctions play a key role in cell-to-cell contacts and promote cell
maturation (Tietz and Engelhardt, 2015).

Pericytes cover the abluminal surface of capillaries and
regulate blood flow by controlling the capillary diameter
(Hamilton et al., 2010; Winkler et al., 2011). Pericytes also clear
toxic proteins to maintain the stability of the central nervous
system (CNS) and play a key role in the formation of tight
junctions (Daneman et al., 2010; Sagare et al., 2013).

Astrocytes are the most abundant glial cells in CNS. In the
NVU, astrocytes communicate with endothelial cells through
their end-feet (Abbott et al., 2006). Astrocytes combine neuronal
activity with blood vessels in a process, termed neurovascular
coupling. They respond to neuronal activity and deliver signals
to regulate the CBF (Attwell et al., 2010; Gordon et al., 2011).

Furthermore, astrocytes play a vital role in molecular transport
and BBB integrity (Yamazaki and Kanekiyo, 2017).

The NVU is crucial for stabilizing the environment of the
brain. Firstly, the continuous endothelial cells with tight junction,
basement membrane, and end-feet of astrocytes in the NVU form
the BBB. The BBB regulates which molecules or cells enter the
brain and clear detrimental proteins from brain parenchyma to
the peripheral circulatory system (Yamazaki and Kanekiyo, 2017).
Secondly, the NVU regulates the CBF in response to neuronal
activity through neurovascular coupling, which ensures sufficient
oxygen and nutrient delivery to brain tissue where they are
needed (Sweeney et al., 2018).

NEUROVASCULAR UNIT
DYSREGULATION IN ALZHEIMER’S
DISEASE

The most widely accepted pathophysiologic mechanism of AD
is insoluble Aβ deposition in senile plaques (Vinters, 2015). Aβ

accumulation in the brain is highly related to the dysfunction of
the NVU (Sweeney et al., 2018) and is thought to be caused by
the following two mechanisms, increased permeability of the BBB
and reduced CBF.

Increased Permeability of the
Blood–Brain Barrier
As mentioned above, adjacent endothelial cells are connected
by tight and adherens junctions, which form the BBB to
maintain homeostasis of the brain. Various studies using different
experimental methods have shown that the BBB integrity is
impaired in AD (Yamazaki and Kanekiyo, 2017).

The detection of plasma-derived proteins in brain
parenchyma is an extensively used approach for detecting
BBB breakdown. Plasma proteins, including prothrombin,
are found in postmortem cortical tissues of AD patients, and
leakage of proteins is more common in patients with at least
one APOE4 allele (Zipser et al., 2007). Using a novel dynamic
contrast-enhanced MRI protocol to quantify BBB permeability,
Montagne et al. (2015) showed that BBB permeability was
increased in patients with mild impaired cognitive function
than in healthy controls. Furthermore, BBB dysfunction leads to
decreased Aβ clearance in AD (Govindpani et al., 2019). There
are several mechanisms related to BBB dysfunction, which may
lead to amyloid burden in the brain (Figure 2).

Firstly, decreased expression of low-density lipoprotein
receptor-related protein 1 (LRP1) and P-glycoprotein (P-gp),
together with increased expression of the receptor for advanced
glycation end products (RAGE), is are observed in endothelial
cells in AD patients (Yamazaki and Kanekiyo, 2017; Zenaro
et al., 2017). All these proteins are crucial in Aβ transport
across the BBB. LRP1 is expressed on endothelial cells and
can internalize Aβ on the abluminal side (Cupino and Zabel,
2014; Yamazaki and Kanekiyo, 2017; Goulay et al., 2019).
The internalized Aβ is then transported into lysosome in
endothelial cells for further degradation, and some internalized
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FIGURE 1 | Structural diagram of the neurovascular unit (NVU) and the
composition of tight junctions and adherens junctions. The NVU is composed
of vascular cells (including endothelial cells, pericytes, and vascular smooth
muscle cells), glial cells (astrocytes, microglia, and oligodendroglia), and
neurons. Pericytes and astrocyte end-feet surround endothelial tubes.
Adjacent endothelial cells are connected by tight junctions and adherens
junctions. The tight junction is mainly composed of claudin, occludin, and
junctional adhesion molecules, whereas the adherens junction is composed of
vascular endothelial (VE) cadherin. NVU, neurovascular unit.

Aβ would be transferred to the luminal side by receptor-
mediated transcytosis (Pflanzner et al., 2011; Candela et al.,
2015). P-gp is an ATP-dependent efflux transporter that is located
on the luminal surface of endothelial cells (Schinkel, 1999).
In a previous animal study, it was concluded that deficient
expression of P-gp decreased Aβ clearance and increased Aβ

deposition in the brain (Cirrito et al., 2005). RAGE is a member
of immunoglobulin superfamily and can bind Aβ (Yan et al.,
2010). RAGE mediates the entry of Aβ from peripheral vessels
to the brain through the BBB. RAGE immunoreactivity in
endothelial cells was significantly increased in postmortem AD
brains compared with healthy controls (Miller et al., 2008).
Increased expression of RAGE in endothelial cells leads to
more influx of Aβ from the peripheral circulatory system to
brain parenchyma.

Secondly, tight junction proteins such as occludins, claudins,
and ZO-1 are reduced in endothelial cells (Marco and Skaper,
2006; Kook et al., 2012; Wan et al., 2015). As reported in previous
studies, Aβ was responsible for changes in tight junction protein
expression (Marco and Skaper, 2006; Kook et al., 2012; Wan
et al., 2015). It has been revealed that Aβ1-42 oligomers disrupt
tight junctions and increase permeability of the BBB through
reduction in the expression of occludin, claudin-5, and ZO-1 in
endothelial cells (Kook et al., 2012; Wan et al., 2015).

Cerebral Blood Flow Reduction
Decades before the onset of clinical symptoms, CBF in the
cortex changed in AD patients (Binnewijzend et al., 2016; Hays
et al., 2016; Dong et al., 2018). In AD and mild cognitive
impairment patients, arterial spin-labeling MRI demonstrated
reduced CBF in temporal and parietal cortices (Schuff et al., 2009;
Alexopoulos et al., 2012).

The most widely accepted cause of CBF reduction in AD is
the cholinergic-vascular hypothesis (Govindpani et al., 2019).
This hypothesis postulates that CBF changes are due to changes
in vascular innervation caused by neuronal loss, especially
the loss of cholinergic innervation. In a previous study, an
extensive reduction in cholinergic neurons in the temporal
lobe cortex and hippocampus of postmortem AD brains was
shown (Babic, 1999). Cholinergic neurons have a critical role in
controlling the vascular tone in the brain (Van Beek and Claassen,
2011). Acetylcholine binding to muscarinic receptors in vascular
smooth muscle cells dilates arterioles (Hamel, 2004). The deficit
in neurovascular coupling leads to decreased CBF in the brain.

In addition to disruption of neurovascular coupling, vascular
abnormalities may lead to decreased CBF in AD (De La Torre,
1997). Vascular abnormalities, such as tortuous, kinking, looping,
or twisting arterioles, are common in AD (Baloyannis and
Baloyannis, 2012). Such morphological changes in arterioles are
due to vessel wall thinning and vascular smooth muscle cells loss.
String vessels, which are composed of connective tissue and lack
endothelial cells, are not functional in maintaining BBB integrity.
The density of string vessels is remarkably increased in the brain
gray matter of AD patients (Hunter et al., 2012), and this is related
to decreased CBF in the brain.

A decreased CBF also decreases clearance and increases the
deposition of Aβ (Mosconi, 2005; Mawuenyega et al., 2010).
It has been reported that parenchymal Aβ deposition and
cerebral amyloid angiopathy burden are increased in animal
models of cerebral hypoperfusion (Garcia-Alloza et al., 2011;
Okamoto et al., 2012; Li et al., 2014; Gupta and Iadecola, 2015).
Consistent with the data from animal experiments, postmortem
human brains showed that the severity of cerebral amyloid
angiopathy significantly correlated to cortical microinfarcts
(Okamoto et al., 2012). Similar to the role of hypoperfusion in
promoting Aβ accumulation, it has been reported that plasma
Aβ increased after cardiac arrest in humans (Zetterberg et al.,
2011). Hypoperfusion can trigger accelerated deposition of Aβ

(Garcia-Alloza et al., 2011). Hypoperfusion in the brain has been
shown to dramatically increase the cleavage of Aβ from the
amyloid precursor protein (APP), through upregulation of β- and
γ-secretase, two enzymes that are required for the production of
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FIGURE 2 | Clearance of β-amyloid (Aβ) from the brain is impaired through several mechanisms. (1) Decreased expression of LRP1 on endothelial cells causes
decreased transport of Aβ from the brain to the peripheral circulatory system. (2) P-gp is an ATP-dependent efflux transporter that is expressed in the luminal surface
of endothelial cells. Deficient expression of P-gp decreases Aβ clearance. (3) RAGE is an immunoglobulin superfamily member and a receptor for Aβ. Increased
expression of RAGE in endothelial cells leads to more influx of Aβ from the peripheral circulatory system to brain parenchyma. (4) Tight junction proteins such as
occludin, claudins, and ZO-1 are reduced in endothelial cells, thereby leading to impairment of BBB integrity. Apart from disruption of the BBB, decreased CBF leads
to hypoxia, which upregulates the production of β- and γ-secretase. Increased β- and γ-secretase increases the cleavage of Aβ from APP. LRP1, low-density
lipoprotein receptor-related protein 1; P-gp, P-glycoprotein; RAGE, receptor for advanced glycation end products; ZO-1, zonula occludens-1; BBB, blood–brain
barrier; CBF, cerebral blood flow; APP, amyloid precursor protein.

Aβ (Zhang et al., 2007; Li et al., 2009). Moreover, in addition to
increased production of Aβ, decreased CBF leads to insufficient
clearance of Aβ. It was found that about half of the Aβ clearance
could be attributed to CBF and vascular-perivascular pathways
(Roberts et al., 2014).

The effects of brain hypoxia and Aβ deposition are mutual
(Gupta and Iadecola, 2015). The accumulation of Aβ deteriorates
cerebrovascular function, increases arterial vasoconstriction, and
reduces CBF (Thomas et al., 1996; Niwa et al., 2000).

NEUROVASCULAR UNIT
DYSREGULATION IN PARKINSON’S
DISEASE

The widely accepted pathological mechanism of PD involves the
loss of dopaminergic neurons in the ventral tier mesencephalon
(Lee and Pienaar, 2014). However, it is demonstrated that PD
pathology not only is restricted to the dopaminergic system but
also influences the noradrenergic, serotonergic, and cholinergic

systems (Loane et al., 2013; Pienaar and Van De Berg, 2013).
Increasing evidence has shown that disruption of the BBB may
play a critical role in the pathological mechanism of PD.

Previous research has revealed that the BBB is disrupted
in various toxin-induced PD models, including 6-OHDA and
MPTP-treated mice (Carvey et al., 2005; Chen et al., 2008). Other
studies have demonstrated that the expression of α-synuclein
is associated with increased permeability of the BBB (Jangula
and Murphy, 2013). Several mechanisms can explain the BBB
disruption in PD patients. Firstly, with increasing age, senile
astrocytes and microglia produce various cytokines, chemokines
(e.g., IL-6, IL-1β, and TNF-α), and reactive oxygen species
(ROS), which disrupt the integrity of the BBB and lead to
the rearrangement of tight junctions (Collins et al., 2012).
Secondly, PD patients show reduced expression of P-gp in
the midbrain, which is related to BBB dysfunction (Kortekaas
et al., 2005). It is thought that the decreased P-gp maybe
related to an accumulation of α-synuclein and other neurotoxic
substances in the brain (Bartels, 2011). Decreased efflux
membrane transport through P-gp leads to brain damage due
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to the accumulation of harmful substances. Furthermore, in
PD patients, angiogenesis occurs; however, the newly created
vessels are less likely to display the restrictive properties of
the BBB. Hence, the poorly developed BBB cannot protect the
parenchyma from toxic factors in the peripheral circulation
(Desai Bradaric et al., 2012).

NEUROVASCULAR UNIT
DYSREGULATION IN AMYOTROPHIC
LATERAL SCLEROSIS

Amyotrophic lateral sclerosis is a lethal neurological disease
involving rapid and progressive degeneration of motor neurons
in the brain and spinal cord. Most patients die within
24–48 months after symptom onset (Petrov et al., 2017).
A small number of ALS patients have familial ALS, and of
those, with a familial etiology, 20% have inherited superoxide
dismutase-1 (SOD1) mutations, which induce the disease
(Garbuzova-Davis et al., 2011). For sporadic ALS, various
pathological mechanisms have been proposed; however, the
precise pathogenesis is still unclear. One widely accepted
pathogenic mechanism of ALS is related to BBB and blood–
spinal cord barrier (BSCB) impairment, which leads to
motor neuron damage.

Mice with ALS-linked SOD1 mutations have reduced levels of
tight junction proteins, including ZO-1, occludin, and claudin-
5, which disrupt the BBB and BSCB functions (Zhong et al.,
2008). Human lumbar spinal cords from ALS patients also
demonstrate diminished expression of ZO-1 and occludin,
which corresponds with the finding in animals (Henkel et al.,
2009). Another study showed dramatically reduced perivascular
occludin, collagen IV, and astrocyte end-feet surrounded with
endothelial cells in the postmortem spinal cord of ALS patients
(Miyazaki et al., 2011). Furthermore, the disruption of the BBB
and BSCB occurs prior to motor neuron degeneration (Zhong
et al., 2008). In the NVU, the degeneration of tight junctions,
impairment of endothelial cells, and reduction in astrocytic end-
feet contribute to dysfunction of the BBB and BSCB. This leads
to vascular leakage and the entry of harmful substances from
the peripheral blood into the CNS parenchyma (Garbuzova-
Davis et al., 2008). The expression of two proteins important
for endothelial cell function, GLUT-1 and CD146, is decreased
in ALS (Garbuzova-Davis et al., 2007). Additionally, in SOD1
mutated mice, blood flow in the cervical and lumbar spinal cord
is decreased by about 30–45% before the onset of symptoms
(Zhong et al., 2008).

In short, the NVU is impaired in ALS before the onset of
clinical symptoms, and damage to the NVU plays a key role in
the pathogenesis of ALS (Garbuzova-Davis et al., 2011).

IMPLICATIONS FOR DRUG TARGETS

Increasing evidence has shown the important role of the NVU
in the pathogenesis of neurodegenerative diseases, including
AD, PD, and ALS (Sweeney et al., 2018). Most of these

neurodegenerative disorders are intractable, especially AD
and ALS. Therefore, looking to vascular cells as potential
drug targets for neurodegenerative disorders is a promising
avenue of research.

For instance, BBB breakdown and CBF reductions are
critical in the pathogenesis of AD. As discussed before,
downregulation of LRP1 expression is found in endothelial
cells and pericytes of AD patients, and this significantly
affects the clearance of Aβ across the BBB. Thus, increasing
expression of LRP1 may be a promising therapeutic target for
AD patients. Statins can reduce the risk of AD by decreasing
Aβ levels. In addition, the molecular mechanism of how
statins influence Aβ metabolism involves increasing the
expression of LRP1 and accelerating Aβ clearance (Shinohara
et al., 2010). Therefore, statins may be recommended for
upregulation of LRP1 (Whitfield, 2007). Recent research
has found that treatment with 1,25-(OH)2-vitamin D3
increased the expression of LRP1 significantly both in vivo
and in vitro (Patel and Shah, 2017; Cai et al., 2018).
Therefore, sufficient vitamin D supplementation may be
beneficial for Aβ clearance from the brain parenchyma to
blood. Furthermore, loss of cholinergic innervation leads to
decreased CBF in AD patients. Acetylcholinesterase inhibitors
(AChEIs), like tacrine, galantamine, and donepezil, increase
the acetylcholine concentrations and have been widely used for
decades (Govindpani et al., 2019). AChEIs have been shown
to increase blood perfusion in the frontal lobe and prevent the
progression of cognitive impairment after 1 year of treatment
(Shimizu et al., 2015).

For abnormal angiogenesis, Aβ immunization therapy in
Tg2576 mice has been shown to dramatically reduce the
formation of non-functional vessels, which increase vascular
permeability and lead to brain damage (Biron et al., 2013).
In Aβ-immunized mice, amyloidogenesis-triggered angiogenesis
was decreased, and the vascular density reverted to normal levels.
However, early clinical trials using the Aβ vaccine in human AD
showed unexpected negative side effects. Therefore, additional
studies are required prior to the application of Aβ immunization
therapy in AD patients (Masliah et al., 2005).

In a mouse model of AD, implantation of encapsulated
VE growth factor (VEGF)-secreting cells resulted in increased
vascularization and reduced Aβ deposition in the cerebral cortex
(Spuch et al., 2010). Furthermore, cognitive behavior improved
after implantation of VEGF microcapsules (Spuch et al., 2010).
A recent study in mice showed that the transplantation of
endothelial progenitor cells into the hippocampus increased
microvessel density, whereas the deposition of Aβ senile plaque
and hippocampal cell apoptosis was decreased (Zhang et al.,
2018). Transplantation of endothelial progenitor cells could also
upregulate the expression of the tight junction proteins ZO-1,
occludin, and claudin-5 (Zhang et al., 2018).

Given that oxidative stress plays an important role in the
underlying mechanism of PD, astrocytes as a part of NVU secrete
several beneficial antioxidant compounds, including glutathione
(GSH), superoxide dismutases (SODs), and ascorbate (Cabezas
et al., 2014). These molecules are important for neuron survival
during the neurodegenerative processes (Cabezas et al., 2014).
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Several studies have showed that GSH was critical for the
protection of BBB integrity (Agarwal and Shukla, 1999).
Thus, supplementary of these molecules may be an effective
treatment for PD.

CONCLUSION

In this review, we describe the role of NVU dysfunction in
the pathogenesis of several neurodegenerative diseases, including
AD, PD, and ALS. BBB breakdown and CBF reduction influence
the removal of harmful substances from the brain and play
an important role in the onset of neurodegenerative disorders.
A focus on the NVU for potential drug targets may be
helpful to inform novel vascular-targeted therapies. Nevertheless,

the mechanisms of BBB breakdown during neurodegenerative
diseases need to be further elucidated.
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Progressive neuronal death during tauopathies is associated with aggregation of
modified, truncated or mutant forms of tau protein. Such aggregates are neurotoxic,
promote spreading of tau aggregation, and trigger release of pro-inflammatory factors
by glial cells. Counteracting such pathogenic effects of tau by simultaneously inhibiting
protein aggregation as well as pro-inflammatory glial cell responses would be of
significant therapeutic interest. Here, we examined the use of the small heat-shock
protein HspB5 for this purpose. As a molecular chaperone, HspB5 counteracts
aggregation of a wide range of abnormal proteins. As a TLR2 agonist, it selectively
activates protective responses by CD14-expressing myeloid cells including microglia.
We show that intracerebral infusion of HspB5 in transgenic mice with selective neuronal
expression of mutant human P301S tau has significant neuroprotective effects in the
superficial, frontal cortical layers. Underlying these effects at least in part, HspB5
induces several potent neuroprotective mediators in both astrocytes and microglia
including neurotrophic factors and increased potential for removal of glutamate.
Together, these findings highlight the potentially broad therapeutic potential of HspB5
in neurodegenerative proteinopathies.

Keywords: heat shock protein, astrocytes, microglia, tau, neurodegeneration, neuroprotection

INTRODUCTION

Accumulation of hyperphosphorylated and aggregated tau is a hallmark of neurodegenerative
diseases such as Alzheimer’s disease and other tauopathies (Spillantini and Goedert, 2013).
Mutations in tau cause inherited frontotemporal dementia (FTD) establishing that abnormality
of tau protein alone is sufficient to cause neurodegeneration (Lee et al., 2001). Overexpression
of human mutant P301S tau in mice under a neuron-specific promoter has previously been
shown to recapitulate the core features of tauopathies including progressive neuronal loss, a
neuroinflammatory response and accumulation of hyperphosphorylated tau, thus making this
model suitable for the evaluation of putative therapeutic strategies (Bellucci et al., 2004, 2011; Sasaki
et al., 2008; Hampton et al., 2010; Jucker and Walker, 2011; Holmes et al., 2014; Torvell et al., 2019).

As a molecular chaperone, HspB5 counteracts aggregation, eliminates neurotoxicity of a wide
range of different abnormal protein aggregates (Waudby et al., 2010; Mannini et al., 2012;
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Yerbury et al., 2013; Hochberg et al., 2014) and inhibits
hyperphosphorylation of tau and its aggregation into oligomers
and insoluble fibers in vivo (Dabir et al., 2004; Björkdahl
et al., 2008). In experimental neurodegenerative diseases,
e.g., Alzheimer’s and Parkinson’s, increased expression of
HspB5 in neural cells correlates with reduced damage and
improved functional recovery (Ojha et al., 2011; Marino
et al., 2015). Evidence from the neuroinflammation field has
revealed the additional ability of HspB5 to activate a TLR2-
mediated neuroprotective and anti-inflammatory response
in CD14-expressing myeloid cells including microglia (van
Noort et al., 2010, 2013; Bsibsi et al., 2013, 2014). In line with
these biological activities, administration of HspB5 ameliorates
neuroinflammation, stroke, spinal cord injury, and optic nerve
damage in experimental models (Ousman et al., 2007; Arac et al.,
2011; Pangratz-Fuehrer et al., 2011; Klopstein et al., 2012; Wu
et al., 2014), and symptoms of multiple sclerosis in humans
(van Noort et al., 2015). In the present study, we examined its
effects in an experimental model of human tauopathy. Upon
intracerebral infusion in P301S mice, HspB5 led to a significant
neuroprotective effect, which was associated with protective
responses by both microglia and astrocytes.

RESULTS AND DISCUSSION

HspB5 Is Neuroprotective in an in vivo
Model of Tauopathy
Here, we show that implantation of a cannula (at 8 weeks of
age, location and area analyzed in the superficial motor cortex
shown in Figures 1A–C) and infusing PBS or myoglobin for
4 weeks did not alter the loss of NeuN+ or GABAergic+ neurons
(Figures 1I–R). This is important as we have reported previously
(Hampton et al., 2010; Torvell et al., 2019) that numbers of
NeuN+ and GABA+ neurons in the superficial frontal cortex are
significantly decreased in 12-week old P301S mice as compared
to 8-week P301S mice or healthy, 12-week old C57/BL6 mice.
Thus validating this observation again here we show that NeuN+
(969.7 ± 211.3 for C57/BL6 compared to 285.6 ± 71.5 in P301S)
and GABA+ (482.6± 34.3 for C57/BL6 compared to 83.3± 23.5
in P301S) neurons are lost in this superficial frontal motor cortex
by 12 weeks of age (Figures 1D–H). Also numbers of GFAP+
reactive astrocytes are increased, thus further verifying this
age-dependent model of tau-driven, superficial frontal cortical
neuronal loss. To normalize data a ratio of the contralateral,
non-infused hemisphere to infused hemisphere was generated.
This revealed a ratio of 1.3 ± 0.5 and 1.2 ± 0.3 for PBS and
myoglobin infusion respectively thus confirming that control
infusions (be it either PBS or myoglobin) had no impact on
neuronal survival (Figures 1M,R). In contrast, neuronal density
ratio was significantly increased following 4-week infusion of
HspB5 (2.4 ± 0.4 for NeuN+; 2.6 ± 0.3 GABA+ neurons)
(Figures 1L,M,Q,R), similar to 12-week old C57/BL6 control
mice, or P301S mice prior to neuronal loss. Thus, infusion with
HspB5 is neuroprotective, significantly preventing neuronal loss
in the outer cortical layers.

HspB5 and Glial Activation in an in vivo
Model of Tauopathy
Next, the impact of the infusions on numbers of Iba-1+microglia
and GFAP+ reactive astrocytes were examined. As shown in
Figures 2A–J, infusions of PBS or myoglobin or HspB5 all
induced a significant increase in the number of reactive glial
cells, with no differences between each infused group except
when compared to normal 12 weeks old P301S mice. Thus PBS
(2.2 ± 0.2 Iba1; 2.2 ± 0.5 GFAP), myoglobin (1.9 ± 0.3 Iba1 and
1.7 ± 0.3 GFAP) and HspB5 (2.2 ± 0.3 Iba1; 2.4 ± 0.4 GFAP)
all increased these reactive glial markers to a similar extent.
Therefore it was not an increase in the numbers of reactive glia
that was responsible for the observed neuroprotective effect of
HspB5 only, leading us to further examine the impact of HspB5
on glial phenotype.

HspB5 Induces a Secondary
Neuroprotective Response in Astrocytes
Previously we have shown that transplantation of astrocytes
can be neuroprotective in the P301S mouse (Hampton et al.,
2010). Given that activation of innate cellular responses by
HspB5 is mediated via TLR2, with CD14 as an essential co-
receptor (van Noort et al., 2010; Bsibsi et al., 2013, 2014),
which are absent on astrocytes, any direct activation of astrocytes
by HspB5 would be unexpected. Indeed, investigations of
treatment of cultured human astrocytes with HspB5 showed
no significant increase in neurotrophic factors including NGF
and BDNF previously shown to be increased following astrocyte
transplantation into the P301S mice (Hampton et al., 2010)
(Figures 3A–C). However, exposure to HspB5 accompanied by
soluble factors released by HspB5-activated human microglia did
trigger astrocyte activation of BDNF, NGF, and LIF (Figures 3A–
C) and resulted in significantly increased production of EAAT2
(Figure 3D). EAAT2, the human equivalent of GLT-1, is an
astrocyte specific glutamate reuptake transporter that is critical
to regulating glutamate homeostasis at the synaptic cleft (Soni
et al., 2014). Expression of EAAT2 on HspB5-activated astrocytes
was also confirmed by immunocytochemical staining (Figure 3E)
and quantification of EAAT2 transcripts showed an 80-fold
increase (Figure 3F). Individual pro-inflammatory mediators
(including TNFα or interleukin-10) alone or culture medium
from unstimulated microglia did not increase EAAT2 production
on astrocytes. Thus, the combination of HspB5 with products
secreted by HspB5-activated microglia produced this significant
induction in astrocytes of EAAT2 and other neuroprotective
factors (Figures 3A–F). In support of these in vitro findings,
analysis of HspB5-treated P301S mouse brains revealed a
significant increase in GLT-1 positive/GFAP positive astrocytes
(364± 32.8 per mm2) compared to myoglobin (221.9± 33.1 per
mm2) or PBS (229.3± 51.3) not only in P301S mice (Figures 3G–
O) but also C57/BL6 control animals (Figures 3P–V).

Our present findings demonstrate that the significant
neuroprotective effects of HspB5 in the P301S model of tauopathy
are associated with activation of local glial cells. Previous data
have already documented induction in microglia of several anti-
inflammatory and neuroprotective mediators by HspB5 (van
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FIGURE 1 | Intracerebral infusion of HspB5 is neuroprotective in P301S mice. Overview images (A–C) to show where canula were inserted (co-ordinates based on
Bregma detailed in methods) as well as area of analysis. Sagittal image from a C57/BL6 stained with cresyl violet providing an overview of infusion site based on
cannulas being inserted through the skull to a depth of 0.5 mm to touch the surface of the cortex, 0.75 mm lateral from the midline and 1.2 mm forward from
bregma, marked by the thick dotted black line with the box highlighting area for analysis (A), scale bar = 2 mm. Coronal image highlighting a potential area of
analysis in the dotted box, scale bar = 500 µm with (C) showing this area zoomed in and the dotted box in (C) showing the representative area where all following
analysis would be performed in, scale bar = 100 µm. P301S (n = 4) mice compared to age-matched C57/BL6 (n = 7) control mice (D–H). Scale Bars = 100 µm for
(D–G) and quantification of both NeuN and GABAergic interneurons within this superficial region (H) (asterisks signifying P < 0.05, one way ANOVA, Tukey test) in
the P301S mice when compared to the C57/BL6 mice. P301S mice (at 8 weeks old) were either not treated (I,N, n = 4), or infused with PBS (J,O, n = 5) myoglobin
(K,P, n = 7), or HspB5 (L,Q, n = 10) in a continuous manner using osmotic mini-pumps connected to a canula overlaying the superficial surface of the cortex for
4 weeks. At 12 weeks of age, the superficial cortex was examined for viable neurons expressing either NeuN (I–M) or GABA (N–R; arrows highlight GABA+
neurons). (M,R) Show quantification of the numbers of viable neurons relative to the untreated contralateral hemisphere, with the dotted line signifying normal
12 weeks old P301S mice(asterisk signifying P < 0.01, one way ANOVA, Tukey test). All scale bars are shown for grouped images therefore panels (I–L,N–Q) the
scale is the same with a representative bar shown in (I) or (N) = 100 µm.

Noort et al., 2010; Bsibsi et al., 2013, 2014). Our current findings
extend this by revealing that astrocytes can also respond to HspB5
in a neuroprotective manner, but only when simultaneously
exposed to the secreted products of HspB5-activated microglia
as cofactors. Together, these data provide the first experimental
evidence of a neuroprotective effect of HspB5 in a model of
inherited neurodegeneration due to mutant tau.

MATERIALS AND METHODS

Treatment of P301S Mice
P301S transgenic mice (female, 8 weeks age) were anesthetized
and positioned into a stereotaxic frame (David Kopf Instruments,
Tujunga, CA, United States). Alzet micro-osmotic pumps model
1004 (Durect Corporation, Cupertino, CA, United States) were

filled with 100 µl of a sterile solution of PBS containing
12.5 mg/mL recombinant human HspB5 (Delta Crystallon,
Leiden, NL), 12.5 mg/mL myoglobin (M5696; Sigma Aldrich, St.
Louis, MO, United States), or PBS-only resulting in infusions
of an average of 33 µg of total protein, within roughly 3 µl of
solution per day at a rate of 0.1 µl per hour, via a cannula (Alzet
brain infusion kit 3) positioned approximately 0.5 mm deep,
resting onto the surface of the cortex 0.75 mm laterally from the
midline and 1.2 mm forward from bregma as shown in Figure 1.
This area was chosen for the infusions as we have previously
shown significant neuronal loss within this region of the motor
cortex at 12 weeks of age in P301S mice.

Animals were euthanized 4 weeks post-cannulation at
12 weeks of age, perfused with 4% paraformaldehyde in
PBS. Brains were removed, post-fixed in 4% paraformaldehyde
overnight, cryoprotected in 25% sucrose solution, and frozen in
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FIGURE 2 | Increase in reactive glial markers following infusion of PBS, myoglobin or HspB5. P301S mice (8 weeks old) were infused with PBS (n = 5), myoglobin
(n = 7), or HspB5 (n = 10) for 4 weeks and the superficial cortex was examined in identical areas as the neuronal analysis for Iba1 expression (pan-microglial marker,
A–D) or GFAP (reactive astrocytes, F–I). The dotted boxes in panels (A–D,F–I) have zoomed in inserts as marked by the addition of a ‘i’ to their respective panels,
i.e., (Ai) is the boxed area from (A). Quantification of the ratio of glial markers (E,J), with the asterisks *, signifying P < 0.01 in a one Way ANOVA, Tukey test. All
scale bars are shown for grouped images therefore panels (A–Ii) the scale is the same with a representative bar shown in (A,F) = 200 µm, (Ai,Fi) = 50 µm.

tissue-tec. Cryosections were cut coronally (25 µm), mounted
onto superfrost-plus glass slides (VWR International, East
Grinstead, United Kingdom) and stored at −80◦C. Sections
were blocked in 3% serum solution (goat, sheep or horse serum

chosen depending on secondary antibodies to be used) in a 0.2%
triton-X PBS solution for 1 h before being removed and primary
antibodies added (Table 1) in a 0.2% triton-X PBS solution
containing 1% of the appropriate serum for blocking. After
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FIGURE 3 | Neuroprotective astrocyte responses to HspB5 depend on concomitant exposure to soluble factors from HspB5-activated microglia. Cultured human
adult astrocytes were exposed to different stimuli including HspB5 alone or in the context of microglia-conditioned media, and transcript levels of LIF (A), NGF (B),
BDNF (C), and EAAT2 (D) were determined after 4 and 24 h. In a separate set of experiments, EAAT2 protein expression on cultured human astrocytes was
examined by immunocytochemical staining at various points in time after stimulation with HspB5 either alone or in the context of microglia-conditioned medium (E),
scale bar = 10 µm for all image panels. In parallel, EAAT2-encoding transcripts were again quantified by RT-PCR (F) ∗P < 0.01.Lower panels (G–N) illustrate in vivo

(Continued)
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FIGURE 3 | Continued
expression of GLT-1 by GFAP+ astrocytes following intracerebral infusion of P301S mice with PBS (n = 5), myoglobin (n = 7), or HspB5 (n = 10).
The white arrows highlight examples of GFAP+ and GLT1+ co-labeling with panel (O) providing quantification of this expression, with differences evaluated by
two-way ANOVA, Tukey, *P < 0.05; **P < 0.01. (P–R,T–V) Are representative images from C57/Bl6 mice also infused with either PBS (n = 3), myoglobin (n = 4),
or HspB5 (n = 5) and again panel (S) provides quantitation of this expression, with differences evaluated by two-way ANOVA, Tukey, *P < 0.05; **P < 0.01.
All scale bars are shown for grouped images therefore panels (G–N,P–V) the scale is the same with a representative bar shown in (G,P) respectively, scale
bar = 50 µm.

TABLE 1 | Antibodies.

Catalog # Antigen/target Source Species generated Dilution

Primary Antibodies

MAB377 NeuN-biotinylated Millipore Bioscience Mouse monoclonal 1:400

A2052 GABA Sigma-Aldrich Rabbit polyclonal 1:500

ab5076 IBA1 Abcam Goat polyclonal 1:150

C9205 GFAP-Cy3 conjugated Sigma-Aldrich Mouse monoclonal 1:400

GLT11-A GLT-1 Alpha-Diagnostic International Rabbit polyclonal 1:200

MCA839 PLP Ab D serotec Mouse monoclonal 1:500

14-9956-82 HLA-DR (LN3) e-bioscience Mouse monoclonal 1:500

MON-RTU1113 GFAP Monosan Mouse monoclonal 1:50

− PTX3 In house Rabbit 1:1000

GA524 GFAP Dako Rabbit polyclonal 1:3000

011-27991 Iba-1 Wako Rabbit polyclonal 1:10000

Secondary Antibodies

SK11021-2 Envision DAKO Goat Ready to use

A-11005 IgG-594 Invitrogen Goat anti mouse 1:250

A-11008 IgG-488 Invitrogen Goat anti rabbit 1:250

4030-04 AP Southern biotech Goat anti rabbit 1:250

S11226 Streptavidin – 568 Molecular probes/Invitrogen – 1:1000

A-11034 IgG Alexa-488 Molecular probes/Invitrogen Goat anti rabbit 1:1000

A-11055 IgG Alexa-488 Molecular probes/Invitrogen Donkey anti goat 1:1000

washing in PBS, secondary antibodies (Table 1) were applied.
Slides were washed in PBS and mounted using Fluorsave reagent
(Calbiochem, Nottingham, United Kingdom). These methods
have been detailed previously (Hampton et al., 2004, 2007, 2010;
Torvell et al., 2019).

Analysis of Neurons and Glia From
in vivo Experiments
Axiovision 4.8 (Zeiss microsystem, Cambridge,
United Kingdom) was used to collect images on a Zeiss
Axiovision upright microscope or Apotome system, or Zen 2009
software was used in conjunction with a Zeiss LSMZ10 confocal
microscope. Images were taken as z-stacks and max-projected
prior to analysis. All images within a dataset were captured
and handled identically for quantitative analysis. Zen blue or
Axiovision (Zeiss) or SigmaScan Pro 5.0 (SPSS, Chicago, IL,
United States) software were used for subsequent quantitative
density measurements and cell counts.

For initial verification analysis of 12 weeks old P301S (n = 4)
compared to age-matched C57/BL6 (n = 7) NeuN and GABA
positive cells were counted in a 155 × 155-µm grid throughout
the superficial cortex, using 4 images per animal, with all cellular
counts expressed as mean numbers of cells per 1 mm2 of
tissue (Figure 1E).

For analysis of NeuN (Figure 1) and GFAP (Figure 2)
expression, images were taken throughout the superficial cortex
and converted to grayscale max-projection TIFFs. All images
were then thresholded such that pixels overlying immune-
positive cells had a grayscale value of 68, and all other pixels had
a value of 0. Therefore, an average intensity could be converted
to density measurements by dividing the output by 68, leading to
a scale of 0 (minimum) to 1 (maximum possible reading) being
generated. These thresholded images were then use to generate
a percentage area of the cortex containing a positive antibody
signal, by dividing the number of positive readings by the total
number of potential readings, multiplied by 100. Between 6 and 8
sections per animal were analyzed, from which a mean percentage
area of the cortical layer containing a positive NeuN or GFAP
signal could be calculated. For analysis of GABA+ neurons
(Figure 1) and IbA1+ microglia (Figure 2) cells were counted
in a 155 × 155-µm grid throughout the superficial cortex, using
between 6 and 8 images per animal. To be able to compare
multiple experiments across different times and institutes, each
group of data except GFAP-GLT1 analysis was normalized to
generate a ratio of infused hemisphere to normal contralateral
hemisphere before being unblinded and grouped correctly.

For GFAP+ GLT-1+ double-labeled positive astrocytes
(Figure 2) cells were counted in a 155× 155-µm grid throughout
the superficial cortex, using between 6 and 8 images per animal,
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with all cellular counts being expressed as mean numbers of cells
per 1 mm2 of tissue.

N numbers for the various groups are shown in their
relevant figure legends.

Isolation and Culturing of Human
Microglia, Astrocytes and Macrophages
Human adult microglia and astrocytes were isolated from fresh
post-mortem brain samples as previously described (Dabir et al.,
2004; Björkdahl et al., 2008). Conditioned media was generated
by supplying microglia with fresh culture medium containing
50 µg/mL HspB5 and medium harvested after 24 h. Microglia-
conditioned media was used for astrocyte stimulations at a 1:1
dilution in the astrocyte culture medium. Astrocyte stimulations
with control stimuli were performed by addition of recombinant
human TNF-α, IFN-γ IL-1β or IL-10 (PeproTech Inc), all at
a final concentration of 2 ng/mL. For RT-PCR analyses of
transcripts at 4 or 24 h of stimulation, total cellular RNA
was isolated from astrocytes using TRizol R© according to the
manufacturer’s protocol (Invitrogen, Breda, Netherlands). RNA
was reverse transcribed into cDNA and transcripts levels relative
to β-actin were determined by RT-PCR using SYBR R©green.

The primers used (Biolegio, Nijmegen, Netherlands) were
the following: EAAT-2 forward: TTCCCTGAAAACCTTGTCCA
and reverse: GGTGGTGCAACCAGGACTTT; LIF forward: CC
AACGTGACGGACTTCCC and reverse: TACACGACTATGCG
GTACAGC; BDNF forward: CTACGAGACCAAGTGCAATCC
and reverse: AATCGCCAGCCAATTCTCTTT; NGF forward:
GGCAGACCCGCAACATTACT and reverse: CACCACCGAC
CTCGAAGTC; β-actin forward: GGTCATCACCATTGGCAA
and reverse: ACGTCACACTTCATGATG.

For immunocytochemical staining of EAAT2, human
astrocytes cultured in chamber slides were rinsed with PBS
and fixed for 10 min at room temperature with 4% (w/v)
paraformaldehyde. To permeabilize the cells and block non-
specific protein-protein interactions, astrocytes were incubated
in 1% (w/v) BSA/10% (v/v) normal goat serum/0.3 M glycine
in 0.1% (v/v) Tween in PBS for 1 h. Staining was performed
by incubation of cells overnight at 4◦C with 5 µg/ml rabbit
polyclonal anti-EAAT2 antibody (ab41621, Abcam) diluted in
5% (v/v) normal goat serum. Cells were next washed in PBS and
incubated for 1 h with goat anti-rabbit Alexa fluor-594 (H + L)
(Life Technologies).

Statistics
Graphs were generated using graphing software (Sigma Plot
11) and statistical tests were performed using SigmaStat and

differences analyzed for statistical significance with ANOVA and
Tukey post hoc test and two-tailed Student’s t-test. P-values of less
than 0.05 were considered statistically significant and whenever
applied, all P-values are shown in the respective figure legends.
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Amyotrophic lateral sclerosis (ALS) is a progressive and devastating multifactorial
neurodegenerative disorder. Although the pathogenesis of ALS is still not completely
understood, numerous studies suggest that mitochondrial deregulation may be
implicated in its onset and progression. Interestingly, mitochondrial deregulation has also
been associated with changes in neural stem cells (NSC) proliferation, differentiation,
and migration. In this review, we highlight the importance of mitochondrial function
for neurogenesis, and how both processes are correlated and may contribute to the
pathogenesis of ALS; we have focused primarily on preclinical data from animal models
of ALS, since to date no studies have evaluated this link using human samples.
As there is currently no cure and no effective therapy to counteract ALS, we have
also discussed how improving neurogenic function by epigenetic modulation could
benefit ALS. In support of this hypothesis, changes in histone deacetylation can alter
mitochondrial function, which in turn might ameliorate cellular proliferation as well as
neuronal differentiation and migration. We propose that modulation of epigenetics,
mitochondrial function, and neurogenesis might provide new hope for ALS patients,
and studies exploring these new territories are warranted in the near future.

Keywords: amyotrophic lateral sclerosis, epigenetics, mitochondria, neural stem cells, neurogenesis

INTRODUCTION

Amyotrophic lateral sclerosis (ALS), also known as Lou Gherig’s disease, is the third most common
adult-onset neurodegenerative disease following Alzheimer’s and Parkinson’s diseases, with 90% of
all cases being sporadic (i.e., without known associated genetic cause) (Zarei et al., 2015; Schiaffino
et al., 2018). Despite that, mutations in more than two dozen genes have been thought to underlie,
at least partially, the neuropathology of both familial ALS (fALS) and sporadic ALS (sALS). Some of
the highly penetrant genes include Cu/Zn superoxide dismutase 1 (SOD1), Fused in Sarcoma (FUS)
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(4% fALS and < 1% sALS), C9orf72, CHCHD10, TAR DNA-
binding protein 43 (TDP-43) (5% fALS and < 1% sALS), and
Sqstm1/p62 (Seetharaman et al., 2009; Blair et al., 2010; Chio
et al., 2011; Ludolph et al., 2012; Majounie et al., 2012; Gijselinck
et al., 2015; Webster et al., 2016; Carri et al., 2017; Collins and
Bowser, 2017; Frick et al., 2018). Indeed, these genetic mutations
correspond to ∼68% of fALS cases, while 11% appear to be
related to increased susceptibility to sALS (Bozzo et al., 2017;
Webster et al., 2018). Mutations in the acetylcholine nicotinic
receptors (Sabatelli et al., 2009) and in the charged multivesicular
body protein 2b (CHMP2B) (Cox et al., 2010), previously known
as chromatin-modifying protein 2b, are also frequent in sALS.
However, it is estimated that ∼20% of all fALS cases (and 1%
of all sALS cases) are associated with mutations in SOD1 (Carri
et al., 2017). In agreement, more than 170 mutations have now
been identified in this gene (Kodavati et al., 2020). However, it is
also important to note that recent studies have demonstrated that
the most prevalent mutation in ALS seems to be associated with
the C9orf72 gene (40% of fALS cases and 7% of sALS cases) (Carri
et al., 2017; Stoccoro et al., 2018). Curiously, more than a hundred
low-penetrance ALS loci have been identified, indicating that
ALS pathology is also influenced by polygenic inheritance and
environmental factors (van Rheenen et al., 2016; Ji et al., 2017;
Stoccoro et al., 2018). Thus, ALS can be seen as the outcome of
multiple genetic, physiological, and environmental factors, which
may contribute to the phenotypic unpredictability associated
with both sALS and fALS (Ajroud-Driss and Siddique, 2015).

ALS is characterized by the progressive degeneration of
both upper motor neurons in the motor cortex and lower
motor neurons in the spinal cord and brainstem (Kunst,
2004; Al-Chalabi et al., 2012; Vandoorne et al., 2018). As a
consequence, there is gradual muscle denervation that leads
to weakness, atrophy, and paralysis, culminating in lethal
respiratory failure (Dupuis et al., 2011; Bucchia et al., 2015). It is
reasonable to speculate that the various mechanisms implicated
in the pathophysiology of ALS, including the numerous genetic
mutations described so far, might affect not only neurons but
also non-neuronal cells as well. Indeed, recent studies have
shown that astrocytes, oligodendrocytes, and microglia might
also play a role in ALS neuropathology (Chen H. et al., 2018).
Such findings are reinforced by the presence of several genetic
variants in individual ALS patients, suggesting that the interplay
among the various mutations may determine disease onset (Cady
et al., 2015) and that disease progression and outcomes can be
influenced by a variety of factors (Jimenez-Pacheco et al., 2017).
Moreover, the non-cell autonomous hypothesis is strengthened
by studies involving transcriptome and histology (Chiu et al.,
2013; Aronica et al., 2015; Gjoneska et al., 2015; Srinivasan et al.,
2016), in which various markers of non-neuronal cells were
recognized in induced pluripotent stem cells (iPSCells) from both
sALS patients (Re et al., 2014) and SOD1-G93A mice (Nagai
et al., 2007; Yamanaka et al., 2008; Ilieva et al., 2009; Chiu et al.,
2013; Kang et al., 2013; van Rheenen et al., 2016; Krasemann
et al., 2017). Within this scenario, it was also shown that
the oligodendrocytic protein myelin-associated oligodendrocyte
basic protein (MOBP) was a risk locus for ALS (van Rheenen
et al., 2016), and that the expression of the astrocytic protein

excitatory amino acid transporter-2 (EAAT2) is reduced and its
activity is decreased in the motor cortex and spinal cord of both
ALS patients and SOD1G93A transgenic mice (Rothstein et al.,
1995, 2005; Ganel et al., 2006; Pardo et al., 2006; Foran et al.,
2011; Karki et al., 2015; Lee et al., 2016). Of note, the non-cell
autonomous hypothesis has also been corroborated by several
in vitro studies using cocultures of astrocytes expressing mtSOD1
(G93A) and neurons, cocultures of microglia and neurons, and
cultures of motor neurons derived from embryonic stem cells
(ESCell) from ALS patients (Di Giorgio et al., 2007; Nagai et al.,
2007; Yamanaka et al., 2008; Ferraiuolo et al., 2011; Haidet-
Phillips et al., 2011; König et al., 2014; Endo et al., 2015;
Johann et al., 2015).

Unfortunately, there is currently no effective treatment or
cure for this devastating neurodegenerative disease, albeit some
medications used to attenuate symptoms (Brito et al., 2019), such
as RilutekTM (riluzole) and RadicavaTM (edaravone) (Martin
et al., 1993; Sawada, 2017; Brito et al., 2019). On the other hand, to
extend their life expectancy, ALS patients undergo tracheostomy-
delivered assisted ventilation (Hayashi and Kato, 1989; Jimenez-
Pacheco et al., 2017). Therefore, further elucidation of the
neuropathological mechanisms that underlie this disorder is a
recognized priority.

Up until a few decades ago, the mammalian brain was
believed to be a static organ. However, it is now well established
that the brain has the ability to adapt to new and different
situations by several mechanisms of synaptic and structural
plasticity (jointly referred to as neuroplasticity) that happen well
into adulthood. One form of structural neuroplasticity relies
on the self-renewal capacity of neural stem cells (NSCs) and
neural progenitor cells (NPCs). These cells are now known
to reside within restricted brain regions [the subventricular
zone (SVZ)/olfactory bulb (OB) and the subgranular zone
(SGZ) of the hippocampal dentate gyrus (DG), and a series
of sequential events result in the generation of new neurons
(Rodriguez and Verkhratsky, 2011a,b)].

In the past decade, several studies have implicated a
deregulation of neurogenic function in the mechanisms that
result in neurological dysfunction and neurodegeneration (Zhao
et al., 2008; Le Grand et al., 2015; Liu and Song, 2016).
Indeed, several reports have shown a reduction in neurogenesis
in several models of neurodegenerative disorders (Thompson
et al., 2008; Marxreiter et al., 2013; Winner and Winkler, 2015;
Hollands et al., 2016). In agreement with these observations,
various symptoms that are characteristic of the early stages of
these neurodegenerative conditions, such as changes in affective
behaviors (e.g., anxiety and depression), cognitive deficits, and
olfactory disturbances, can be directly related to deregulation
of adult neurogenesis. Interestingly, these alterations can be
either in the hippocampal DG or in the OB, the two central
regions in the adult mammalian brain that retain the capacity
to generate new neurons into adulthood (Simuni and Sethi,
2008; Stout et al., 2011; Hinnell et al., 2012). However, these
findings seem to vary not only with the brain region, but also
with the stage of disease progression (Boekhoorn et al., 2006;
Mirochnic et al., 2009) and the species evaluated (Jin et al.,
2004; Curtis et al., 2005; Peng et al., 2008; Winner et al., 2008;
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Kohl et al., 2010; Fedele et al., 2011; Simpson et al., 2011; van den
Berge et al., 2011; Calió et al., 2014). Furthermore, these deficits
in neurogenic function and affective/cognitive behaviors can both
be modulated (i.e., attenuated) by environmental enrichment
and physical activity (Chen et al., 2008; Mirochnic et al., 2009;
Bossers et al., 2010).

Since the generation of new neurons is directly dependent
on cellular energy levels, neurogenesis is considered an
adenosine triphosphate (ATP)-dependent mechanism. In
support, several studies have revealed the importance of
maintaining mitochondrial function for the proliferation of
NSCs as well as the survival and differentiation of new neurons
(Calingasan et al., 2008; Kirby et al., 2009). In addition, neuronal
growth, cytoskeleton remodeling, organelle transport, and
the formation and maintenance of synapses also rely on ATP
availability (Vayssiere et al., 1992; Bernstein and Bamburg, 2003;
Sheng and Cai, 2012).

Considering that a deregulation of adult neurogenesis is a
common feature of many neurodegenerative conditions, and
taking into account that this is an energy-dependent process,
in this mini-review we will discuss the relationship between
mitochondrial function and adult neurogenesis in ALS. In
addition, we will highlight how epigenetic modulation may
be used as a therapeutic strategy to counteract ALS through
an improvement of mitochondrial function and a consequent
increase in neurogenic rate.

MITOCHONDRIAL DYSFUNCTION
IN ALS

Mitochondria are essential organelles in eukaryotic cells,
whose major function is the production of ATP through
oxidative phosphorylation and thus meeting most of the
cell’s energy requirements (Nunnari and Suomalainen, 2012;
Bernard-Marissal et al., 2018). Of note, several lines of
evidence have indicated that the metabolic changes observed
in several neurological diseases are the result of a disruption
in mitochondrial function and a consequent reduction in ATP
production (Herrero-Mendez et al., 2009; Requejo-Aguilar et al.,
2014; Camandola and Mattson, 2017; Fiorito et al., 2018). In
agreement, a large number of studies have shown that energy
metabolism is deregulated in animal models of ALS as well in
patients with either sporadic or familial forms of ALS (Bowling
et al., 1993; Dupuis et al., 2004, 2011; Browne et al., 2006; Sasaki
et al., 2007; Perera and Turner, 2016). Indeed, a decrease in
the activity of the electron transport chain (Cozzolino et al.,
2009; Crugnola et al., 2010; Kawamata and Manfredi, 2010) and
a reduction in the activity of mitochondrial enzymes (Dupuis
et al., 2004; De Vos et al., 2007; Gonzalez de Aguilar et al.,
2008; Sotelo-Silveira et al., 2009; Bilsland et al., 2010) have
been verified to occur in models of this incurable disease.
For example, the mSOD1-G93A transgenic mouse model of
ALS [which overexpresses the human SOD1 with the Gly-93-
Ala (G93A) substitution], has been revealed to display reduced
activity of mitochondrial complex I (Jung et al., 2002; Coussee
et al., 2011). Interestingly, the discovery of the G93A mutation

in the antioxidant enzyme SOD1 was the first known genetic
cause of human ALS, and ∼160 different mutations affecting
the binding of Cu and Zn to the redox center of SOD1 have
been identified (Lovejoy and Guillemin, 2014; Malik et al., 2019).
There is also much evidence that transition metals, especially
Cu, Zn, and Fe, can mediate mitochondrial dysfunction, DNA
damage, telomere shortening, and neurodegeneration (Almeida
et al., 2006; Lovejoy and Guillemin, 2014; Bertoncini et al., 2016).
In ALS patients, magnetic resonance imaging has presented a
characteristic T2 shortening, which is attributed to the presence
of Fe in the motor cortex. Increased Fe is also detected in the
spinal cord of mSOD1 mouse models, and treatment with Fe-
chelating drugs lowers levels of Fe in the spinal cord, preserves
motor neurons, and extends the lifespan of these animals
(Lovejoy and Guillemin, 2014).

Nevertheless, in addition to changes in cellular redox status,
alterations in mitochondrial dynamics (Magrane et al., 2012), size
(Liu et al., 2013; Wang et al., 2013; Deng et al., 2015; Pansarasa
et al., 2018) and localization (Williamson and Cleveland, 1999;
Higgins et al., 2002; Magrane et al., 2009, 2012; Zhou et al.,
2010; Vande Velde et al., 2011) are also believed to contribute
to the pathophysiology of ALS. Indeed, defects in mitochondrial
dynamics and disruption of mitochondrial axonal transport
have been described in ALS models (De Vos et al., 2007; Shi
et al., 2010; Gao et al., 2018). Within this context, Joshi and
colleagues have reported excessive mitochondrial fragmentation,
mediated by hyperactivation of Drp1, in both fibroblasts derived
from numerous forms of fALS and in SOD1-mutant motor
neurons (Joshi et al., 2018). Accordingly, an improvement in
motor performance and an increase in survival were reported
in SOD1 G93A mice exposed to a peptide that inhibits the
interaction between Drp1 and Fis1 (Joshi et al., 2018). Both
in vivo studies with the mSOD1-G93A transgenic mouse model
and in vitro studies with the NSC34 motor neuron cell line (both
of which overexpress mSOD1) have described mitochondrial
abnormalities as well as altered axonal distribution of these
organelles (Williamson and Cleveland, 1999; Magrane et al.,
2009, 2012; Vande Velde et al., 2011). Meaningful, mSOD1
tends to accumulate within mitochondria, thus resulting in the
accumulation of defective mitochondria (Jaarsma et al., 2001;
Pasinelli et al., 2004; Vijayvergiya et al., 2005; Vande Velde
et al., 2011; Tafuri et al., 2015). In agreement, studies using
patients’ samples have demonstrated the presence of clusters of
mitochondria in the anterior region of the lumbar spinal cord
(Sasaki and Iwata, 1996) as well as an increase in presynaptic
mitochondrial volume in motor neurons (Siklos et al., 1996).
Furthermore, mSOD1-G93A transgenic mice exhibited abnormal
localization of mitochondria, which may further contribute to
mitochondrial dysfunction (Higgins et al., 2002; Zhou et al.,
2010). Additionally, Palomo and collaborators have shown that
the degradation of dysfunctional mitochondria (i.e., mitophagy)
is activated due to the recruitment of the autophagy receptor
p62 in the spinal cord of SOD1-G93A mice (Palomo et al.,
2018). Furthermore, Miro and Mfn2 (proteins involved in
mitochondrial dynamics), Parkin (a ubiquitin ligase), as well as
PGC1a (the master regulator of mitochondrial biogenesis) are
decreased in these mice (Palomo et al., 2018).

Frontiers in Neuroscience | www.frontiersin.org 3 July 2020 | Volume 14 | Article 67926

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00679 July 13, 2020 Time: 15:29 # 4

Calió et al. ALS: Mitochondria, Epigenetics, Neurogenesis Interplay

Although most studies that have assessed mitochondrial
function in animal models of ALS have primarily used SOD1
genetic models, it has also been shown that TARDBP, C9orf72,
TDP-43, and FUS can also impact this organelle. Fibroblasts
with the TARDBP (p.A382T) mutation present a fragmented
mitochondria network as well as changes in mitochondria
ultrastructure (Onesto et al., 2016). Moreover, TARDBP
fibroblasts exhibit a decrease in mitochondrial membrane
potential, while C9orf72 fibroblasts show mitochondrial
hyperpolarization as well as an increase in ATP, mitochondrial
DNA content, mitochondrial mass, PGC1-α protein, and reactive
oxygen species (ROS) levels (Onesto et al., 2016). These results
suggest that both TARDBP and C9orf72 mutations can lead
to cell death by mechanisms other than RNA metabolism
impairment (Onesto et al., 2016). An imbalance between fission
and fusion was also observed in C9orf72 human fibroblasts,
as a consequence of increased Mfn1 levels and alterations in
mitochondrial shape (Onesto et al., 2016). C9orf72 was also
shown to induce mitochondrial hyperpolarization, in addition to
an increase in mitochondrial content and mass, mitochondrial
fragmentation, and a loss of mitochondrial cristae (Dafinca et al.,
2016; Lopez-Gonzalez et al., 2016). With regard to TDP-43, it has
been described that the full-length protein can interfere with the
mobility of animals (Davis et al., 2018). Curiously, some targets of
TDP-43 include prohibitin 2 (PHB2), a mitochondrial chaperone
and mitochondrial degradation receptor, voltage-gated anion
channel 1 (VDAC1), and the fusion protein mitofusin 2 (MFN2)
(Davis et al., 2018). Furthermore, it has also been shown that
the expression of TDP-43 could lead to the phosphorylation of
serine 637 of the DRP1 protein, thus abolishing mitochondrial
fission (Davis et al., 2018). Finally, TDP-43 was also shown to
bind to ND3 and ND6 mitochondrial mRNA, thus inhibiting the
activity of complex I of the mitochondrial respiratory chain and,
consequently, oxidative phosphorylation (Wang et al., 2016).
Changes in mitochondrial function have also been documented
in FUS-associated ALS. Indeed, it has been shown that FUS
can induce defects in DNA break-ligation mediated by DNA
ligase 3 (LIG3), a crucial enzyme for the replication and repair
of mtDNA (Kodavati et al., 2020). Furthermore, both R521G
and R521H mutations of FUS have been associated with smaller
mitochondria in motor neurons, deficits in axonal transport, and
disruptions in the transference of vesicles between endoplasmic
reticulum and mitochondria in iPSC-derived neurons from
ALS patients (Tradewell et al., 2012). Moreover, an increase in
mitochondrial FUS was shown to induce an increase in Fis1 and,
as a result, an intensification of mitochondrial fragmentation and
ROS production, in addition to mitochondrial depolarization,
abnormal mitochondria transport along axons, and a decrease
in ATP synthesis (Deng et al., 2020). Together, these studies
suggest that unbalanced mitochondrial dynamics may be a
common feature in ALS and this can, in turn, lead to a reduction
in cell survival.

Though small modifications in the mitochondrial genome
can represent a risk factor for neurodegenerative diseases, the
sole presence of a few mitochondrial DNA (mtDNA) mutations
is not enough to directly lead to neurodegeneration per se
(Gerschutz et al., 2013; Perier et al., 2013; Parkinson et al., 2014;

Smith et al., 2019). Nevertheless, sporadic rearrangements of
mtDNA and hereditary mtDNA point mutations have indeed
been indirectly linked to neurodegenerative processes (Chinnery
and Hudson, 2013; Pinto and Moraes, 2014; Cha et al., 2015;
Keogh and Chinnery, 2015; Nissanka and Moraes, 2018). In ALS,
in particular, it is known that the amount of mtDNA, a marker
for mitochondrial copy number, is reduced in the spinal cord
of patients with either familial or sporadic forms of the disease
(Wiedemann et al., 2002). Nuclear DNA (nDNA) mutations
in genes responsible for mitochondrial proteins have also been
connected to ALS (Smith et al., 2019). Taken together, these
studies suggest that a decrease in mitochondrial biogenesis may
indeed contribute to the pathogenesis of this disorder.

Interestingly, mitochondria are also involved in the buffering
of calcium, and a deregulation of mitochondrial-dependent
calcium handling has also been linked to neurodegeneration
(Rosenstock et al., 2004, 2010a,b; Tang et al., 2005; Damiano
et al., 2006; Pelizzoni et al., 2008; Cali et al., 2012; Naia
et al., 2014; Carri et al., 2017; Salvatori et al., 2017). Indeed, a
disruption of intracellular calcium homeostasis has been revealed
to accompany changes in oxidative phosphorylation and ATP
synthesis in various neurodegenerative processes, including ALS
(Coussee et al., 2011; Ravera et al., 2018).

MITOCHONDRIAL (DYS)FUNCTION AND
NEUROPLASTICITY

It is well established that both structural and synaptic
neuroplasticity, including cell proliferation, neuronal
differentiation, and migration, as well as formation and
maintenance of functional synapses, are processes that require
energy (i.e., ATP) (Figure 1), and therefore rely on mitochondrial
content (Vayssiere et al., 1992; Mattson et al., 2008; Petanjek
et al., 2011; Agostini et al., 2016; Lin-Hendel et al., 2016). In
support, an increase in the content (i.e., levels) of mitochondrial
proteins as well as of transcription factors, which are known to
promote an increase in mitochondrial mass, has been detected
during early neuronal differentiation (Cordeau-Lossouarn
et al., 1991; Vayssiere et al., 1992); these data indicate that
mitochondrial content varies during neuronal development.
Moreover, in the SVZ niche, mitochondrial genes are the most
affected as NSCs progress from quiescent to activated (Mu et al.,
2010). In agreement, numerous studies have shown that in
addition to requiring appropriate growth factors (Ramasamy
et al., 2013) and adequate surfaces (Faissner and Reinhard,
2015), NSCs and their daughter cells undergo various changes
concerning their intracellular metabolic machinery in order to
proliferate and differentiate (Rafalski and Brunet, 2011; Folmes
et al., 2012; Gage and Temple, 2013). Notably, these changes are
likely to be correlated with the stage of neuronal differentiation,
rather than with simple progression to the postmitotic phase
(Vayssiere et al., 1992). Additionally, it has been presented that
p53 translocates to mitochondria during the early stages of
neuronal differentiation in an attempt to attenuate oxidative
stress and decrease mitophagy and cytochrome c release, thus
contributing to the survival of the newly born neurons and the
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FIGURE 1 | The postulated role of mitochondrial function in neurogenesis. Mitochondrial function is crucial not only for the survival and proliferation of neural stem
cells (NSCs; designated as stem cells for simplicity purposes) (1), but also for the proliferation of progenitor and precursor cells (1), and the differentiation (2) and
migration (3) of newly generated neurons. Indeed all of the steps in the neurogenic process are energy dependent, thus relying on intact mitochondrial function.

growth of neuritis, further promoting neuronal differentiation
and maturation (Xavier et al., 2013).

Mitochondria are also important for neuronal structure,
including axonal and dendritic formation (axonal growth cone
and filopodia, respectively); interestingly, both growing axons
and dendrites are enriched in these organelles (Cunniff et al.,
2016; Han et al., 2016; Sainath et al., 2017; Sheng, 2017;
Shneyer et al., 2017; Gershoni-Emek et al., 2018; Smith and
Gallo, 2018). Once neurons mature, mitochondrial function
(i.e., energy production and supply) is absolutely required for
neuronal synaptic plasticity and the formation and maintenance
of synapses. Indeed, ATP is necessary for both synaptic
vesicle recruitment and neurotransmitter release, as well as
the maintenance of ionic and electric gradients across the cell
membrane (Tang and Zucker, 1997; Bindokas et al., 1998;
Zenisek and Matthews, 2000; Billups and Forsythe, 2002; Kann
et al., 2003; Levy et al., 2003; Yang et al., 2003; Verstreken
et al., 2005). Consequently, pre- and postsynaptic terminals and
nodes of Ranvier have an increased number of mitochondria in
comparison to other cellular areas (Fabricius et al., 1993; Li et al.,
2004; Zhang et al., 2010).

Noteworthy, disturbances in intracellular calcium buffering
by the mitochondria and mitochondrial ROS production can
also affect synaptic formation and function. For example,
synaptotagmin-1, a protein involved in synaptic vesicle
formation, is activated by calcium (Choi, 1985; Schinder
et al., 1996; David et al., 1998), and therefore changes in
intracellular calcium levels can affect its function. On the

other hand, neuronal pruning can be modulated and affected
by ROS (Sidlauskaite et al., 2018). Indeed, an increase in
mitochondrial ROS production has been observed in inactive
synapses, and the presence of ROS in these “weak” synapses may
constitute a signal or trigger for their subsequent elimination
(Sidlauskaite et al., 2018).

CHANGES IN NEUROGENIC FUNCTION
IN ALS

As ALS is a multifactorial disorder (where both genetic
predisposition and environmental factors may contribute to
its etiology) (Bilsland et al., 2008; Haidet-Phillips et al., 2011;
Brites and Vaz, 2014; Nikodemova et al., 2014; Beeldman et al.,
2016; Matias-Guiu et al., 2016; Martinez-Merino et al., 2018;
Nonneman et al., 2018), changes in neuroplasticity (including
altered neurogenic function) may contribute to the pathogenesis
of this disease.

To date, various studies have assessed neurogenic function in
ALS animal models (Table 1), namely in transgenic mice and
rats expressing the mutation in the SOD1 gene (Warita et al.,
2001; Chi et al., 2006, 2007; Liu and Martin, 2006; Murphy, 2009;
Li et al., 2012; Khalil and Lievens, 2017). Within this scenario,
Li et al. (2012) have reported that mSOD1-G93A rats show a
significant reduction in fetal tissue derived NSCs proliferation
(Li et al., 2012). In agreement, Liu and Martin (2006) have
also observed altered proliferative capacity in all neurogenic
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TABLE 1 | Summary of studies that have assessed adult neurogenesis in
ALS animal models.

Authors (year of
publication)

Model Main finding

Warita et al. (2001) mSOD1-G93A
mice

Progressive expression of
PSA-NCAM

Liu and Martin (2006) mSOD1-G93A
mice

Alterations in proliferation
capacity in SVZ, OB, and DG

Chi et al. (2007) mSOD1-G93A
mice

Augmentation in NSC levels

Lee et al. (2011) mSOD1-G93A
mice

Decrease in functional
capacities of neural progenitor
cells

Li et al. (2012) mSOD1-G93A rats Reduction in NSC proliferation

DiFebo et al. (2012) Murine model of
motor neuron
degeneration

Lower NSC proliferation

Marcuzzo et al. (2014) mSOD1-G93A
mice

epSPCs differed more into
neurons than into astrocytes

Galán et al. (2017) Patients Increase in the neurogenesis in
the SVZ, but a decrease of it in
the SGZ

niches (SVZ, OB, and hippocampal DG) of the mSOD1-
G93A transgenic mouse model. Interestingly, these changes in
neurogenic activity can be detected during the presymptomatic
phase, before the onset of motor neuron degeneration and
subsequent motor paralysis, suggesting that a disruption of the
neurogenic process may somewhat contribute to the progression
of the disorder in this ALS model (Liu and Martin, 2006).
These findings also suggest that ALS-induced alterations in
the neurogenic microenvironment (i.e., neurogenic niche) can
permanently alter the proliferative capacity of NSCs and NPCs
(Lee et al., 2011). Curiously, in 25-week-old mSOD1-G93A
transgenic mice, the progressive expression of polysialylated
neural cell adhesion molecule (PSA-NCAM, a protein expressed
during the maturation and migration of immature neurons
and during synaptogenesis) (Rutishauser and Landmesser, 1996;
Rutishauser, 2008) has been noted in surviving motor neurons.
This outcome suggests that the expression of this protein may
dictate, or at least contribute, to the survival of motor neurons
in ALS (Warita et al., 2001).

NSC proliferation and degeneration of spinal cord motor
neurons were also evaluated in a bi-transgenic mouse (Bi-Tg)
expressing both mSOD1-G93A and a Nestin enhancer gene (Chi
et al., 2007). In this study, Chi and collaborators described an
increase in NSC levels in the motor cortex of bi-transgenic
animals at the beginning of disease progression when compared
with age-matched wild-type controls (Chi et al., 2007). However,
as disease progressed, a decrease in NSCs in the lateral ventricles
of Bi-Tg was observed, although no changes in the number of
NSCs in the hippocampal DG were detected (Chi et al., 2007).
Hence, it seems that at least in this model, ALS progression is
only related to a decrease in neurogenic function in the SVZ
neurogenic niche.

Various in vitro studies have also assessed proliferation
and differentiation of stem cells derived from animal models

of ALS. Marcuzzo et al. (2014) assessed the proliferating and
differentiating capacity of ependymal stem progenitors (epSPCs)
from the spinal cord of wild-type control, asymptomatic, and
symptomatic mSOD1-G93A transgenic mice (Marcuzzo et al.,
2014). Surprisingly, these authors found an increase in the
number of epSPCs-derived neurons (and a corresponding
decrease in the number of epSPCs-derived astrocytes) in
mSOD1-G93A transgenic cell populations when compared
with wild-type control cells. Oddly, the proportions of
oligodendrocytes were similar between both populations.
However, G93A-SOD1 epSPCs-derived neurons were smaller
than epSPCs-derived wild-type control neurons, whereas
G93A-SOD1 epSPCs-derived astrocytes presented an activated
phenotype. These marks demonstrate that although SOD1-G93A
epSPCs have the potential to differentiate into the three distinct
neural linages (neurons, astrocytes, and oligodendrocytes)
in vitro, the newly generated transgenic cells are morphologically
and physiologically different, and such differences might
contribute, at least in part, to the neurodegenerative mechanisms
underlying this neurological disorder. The neurogenic capacity
of SVZ-derived NSCs and its relationship with motor neuron
degeneration was also evaluated in the wobbler mouse model, a
murine model of motor neuron degeneration characterized by
increased cortical hyperexcitability (DiFebo et al., 2012). In vitro
experiments demonstrated that the rate of wobbler-derived NSC
proliferation was significantly lower than in control healthy mice.
On the contrary, the number of NSCs exhibiting early neuronal
commitment was significantly higher for wobbler-derived NSCs
when compared to NSCs from control animals.

So far, only one study has assessed neurogenic capacity
in ALS patients. In this study, while an increase in SVZ
neurogenesis was observed, a decrease in SGZ neurogenesis
was detected in the hippocampal DG of ALS patients (Galán
et al., 2017). While the observed increase in SVZ neurogenesis
may be part of an endogenous compensatory mechanism
to counteract the underlying neurodegenerative process,
the real impact of this increase is currently unknown, and
future studies are warranted to determine whether the
newly generated cells can fully differentiate and migrate
toward the areas of ongoing degeneration, or whether
they die before becoming fully functional (Galán et al.,
2017). Similarly, the impact of the observed reduction in
hippocampal DG neurogenesis is unexplained and further
investigations are thus necessary to determine its functional
implications. Table 1 further summarizes the studies described
in this section.

REGULATION OF NEUROGENIC
FUNCTION IN ALS THROUGH
EPIGENETIC MODULATION: POSSIBLE
THERAPEUTIC AVENUES

Despite considerable scientific progresses regarding the
identification of the molecular underpinnings of ALS
pathophysiology, the genesis of this devastating neurological
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FIGURE 2 | Mitochondrial function and epigenetic modulation as putative regulators of neurogenesis and neuronal survival. Functional mitochondria allow normal
brain metabolism and development due to the maintenance of an endogenous neural stem cell pool and supporting the mechanisms of adult neurogenesis.
Changes in mitochondrial function result in altered mitochondrial metabolism, dynamics, and transport, as well as generation of reactive oxygen species (ROS) and
oxidative stress, and these disturbances can then culminate in the impairment of stem cell self-renewal, a decrease in adult neurogenesis, and neuronal death.
Conversely, epigenetic modulation can promote mitochondrial metabolism, thus potentially reestablishing normal levels of adult neurogenesis while also promoting
neuronal survival and preventing neuronal death.

disorder and the factors that dictate its progression remain,
for the most part, unknown. As a consequence, no effective
treatments are currently available for individuals afflicted with
this disease (Mancuso et al., 2014), which makes the search of
potential disease-modifying therapies capable of altering the
rate of disease progression a recognized priority (Al-Chalabi
and Hardiman, 2013). Within this scenario, several lines of
evidence have suggested that interventions capable of promoting
an increase of neurogenesis may lead to better functional
recovery (Marsh and Blurton-Jones, 2017; Kameda et al., 2018;
Schiaffino et al., 2018). Indeed, neurogenesis can be modulated
by numerous intrinsic and extrinsic factors, including epigenetic
modifications, thus suggesting that epigenetic factors may
be used as potential targets to promote neurogenic function
in models of neurodegeneration. Even though epigenetic
modifications are not genetically transmitted, they can be
pharmacologically manipulated, making them potential marks
for medical intervention (Hwang et al., 2017). In reality, several
lines of evidence suggest that epigenetics might not only facilitate
the identification of effective therapeutic targets, but also assist
with ALS diagnosis and follow-up, since the expression of
numerous genes can be modulated by epigenetic mechanisms
(Chestnut et al., 2011; Jimenez-Pacheco et al., 2017; Young et al.,
2017; Coppedè et al., 2018; Masala et al., 2018).

Epigenetic modifications are mediated through gene–
environment interactions (Mehler, 2008; Al-Chalabi and
Hardiman, 2013) and result in heritable changes in gene
expression that are independent of alterations in DNA sequence
(Probst et al., 2009; Bonasio et al., 2010; Rosenstock, 2013).
Examples include DNA methylation, posttranslational histone
modifications such as methylation, acetylation, phosphorylation,
ubiquitination, and isomerization of histones, as well as RNA
editing (and non-coding RNA modulation) (Rosenstock, 2013;
Bowman and Poirier, 2015; Javaid and Choi, 2017; Jimenez-
Pacheco et al., 2017; Koreman et al., 2018; Bennett et al., 2019).
Within this scenario, it was demonstrated that miRNA can
regulate up to 60% of all protein-coding genes (Friedman et al.,
2009). In the context of ALS, it was shown that numerous
miRNAs are upregulated, namely miR-155, miR- 22, miR-125b,
miR-146b, and miR-365, in SOD1-G93A mice and in the spinal
cord of ALS patients (Butovsky et al., 2012; Koval et al., 2013;
Parisi et al., 2013, 2016). Of interest, it was also described that the
processing and biogenesis of miRNAs can be modified by several
proteins, including TDP-43 (Buratti et al., 2005; Kawahara and
Mieda-Sato, 2012; Paez-Colasante et al., 2015).

Posttranslational histone modifications can alter the
accessibility of DNA to transcription regulators by inducing
changes in the structural configuration of nucleosomes
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(Feng et al., 2015). In particular, histone acetylation is catalyzed
by histone acetyltransferases (HATs), and this process results in
the loosening of the chromatin structure, which in turn allows for
transcriptional activation; on the other hand, histone deacetylases
(HDACs) exert the opposite effect (Probst et al., 2009; Feng et al.,
2015; Li et al., 2016), and therefore, overexpression of HDACs
can have a deleterious effect. In agreement, reduced histone
acetylation is a common feature observed in several models of
neurodegenerative diseases (Lagali and Picketts, 2011; Naia et al.,
2017), and an imbalance between HATs and HDACs activities
has been described in ALS (Rouaux et al., 2003; Schmalbach and
Petri, 2010). Several in vivo studies using ALS animal models and
postmortem human tissue have addressed the role of HDACs in
modulating disease progression. Of note, an increase in HDAC2
mRNA and a reduction in HDAC11 mRNA (Janssen et al., 2010)
has been detected in postmortem spinal cord and brain tissue
from ALS patients. Furthermore, disease progression was shown
to be associated with an increase in the expression of HDAC4 in
muscles in ALS patients (Bruneteau et al., 2013). In agreement,
changes in levels of HDACs appear to be correlated with
decreased cell death and a delay in disease onset (Rouaux et al.,
2003; Yoo and Ko, 2011). On the other hand, preclinical in vivo
studies with mSOD1-G93A transgenic mice demonstrated that
trichostatin A, an inhibitor of HDACs, attenuated motor neuron
loss, gliosis, muscular atrophy, and neuromuscular junction
denervation, while increasing the survival of transgenic mice
(Mancuso et al., 2014). ACY-738, an HDAC inhibitor, was equally
able to ameliorate the motor phenotype, spinal cord metabolism,
and the life span of a FUS-transgenic mouse model (Rossaert
et al., 2019). In vitro studies have also revealed that inhibition
of HDAC class II enhanced the transcription of the glutamate
transporter excitatory amino acid transport 2 (EAAT2) and
reestablished its expression in SOD1 animal models (Lapucci
et al., 2017). Notably, non-selective HDAC inhibitors can also
activate the promoters of the brain-derived neurotrophic factor
(bdnf ) and glial cell line-derived neurotrophic factor (gdnf ) genes
(Wu et al., 2008). Treatment of SOD1 transgenic animals with a
combination of riluzole and an HDAC inhibitor resulted in a 20%
increase in survival rate when compared to mice treated with
only riluzole, in addition to diminishing the levels of astrogliosis
and the death of motor neurons (Del Signore et al., 2009).

The importance of HDACs to ALS is not limited to classic
HDACs (classes I, II, and IV) (Gal et al., 2013; Taes et al.,
2013; Valle et al., 2014); sirtuins (SIRTs), which are HDACs
class III, have also been presented to play an important role
in the pathogenesis of this disorder (Giralt and Villarroya,
2012; Rosenstock, 2013; Song et al., 2013; Salvatori et al.,
2017). Indeed, studies have demonstrated that Resveratrol
(trans-3,4’,5-trihydroxystilbene), a natural polyphenol found
in grapes, enhanced the enzymatic activity of SIRT1, thus
exerting a neuroprotective effect on motor neurons and on
muscular fibers (Pasinetti et al., 2013; Song et al., 2014).
Furthermore, SIRT1 overexpression in mSOD1-G93A transgenic
mice counteracted the toxic effect of mutated SOD1 in neuronal
cultures derived from this transgenic mouse model (Kim et al.,
2007). In agreement, administration of resveratrol has also
been reported to increase the lifespan of ALS murine models

(Douglas and Dillin, 2010; Song et al., 2014), an effect that seems
to be related to the expression and activation of several pathways
involving not only SIRT1, but also 5’-AMP-activated protein
kinase (AMPK) (Mancuso et al., 2014; Song et al., 2014).

Noteworthy, since HDAC can regulate the acetylation of
several proteins in addition to histones, numerous pathways
other than transcription regulation can be modulated by this
class of enzymes (Xiong and Guan, 2012). For example, cellular
and, in particular, mitochondrial metabolism can be affected
by HDAC activity. Indeed, since ∼99% of all mitochondrial
proteins are codified by the nuclear genome, alterations in
nuclear DNA triggered by HDAC modulation and epigenetic
modifications may in turn affect mitochondrial function (Devall
et al., 2016). In support of this hypothesis, it has already been
described that SIRT3 (considered the most important deacetylase
of mitochondrial proteins) (Lombard et al., 2007) can control
not only the levels of mitochondrial phosphorylation, but also
the production of ROS and, therefore, levels of oxidative stress
(Giralt and Villarroya, 2012) and mitochondrial fragmentation in
cortical neurons in the presence of mSOD1 (Song et al., 2013).

Along with mitochondrial function control, it has also been
revealed that HDAC modulation regulates autophagy, the main
pathway responsible for the degradation of aggregated proteins
and deregulated mitochondria (Corcoran et al., 2004; Olzmann
et al., 2008; Trüe and Matthias, 2012; Liang et al., 2013). Within
this scenario, it has been shown that HDAC1 inhibition induces
autophagy (Oh et al., 2008), mitophagy (known to be essential for
the maintenance of mitochondrial integrity and function) (Green
et al., 2011; Andreux et al., 2013) is increased by overexpression of
Sir2 (Koh et al., 2012), and that HDAC6 controls autophagosome
and lysosome fusion (Lee et al., 2010). Moreover, in the SOD1-
G93A transgenic model of ALS a decrease in HDAC6 expression
was found both at the onset and the end stage of disease
progression, and the upregulation of this HDAC could increase
the life expectancy of these transgenic animals (Chen et al.,
2015). However, it was also shown that HDAC6 deficiency could
induce an upregulation of tubulin acetylation, which was related
to an increase in cell viability (Gal et al., 2013; Taes et al.,
2013). More recently, HDAC6 inhibition was suggested to be
neuroprotective, since its ablation improves axonal transport and
decreases protein aggregation, thus enhancing the clearance of
cytosolic proteins (Jimenez-Pacheco et al., 2017). In accordance,
Kim and collaborators demonstrated that the TDP-43 and
the FUS proteins are able to enclose HDAC6 mRNA (Kim
et al., 2010). Given these discrepant results, future studies are
warranted to further elucidate the exact role of HDAC6 on
the neuropathology of ALS. On the other hand, genetic and
pharmacological induction of the mitophagy receptor Nip3-like
protein X (NIX) was recently shown to prevent mitochondrial
degradation in cells derived from Parkinson’s disease individuals
(Koentjoro et al., 2017; Sarkar et al., 2018). Future studies are
warranted to determine whether strategy can also be beneficial
in models of ALS.

Because epigenetic deregulation may be triggered by the same
long-term environmental factors that underlie an increased risk
of developing this neurodegenerative disorder, the accumulation
of epigenetic modifications throughout life might contribute
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to the onset and progression of ALS (Paez-Colasante et al.,
2015). Indeed, it has been proposed that the silencing of
genes that are vital for motor neuron function by epigenetic
modifications could underlie, at least in part, sALS. However,
several studies revealed an absence of methylation in the
promoter region of several ALS-related genes, such as SOD1,
vascular endothelial growth factor (VEGF), and glutamate
type I transporter (GLT1) (Morahan et al., 2007; Oates and
Pamphlett, 2007; Yang et al., 2010). However, an increase in
DNA methylation was found in the blood of ALS subjects,
regardless of the time of onset of the disorder (Tremolizzo
et al., 2014). Moreover, total cytosine hydroxymethylation has
been found in the brains of end-stage SOD1 transgenic animals
(Figueroa-Romero et al., 2019), while altered levels of DNA
methylation have been reported in postmortem brains from sALS
individuals when compared to age-matched controls (Morahan
et al., 2009). Curiously, 60% of the genes affected by such
changes are involved in neurotransmission, oxidative stress,
and calcium handling, mechanisms that are thought to be
disrupted in ALS (Morahan et al., 2009). Further supporting
a role for DNA methylation in ALS is the fact that DNA-
(cytosine-5)-methyltransferase 3A (DNMT3A) was shown to be
overexpressed in the brain and spinal cord of ALS patients, and
this overexpression seems to be related to cell death in motor
neuron like cells in vitro (Chestnut et al., 2011). In addition, TDP-
43 has been related to uncommon DNA methylation (Appleby-
Mallinder et al., 2020). However, methylation of the C9orf72
gene promoter is still controversial (Gijselinck et al., 2015;
Bauer, 2016).

Several other epigenetic alterations have also been described
in different cellular and animal models of ALS, including models
based on mutations in Sod1 (G93A or H80R), Tardbp, and
Fus. These alterations comprise changes in phosphoacetylation
of serine 10 and lysine 14 on the H3 tail (H3K14ac-S10ph),
dimethylation of lysine 4 on the H3 tail (H3K4me2), and
trimethylation of lysine 9 on the H3 tail (H3K9me3) (Jimenez-
Pacheco et al., 2017; Masala et al., 2018). It has also been shown
that FUS can abrogate histone 4 (H4) methylation in arginine
residues by inhibiting methyltransferase PRMT1 (Tibshirani
et al., 2015), and that overexpression of human FUS in yeast
diminishes H3 acetylation in two different residues, lysine 14
and lysine 56 (H3K14 and H3K56) (Chen K. et al., 2018). In
addition, FUS was shown to inhibit CBP/p300 HAT after binding
to it, leading to a hypoacetylation state (Alao, 2007; Wang et al.,
2008). Of note, the effects of FUS and TDP-43 on epigenome
alterations seem to be associated with specific variants of the
disease (Masala et al., 2018). In addition, it was recently reported
that astrocytes and neurons from C9orf72 BAC mice showed a
decrease in H3K9me3 and this was associated with cell death and
memory deficiency (Jury et al., 2020).

Given that epigenetics plays a role in the pathogenesis
of ALS, we can hypothesize that modulation of neurogenic
function through epigenetic modifications may influence
disease progression and neurodegeneration in ALS. In support
of this hypothesis, recent studies have demonstrated that
epigenetic modulation can determine cell type and influence
the differentiation of NSCs, during both development and the

postnatal period (Chen et al., 2019; Desai et al., 2019). For
example, it was verified that moderate changes in the redox
status of SIRT1 can suppress NSC proliferation and direct its
differentiation toward the astrocytic phenotype, suggesting
the existence of a still unidentified metabolic master switch
that can determine the fate of neural progenitors (Prozorovski
et al., 2008). In addition, inhibition of HDACs is known to
prompt neuronal differentiation in NSCs derived from the adult
hippocampal DG (Hsieh et al., 2004). Furthermore, valproic
acid, a well-known anticonvulsant and mood stabilizer (Henry
et al., 2011), was presented to induce neural differentiation of
embryonic hippocampal neural progenitor cells in vitro and
in vivo by decreasing proliferation and increasing neuronal
differentiation through a mechanism that involves acetylation
of histone 3 and 4 (Yu et al., 2009). Valproic acid also seems
to inhibit astrocytic and oligodendrocytic differentiation by
inducing the expression of neurogenic differentiation factor 1
(NeuroD) (Hsieh et al., 2004).

The role of HAT modulation on neurogenesis is equally
promising. It has already been described that a deficiency
of HATs reduces the ability of SVZ NSCs to self-renew and
differentiate (Merson et al., 2006). For example, an absence of
the HAT lysine acetyltransferase 6B (KAT6B) has been shown
to result in a reduction in the number of migrating neuroblasts
in the rostral migratory stream (RMS) and, consequently, a
considerable reduction in the number of new interneurons
in the OB (Merson et al., 2006). Increasing evidence has
also revealed that histone modification and non-coding RNA
expression are closely associated with multiple aspects of the
different staged of the adult neurogenesis process (Yao et al.,
2016), and histone acetylation in particular is known to affect
the differentiation of NSCs (Hsieh et al., 2004; Mu et al., 2010;
Kameda et al., 2018).

More recently, a few studies have also assessed whether
epigenetic modifications in mtDNA also occur in the context of
ALS (Jimenez-Pacheco et al., 2017; Stoccoro et al., 2018). Within
this scenario, an increase in mitochondrial DNA methylation
and in the levels of DNMT3A were found in the spinal cord
and muscles of an animal model of ALS (Maekawa et al., 2001).
In agreement, an up-regulation of DNMT3A was also seen in
postmortem mitochondrial fractions from the motor cortex of
ALS patients (Chestnut et al., 2011). In addition, changes in 5mC
and DNMT1 have also been noted in neuronal mitochondria
from ALS patients (Chestnut et al., 2011). Given these findings,
epigenetic modulation of mtDNA might also contribute to the
pathogenesis of ALS and play a role in determining disease onset,
as well as environmental vulnerability and response to toxicity
(Iacobazzi et al., 2013).

Of note, an increase in mtDNA copy number has been
reported in ALS patients, particularly in individuals with the
SOD1 and C9orf72 mutations. However, subjects with the SOD1
mutations also present a reduction in methylation levels in the
D-loop region (Stoccoro et al., 2018). Since this region is critical
for mtDNA replication and transcription, such demethylation
might indicate a compensatory mechanism to counteract the
overall upregulation of mtDNA (Stoccoro et al., 2018). Curiously,
an increase in the mitochondrial gene responsible for the
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methylation of 16S rRNA was observed in spinal cord neurons
and skeletal muscle of ALS transgenic mice (Wong et al., 2013).

Given the foregoing evidence, HDAC modulation, resulting
in epigenetic modifications and consequent alterations of gene
expression, mitochondrial function, and autophagy/mitophagy
may exhibit a broad influence on neurogenesis. However, to date
only a few studies (five at the date of revision of this article) have
investigated the relationship among epigenetic modifications,
mitochondrial function/bioenergetics, and neurogenesis.
Nevertheless, one of these recently published studies has elegantly
presented that cellular reprogramming by alterations in cellular
metabolism is the main mechanism underlying changes in
morphogenesis and that NSC differentiation can be modulated
by mitochondrial function (Xie et al., 2019). Future studies are
clearly necessary in order to elucidate the underpinnings of the
relationship among epigenetics, mitochondrial function, and
neurogenesis, and whether modulation of this relationship can
alter the course of neurodegenerative diseases such as ALS.

CONCLUSION

Various lines of evidence primarily from preclinical studies
performed in animal models of ALS suggest that preservation
and/or an increase in mitochondrial function and metabolism
could be beneficial in altering the course of this devastating
neurodegenerative disease. In addition, increased mitochondrial
function also has the potential to enhance adult neurogenesis,
which is known to be altered by neurodegenerative processes.
Thus, one postulates that improving mitochondrial function
may promote NSC viability and proliferation, as well as
neuronal differentiation and migration. As such, modulation
of mitochondrial function may be an attractive beneficial
strategy not only by promoting bioenergetics and reducing
oxidative stress but also by facilitating pro-neurogenic processes
in regions of the brain (and CNS) particularly affected by
neurodegeneration NSCs differentiation can be modulated by
mitochondrial function and/or responsible for the signs and
symptoms of the disease (Figure 2). Future studies using
postmortem brain tissue from patients afflicted with ALS are
thus essential to further elucidate the relationship between
mitochondrial (dys)function and neurogenesis in the ALS brain.
Moreover, additional preclinical studies using in vivo ALS animal
models are needed in order to determine whether therapeutic

manipulations aimed at modulating mitochondrial function can
impact not only neurogenic function but also disease severity
and progression.

Finally, although progress has been made with regard
to characterizing the contribution of epigenetics for the
pathogenesis of ALS, the possibility that epigenetic modifications
can indeed alter mitochondrial function and neurogenesis in ALS
is still a matter of debate. Additional studies are clearly required
in the near future to answer this challenging question and deepen
our current understanding of ALS pathogenesis. Elucidating the
relationships among epigenetics and mitochondrial function may
not only provide the missing link in the understanding of the
mechanisms underlying neurodegeneration in sporadic diseases
such as ALS, but also might in turn open new doors in the search
for effective disease-modifying treatments for these devastating
neurological disorders.
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The concept of adult hippocampal neurogenesis (AHN) has been widely accepted, and
a large number of studies have been performed in rodents using modern experimental
techniques, which have clarified the nature and developmental processes of adult
neural stem/progenitor cells, the functions of AHN, such as memory and learning,
and its association with neural diseases. However, a fundamental problem is that it
remains unclear as to what extent AHN actually occurs in humans. The answer to
this is indispensable when physiological and pathological functions of human AHN are
deduced from studies of rodent AHN, but there are controversial data on the extent of
human AHN. In this review, studies on AHN performed in rodents and humans will be
briefly reviewed, followed by a discussion of the studies in non-human primates. Then,
how data of rodent and non-human primate AHN should be applied for understanding
human AHN will be discussed.

Keywords: adult neurogenesis, human, hippocampus, rodent, comparative

INTRODUCTION

Adult hippocampal neurogenesis (AHN) is now widely studied in the neuroscience field, because
newly born neurons induce large-scale neuronal circuit alterations that are reported to be involved
in learning and memory (Lledo et al., 2006; Treves et al., 2008; Kempermann, 2011; Drew et al.,
2013; Abrous and Wojtowicz, 2015), diseases, such as epilepsy, stroke, and mental disorders
(Danzer, 2012; Eisch and Petrik, 2012; Bowers and Jessberger, 2016; Toda et al., 2019), and the
regeneration of brain tissue (Sawada and Sawamoto, 2013; Jessberger, 2016; Peng and Bonaguidi,
2018). Such research progress has been achieved mostly in rodents using modern experimental
techniques, but has not been accomplished in humans, because the approaches that can be applied
to human research are limited.

Adult hippocampal neurogenesis in rodents was discovered in the 1960s by Joseph Altman
(Altman, 1963; Altman and Das, 1965), but this revolutionary concept had not been fully accepted
until the late 1990s (Gross, 2000; Altman, 2011; Kempermann, 2011; Seki, 2011). AHN was
rediscovered in the early and mid 1990s by the development of new techniques, such as the
labeling of newly generated cells by bromodeoxyuridine (BrdU), and immunohistochemistry using
an antibody for polysialylated neural cell adhesion molecule (PSA-NCAM) (Seki and Arai, 1993b,
1995; Kuhn et al., 1996).
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For demonstrating the existence of human AHN, the
BrdU-labeling technique clearly played an important role.
Eriksson et al. (1998) investigated postmortem hippocampi from
cancer patients who received a BrdU infusion for diagnostic
purposes, and demonstrated the presence of newly born
neuron that are BrdU-labeled cells costained with the neuronal
marker NeuN, indicating that neurons are born in the adult
human hippocampus.

However, subsequent studies using BrdU in humans have
not been performed to date, probably because of the toxicity
of BrdU. Instead, many immunohistochemical studies using
markers of stem/progenitor cells and immature neuronal markers
(INMs) have been performed on the human hippocampus
without BrdU labeling, and a large amount of data on human
AHN has been accumulated (Gould, 2007; Yuan et al., 2014;
Duque and Spector, 2019).

In recent years, an important question was raised as to
the extent of human AHN, because an immunohistochemical
study suggested a sharp decline in neurogenesis during the early
postnatal period, and an undetectable level of neurogenesis in
the adult human hippocampus (Sorrells et al., 2018), whereas
other reports suggest persistent AHN in humans (Boldrini et al.,
2018; Moreno-Jiménez et al., 2019; Tobin et al., 2019). These
studies resulted in many controversial debates (Kempermann
et al., 2018; Kuhn et al., 2018; Paredes et al., 2018; Tartt et al., 2018;
Oppenheim, 2019; Snyder, 2019), because solving this problem
is inevitable when physiological and pathological functions of
human AHN are inferred on the basis of data on rodent AHN.

In this article, I will review the studies on AHN in rodents
and humans, followed by those in non-human primates to fill the
gap between rodents and humans. Furthermore, interpretation of
the expression of INMs in these specimens to understand human
AHN will also be discussed.

AHN IN RODENTS

During the previous three decades, numerous studies on AHN
have been performed in mice and rats. Particularly in mice,
modern gene manipulation techniques demonstrated many
aspects of AHN, such as the properties of stem/progenitor
cells and their developmental processes and regulatory
mechanisms, as well as their function in diseases associated
with AHN (Gonçalves et al., 2016b; Semerci and Maletic-
Savatic, 2016; Hochgerner et al., 2018; Toda et al., 2019).
Therefore, most general knowledge of AHN comes from studies
performed in mice.

Properties of Adult Neural Stem Cells
To date, many studies on rodents have repeatedly indicated that
granule cells are generated in the subgranular zone (SGZ) of
the adult hippocampal dentate gyrus (DG), which is the narrow
band of cells between the granule cell layer (GCL) and the hilus.
The SGZ harbors adult neural stem cells (aNSCs) that express
the stem cell markers nestin and Sox2, and demonstrate a radial
morphology (Kriegstein and Alvarez-Buylla, 2009; Gebara et al.,
2016). Furthermore, aNSCs have astrocytic features, including

the expression of astrocyte markers, such as glial fibrillary acidic
protein, brain lipid-binding protein, and glutamate-aspartate
transporter (Seri et al., 2001), but not S100β expression (Seri
et al., 2004; Steiner et al., 2004). However, it should be noted that
although aNSCs express these molecular markers, not all cells
positive for these markers are aNSCs, because astrocytes and non-
aNSCs also express these markers (Von Bohlen Und Halbach,
2011; Zhang and Jiao, 2015).

Neuronal Differentiation of Neural Stem
Cells
Adult neural stem cells give rise to neurons via the proliferation
of intermediate progenitors or the transient amplification of
progenitor cells that can proliferate to self-renew a few times to
produce neurons. It has been reported that early proliferating
intermediate progenitor cells express Ascl1, Prox1, and Hu, and
that late proliferating intermediate progenitor cells express PSA-
NCAM, doublecortin (DCX), and NeuroD (Seki et al., 2007;
Von Bohlen Und Halbach, 2011; Kempermann et al., 2015;
Zhang and Jiao, 2015).

The morphology of neural progenitor cells differs from that
of mature granule cells. Neural stem/progenitor cells proliferate
and form clusters that contain from a few to more than 10
cells (Seki et al., 2007). The neuronal progenitor cells within the
clusters are round or ovoid cells with short processes that are
smaller than mature granule cells. These neural precursor cells
migrate horizontally in the SGZ, to become horizontally oriented
fusiform cells extending long horizontal processes (Seki et al.,
2007; Pilz et al., 2018). They then settle in their final position,
extending their thin apical dendrites.

Maturation of Neuronal Precursor Cells
During the maturation process, newly generated neurons
expressing INMs develop axons and branched dendrites, form
synapses on them, and finally become mature granule cells
(Hastings and Gould, 1999; Seki and Arai, 1999a,b; Brown et al.,
2003; Faulkner et al., 2008; Sultan et al., 2015; Gonçalves et al.,
2016a). Developing granule cells initially strongly express PSA-
NCAM, and have few synaptic contacts on the cell surface of
developing dendrites (Seki and Arai, 1999b) and axon terminals
(Seki and Arai, 1999a). The expression of PSA-NCAM and
DCX disappears from half of the newly generated cells by 4–
6 weeks after their birth (Seki, 2002; Brown et al., 2003), and
the developing granule cells become mature granule cells that
have synaptic contacts. Because PSA-NCAM is known to prevent
the formation of cell-cell contacts (Rutishauser, 2008), PSA-
NCAM may interfere with synapse formation during dendrite
development. The newly generated and developing granule cells
are reported to have high excitability (Doetsch and Hen, 2005;
Marin-Burgin et al., 2012), but the excitability decreases by
8 weeks after generation (Mongiat et al., 2009).

Aging and AHN
Many reports demonstrate that the level of rodent AHN declines
with age (Seki and Arai, 1995; Amrein et al., 2004; Ben Abdallah
et al., 2010; Lee et al., 2012). The number of proliferating (Ki67+,
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PCNA+) cells, INM+ (DCX+, PSA-NCAM+) cells, and BrdU-
labeled cells positive for neuronal markers are exponentially
decreased during 2–6 months of age in rodents. However,
thereafter, a small number of these cells persist during aging,
and can be detected even in aged rodents, suggesting that rodent
AHN occurs throughout life, but the level of AHN is low in
middle-aged rodents.

AHN IN HUMANS

Early Studies in the 1990s
The first suggestion of postnatal human neurogenesis was from
a study in 1994, in which immunohistochemical staining was
performed for PSA-NCAM in the structurally non-atrophic
brains of children with extrahippocampal seizures. The study
showed that in children with severe epilepsy, numerous PSA-
NCAM+ immature neurons exist in the SGZ and GCL of
the hippocampus of children younger than 2 years of age,
but such neurons decrease in number by 6–8 years of age,
and are undetectable in older children (>8 years of age)
(Mathern et al., 1994, 2002).

However, another study in 1998 that performed PSA-NCAM
immunohistochemistry on surgically removed hippocampi and
entorhinal cortices of patients with drug-refractory temporal
lobe epilepsy (mean age, 34 years) and autopsy controls
(mean age, 47 years) demonstrated that a substantial number
of PSA-NCAM+ cells are detectable in the SGZ of the
adult human hippocampus, and that the number decreases
in epileptic patients with severe neuronal damage (Mikkonen
et al., 1998). Similarly, another study reported that PSA-
NCAM+ cells were found in patients with Alzheimer disease
(mean age, 82 years) and control patients (mean age, 71 years)
(Mikkonen et al., 1999).

A study of postmortem human brains at the age of
7 months to 82 years with no obvious neuropathology
demonstrated that strongly PSA-NCAM+ immature granule
cells extending mossy fibers are found in the SGZ and GCL
by 3 years of age (Ni Dhuill et al., 1999). After that, the
number of PSA-NCAM+ cells decreased substantially,
but numerous PSA-NCAM+ hilar neurons appeared at
2–3 years of age and persisted until the eighth decade
of life. Although the exact reasons as to why the above
three studies are inconsistent regarding the presence or
amount of PSA-NCAM+ cells in adults remain unclear, it
may be owing to differences in patients (with or without
epilepsy), the severity of their seizures, sample conditions
(postmortem brains or surgically removed hippocampi), and
immunohistochemical methods.

A unique study of postmortem brains from adult cancer
patients (average age: 64.4 ± 2.9 years) injected with BrdU
for estimating the proliferation of tumor cells identified newly
generated neurons in the adult human hippocampus, which
had BrdU-labeled nuclei with NeuN+, calbindin+, and neuron
specific enolase+ cell bodies (Eriksson et al., 1998). However, the
extent of AHN, as reported in rodent quantitative fate-mapping
experiments, remained unclear.

Studies Between 2000 and 2017
As the use of BrdU is difficult in humans owing to its toxicity, for
the detection of stem cells, proliferating cells, neural progenitors,
and immature neurons in the human hippocampus, many
researchers have performed immunohistochemistry for several
molecular markers of proliferating cells, stem/progenitor cells,
and immature neurons, which suggested the presence of AHN
in the brains of healthy humans (Knoth et al., 2010; Dennis et al.,
2016; Mathews et al., 2017) and patients with epilepsy (Liu et al.,
2008), ischemia (Jin et al., 2006; Macas et al., 2006), Alzheimer
disease (Jin et al., 2004; Liu and Song, 2016), and psychiatric
diseases (Duque and Spector, 2019). Some studies have shown
distinct age-dependent alterations in AHN.

An immunohistochemical study on postmortem human
brains from birth to 100 years of age demonstrated that DCX+
cells are present in the SGZ and GCL during aging, but the
number of DCX+ cells declines exponentially, and becomes
very low by 2 years of age, and furthermore, that during aging,
the appearance of DCX+ cells changes; i.e., at younger ages,
DCX immunoreactivity is seen in apical dendrites, but at older
ages, it is distributed only around the nucleus, suggesting that
the expression pattern of DCX in the hippocampal neurogenic
region is altered qualitatively and quantitatively with aging
(Knoth et al., 2010).

Immunohistochemistry of Ki67 and DCX in the postmortem
brains of subjects between the age of 0.2 and 59 years has shown
that in infants, DCX+ cells are densely clustered in the GCL,
but Ki67+ proliferating cells are distributed throughout the DG
(Dennis et al., 2016). Thereafter, the number of clusters of DCX+
cells became very low by 3 years of age, and only a sparse
distribution of DCX+ cells was seen in older juveniles and adults.
Ki67+ proliferating cells were rarely seen in the SGZ. In addition,
it has been reported that the mRNA levels of Ki67 and DCX in the
healthy human hippocampus decreases throughout the lifespan
of a human (Mathews et al., 2017). These data suggest that human
AHN sharply decreases in infants.

New Techniques in the 2000s
In addition to immunohistochemical techniques, nuclear
magnetic resonance spectroscopy is used for non-invasively
detecting biomarkers that are enriched in neural stem cells and
neural progenitor cells in the live human brain, and has the
possibility of identifying and quantifying adult human neural
stem cells and progenitor cells (Bhardwaj et al., 2006; Manganas
et al., 2007; Castiglione et al., 2017).

Attention has also been paid to new alternative approaches
to estimate the levels of neurogenesis in humans, by measuring
the concentration of nuclear bomb test-derived 14C in genomic
DNA. Analysis using this method suggested that in adult humans,
700 new neurons are added to the hippocampus every day, and
a large subpopulation of hippocampal neurons is exchanged
throughout life, suggesting that humans and mice have similar
levels of AHN (Spalding et al., 2013). The 14C birth dating
method also showed the existence of neurogenesis in the
adult striatum, and its absence in the adult human neocortex
(Bhardwaj et al., 2006).
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Recent Conflicting Reports in 2018 and
2019
A recent study of postmortem brains from human fetal and
postnatal subjects, and surgically resected samples from epileptic
patients showed that the number of Ki67+/Sox2+ proliferating
progenitors and DCX+/PSA-NCAM+ young neurons in the DG
decrease sharply during the first year of life, and that neurogenesis
in adults is undetectable (Sorrells et al., 2018). This study caused
considerable debate (Kempermann et al., 2018; Kuhn et al., 2018;
Paredes et al., 2018; Tartt et al., 2018; Snyder, 2019).

Soon after the above study, a study on hippocampi collected on
autopsy demonstrated the persistence of proliferating neuronal
progenitors and immature neurons, despite a decrease in the
number of quiescent stem cells (Boldrini et al., 2018). An
immunohistochemical study using improved tissue processing
methods showed that AHN occurs frequently (Moreno-Jiménez
et al., 2019). These improved immunohistochemical techniques
revealed a substantial number of DCX+ cells in the human
DG. A subpopulation of DCX+ cells were positive for PH3,
Prox1, PSA-NCAM, calbindin, and calretinin, but they were
often found in the upper and middle parts of the GCL in
addition to the SGZ, which appears to resemble granule cells
undergoing dematuration, as reported previously (Hagihara et al.,
2019; Ohira et al., 2019). Persistent neurogenesis, which is shown
by the presence of Nestin+/Sox2+/Ki67+ neural progenitors,
DCX+/PCNA+ neuroblasts, and DCX+ immature neurons, was
also reported in older adults and to a lesser extent, in Alzheimer
disease patients (Tobin et al., 2019).

A part of the discrepancy in immunohistochemical studies
appears to be caused by differences in techniques and specimens
(Moreno-Jiménez et al., 2019). Most specimens were derived
from postmortem brains with different postmortem intervals
until fixation, as well as different methods of surgical removal of
tissue. Regarding immunohistochemistry, there are differences in
the methods of tissue preparation among the samples (paraffin or
cryostat sections), and immunohistochemical procedures varied
among the studies (with/without antigen retrieval pretreatment).

In this regard, a recent study using specimens surgically
removed and immediately fixed, and subjected to antigen
retrieval treatments clearly showed that a substantial number
of PSA-NCAM+ neurons are distributed densely below
the GCL, but the number of proliferating progenitors
(Ki67+/HuB+/DCX+ cells) were very low (Seki et al., 2019).
This suggests that immature-type neurons are not recently
generated neurons, and the level of hippocampal neuronal
production in adult humans is low. This conclusion raises
the question as to the identity of INM+ cells, which will be
discussed later.

AHN IN NON-HUMAN PRIMATES

Knowledge regarding AHN in non-human primates is expected
to bridge the gap between humans and rodents (Workman et al.,
2013; Charvet and Finlay, 2018), because (1) analysis of exact
cell division, and fate tracing using BrdU can be performed, (2)
non-human primates are evolutionally the most close relatives of

humans, and (3) some non-human primate species have a much
longer lifespan than rodents. The following information of the
ages of their first reproduction and the lifespan of non-human
primates was obtained from previous studies (Gould et al., 1997;
Amrein et al., 2011).

In the late 1990s, the occurrence of AHN in non-human
primates was demonstrated in some types of monkeys using
BrdU labeling and markers for proliferating cells (PCNA), mature
neurons (neuron-specific enolase, NeuN), and immature neurons
(TuJ1, TOAD-64). The first indication of AHN in an animal
close to primates was from treeshrews (Tupaia belangeri) at the
age of 7 months to 2.5 years (age at first reproduction = 4–
5 months, lifespan = up to 12 years in captivity) (Gould et al.,
1997). After that, the presence of AHN in non-human primates
was reported in common marmoset monkeys (Callithrix jacchus)
at the age of 3 years (age at first reproduction = 595 days,
average lifespan = 12 years) (Gould et al., 1998), and macaque
monkeys (Macaca mulatta and Macaca fasciculata) at the age
of 5.5–16.5 years (Kornack and Rakic, 1999) and at the age of
5–23 years (Gould et al., 1999), respectively (M. mulatta, age
at first reproduction = 1,279 days, average lifespan = 14 years;
Macaca fascicularis, age at first reproduction = 1,410 days, average
lifespan = 14 years).

In the 2000s, several reports on non-human primates
indicated that the AHN is affected by stress (Gould et al., 1998),
antidepressants (Perera et al., 2007), and ischemia (Tonchev et al.,
2003; Yamashima et al., 2004; Koketsu et al., 2006). Non-human
primate AHN may also be involved in memory and learning
(Aizawa et al., 2009), but AHN and learning ability are reported to
be moderately associated with each other (Ngwenya et al., 2015).

Absolute, but Not Relative,
Age-Dependent Decrease in Neuronal
Production
An early study in macaque monkeys showed that although
neuronal production was found in both young and aged
monkeys, the numbers of BrdU-labeled proliferating cells and
TOAD-64-expressing immature neurons were much lower in
aged monkeys than in young monkeys (Gould et al., 1999).
Thereafter, detailed quantitative studies repeatedly confirmed the
age-associated exponential decline in adult non-human primate
neurogenesis in common marmosets (Leuner et al., 2007) and
macaque monkeys (Aizawa et al., 2009, 2011; Amrein et al., 2011;
Ngwenya et al., 2015).

Comparison of the age-dependent decrease in neurogenesis
between rodents and non-human primates has demonstrated
an important hypothetical concept that the decrease in
neurogenesis, particularly proliferation of progenitor cells, is
regulated by absolute age, but not by relative age (Kornack
and Rakic, 1999; Amrein et al., 2011). There is a considerable
difference in lifespan between rodents and non-human primates,
i.e., the lifespan of mice and rats is 1.5–2.5 years, whereas the
lifespan of rhesus monkeys (M.mulatta) is 14 years. Nevertheless,
in both rodents and monkeys, the numbers of proliferating cells
are exponentially reduced by 2–3 years of age, although at 2 years
of age, rodents are aged animals, but rhesus monkeys are infants.
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Thus, a decrease in postnatal neurogenesis occurs in rodents at
middle to older stages, but in macaque monkeys at infant stages.

Prolonged Maturation of Newly
Generated Neurons in Non-human
Primates
The detailed developmental processes of the generation of new
neurons in rhesus monkeys have been reported (Ngwenya et al.,
2006, 2008, 2015; Kohler et al., 2011). An important phenomenon
in non-human primates is the prolonged time required for the
maturation of newly generated granule cells compared with
rodents. The period required for maturation was estimated using
the time when the expression of INMs, i.e., PSA-NCAM and
DCX, disappears from BrdU-labeled newly generated cells.

In rodents, most new BrdU-labeled neurons lost PSA-
NCAM and DCX immunoreactivity by 1–1.5 months after
BrdU injection, indicating that the maturation of newly born
granule cells occurs by 1–1.5 months (Seki, 2002; Brown et al.,
2003; Kempermann et al., 2003). However, in the case of
adult macaque monkeys, only half of the BrdU-labeled newly
generated neurons lost their DCX expression by 6 months, and
during this time period, new neurons continued to develop their
dendrites, suggesting that maturation of new granule cells at the
structural and molecular levels takes more than 6 months (Kohler
et al., 2011; Ngwenya et al., 2015). This suggests that newly
generated neurons in non-human primates have substantial
plasticity during a long period. This prolonged immature state
may compensate for the decrease in plasticity caused by a rapid
decrease in neurogenesis in non-human primates.

Furthermore, a recent report has shown that an increase in
DCX+ dentate granule cells without an increase in neuronal
production is induced by fluoxetine treatment in the common
marmoset, which suggests that mature granule cells are able to
re-express INMs, which is a phenomenon called dematuration
(Ohira et al., 2019).

VALIDITY OF INMS AS PROXY
MARKERS FOR ADULT NEUROGENESIS

Not all PSA-NCAM and DCX-expressing neurons are newly
generated neurons in the adult brain. The existence of PSA-
NCAM+ and DCX+ neurons in non-neurogenic regions of the
adult brain has been reported in various mammals, including
rodents, non-human primates, and humans (La Rosa et al., 2019).
BrdU-labeling studies clearly demonstrated that the INM+
neurons in non-neurogenic regions are generated during the
embryonic periods (Gómez-Climent et al., 2008; Luzzati et al.,
2009; Rubio et al., 2016).

In adult mice, rats, guinea pigs, and rabbits, PSA-NCAM+
and DCX+ cells are found in the paleocortex (piriform and
entorhinal cortices) (Seki and Arai, 1991; Bonfanti et al., 1992;
Nacher et al., 2001; Gómez-Climent et al., 2008; Klempin
et al., 2011), cingulate cortex (Gómez-Climent et al., 2011),
association cortex (Luzzati et al., 2009), and spinal cord
(Seki and Arai, 1993a). Additionally, it was also reported
that even in the hippocampus, PSA-NCAM+ neurons are

seen in non-neurogenic regions, such as the hilus, CA1/3,
and subiculum (Nacher et al., 2002). These accumulated data
indicate that PSA-NCAM+ and DCX+ cells in these non-
neurogenic regions consist of a subpopulation of interneurons,
and have immature characteristics in their structures, including
less dendritic arborization, spine density, and synaptic contacts
(Gómez-Climent et al., 2008, 2011; Guirado et al., 2014). A recent
fate-mapping study using DCX-CreERT2/Flox-EGFP transgenic
mice demonstrated that DCX+ neurons in the adult piriform
cortex progressively resume the development of dendrites, axons,
and synaptic contacts during aging (La Rosa et al., 2019).

INM+ cells in non-neurogenic regions are also observed
in mammals with a large brain and long lifespan. In adult
sheep, a study using INMs and BrdU labeling demonstrated
that DCX+ cells are present in the external capsule and the
surrounding gray matter (claustrum and amygdala), in addition
to the piriform cortex and neocortex (Piumatti et al., 2018).
In non-human primates, DCX+ neurons are found in non-
neurogenic regions, such as the amygdala, entorhinal cortex,
inferior temporal gyrus, and medial orbital gyrus (Zhang et al.,
2009). DCX+ neurons generally coexpress PSA-NCAM, and
some of them express neuron-specific nuclear protein and
γ-aminobutyric acid, suggesting that they contain interneurons.
Furthermore, similarly to INM+ cells in the neurogenic
region, these cells demonstrate an age-dependent decrease in
number. It has been proposed that mammals with a large
brain and long lifespan have more INM+ non-newly generated
neurons than mammals with a small brain and short lifespan
(La Rosa et al., 2019).

In humans, DCX+ and PSA-NCAM+ cells have been
identified in non-neurogenic regions of the neocortex (Varea
et al., 2007; Srikandarajah et al., 2009), amygdala (Sorrells et al.,
2019), and brain stem (Yoshimi et al., 2005). Furthermore, PSA-
NCAM+ cells have been found in the non-neurogenic regions of
the hippocampal formation, such as the CA1/3, subiculum, and
entorhinal cortex (Mikkonen et al., 1998, 1999; Seki et al., 2019).

Although the exact nature and function of these INM+ cells
in non-neurogenic regions remain unclear, some interesting
hypotheses have been proposed, for example, the cells are in
a state of arrested development (Gomez-Climent et al., 2010),
in the process of continuous maturation of dormant precursors
(Rotheneichner et al., 2018), and are a reservoir of young cells for
the adult/aging brain (La Rosa et al., 2019).

Doublecortin and PSA-NCAM are generally used as proxy
markers for AHN, but they should be considered as markers
indicating immaturity or plasticity among both newly generated
neurons and non-newly generated neurons. DCX, a microtubule-
associated protein that is involved in the extension of
neuronal processes, and PSA-NCAM, a cell-surface molecule
that is implicated in cell movement and recognition of
the cell surface, may be required for structural changes
of both newly generated and non-newly generated neurons.
Therefore, it should be noted that the level of neuronal
production and neurogenesis cannot be evaluated solely by
immunohistochemistry for INMs, and also that DCX, as
well as PSA-NCAM, are not faultless molecular markers
in terms of detecting newly or recently generated neurons
(Verwer et al., 2007).
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THE REAL STATE OF HUMAN AHN

What do the studies on rodent and non-human primate AHN
tell us about the real state of human AHN? These studies show
the following: (1) proliferation of neural progenitor cells to
produce new granule neurons in the SGZ of the hippocampus
is decreased with absolute age, but not with relative age,

which suggests that neuronal production in the human SGZ is
also decreased with absolute age, as in non-human primates,
(2) the maturation period of newly generated granule cells is
much longer in primates than in rodents, which suggests that
newly generated dentate granule cells in humans have a longer
maturation period than those in rodents, and possibly than
those in non-human primates, (3) INM+ cells in non-newly

FIGURE 1 | A new hypothetical model of the real state of human adult hippocampal neurogenesis. (A) Changes in the levels of neuronal production, immature
neuronal marker-positive (INM+) newly generated neurons, and INM+ neurons in the adult human SGZ during aging. (B) The origin of INM+ neurons in the adult
human hippocampus. NP, proliferating neural progenitor cells.
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generated cells are detected in several adult brain regions
of several mammalian species, which suggests the possible
existence of similar immature-type neurons in the human hilus,
SGZ, and GCL, in addition to INM+ adult-born or recently
generated granule cells.

Although there are conflicting conclusions on human AHN,
there is some agreement, as follows: (1) postnatal neuronal
production in the SGZ occurs at a substantial level up to a
few years after birth, but declines sharply, and (2) a substantial
number of INM-expressing neurons exist in the adult human
SGZ, although the detection of DCX+ cells depends on
immunohistochemical methods, particularly antigen retrieval
procedures (Figure 1A).

With the cumulative knowledge from rodents, non-human
primates, and humans, as well as the data from our recent
study in humans (Seki et al., 2019), I have developed a
hypothesis about the real state of human AHN (Figure 1). In
humans, there are at least two stages of postnatal hippocampal
neurogenesis, i.e., the infant stage with a substantial level of
neuronal production, and the adult stage with a very low level
of neuronal production and a substantial number of INM-
expressing cells, although the exact change in the number
of INM+ cells during infant to adult stages is unknown.
Additionally, regarding the origin of INM-expressing cells in
the SGZ of the adult human hippocampus, there are three
possible origins. The INM-expressing neurons are derived from
(1) neurons with prolonged INM expression that are generated
by adult neural progenitor cells and continue to express INMs
over a prolonged period of time, (2) INM-expressing arrested
neurons that are produced by embryonic neural progenitor cells
and maintain immaturity, such as INM expression, and (3) INM-
re-expressing neurons that are converted from mature or INM-
negative adult neurons that are generated during the embryonic
period (Figure 1B). Even though INM-expressing cells in the
human adult hippocampus have different origins, they may have
similar plasticity and compensate for the decline in plasticity by a
low level of neurogenesis.

APPLICATION OF RODENT STUDIES TO
UNDERSTAND HUMAN “POSTNATAL”
HIPPOCAMPAL NEUROGENESIS

Next, I would like to propose some possible roles of “infant” and
“adult” human hippocampal neurogenesis. In other words, there
are possible ways to apply the vast accumulating knowledge about
rodent AHN to understanding the functions of human AHN.
Are learning and memory functions associated with postnatal
neurogenesis in humans? An important point in postnatal
neurogenesis is that new neurons are born and develop under
circumstances in which various environmental sensory stimuli
and locomotion information are inputted into hippocampal
neuronal circuits (Lledo et al., 2006). This is very different from
the condition of prenatal neurogenesis, which is not affected in
principle by these inputs. In this sense, there is no difference
between AHN in rodents and early postnatal neurogenesis
in humans. Even though hippocampal neuronal production is

limited to the early postnatal period in humans, studies on adult
rodent neurogenesis are still worth performing to understand
neurogenesis-associated learning and memory mechanisms in
humans during the early postnatal period, when infants receive
various sensory inputs every day and learn effectively from their
experiences. Another possibility is that even if a very small
number of neurons are newly generated in the adult human
hippocampus, the accumulation of these new neurons, which
have prolonged expression of INMs, must play important roles
in memory and learning.

Do diseases affect postnatal neurogenesis in humans? Epilepsy
is well known to be induced more frequently in children than
in adults in humans (Holmes, 1997; Porter, 2008). Epileptic
seizures should cause abnormal structural changes in newly
generated neurons in infants and children, as in adult rodents,
and subsequently must induce serious brain damage in the adult
human hippocampus. Even if most PSA-NCAM+ and DCX+
cells in the adult human hippocampus are not recently generated
neurons, these neurons that have higher plasticity than mature
neurons can be easily altered structurally and physiologically by
an epileptic state. In fact, in both epileptic patients and epileptic
model rodents, the abnormal structure of PSA-NCAM+ neurons
are very similar to each other (Seki et al., 2019). Furthermore,
some diseases, such as Alzheimer disease (Tobin et al., 2019)
and epilepsy (Seki et al., 2019), are reported to show a decrease
in the number of INM+ neurons, regardless of whether the
INM+ cells are recently generated neurons or non-recently
generated neurons.

Taken together, studies on AHN are entering a new era, in
which knowledge of rodent studies are not simply applied to
understand human AHN, but species differences in brain size,
lifespan, and ways of life, and identity of INM-expressing cells
must be considered to understand the true state and function of
human AHN (Amrein et al., 2011; Faykoo-Martinez et al., 2017;
La Rosa et al., 2019; Oppenheim, 2019; Seki et al., 2019; Snyder,
2019). Furthermore, comprehensive analyses of postnatally born
neurons, both in infants and in adults, and INM-expressing
neurons, regardless of their origin, will enable us to understand
the state and function of human AHN and plasticity.
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Thyroid Hormone and Neural Stem
Cells: Repair Potential Following
Brain and Spinal Cord Injury
Pieter Vancamp, Lucile Butruille, Barbara A. Demeneix and Sylvie Remaud*

Laboratory Molecular Physiology and Adaptation, CNRS UMR 7221, Muséum National d’Histoire Naturelle, Department
Adaptations of Life, Paris, France

Neurodegenerative diseases are characterized by chronic neuronal and/or glial cell loss,
while traumatic injury is often accompanied by the acute loss of both. Multipotent neural
stem cells (NSCs) in the adult mammalian brain spontaneously proliferate, forming
neuronal and glial progenitors that migrate toward lesion sites upon injury. However,
they fail to replace neurons and glial cells due to molecular inhibition and the lack
of pro-regenerative cues. A major challenge in regenerative biology therefore is to
unveil signaling pathways that could override molecular brakes and boost endogenous
repair. In physiological conditions, thyroid hormone (TH) acts on NSC commitment
in the subventricular zone, and the subgranular zone, the two largest NSC niches
in mammals, including humans. Here, we discuss whether TH could have beneficial
actions in various pathological contexts too, by evaluating recent data obtained in
mammalian models of multiple sclerosis (MS; loss of oligodendroglial cells), Alzheimer’s
disease (loss of neuronal cells), stroke and spinal cord injury (neuroglial cell loss). So far,
TH has shown promising effects as a stimulator of remyelination in MS models, while
its role in NSC-mediated repair in other diseases remains elusive. Disentangling the
spatiotemporal aspects of the injury-driven repair response as well as the molecular and
cellular mechanisms by which TH acts, could unveil new ways to further exploit its pro-
regenerative potential, while TH (ant)agonists with cell type-specific action could provide
safer and more target-directed approaches that translate easier to clinical settings.

Keywords: brain and spinal cord injury, neurodegenerative disease, endogenous repair, neural stem cells, thyroid
hormone, multiple sclerosis, stroke, Alzheimer’s disease

Abbreviations: AD, Alzheimer’s disease; AHN, adult hippocampal neurogenesis; APP, amyloid precursor protein; BBB,
blood-brain barrier; BCSFB, blood-cerebrospinal fluid barrier; CNS, central nervous system; CSF, cerebrospinal fluid; DIO,
deiodinase; EAE, experimental autoimmune encephalomyelitis; ECs, ependymal cells; EDCs, endocrine disrupting chemicals;
ESS, euthyroid sick syndrome; GSK-3α/β, glycogen synthase kinase 3 α/β; HPT, hypothalamus-pituitary-thyroid; IHC,
immunohistochemistry; LAT, large neutral amino acid transporter; MBP, myelin basic protein; MCAO, middle cerebral
artery occlusion; MCT, monocarboyxlate transporter; MRI, magnetic resonance imaging; MS, multiple sclerosis; NSC, neural
stem cell; OATP1C1, organic anion transporting polypeptide 1C1; OPC, oligodendrocyte precursor cell; pOPC, parenchymal
oligodendrocyte precursor cell; rT3, reverse T3 or 3,3′,5′-triiodothyronine; SCI, spinal cord injury; SGZ, subgranular
zone; SVZ, subventricular zone; T3, 3,5,3′-triiodothyronine; T4, 3,5,3′,5′-tetraiodothyronine or thyroxine; TAP, transient
amplifying progenitor; TH, thyroid hormone; TR, thyroid hormone receptor; TRH, thyrotropin-releasing hormone; TSH,
thyroid-stimulating hormone or thyrotropin; TTR, transthyretin.
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INTRODUCTION

The human brain and spinal cord contain approximately
86 billion neurons and a similar number of non-neuronal cells
(Azevedo et al., 2009). They form the central nervous system
(CNS), a giant network controlling most of our body and
mind. Injury to the CNS causes a loss of neuronal and/or
glial cells, compromising neural network integrity. CNS insults
include for example chronic autoimmune diseases that elicit
neurodegenerative processes, or acute traumatic events such
as stroke or a stabbing injury. Damage to the human CNS
is usually irreversible due to the extremely limited capacity
for self-repair, causing life-long intellectual or motor disability.
The increasing incidence of neurodegenerative diseases in the
population is currently the most important cause of morbidity
and mortality, with millions of people affected (Heemels, 2016).
This is particularly true for the elderly population with worldwide
more than 10% of the plus 80 years old suffering from dementia
in 2016, and accounting for 8.6% of the deaths of individuals aged
70 or more (Feigin et al., 2019).

The therapeutic goal for all types of CNS injury is to preserve
or restore neural network integrity, and maintain or re-establish
cognitive and motor functions, aiming at the highest possible
life quality. One possibility is to harness better the endogenous
capacity of the adult brain’s neural stem cells (NSCs) to generate
new neurons and glial cells that could facilitate repair. Adult
NSCs are multipotent, radial glia-derived cells that were set aside
during development and have an unlimited self-renewal capacity
in vivo. In the telencephalon of adult mammals, the majority
of NSCs reside in two restricted niches, the subventricular zone
(SVZ) lining the lateral ventricles and the subgranular zone (SGZ)
of the hippocampus.

The SVZ contains the largest NSC population in adult
mammals. In rodents, quiescent NSCs, or type B cells, juxtapose
ependymal cells and have cerebrospinal fluid (CSF)-sensing cilia
as well as processes enveloping blood vessels (Mirzadeh et al.,
2008). They co-exist with activated, proliferating NSCs that
successively give rise to transient amplifying proliferators (TAPs,
or type C cells) and neuroblasts (type A cells), or less commonly,
to oligodendrocyte precursor cells (OPCs) (Doetsch et al., 1999;
Menn et al., 2006). In normal conditions, neuroblasts migrate via
the rostro-caudal stream toward the olfactory bulbs where they
differentiate into GABAergic and dopaminergic interneurons
involved in olfaction (Lim and Alvarez-Buylla, 2016). OPCs
migrate to adjacent brain regions such as the corpus callosum
and can differentiate into myelinating oligodendrocytes (Menn
et al., 2006) to facilitate myelin remodeling (Young et al.,
2013; McKenzie et al., 2014). During aging, the NSC and TAP
pools decrease, NSCs become quiescent and the neuro/glia ratio
decreases sharply (Ahlenius et al., 2009; Capilla-Gonzalez et al.,
2013; Daynac et al., 2016). In primates, including humans, the
adult SVZ differs in some ways from that of rodents. A cell-devoid
space separates ependymal cells and NSCs, and the fraction of
quiescent NSCs is larger (Sanai et al., 2004; Quiñones-Hinojosa
et al., 2006; Gil-Perotin et al., 2009). SVZ-neurogenesis in
primates including humans drops sharply during the first months
of life, only to continue at a very low rate thereafter, producing

neuroblasts that predominantly migrate to the striatum with a
so far unknown role (Sanai et al., 2004; Ernst et al., 2014). In
contrast, a fairly large population of SVZ-OPCs exists in humans
that can rapidly respond to injury (Nait-Oumesmar et al., 2007).
While the SVZ neurogenic capacity declines even further during
aging, the rate of SVZ-oligodendrogenesis seems to be constant
throughout life (Weissleder et al., 2016).

In the hippocampus, radial glial-like NSCs or type 1 cells
reside in the SGZ of the dentate gyrus. They can generate type
2a and 2b TAPs that, with the exception of a few astrocyte
progenitors, exclusively form type 3 neuroblasts (Winocur
et al., 2006). Post-mitotic neuroblasts differentiate into calretinin
immature neurons and then into calbindin granule neurons
during tangential and radial migration pathways in the dentate
gyrus (Kempermann et al., 2015). They rewire hippocampal
circuits involved in learning and memory throughout life,
although hippocampal neurogenesis decreases with aging across
species (Kozareva et al., 2019). The human hippocampus also
contains NSCs that generate granule neurons and function in
learning-dependent plasticity (Eriksson et al., 1998; Kozareva
et al., 2019). In a recent study, Sorrells et al. (2018) did not
detect de novo DCX-positive neuroblasts in the hippocampus of
aged individuals. However, brain samples were fixed relatively
late after death, which could have compromised tissue integrity
and impeded antigen detection by immunohistochemistry (IHC).
Furthermore, a substantial amount of brain samples was collected
from patients with chronic epilepsy in whom neurogenesis might
differ from basal levels (Lima and Gomes-Leal, 2019; Steiner et al.,
2019). Others have used brain samples from deceased individuals
without any record of neurological conditions, and fixed them
more rapidly after death had occurred. Several independent
studies detected thousands of DCX-positive neuroblasts being
generated, demonstrating hippocampal neurogenesis throughout
life, although the decreasing daily output during aging indicates
a certain degree of plasticity loss (Boldrini et al., 2018; Moreno-
Jiménez et al., 2019; Tobin et al., 2019).

Several types of CNS injury elicit SVZ- and SGZ-NSCs
to actively proliferate and generate post-mitotic cells that can
differentiate into mature neurons or glial cells, but this response
never leads to functional restoration in humans (Picard-Riera
et al., 2004; Faiz et al., 2015). Similarly, physical exercise and
omega 3-enriched diet can amplify hippocampal neurogenesis
and diminish cognitive decline in Alzheimer’s and Parkinson’s
disease (Tincer et al., 2016; Morris et al., 2017), but never
halt disease progression. Animal studies show that molecular
inhibition and the lack of pro-regenerative cues constrains CNS
repair in adults (Silver et al., 2015). While the competence to
regenerate is limited to development in amniotes (Weil et al.,
2008), phylogenetically primitive vertebrates such as fish and
urodeles maintain spectacular regenerative capacities throughout
their entire life, replacing entire body extremities and rebuilding
lost brain connections from scratch (Genovese et al., 2013; Slack,
2017; Zambusi and Ninkovic, 2020). Extensive damage to the
adult zebrafish telencephalon elicited an NSC-mediated response
that fully repaired the injury after only a few weeks (Kishimoto
et al., 2012). However, a highly similar transcriptome of adult
zebrafish and mammalian NSCs suggests the latter also have a
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hidden or blocked regenerative potential (Lange et al., 2020).
The challenge is to relieve the brakes on molecular inhibition
and modulate pathways that promote regeneration, eliciting
the repair capacity that is found in many non-mammalian
vertebrates. Identifying such intrinsic and extrinsic signals that
are capable of doing so, can open new avenues for enhancing
endogenous CNS repair. Many factors have been identified over
the years, including Notch and Wnt pathways (Lie et al., 2005;
Aguirre et al., 2010), as well as choroid plexus-derived factors
(Silva-Vargas et al., 2016), and hormones (Ponti et al., 2018).
Here, we discuss thyroid hormone (TH) as a key signal in NSC
commitment in the mammalian stem cell niches.

THE POTENTIAL OF THYROID
HORMONE AS A PRO-REPAIR CUE

Thyroid hormone is a key endocrine signal conserved in all
vertebrates, including humans, regulating many homeostatic
processes such as growth, reproduction and energy metabolism.
TH also regulates CNS development (Gothié et al., 2017) by
influencing all neurodevelopmental processes, including cell
cycle progression, fate choice, migration, differentiation, axo-
and synaptogenesis, and myelination (Zoeller and Rovet, 2004;
Moog et al., 2017; Krieger et al., 2019; Vancamp et al., 2020).
Under pathophysiological conditions, TH acts on each of these
processes, promoting regeneration in the adult fish brain that
retained large numbers of NSCs (Grandel et al., 2006; Bhumika
and Darras, 2014). On the contrary, in mammals, the regenerative
potential is lost after a postnatal peak in THs, but THs continue
to fine-tune exactly the same processes in the adult NSC niches
as those occurring during neurodevelopment (Remaud et al.,
2014; Kapoor et al., 2015; Gothié et al., 2020). Furthermore,
our understanding of regulation of local TH action in NSCs has
increased immensely over the past few years with TH, as well as
novel TH analogs, emerging as interesting candidates for stem
cell-based regenerative medicine.

Thyroid Hormone Regulation in Adult
Stem Cell Zones of the Healthy Brain
Regulation of Thyroid Hormone Metabolism
The hypothalamus-pituitary-thyroid (HPT) axis maintains
systemic TH homeostasis by controlling the synthesis and
secretion of the largely inactive prohormone thyroxine (T4),
and to a lesser extent the biologically active T3, by the thyroid
gland. The hypothalamic thyrotropin-releasing hormone (TRH)
releases thyroid-stimulating hormone (TSH, or thyrotropin)
from the pituitary to induce TH secretion into the bloodstream,
the latter providing negative feedback on the HPT axis (Fekete
and Lechan, 2014). Around 50% of the circulating T4 in
humans is converted into T3 by the enzyme deiodinase type 1
(DIO1) in the liver (Bianco et al., 2002), after which both THs
reach target tissues.

At the brain level, transmembrane transporters take up
the lipophilic hormones T4 and T3. These comprise the
monocarboxylate transporter 8 (MCT8) with a high affinity for
T4 and T3, and the T3-transporter MCT10. Other secondary

TH transporters such as the T4-selective organic anion
transporting polypeptide 1C1 (OATP1C1) and the large amino
acid transporters (LATs) also contribute to TH influx and efflux
(Kinne et al., 2011; Groeneweg et al., 2020). THs first cross
the endothelial cells of the blood-brain barrier (BBB), or the
epithelial cells of the blood-cerebrospinal fluid barrier (BCSFB).
In contrast to the rodent BBB, that expresses both MCT8 and
OATP1C1 (Roberts et al., 2008; Wilpert et al., 2020), the human
BBB almost completely lacks OATP1C1 (Roberts et al., 2008;
Chan et al., 2014). At the BCSFB, T4 binds the TH-distributor
protein transthyretin (TTR) releasing T4 into the CSF. Then, T4
circulates in the brain ventricles bordering regions such as the
SVZ and spinal cord (Richardson et al., 2015). Once taken up by a
neural cell, the enzyme DIO2 converts T4 into T3, whereas DIO3
inactivates T4 to reverse T3 (rT3) and T3 to T2, tightly modulating
T3 availability (Luongo et al., 2019). DIO2 is particularly enriched
in astrocytes that convert a considerable amount of T4 to T3 to
supply to neurons and oligodendrocytes. The latter two express
DIO3 to control intracellular T3 levels (Morte and Bernal, 2014).

T3 is considered as the more biologically active form of TH,
as it can act on gene transcriptional activity in TH-targeted cell
types by binding to nuclear TH receptors (TRs). Its availability
and action in each cell or cell-type ultimately depends on specific
expression patterns of the TH transporters, DIOs and receptors,
and as such determines gene activity and biological processes.
THRA and THRB genes encode the TR isoforms TRα1, TRα2,
TRβ1 and TRβ2 in mammals (Bernal, 2007). Co-localization
with IHC markers in TRα1-GFP mice showed that the majority
of neurons and oligodendroglial cells express TRα1 (Wallis
et al., 2010), whereas TRβ1 is enriched in astrocytes and some
neuronal subpopulations. TRβ2 is more confined to cells in the
hypothalamus and pituitary (Bernal, 2007). TRα2 is strongly and
widely expressed in the brain, but its role as a dominant-negative
receptor lacking affinity for T3 is still unclear (Guissouma et al.,
2014). Genome-wide analyses identified hundreds of directly
and indirectly T3-regulated genes in the mammalian brain
(Chatonnet et al., 2015; Gil-Ibañez et al., 2017).

Of note, some non-canonical effects on neural cells have been
described for other TH forms as well, but are restricted in their
actions. For instance, T4 binding to the membrane ανβ3 integrin
receptor promotes embryonic neural progenitor proliferation
(Stenzel et al., 2014), and both T4 and rT3 can stimulate cerebellar
granule cell migration and actin polymerization (Farwell et al.,
2006). T2 has the potency to act on TRs (Köhrle, 2019), but a role
in the CNS remains to be shown.

Thyroid Hormone Action in the Healthy SVZ
Data on the regulation of TH metabolism in NSCs almost
exclusively originates from rodent studies. MCT8 and OATP1C1
mediate TH uptake at the endothelial cells of the rodent BBB
as they do in other brain regions (Mayerl et al., 2014; Vatine
et al., 2017), while TTR provides at least a part of T4 to
SVZ-NSCs via the CSF (Vancamp et al., 2019; Alshehri et al.,
2020). It is currently unknown which transporters facilitate TH
uptake into SVZ-NSCs themselves. T3 is a master regulator of
the NSC cycle and fate choice in the murine SVZ. Liganded
TRα1 represses a gate-keeper of NSC identity, Sox2, and
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downregulates the cell cycle genes c-Myc and Ccnd1, facilitating
TAP exit from the cell cycle and neuroblast commitment
(López-Juárez et al., 2012; Remaud et al., 2017; Figure 1).
In contrast, reduced T3 action in TAPs due to expression of
the T3-inactivating DIO3, as well as TRα1 absence, allows
Egfr expression. EGFR signaling promotes the generation of
proliferating OPCs within the adult SVZ (Aguirre et al., 2007;
Gonzalez-Perez and Alvarez-Buylla, 2011; López-Juárez et al.,
2012; Remaud et al., 2017). If a T3-free window is required
for OL progenitor specification, T3 also accelerates OPC cycle
exit and differentiation through TRα1 (Durand and Raff, 2000;
Billon, 2002), a process that also requires the nuclear receptor
RXRγ (Baldassarro et al., 2019). Cell culture experiments indicate
that liganded TRβ-induced expression of oligodendrogenesis-
promoting genes such as Klf9, Mbp, and Plp allows for
stepwise differentiation into mature and ultimately myelinating
oligodendrocytes (Barres et al., 1994; Baas et al., 1997; Billon et al.,
2001; Dugas et al., 2012).

Thyroid Hormone Action in the Healthy SGZ
Adult-onset hypothyroidism in rodents does not change
the proliferative activity of type 1 SGZ-NSCs (Desouza
et al., 2005; Kapoor et al., 2012; Sánchez-Huerta et al.,
2016), nor does it change in TRα1−/− and TRα2−/− mice
lacking and overexpressing TRα1, respectively (Kapoor
et al., 2010), suggesting they are not responsive to TH. In
contrast, thyroidectomized rats had less BrdU-positive and
Ki67-positive hippocampal progenitor cells, an effect rescued
by supplying T4 and T3 to the drinking water (Montero-
Pedrazuela et al., 2006). Further studies have shown that
SGZ-NSC self-renewal increases in TRβ KO mice (Kapoor
et al., 2011). Hence, either unliganded TRβ isoforms, or T3
acting through TRβ, repress SGZ-NSC turnover (Kapoor et al.,
2015). The former hypothesis seems more likely as type 1
SGZ-NSCs and type 2 TAPs only express the low affinity TH
transporters Lat1 and Lat2 (Mayerl et al., 2020), although definite
proof is missing.

T3-TRα1 action occurs from the post-mitotic stage, initiating
type 2b TAPs to proceed to the differentiation phase and generate
DCX-positive neuroblasts (Kapoor et al., 2010; Figure 2).
The latter are in close proximity to the hippocampal blood
vessel network, enabling BBB-mediated T3 uptake. qPCR on
sorted SGZ cells and IHC showed that MCT8 is the only
expressed TH transporter in type 3 neuroblasts. Deletion
of Mct8 either globally or in the hippocampal neurogenic
lineage alone decreased expression of the cell cycle regulator
P27KIP1, impairing neuroblast differentiation and granule cell
genesis. The results indicate that MCT8 is the primary TH
uptake route for neuroblasts during hippocampal neurogenesis
(Mayerl et al., 2020). Additionally, TH determines granule
cell survival by altering the expression of pro- and anti-
apoptotic factors under the influence of TRs, with a higher
expression of TRβ compared to TRα1 and TRα2 (Guadaño-
Ferraz et al., 2003; Desouza et al., 2005; Kapoor et al., 2010,
2011; Mayerl et al., 2020). Dio2 KO mice have a decreased
hippocampal T3 content and display emotional alterations
(Bárez-López and Guadaño-Ferraz, 2017), suggesting local DIO2

is another key component for generating sufficient T3 and
stimulating cell differentiation and maturation, though its cellular
expression pattern remains to be unraveled. Immature and
mature granule cells also contained detectable levels of DIO3,
LAT2 and MCT10 (Mayerl et al., 2020), but their functional
roles remain unknown.

Patient Studies Linking Thyroid Hormone
Levels With CNS Injury Outcome
A last line of evidence showing that TH could aid in
CNS repair comes from epidemiological studies. Such studies
indicate that low TH levels can predispose to neurodegenerative
diseases, and can also have unfavorable outcomes in terms of
morbidity and mortality following CNS injury. Mild thyroid
dysfunction, a common condition in the elderly (Biondi
et al., 2019), or abnormally low TH levels, both increase the
risk for developing neurodegenerative diseases, or correlate
with worsened outcomes. For example, an inverse relation
between free T3 levels and the risk for developing Alzheimer’s
disease (AD) was demonstrated in a 302 patient cohort
with mild cognitive impairment at the beginning of the
study (Quinlan et al., 2019). Similarly, lower free T3 levels
in pre-stroke individuals correlated with increased stroke
severity, disability and mortality rates (Jiang et al., 2017;
Lamba et al., 2018).

Unrelated to the patient’s endocrinological history, CNS
disease or injury is often also followed by a physiological drop
in T3 levels. Depressed serum T3 levels have been observed
years ago in many patients with chronic spinal cord injury
(SCI) (e.g., Chen et al., 2012), and between 32–62% of patients
that suffered from a stroke had lower than normal T3 levels.
Low circulating T3 levels were also found in multiple sclerosis
(MS) patients (Zych-Twardowska and Wajgt, 2001). This is
known as low T3 syndrome or euthyroid sick syndrome (ESS
or Non-thyroidal Illness Syndrome), an adaptive body response
that reduces metabolic and energetic needs during recovery
(Mourouzis et al., 2013; Bunevicius et al., 2015). However,
while being beneficial at first, sustained low T3 levels in the
secondary phase of the disease provoke unwanted complications
and poorer rehabilitation (Bunevicius et al., 2015; Fliers et al.,
2015). Anticipating ESS by administering THs prior to major
surgery has led to better recovery (Liu et al., 2014; Zhang
et al., 2018). The correlation between TH status and outcome
in unrelated CNS diseases implies that TH impacts repair
processes in all of them, though these studies do not reveal the
mechanisms implicated.

Altogether, TH seems a promising candidate for regenerative
medicine because it (i) profoundly impacts neurodevelopmental
plasticity, (ii) contributes to neural repair in primitive vertebrate
species throughout life, (iii) controls NSC behavior in the
healthy adult rodent SVZ and SGZ, (iv) finally, TH status
plays a key role in CNS disease and injury outcome. Different
research groups have therefore investigated how THs could
promote endogenous repair in CNS injury or disease by acting
on NSCs. We elaborate on results obtained in canonical CNS
disorders that, despite different etiologies, could all benefit
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FIGURE 1 | Overview of TH action in the subventricular zone and on oligodendroglial lineage cells and their contribution to repair in multiple sclerosis. Key genes are
in italic next to arrows. Abbreviations: EC, endothelial cell; FAAH, fatty acid amide hydrolase; NPC, neural precursor cell; NSC, neural stem cell; OL, oligodendrocyte;
Sob, sobetirome; SobAM2, methyl amide-derivative of sobetirome; SVZ, subventricular zone; SVZ-OPC, SVZ-derived oligodendrocyte precursor cell; pOPC,
parenchymal oligodendrocyte precursor cell; TAP, transient amplifying progenitor; TTR, transthyretin.
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FIGURE 2 | Overview of potential mechanisms of TH action during hippocampal neurogenesis in Alzheimer’s disease. Abbreviations: Aβ, amyloid β; AD, Alzheimer’s
disease; DG, dentate gyrus; EC, entorhinal cortex; GCL, granule cell layer; GCN, granular cell neuron; IN, immature neuron; ML, molecular layer; NB, neuroblast;
NSC, neural stem cell; SGZ, subgranular zone; TAP, transient amplifying progenitor; TTR, transthyretin.

from cell replacement and neural network repair. These
include the chronic neurodegenerative diseases MS (loss of
oligodendrocytes) and AD (loss of neuronal cells), as well
as acute traumas such as stroke and SCI, in which entire
neural networks vanish in a matter of minutes. Each of them
has unique features with regard to cell type loss, affected
tissue/structure, location, and temporal disease patterns, posing
different problems for stem cell-based approaches. Directing cell
fate choice to generate the whole panel of cell types in correct
ratios is paramount but injury-dependent. Newly generated
precursor cells will also have to migrate enormous distances
to the site of injury and incorporate existing but damaged
neural networks, or re-join previously connected networks. An
additional challenge is that many CNS insults predominantly
affect the elderly in which TH homeostasis is altered (Bowers
et al., 2013) and the endogenous repair potential in the stem
cell zones is probably less effective in producing the various cell
types as compared to young individuals (Capilla-Gonzalez et al.,
2015). We discuss the scientific evidence that so far supports
a role for TH in NSC-mediated repair in the above-mentioned
CNS insults, and provide future perspectives on how to tackle
current bottlenecks.

THE REPAIR POTENTIAL OF THYROID
HORMONE IN MULTIPLE SCLEROSIS

Multiple sclerosis is a chronic demyelinating CNS disease with
around 2.2 million cases worldwide in 2016, a 10% increase
compared to 1990. Prevalence is highest in 55–64 year-olds,
but the disease is often diagnosed in young adults around
the age of 30. Recurring episodes of autoimmune-mediated
oligodendrocyte apoptosis cause progressive, heterogeneous
myelin degradation (Haider et al., 2016) and neurological
disability, affecting life quality and decreasing average life
expectancy by several years. While current treatments primarily
focus on attenuating the relapsing immune reactions, reversing
demyelination and restoring neurological functions also hold
promise as definitive remedies. Repair comprises regenerating
lost oligodendrocytes to remyelinate naked axons and protect
them from a hostile microenvironment (Calzà et al., 2010).
However, while a fairly large population of parenchymal OPCs
(pOPCs), generated during development, persists in the adult
brain, most of them fail to differentiate into new myelinating
oligodendrocytes (Wolswijk, 1998; Chang et al., 2000). The few
pOPCs that do, wrap axons in thinner than normal myelin
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sheaths, a hallmark visible as shadow plaques on brain magnetic
resonance imaging (MRI) (Patrikios et al., 2006). Exhaustion
of the resident pOPC pool and failed migration to distant
sites of injury further contribute to progressive neurological
deterioration in the majority of MS patients (Hartley et al., 2014;
Dulamea, 2017).

The adult SVZ could reinforce endogenous repair in MS,
providing a source of newly generated OPCs. Furthermore,
and in contrast to pOPCs, SVZ-derived OPCs generate myelin
sheaths with a normal thickness (Xing et al., 2014; Brousse
et al., 2015; Remaud et al., 2017). Brain examinations of
deceased patients showed activated generation of SVZ-OPCs
that successfully migrated to lesion sites within the corpus
callosum (Nait-Oumesmar et al., 2007). Boosting this inherent
repair system could thus improve functional repair by (i)
amplifying the generation of OPCs from cycling SVZ-NSCs and
promoting glial cell fate, (ii) stimulating OPC migration to lesion
sites and, (iii) promoting their differentiation into myelinating
oligodendrocytes.

Thyroid Hormone Promotes
Remyelination in Animal Models of
Multiple Sclerosis
As a key signal that controls SVZ-NSC proliferation (Lemkine
et al., 2005) and triggers OPC differentiation in the healthy
adult brain (Dugas et al., 2012), it has been tested extensively
if TH could improve remyelination in mammalian models
of cuprizone-induced demyelination (Table 1). Cuprizone is
a widely used gliotoxin inducing oligodendrocyte death and
demyelination in brain regions, notably in the corpus callosum,
provoking neurobehavioral deficits such as gait problems
and sensorimotor impairments that mimic several symptoms
observed in MS patients (Ludwin, 1978; Franco-Pons et al.,
2007; Praet et al., 2014). Adult rats were fed with 0.6%
cuprizone for 2 weeks to induce demyelination and received
three subcutaneous T3 injections every 2 days during the first
week of remyelination. Examination directly after the treatment
showed a smaller pool of Nestin-positive progenitors and more
OLIG-positive OPCs in the SVZ, suggesting that systemic T3
treatment stimulated SVZ-OPC cycle exit. The authors observed
an upregulation of TRα by IHC in the treated and untreated
cuprizone groups, although the TR was surprisingly absent
in controls (Franco et al., 2008), conflicting with previous
data (Lemkine et al., 2005). TRβ expression in the SVZ also
increased following demyelination and T3 injection, whereas
it was undetectable in healthy conditions or after cuprizone
treatment alone (Lemkine et al., 2005; Franco et al., 2008). T3
is a potent inducer of THRB gene transcription (Baas et al.,
1998), and increased TRβ1 protein levels in cultured rat OPCs
as well as in vivo during postnatal development (Baxi et al.,
2014). This suggests that T3-dependent upregulation of this TR
isoform could precede OPC migration. Increased numbers of
mature myelinating oligodendrocytes in the corpus callosum
positive for O4, MBP, PLP and CC1 further indicated that T3
treatment applied after a cuprizone diet, improves remyelination
(Franco et al., 2008). However, the 1-week treatment might not

have been sufficient to reach control levels. While the origin of
the de novo oligodendrocytes, derived from either SVZ-OPCs or
pOPCs, was not determined, tracing experiments demonstrated
that SVZ-OPCs successfully migrate toward the demyelinated
corpus callosum adjacent to the SVZ (Xing et al., 2014; Brousse
et al., 2015; Remaud et al., 2017) where they subsequently
differentiate into immature and mature, myelin sheath-forming
oligodendrocytes (Fernandez et al., 2004; Franco et al., 2008;
Zhang et al., 2015; El-Tahry et al., 2016) (Figure 1).

In another study, mice were fed a 0.2% cuprizone diet
for 12 weeks, reaching a profound demyelination (Harsan
et al., 2008). Intraperitoneal T3 injections were given daily
during the 3-week recovery period after withdrawal of the
cuprizone diet, and mice were evaluated up until 9 weeks
thereafter. At that time, remyelination in the corpus callosum
and cerebellum had improved as seen on MRI and IHC for
MBP, a key TR-target gene (Jeannin et al., 1998), and numbers
of myelinated axons almost reached control levels (Harsan
et al., 2008). Thus, a brief TH treatment after demyelination
can have long-lasting beneficial effects on remyelination.
Furthermore, T3 increased numbers of migrating PSA-NCAM-
positive neuroblasts in the SVZ, suggesting a neurogenic response
as well. Motor performance on rotarod tests gradually improved
as compared to mice that did not receive exogenous T3 (Harsan
et al., 2008). Similar behavioral improvements were observed
in mice that received daily intraperitoneal T3 injections for
2 weeks after a 0.2% cuprizone diet for 6 weeks (Zhang
et al., 2015). Numbers of CC1-positive mature oligodendrocytes,
MBP immunoreactivity and the proportion of myelinated
axons increased in the corpus callosum as shown by western
blotting, IHC and electron microscopy. As expected, all these
effects were abolished when T3 was replaced by the thyroid-
blocking agent propylthiouracil during the remission period
(Zhang et al., 2015).

The potential of TH to promote OPC differentiation and
maturation was also investigated in rats and marmosets in which
experimental autoimmune encephalomyelitis (EAE) elicited
spontaneous neuroglial apoptosis and axonal degeneration in the
CNS, causing long-term sensorimotor disability (Constantinescu
et al., 2011) (Table 1). A pulse of T3 every other day
increased proliferation in NSC cultures prepared from the
SVZ of EAE Lewis rats, and stimulated OPC differentiation
and maturation into myelinating oligodendrocytes. T3 had
similar pro-oligodendrogenic effects in OPC cultures grown
from healthy SVZ-NSCs that during in vitro differentiation
were simultaneously exposed to a mix of cytokines that mimic
inflammatory conditions (Fernández et al., 2009, 2016). These
properties were also tested in vivo. Adult rats received three
subcutaneous T4 injections every other day during the acute EAE
phase, when animals suffer from a severe force deficit (Calza
et al., 2002). The strongly increased proliferation of SVZ-NSCs
and uncommitted progenitors (Calzà et al., 1998) returned to
basal levels in EAE animals treated with T4. This contrasts with
the increased proliferative activity following T3 treatment in vitro
(Fernández et al., 2009), and could be a consequence of different
treatment protocols as well as the influence of factors in the
complex in vivo environment. IHC analysis in the spinal cord
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TABLE 1 | Summary of thyroid hormone effects in MS models.

Study Species Model Treatment Effects

(Calza et al., 2002) ♀ rats EAE s.c. T4 Proliferating cells SVZ + SC ↓ OPC + Mature OL
markers ↑ NGF content ↑

(Fernandez et al., 2004) ♀ rats EAE s.c. T4 OPC + Mature OL markers ↑ Myelin sheath reassembly
↑ Relapse severity ↓ Axon morphology ↑

(Franco et al., 2008) rats CPZ s.c. T3 Proliferating cells SVZ ↓ OPC cycle exit ↑ SVZ TRβ

expression ↑ OL markers CC ↑ Remyelination of the CC

(Harsan et al., 2008) ♀ mice CPZ i.p. T3 Proliferating cells SVZ ↑ OPCs & Neuroblasts ↑
Myelinated axons ↑ MRI WM status CC & Cb ↑ Motor
performance ↑

(Fernández et al., 2009) Neurospheres derived
from EAE rats

/ T3 Proliferation ↓ OPC genesis ↑ OL maturation ↑

(D’Intino et al., 2011) ♂ + ♀ marmosets EAE s.c. T3 OPC + Mature OL markers ↑ Disability score ↓
Preservation myelin sheaths ↑ Inflammation ↓
Normalization tissue TH metabolism

(Dell’Acqua et al., 2012) ♀ rats EAE s.c. T3 Disability score ↓ Neurophysiological parameters ↑
Remyelination ↑ Nerve impulse propagation ↑
Neurofilament levels normalized
TRα1 + TRβ expression normalized

(Castelo-Branco et al.,
2014)

♂ + ♀ rats EAE s.c. T4 + VA Myelin loss ↓ OPC + Mature OL
markers = Inflammation ↓ Clinical signs ↑

(Zhang et al., 2015) mice CPZ i.p. T3 OPC proliferation and differentiation ↑ Remyelination in
the CC Myelinated axons ↑ Myelin
thickness/g-ratio = MRI WM status ↑ Clinical signs ↑

(El-Tahry et al., 2016) ♂ rats CPZ s.c. T3 Mature OL markers ↑ Myelinated axons ↑
Remyelination in the CC

(Fernández et al., 2016) OPC-enriched cell
culture

Cytokine exposure IOP + T4 + T3 OPC differentiation recovery Klf9 gene expression
normalized

(Remaud et al., 2017) ♂ mice CPZ MMI during CPZ
exposure followed by
T4 + T3

SVZ-OPCs ↑ g-ratio ↓ (normal myelin thickness)
Functional remyelination in the CC

(Shultz et al., 2017) ♀ rats CCI Local hydroxygel-based
T3 delivery

Oligodendrogenesis in vitro ↑ OL maturation in vitro ↑

(Hartley et al., 2019) OPCs from P7 rats T3 sobetirome Sobetirome mimics T3 action
Klf9, Mbp, Hr expression ↑

♂ mice CPZ i.p. T3 or i.p.
sobetirome

Remyelination in the CC Mature OLs ↑ Myelinated
axons ↑

♂ mice Lysolecithin i.p. T3 or i.p.
sobetirome

♂ + ♀ iCKO-Myrf mice / T4 + T3 or PTU
sobetirome or
Sob-AM2 chow

Both had adverse effects on long-term remyelination
T4 + T3 OPCs + OLs ↓ OL maturation ↑ Myelinated
axons ↑ Remyelination ↑ WM MRI status ↑ Motor
performance ↑

Abbreviations: Cb, cerebellum; CC, corpus callosum; CCI, cervical contusion injury; CPZ, cuprizone; EAE, experimental autoimmune encephalomyelitis; Hr, hairless; IOP,
iopanoic acid; i.p., intraperitoneal; Klf9, Krüppel-like factor 9; MBP, myelin basic protein; MMI, methimazole; MRI, magnetic resonance imaging; NGF, neural growth factor;
NSC, neural stem cell; OL, oligodendrocyte; OPC, oligodendrocyte precursor cell; PTU, propylthiouracil; s.c., subcutaneous; SC, spinal cord; SVZ, subventricular zone;
TH, thyroid hormone; TR, thyroid hormone receptor; VA, valproic acid; WM, white matter.

showed less BrdU-positive progenitors and more A2B5-, O4-
and MBP-positive committed OPCs, pre-oligodendrocytes and
differentiated oligodendrocytes, respectively (Calza et al., 2002).
Using the same protocol but now on Dark Agouti rats that have
a more pronounced demyelination phenotype than Lewis rats,
pulsed T4 administration at 2 and 3 weeks after immunization
also promoted spinal cord remyelination. PDGFRα and MBP
protein levels increased, and myelin sheaths thickened in the
chronic recovery phase (Fernandez et al., 2004). Similarly, a
3-week pulsed T3 treatment from 10 days post-immunization
increased the fluoromyelin-positive area in the spinal cord of

EAE rats and improved neurobehavioral functions. Twenty-
four hours after the first T3 pulse, the increase in TRα1 and
TRβ expression following EAE was prevented, suggesting rapid
effects on gene transcription (Dell’Acqua et al., 2012). Similarly,
a short 3-day treatment with T3, 2 weeks prior to and a second
time 4 weeks after inducing EAE in marmosets (Callithrix
Jacchus), ameliorated the clinical disability score and increased
the expression of oligodendrocyte markers in the spinal cord
(D’Intino et al., 2011).

Irrespective of the different treatments protocols and the fact
that many observations were made in the spinal cord, these
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studies strongly suggest that TH treatment triggers NSC and
progenitor cell-cycle exit and promotes OPC differentiation by
stimulating several genes in post-mitotic OLs (Figure 1), and
that in all animal models of demyelination (Table 1). The fact
that T4 and T3 are both capable to mediate these effects on
gene expression (Fernández et al., 2016) suggests an important
role for DIO2-mediated conversion T4 to T3 either by OPCs,
or by astrocytes that are known to provide T3 to neurons in
other brain regions as well (Morte and Bernal, 2014). T4 and T3
additionally had anti-inflammatory and neuroprotective effects
on axonal morphology by increasing Ngf expression (Calza
et al., 2002; D’Intino et al., 2011; Castelo-Branco et al., 2014;
Fernández et al., 2016).

A problem that would arise in clinical settings is that TH
provokes adverse side effects on peripheral organs such as bone,
muscle and heart. In order to circumvent that issue, Hartley and
co-workers (Hartley et al., 2019) used the pro-drug Sob-AM2
that is converted into the TRβ agonist sobetirome by the CNS-
specific enzyme fatty acid amide hydrolase (Meinig et al., 2019).
Sobetirome stimulated differentiation of rodent and human
cultured OPCs, and accelerated developmental myelination in
mice (Baxi et al., 2014). Applying sobetirome to cultured rat
OPCs demonstrated its capacity to induce expression of T3-
responsive pro-oligodendrogenic genes (e.g., Mbp, Klf9, Hr). The
potential of sobetirome and Sob-AM2 to promote remyelination
was then tested in three different mouse models (Hartley et al.,
2019): (i) mice that received lysolecithin injections to focally
demyelinate the corpus callosum (Blakemore and Franklin,
2008)± daily sobetirome injections for 5 days thereafter, (ii) mice
fed a 12-week 0.2% cuprizone diet ± daily sobetirome injections
for 3 weeks thereafter, and (iii) iCKO-Myrf mice in which
mature oligodendrocytes death leads to gradual demyelination
with preservation of the OPC pool (Koenning et al., 2012)± daily
sobetirome or Sob-AM2 chow for 22 weeks, starting 2 weeks
after tamoxifen treatment was induced. All treatments were
performed in parallel with T3. In all models, sobetirome increased
the MBP signal, PDGFRα-positive mature oligodendrocytes,
myelinated axons, myelin content in the corpus callosum, and
rotarod motor performance (Table 1). Furthermore, Sob-AM2
successfully induced long-term remyelination in the iCKO-Myrf
mouse model without any measurable side-effects (Hartley et al.,
2019), highlighting the potential of a receptor isoform-specific
TH analog as a powerful targeted approach (Figure 1).

Current Bottlenecks in Thyroid
Hormone-Mediated Repair in Multiple
Sclerosis
As discussed above, THs have beneficial and reproducible effects
on stimulating spinal cord and SVZ-derived OPCs as well as
pOPCs to differentiate and remyelinate in various models of MS.
However, these exciting results also raised new questions that
will need to be addressed in future studies. A first issue relates
to the size of the SVZ-OPC pool. While SVZ-OPCs contributed
strongly to remyelination in the mouse brain after a relatively
short 5-week long cuprizone exposure, prolonged demyelination
following a 12-week exposure, reflecting the human situation

of MS more accurately, depleted the SVZ-OPC pool (Brousse
et al., 2015). As TH stimulates OPC differentiation, protracted
TH treatment may even accelerate exhaustion of the SVZ-OPC
pool, stalling remyelination in the early, reversible phase of the
disease. Prolonged T3 treatment in different mouse models of
MS abrogated the increase in proliferating SVZ-NSCs and –OPCs
that was seen in non-treated animals, and prematurely ceased
OPC proliferation and oligodendrocyte formation (Franco et al.,
2008; Hartley et al., 2019). Since glial lineage commitment
occurs in the absence of TH signaling (Remaud et al., 2017),
transient methimazole-induced hypothyroidism during the last
4 weeks of a 6-week cuprizone diet in adult mice, when
new OPCs are proliferating to participate to myelin repair
(Picard-Riera et al., 2002), enhanced SVZ-OPC generation.
When followed by three T4 and T3 pulses after cuprizone
withdrawal, remyelination in the corpus callosum accelerated
compared to animals that were euthyroid during demyelination
(Remaud et al., 2017). In addition, in normal conditions,
downregulating Dio3 expression mainly in EGFR-positive and
PDGFRα-positive OPCs by transfecting SVZ-cells with a short
hairpin Dio3 construct, reduced global cell proliferation by 50%
and OLIG2-positive cells by 30% (Remaud et al., 2017). This
proves that reduced T3 signaling favors SVZ-OPC generation in
physiological conditions, and also after a demyelinating lesion.
It are these divergent results that relate to different treatments
protocols (e.g., cuprizone diet, start of TH treatment, duration,
and dose) in pre-clinical MS studies that will ultimately allow
distilling an optimal treatment scenario. Ideally, TH treatment
would be finely tuned to keep a steady balance between NSC-
derived OPC generation, proliferation and OPC differentiation,
promoting constant and long-term remyelination (Figure 1).

Another question is whether SVZ-OPCs can efficiently
migrate to lesion sites. Demyelinating lesions are scattered
throughout the gray and white matter of the brain, in regions
distant from the SVZ, such as the cortex, cerebellum and brain
stem (e.g., Kutzelnigg et al., 2005, 2007) as well as the spinal
cord (Gilmore et al., 2006). Lesions in these CNS regions are
most-likely responsible for motor disability in MS patients and
hence are the prime targets for remyelination (Filippi et al., 2019).
SVZ-OPCs migrate efficiently to the adjacent corpus callosum
in demyelinating conditions in a matter of days (Xing et al.,
2014; Brousse et al., 2015; Remaud et al., 2017). In contrast,
colonization and remyelination by newly generated SVZ-OPCs
after a 6-week cuprizone treatment in mice was slower and
less complete in the cingulate cortex (± 60% vs. controls) and
hippocampus (± 90% vs. controls) 6 weeks after demyelination,
and mature oligodendrocyte numbers remained very low (Baxi
et al., 2017). Accordingly, in MS patients, remyelination was
successful in regions in close proximity to the SVZ, while shadow
plaques remained in the cortex and spinal cord (Patrikios et al.,
2006). Several reports showed that TH treatment improved white
matter status in the murine cerebellum and cortex (Harsan et al.,
2008; Silvestroff et al., 2012; Hartley et al., 2019). While the exact
origin of the OPCs responsible for remyelination in these brain
regions was not determined, selective Olig2 overexpression in
SVZ-progenitors of postnatal mice showed that the OPC progeny
was capable of migrating to the cortex (Maire et al., 2010).
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It seems unlikely that SVZ-NSCs or –OPCs can abundantly
migrate to the spinal cord. However, here, ependymal cells (ECs)
surrounding the central canal in the spinal cord express the
same NSC markers as those in the SVZ, such as Sox2, Sox9
and CD133. Multipotent ECs are largely quiescent, proliferate at
low rates, and generate few astrocytes and oligodendrocytes in
healthy conditions (Hachem et al., 2020), indicating that spinal
cord tissue is by default pro-gliogenic. EAE activates ECs, that
besides predominantly generating astrocytes, also form OPCs
that subsequently differentiate into myelinating oligodendrocytes
(Meletis et al., 2008). Systemic TH treatment counteracted a
hypothyroid state in the spinal cord of EAE marmosets and
facilitated remyelination (D’Intino et al., 2011), but whether or
not that was by acting on ECs or by stimulating pOPCs to
differentiate is unknown. Whether and how TH could act on ECs
will be of interest for future research.

A final question in this context is that of the relative
benefit of SVZ-OPCs over pOPCs. As already noted, SVZ-OPCs
remyelinate axons with sheaths that have normal thickness (Xing
et al., 2014; Brousse et al., 2015; Remaud et al., 2017), in contrast
to otherwise thinner-than-normal sheaths produced by pOPCs.
In addition, pOPCs isolated from adult rat brains had a reduced
differentiation potential and remyelination capacity as compared
to those of young brains (Neumann et al., 2019), making them
a less attractive target in a disease that primarily affects older
people. Remarkably, OPC generation in the SVZ and the rostral
migratory stream remains stable throughout life, contrasting a
sharp decrease in neurogenesis (Capilla-Gonzalez et al., 2013;
Ernst et al., 2014; Weissleder et al., 2016). A mild hypofunction
of the thyroid as observed in many elderly (Bowers et al.,
2013; Biondi et al., 2019) might even favor SVZ-OPC genesis.
The question remains though, if they are able to differentiate
efficiently in aging conditions.

Further examination of TH-stimulated remyelination efficacy
by SVZ- and EC-derived OPCs in MS models will be
paramount to get an idea of the spatiotemporal white matter
improvement, whether this process can be accelerated, and how
long naked axons remain exposed to harming components of
the extracellular matrix, which can potentially lead to irreversible
neuronal and axonal degeneration (Franklin et al., 2012) as
is the case in progressive MS (Michailidou et al., 2014).
Intervening earlier might intensify recovery by endogenous
repair mechanisms and increase chances of halting disease
progression or even reverse damage. However, since plaque
progression and demyelination occur heterogeneously, choosing
an optimal therapeutic time window will be very complicated.

Translational Aspects of Thyroid
Hormone-Induced Remyelination
Given that (i) TH has consistent effects on oligodendrocyte
differentiation and remyelination in animal models of MS, (ii)
SVZ-oligodendrogenesis is maintained throughout human life
(Ernst et al., 2014; Weissleder et al., 2016) and (iii) SVZ-
OPC generation increases upon MS-induced injury in humans
(Nait-Oumesmar et al., 2007), we and others propose that there is
strong potential for TH as a treatment in MS patients. A clinical

phase 1 trial (NCT02760056) recently confirmed short-term
safety and tolerance for low systemic doses of synthetic T3 in a
cohort of 15 MS patients (Wooliscroft et al., 2020) paving the
way for a phase 2 trial. Sobetirome is currently in a phase 1
trial in patients suffering from the demyelinating disease X-linked
adrenoleukodystrophy (NCT01787578). Safety and efficacy of
such compounds will require testing in combination with anti-
inflammatory agents currently used to control relapsing immune
reactions. Further exploring underlying signaling pathways and
mapping interaction with other factors interacting with NSCs and
progenitor commitment (Akkermann et al., 2017), should lead
to better treatment scenarios, where definitive promotion of the
endogenous repair potential by T3 or CNS-specific TH analogs
could pave the way to a reparative cure in MS and more largely in
demyelinating diseases.

THE REPAIR POTENTIAL OF THYROID
HORMONE IN ALZHEIMER’S DISEASE

Alzheimer’s disease is the most common cause of dementia,
with a prevalence that tops of at 22.53% for individuals
older than 85 years in Europe at 2016 (Niu et al., 2017). In
AD, the accumulation of amyloid plaques and formation of
neurofibrillary tangles trigger cerebral neuronal cell death and
atrophy, causing progressive deterioration of cognitive functions
and memory. An accelerated decrease in adult hippocampal
neurogenesis (AHN) and hippocampal shrinkage are disease
hallmarks in humans (Callen et al., 2001; Moreno-Jiménez
et al., 2019) and compromise learning, memory and navigation
(Tincer et al., 2016) as newly-generated granule cells normally
rewire and strengthen connections in hippocampal circuits
to promote learning- and memory-dependent plasticity. Most
pharmacological approaches currently fail to reverse, halt or even
slow down these symptoms. Counteracting both reduced AHN
and neuronal cell loss could improve, or at least sustain memory
processing (Tincer et al., 2016).

The Link Between Thyroid Hormone,
Hippocampal Neurogenesis and
Alzheimer’s Disease
For years now, there have been controversial links between
systemic TH status and the pace of human hippocampal
neurogenesis. Adult-onset hypothyroidism, the second-
most common human endocrine disorder, associates with
depression, and shares the hallmarks of reduced AHN and
decreased hippocampal volume with AD, as well as memory
impairments and emotional alterations (Cooke et al., 2014;
Planchez et al., 2020). T4 treatment in (sub)clinical hypothyroid
patients reversed underperformance on several cognitive tests
specifically designed for assessing hippocampal function
(Correia et al., 2009). Of the 159 patients with bipolar
disorder, and of whom none responded to a wide range
of antidepressants, 84% had improved cognitive symptoms
after supplementing supraphysiological T3 doses (Kelly and
Lieberman, 2009). However, in this and other small-scale
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clinical studies, T3 and also T4 were always given as an
adjuvant therapy when antidepressants fail, leaving the effect
of THs alone untested (Parmentier and Sienaert, 2018).
Interestingly, low T3 levels as well as DIO2 polymorphisms
predispose for developing AD (McAninch et al., 2018;
Quinlan et al., 2019) and T3 levels were reduced in brains
of deceased AD patients (Davis et al., 2008), suggesting
that hypothyroid conditions may affect AHN similarly
as in depression.

Animal studies showed that TH regulators limit TH action
to specific stages of hippocampal neurogenesis that lead to the
production of new granule neurons in normal conditions, cells
that will eventually rewire dentate gyrus circuits to contribute
to hippocampal neuroplasticity. Adult-onset hypothyroidism
and KO of TRα1, Dio2 or Mct8 in rodents showed that NSC
proliferation was not affected, but that hippocampal neuroblast
generation, differentiation and survival of newly generated
neurons were decreased (Desouza et al., 2005; Kapoor et al.,
2012; Bárez-López et al., 2014; Sánchez-Huerta et al., 2016;
Mayerl et al., 2020). Systemic T3 treatment effectively recovered
these processes and rescued neurological functions (Desouza
et al., 2005; Eitan et al., 2010; Kapoor et al., 2010). It is
tempting to speculate that TH can thus stimulate AHN to
counteract hippocampal neuronal loss in AD too (Figure 2),
as long as it can be started soon enough. So far, only
few studies have assessed this potential in appropriate AD
models or patients.

Thyroid Hormone as a Repair Cue in
Alzheimer’s Disease
The effect of TH treatment was tested in a mouse model whereby
amyloid β, the main constituent of amyloid plaques in the AD
brain, was injected in the hippocampus to mimic AD. Seven
days later, a 4-day long daily intraperitoneal administration
of low T4 doses rescued granule cell numbers, reduced
hippocampal neuronal cell death, increased cholinergic function,
and restored cognitive functions (Fu et al., 2010). Similarly,
intraperitoneal administration of T4 to healthy 22–23-month-old
rats stimulated Ngf and Nt-3 expression in the hippocampus,
reflecting neuroprotective TH actions, even in these relatively
aged rats (Giordano et al., 1992). These data coincide with 3-
month-old thyroidectomized rats that displayed reduced AHN
and performed less well in a forced-swimming test, a measure for
depressive-like behavior. Both a single intraperitoneal injection
of T4 + T3 and a daily supply via the drinking water rescued
neurogenesis and restored behavioral performance, suggesting
rapid effects of TH on AHN (Montero-Pedrazuela et al., 2006).

Apart from stimulating neurogenesis and providing
neuroprotection, TH could act on NSCs via another, more
indirect way. Amyloid β was shown to accumulate in SGZ-NSCs
in mouse AD models, inhibiting proliferation and increasing
apoptosis, thus blocking AHN (Haughey et al., 2002b). T3
negatively regulates the amyloid-β precursor protein (APP) gene
(Belandia et al., 1998; Belakavadi et al., 2011), and rendering rats
hyperthyroid by giving oral T3 for 5 days strongly suppressed
overall brain APP expression (Belakavadi et al., 2011). However,

the sole study that tested this trait in a rat model for AD by
giving supraphysiological doses of T3 for 4 weeks showed no
significant changes in brain amyloid β content by western
blotting (Prieto-Almeida et al., 2018) (Figure 2). T3 did reduce
Tau hyper-phosphorylation and glycogen synthase kinase 3 α/β
(GSK-3β) expression (Prieto-Almeida et al., 2018). Hyperactivity
of each of these factors underlies AD pathogenesis and associates
with amyloid β deposition, plaque forming and memory
impairment (Hooper et al., 2008).

Amyloid β also reduces SVZ-NSC renewal capacity
(Haughey et al., 2002a), corresponding to decreased numbers
of proliferating stem cells in the SVZ of AD patients (Ziabreva
et al., 2006; Rodríguez et al., 2009). As AD patients often suffer
from anosmia (McShane, 2001), this might suggest impaired
SVZ-neurogenesis, although the role of SVZ-neuroblasts in
human olfaction is still under debate (Lim and Alvarez-Buylla,
2016). T3-dependent restoration of SVZ-neurogenesis could be
a potential source of neurons to counteract cerebral atrophy, as
the SVZ is the largest NSC reservoir. In in vitro neurospheres
generated from SVZs dissected from rats in which streptozotocin
injection replicated AD hallmarks, T3 administration recovered
NSC proliferation and Seladin-1 expression (Mokhtari et al.,
2020), preventing caspase 3-mediated neuronal apoptosis
(Peri and Serio, 2008).

TTR could represent another important factor in AD
(Figure 2). TTR efficiently binds amyloid β in- and outside cells
(Buxbaum et al., 2008; Li et al., 2011), preventing aggregation and
toxicity in hippocampal neurons (Silva et al., 2017) and clearing
amyloid β from the brain (Alemi et al., 2016). TTR levels in the
brain and CSF have been reported to be decreased in several AD
patients and could be involved in disease progression (Hansson
et al., 2009). These reduced TTR levels, together with the
possibility that TTR protein sequesters amyloid β, could reduce
T4 availability (Li and Buxbaum, 2011) and hamper TH supply
to SVZ-NSCs, affecting SVZ-neuro- and oligodendrogenesis.
Ttr KO mice had decreased numbers of newly SVZ-generated
neuroblasts and favored glial fate choice (Vancamp et al., 2019;
Alshehri et al., 2020), reminiscent of the effects on SVZ-
neurogliogenesis following hypothyroidism (López-Juárez et al.,
2012; Remaud et al., 2017).

So far, only one study in human AD patients demonstrated
that intravenous TRH injections improved memory and
concentration (Mellow et al., 1989), probably through increased
TH release by the thyroid gland, as patients experienced
tachycardia, an indicator of hyperthyroidism. However, TRH
could also have extra-hypothalamic effects, and directly regulate
cellular processes associated with AHN. Reduced TRH levels
were detected in the hippocampus of AD patients, and in vitro
experiments with rat hippocampal neurons demonstrated that
intracellular TRH depletion increased GSK-3β expression and
Tau phosphorylation (Luo et al., 2002; Luo and Stopa, 2004).
Hyperphosphorylated Tau can accumulate and have neurotoxic
effects (Rajmohan and Reddy, 2017). In contrast, administrating
TRH to neuronal cultures reduced GSK-3β expression and
Tau phosphorylation, thereby increasing neuronal survival (Luo
and Stopa, 2004). TRH can also directly modulate synaptic
activity of hippocampal neurons (Zarif et al., 2016). Such
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non-classical functions indicate a cellular signaling role for
TRH in neurodegenerative diseases (for a review, see Daimon
et al., 2013), although the underlying mechanisms remain
incompletely understood.

A potential pro-regenerative function of T3 or other
TH signaling components in AD-accompanied (hippocampal)
neurodegeneration still awaits more proof-of-concepts, but
deserves further testing in appropriate models given their strong
role in AHN in the brain, and the persistence of hippocampal
neurogenesis in aged healthy and AD individuals (Moreno-
Jiménez et al., 2019; Tobin et al., 2019). Ideally, the therapeutic
potential is tested over long periods by administering TH in
different phases of the disease to analyze long-term efficacy,
reversibility of neurobehavioral hallmarks and potential side
effects on other organs, determining the best treatment scenario
and setting the base for clinical trials. Whether a TH treatment
could ever replenish neurons in brain regions other than the
hippocampus is less sure, notably given the strongly reduced
neurogenesis elsewhere in the aged brain.

THYROID HORMONE AS A REPAIR CUE
IN ACUTE TRAUMATIC CNS INJURY

Almost every chronic neurodegenerative disease is accompanied
by unique symptoms that progress via well-documented,
protracted stages. Identical disease-underlying mechanisms
provide the possibility of developing a uniform treatment
strategy that is applicable before symptoms worsen. Acute CNS
trauma on the contrary, causes instantaneous neuroglial cell
death eradicating entire neural networks, with either a fatal
outcome, or a profound impact on a patient’s psychomotor
well-being depending on injury size, location and duration.
Repair is extremely challenging as neural networks need to be
rebuilt from scratch, demanding a harmonized interplay between
neuro- and oligodendrogenesis, axonal damage repair, regrowth
and reconnection of preserved axons, and myelinogenesis to
functionally restore and reconnect CNS regions (O’Shea et al.,
2017). Furthermore, acute trauma elicits an inflammatory
response that besides initial wound healing sets in place a
repair-blocking environment, one that is hostile for remnants
of damaged neural networks. Stroke and acute SCI are two
traumatic CNS events that must face each of these challenges.

Thyroid Hormone Action on Neural Stem
Cells in Stroke Injury
Stroke is a global leading cause of death and permanent disability,
mostly affecting the elderly, and causing 5.5 million deaths
2016 alone (Gorelick, 2019). Stroke survivors often deal with
permanent disabilities, including paralysis, sensory disturbances
or impairments of higher cognitive functions such as language,
functions that associate with regions in the cerebrum that
are the most prone to stroke. Ischemic stroke occurs when a
blood vessel in the brain is clogged, whereas a ruptured brain
artery causes hemorrhagic stroke. A poor blood supply deprives
brain tissue from oxygen and nutrients, and causes neuroglial
apoptosis, forming an ischemic infarct region. NSCs that can

potentially contribute to repair arise from regions next to the
injury and from the stem cell zones, and rapidly respond to
injury. Brain examinations of deceased stroke patients showed
that capillary-associated pericytes convert into proliferative
stem cells that express the NSC markers Sox2 and c-Myc,
with neuron-generating properties in vitro (Tatebayashi et al.,
2017). Numbers of proliferative and neuronal marker-expressing
cells also increased in the human ipsilateral SVZ after stroke
(Marti-Fabregas et al., 2010).

Transgenic ablation of SVZ-derived DCX-positive neuroblasts
14 days prior to stroke induction in adult mice increased
infarct size and worsened neurobehavioral disabilities 24 h
after stroke (Jin et al., 2010), suggesting that enhanced SVZ-
neurogenesis is a first-line repair response. The gliogenic
response is however predominant as the SVZ output 2 weeks
after stroke comprised 59% GFAP-positive astrocytes, 15–20%
OPCs and only 10% DCX-positive neuroblasts, a distribution
that almost did not change in the following weeks (Li et al.,
2010). Tracing experiments demonstrated that SVZ-derived
uncommitted precursors migrate to the damaged murine cortex,
the first arriving within 4 days post-stroke, where most of
them give rise to reactive astrocytes that form a glial scar (Faiz
et al., 2015). Some of them can convert into neurons under
forced expression of Ascl1, but poor cell survival in a hostile
inflammatory environment as well as a lack of pro-regenerative
cues prohibit recovery of damaged cellular networks (Xing et al.,
2012; Lindvall and Kokaia, 2015) leaving many stroke victims
disabled for life (Mitsios et al., 2007).

In humans, lower free T3 levels correlate with increased stroke
severity, complications and poorer rehabilitation (Bunevicius
et al., 2015; Lamba et al., 2018) suggesting that therapeutically
restoring TH levels could enhance endogenous repair responses.
The potential of TH as a repair cue has been tested in
adult mice and rats wherein middle cerebral artery occlusion
(MCAO) simulates permanent or transient stroke, the latter
allowing re-perfusion of tissue 45 – 120 min after the occlusion.
T3 injection either once 24 h after cerebral ischemia, or
daily for 6 days, increased cell proliferation and expression
of the neurogenic markers Bdnf, Nestin and Sox2 in the
SVZ 7 days later (Akhoundzadeh et al., 2017; Sabbaghziarani
et al., 2017). Unfortunately, which cell types proliferated
more actively was not investigated, nor was the impact on
neuronal vs. glial specification. Sox2 is negatively regulated by
T3 under physiological conditions (López-Juárez et al., 2012)
but might here simply reflect higher NSC numbers, as T3
and TRα1 also maintain full proliferative activity of SVZ-
NSCs (Lemkine et al., 2005), or alternatively a reactivation of
quiescent NSCs. Apart from the SVZ, focal cerebral ischemia
in adult rats also stimulated hippocampal neurogenesis (Jin
et al., 2001). A single intra-cerebroventricular dose of T3
right after transient MCAO in adult rats increased neuronal
survival within the SGZ 3 weeks later through enhancing
expression of the neurotrophic factors Bdnf and Gdnf, thereby
improving memory and learning capabilities (Mokhtari et al.,
2017). A single T4 dose 1 h after traumatic brain injury in
rats also induced Dcx in the hippocampus within 24 h (Li
et al., 2017). This suggests that stroke occurring in distant
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brain regions such as the cortex can influence AHN and
associated memory functions, and that TH can stimulate
SGZ neurogenesis and hippocampal circuit formation during
the recovery phase.

Interestingly, Ttr mRNA transcripts also increased in various
hippocampal cell types (e.g., ependymal cells, microglia and
mature neurons) 24 h after traumatic brain injury in adult
mice. Although expression of membrane TH transporters
did not change, the authors speculated that this increase
reflected cellular hypothyroidism, and subsequently tested
neurobehavioral recovery after giving a single intraperitoneal
dose of T4 immediately after the injury. One week later, using
a single-cell genomic approach, the authors observed that the
dysregulated expression of 93 out of 121 genes linked to cellular
metabolism and hormone response pathways in hippocampal
cells, including Ttr, was restored, and that mice performed better
on memory tests (Arneson et al., 2018). While TH promotion
of SGZ-neurogenesis can thus improve hippocampal-related
functions, new neuroblasts probably do not migrate away from
their site of origin (Ibrahim et al., 2016), and hold less promise for
repair at the actual site of injury in comparison to more efficiently
migrating SVZ-OPCs and neuroblasts, at least in rodents (Flygt
et al., 2013; Faiz et al., 2015).

New-born cells can be vulnerable to pro-apoptotic proteins
that are found in injured gray matter in humans (Mitsios
et al., 2007). Injection of a plasmid expressing the anti-apoptotic
BCL2 protein in the lateral ventricles of rats following MCAO,
protected neural progenitor cells and new-born mature neurons
in the striatum from cell death (Zhang et al., 2006). Being
a well-known TH-responsive gene (Morris et al., 2017), TH
administration successfully reduced apoptosis 24 h after injury
by inducing Bcl2 expression (Crupi et al., 2013; Genovese
et al., 2013). Additionally, all these studies consistently found
that post-stroke TH administration additionally preserves tissue
integrity and has important anti-inflammatory effects, curtailing
infarct volume and shaping a pro-survival environment in
which improved synaptic plasticity enhances neural network
recovery and mitigates post-injury behavioral functions (Crupi
et al., 2013; Genovese et al., 2013; Akhoundzadeh et al., 2017;
Li et al., 2017; Mokhtari et al., 2017; Rastogi et al., 2018;
Talhada et al., 2019).

There are currently no data to which extent TH treatment
repairs axonal, oligodendrocyte and myelin loss after stroke,
and it has yet to be explored which local regulators of TH
action could mediate effects in neurogenic zones. Certainly,
governing NSC fate choice will be difficult requiring exact timing
protocols. In addition, whether newly formed neurons are able
to span the greater distances of the human brain is unknown
(discussed in Nemirovich-Danchenko and Khodanovich, 2019).
A diminished regenerative capacity during aging due to declining
NSC pool sizes (Villeda et al., 2011) is another important
issue as the elderly are especially prone to be stroke victims.
Old mice recover less well than their younger counterparts
due to exacerbated immune responses, data reflected by a
higher neutrophil infiltration and infract size in aged post-
mortem human stroke brains too (Ritzel et al., 2018). Most
experimental studies investigating the effects of TH used young,

2–3 month-old animals, which may not represent the physiology
of an older human being, notably with regard to the sharp
drop in SVZ-neurogenesis and overall diminished TH levels
during aging. One study demonstrated that the beneficial effects
of T3 combined with bone marrow stem cell transplantation
and mild exercise in 2-month-old mice on stroke outcome
(Akhoundzadeh et al., 2017) were not replicated in 12-month-
old mice (Akhoundzadeh et al., 2019). Thus, it is preferable that
future experiments examine how NSCs in young and old animals
respond to ischemic injury in parallel, hence acquiring a more
reliable image of the potential therapeutic effects of TH. Lastly,
determining the right timing, dose and administration route will
be imperative, as subtle shifts in TH homeostasis, for instance
due to ESS, can provoke adverse effects on stroke recovery.
Infarct size and vascular integrity aggravated after MCAO-
induced stroke in hyperthyroid rats (Keshavarz and Dehghani,
2017), and the T4 treatment that ameliorated dysregulated
gene expression in hippocampal cells after injury in the mice
from the study of Arneson et al., also changed non injury-
related genes that are associated with pathways key for proper
brain function (Arneson et al., 2018). Subclinical hyperthyroid
stroke patients also had increased neurological disability and
a higher risk of recurrences (Wollenweber et al., 2013). Each
and every one of these issues needs to be thoroughly addressed
to obtain a more comprehensive, systems biology picture of
which TH treatment procedure could eventually comply with
optimal injury repair.

Thyroid Hormone in Stem Cell Repair
After Traumatic Spinal Cord Injury
Spinal cord trauma directly disrupts the bidirectional
information flow between the brain and peripheral effectors,
risking the loss of sensation and voluntary movement of tissues
innervated by neurons below the site of injury. An estimated
27 million people worldwide suffer from a form of irreversible
motor disability caused by SCI (James et al., 2019). As in stroke,
neurons and glia die upon SCI injury and an exacerbated
inflammatory and molecular inhibitory environment constrains
repair (Rust and Kaiser, 2017). Endogenous NSCs could replace
cells, but cannot be mobilized from distant brain stem cell zones
except if they are transplanted into the lesion site (e.g., Vismara
et al., 2017; Sankavaram et al., 2019). Endogenous repair could
be however be stimulated by engaging the spinal cord ECs. Upon
SCI, they proliferate, migrate and differentiate into astrocytes,
forming a tissue scar in the first instance, and also less frequently
OPCs (Meletis et al., 2008; Moreno-Manzano et al., 2009; Cawsey
et al., 2015). Neurogenesis in the spinal cord is essentially
non-existent in normal or injured conditions (Meletis et al.,
2008), but ECs have neurogenic potential when transplanted
in the SVZ (Shihabuddin et al., 2000) as well as in vitro after
adding factors that stimulate neuronal differentiation (Moreno-
Manzano et al., 2009). Modulating EC fate and boosting
multi-lineage cell generation and differentiation could thus
facilitate SCI repair.

The beneficial effects of THs on OPC differentiation as
observed in EAE-induced spinal cord demyelination in rodent
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models of MS (Calza et al., 2002; Dell’Acqua et al., 2012),
could also initiate myelin repair in SCI, although EAE does
not reflect the loss of all cell types. A combination of T4
pulses with valproic acid right after disease onset improved
clinical signs after EAE-induced demyelination in adult
rat spinal cords, but did neither increase OPC numbers
nor improve myelin status (Castelo-Branco et al., 2014)
(Table 1). Continuous intraperitoneal T4 administration
following transplantation of Nestin-positive NSCs, derived
from embryonic stem cells, into the injury site 10 days after
SCI in mice, did not improve coordinated motor behavior
more than the stem cells grafts alone (Kimura et al., 2005).
Whether or not manipulating local TH signaling could
allow directing EC fate to stimulate neurogenesis remains
unknown, and primary experiments should aim to determine
how T3 affects cell fate choice in physiological conditions.
Only one study demonstrated that local administration of
a hydroxy gel containing T3 on the injury site caused by
cervical contusion successfully increased oligodendrocytes and
improved myelination (Shultz et al., 2017). ECs also express
Sox2, which is a T3-responsive cell fate switch in SVZ-NSCs
(López-Juárez et al., 2012). However, in contrast to repressing
Sox2 in favor of SVZ neuroblast generation, stimulating Sox2
reprogrammed reactive astrocytes to form proliferative DCX-
positive neuroblasts in mouse SCI, which further matured
into synapsing interneurons when accompanied by valproic
acid (Su et al., 2014). Also in adult zebrafish SCI, increased
Sox2 expression stimulated EC proliferation and the formation
of new motor neurons resulting in functional repair (Ogai
et al., 2014). Another potential target might be Egfr, shown
to trigger EC proliferation in SCI (Liu et al., 2019). Since
Egfr is a gliogenic factor in SVZ-NSCs that is negatively
regulated by T3 (Remaud et al., 2017), TH treatment could
promote neuronal determination. Further research into cell-type
specific expression patterns of TH regulators in both healthy-
and disease-based contexts might uncover which cell types
respond to TH in SCI (Boelen et al., 2009; D’Intino et al., 2011;
Fernández et al., 2016).

FUTURE PERSPECTIVES ON THYROID
HORMONE-MEDIATED CNS REPAIR

Endogenous NSCs are activated notably upon injury in the
adult human CNS, but the NSC progeny fails to replace
neurons and glial cells due to molecular inhibition and the
lack of pro-regenerative cues, leaving most victims of CNS
injury disabled for life. Pre-clinical studies emphasize that TH,
as a key regulator of NSC fate and progenitor behavior in
physiological conditions, has the potential to override the blocked
endogenous repair response in various pathophysiological
contexts, despite the different etiologies of disease. TH effectively
regulates oligodendrogenesis and remyelination in models of
MS, and while showing some beneficial actions in other CNS
insults, future experiments have to elucidate how TH can
stimulate endogenous repair pathways in the SVZ, SGZ and
the spinal cord.

From Systemic to Local and
Target-Directed TH Repair
A forthcoming challenge in TH-promoted CNS repair is to
maximize and extend beneficial effects on NSCs and their
progenitors while minimizing adverse effects on non-target
tissues. The relative impact of parameters such as the dose,
delivery route and treatment window will require scrupulous
evaluation. For instance, the risk for developing (subclinical)
hyperthyroidism increases with protracted TH treatment due
to thyroid axis dyshomeostasis, or because disease progression
or recovery enters a new phase that coincides with discrete
alterations in the body’s hormone balance. Common side effects
include cardiac arrhythmias and secondary osteoporosis (Flynn
et al., 2010). Future pre-clinical studies applying systemic
TH treatments to CNS injury models should therefore test
therapeutic efficacy over longer periods while simultaneously
monitoring TH serum levels and peripheral organ physiology.

A promising alternative are the TH analogs (e.g., Triac,
Ditpa, sobetirome) that mimic TH action, but have CNS-
or even cell type-selective actions because of TR isoform
preference. Another, so far less explored way, is providing
TH or TH analogs to stem cell zones by alternative routes,
for instance via the cerebroventricular system (Bárez-López
et al., 2019), using nanoparticles (Mdzinarishvili et al., 2013),
or even via direct polyethylenimine-mediated NSC transfection
(Lemkine et al., 2002). The benefit of such an approach
is that TH signaling pathways relevant for a repair process
could be directly manipulated in target brain regions or cell
populations while leaving neighboring regions unscathed. The
administration route can thereby be chosen in function of
the disease or injury. Individuals suffering from the Allan-
Herndon-Dudley Syndrome provide a clear example of the
power such approach can have. Patients are permanently
intellectually disabled due to severe cerebral hypothyroidism
caused by a mutated MCT8, but have elevated serum TH levels,
eliminating the option of systemic TH treatment. However, a
brain implant safely delivered the TH analog Triac into the
cerebral ventricles of Mct8 KO mice increasing its content
in the brain, without worsening cerebral hypothyroidism nor
peripheral thyrotoxicosis (Bárez-López et al., 2019). In the
field of nanomedicine, NFL protein-coated lipid nanocapsules
that specifically interact with NSC proteins were successfully
taken up by rat NSCs after intra-cerebroventricular injection
(Carradori et al., 2016). When loaded with retinoic acid,
they successfully induced oligodendrogenesis after lysolecithin-
induced focal demyelination of the corpus callosum (Carradori
et al., 2020). These state-of-the-art methods remain to be
thoroughly tested in TH-mediated CNS repair, but will definitely
revolutionize neuroregenerative medicine.

Currently, we have only limited evidence of which cell types
and subpopulations are more preferentially affected by systemic
and local TH treatments in CNS injury models. While a beneficial
effect was observed on a given cell type, for example, in the case
of the OPCs in MS models, the impact on other cell types was
often not evaluated. However, given the widespread expression
of TRs (Bernal, 2007), one can assume that possibly all cells are
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affected to some extent by a TH treatment. Regulators of TH
availability that confine TH action in a subset of neurogenic niche
cells could represent novel ways to manipulate TH signaling
tissue- or cell type-specifically, but only if we comprehend their
temporal-spatial expression patterns and function in both health
and disease. This goes hand in hand with dissecting how the
(epi)genetic NSC landscape changes during disease to identify
which TH target genes are key in repair. Such knowledge will
have to be considered in light of emerging data showing that
heterogeneous NSC populations in distinct SVZ microdomains
contribute to specific neuronal and glial subpopulations, and
thus may have varying repair potential (Chaker et al., 2016;
Akkermann et al., 2017; Mizrak et al., 2019).

Other Future Aspects in TH-Mediated
CNS Repair
Most studies that explored the repair potential of TH so far
have been limited to rodent species in which NSC biology
differs extensively from humans (Williamson and Lyons, 2018;
Oppenheim, 2019). For instance, in contrast to mice, the
generation of new neuroblasts is practically non-existent in
the adult human SVZ and a higher percentage of NSCs is
quiescent, whereas SVZ-oligodendrogenesis remains stable in
both species (Sanai et al., 2004; Capilla-Gonzalez et al., 2013;
Ernst et al., 2014). Such species-unique traits can be expected
to partly explain why NSC-based therapies often lead to better
functional outcomes in CNS injury in rodents as compared
to humans. Use of non-human primate models can fill this
evolutionary gap and help to estimate better to what extent
beneficial effects of TH treatment on CNS repair will be
replicated in humans (Tsintou et al., 2020). For example, the
mouse lemur (Microcebus murinus) is a rapidly aging non-
human primate, with 20% of the population developing aging-
associated neurodegeneration at the age of 5 years, sharing
many biological and behavioral characteristics with human AD,
allowing to test disease progression and evaluate therapies better
(Bons et al., 2006). On the other hand, comparative studies
on the regenerative potential of TH in several non-mammalian
vertebrates (Vanhunsel et al., 2020), deciphering which pathways
enable successful repair, can give a better idea as to where, when
and why they fail in mammals. Furthermore, most pre-clinical
studies involving TH were performed on young animals, while
many neurodegenerative diseases strike at older ages. It is not
well understood how TH action on NSC processes such as fate
choice changes during aging, and thus whether the potentially
beneficial actions on CNS injury are fully preserved in the elderly.
Such knowledge gaps emphasize the pertinence of fundamental
research in these domains.

In addition, one cannot discuss TH signaling without
considering other important, interconnected factors that regulate
NSC behavior in normal and pathological conditions (see for
instance Obernier and Alvarez-Buylla, 2019). In MS for example,
Notch, Wnt and retinoid signaling, as well as the transmembrane
signaling protein LINGO-1 also regulate oligodendrogenesis
and thus represent additional therapeutic targets (Huang and
Franklin, 2011). TH often interacts with such signaling pathways

as well as with other hormones that influence neurogliogenesis
(e.g., progesterone, testosterone, estrogen) (Hartley et al.,
2014), demanding an integrative systems biology approach to
understand the effects of TH-replacing therapy fully.

Lastly, in the case of chronic neurodegenerative diseases, many
questions also remain with regard to the pathophysiological
mechanisms or origins that lead to disease in the first place, that
underlie disease progression, or that account for unexplained
incidence trends and gender-specific effects. In MS for example,
an unexplained global shift of 2/1 to 3/1 in the ratio of
women versus men occurred over the past decades (Reich et al.,
2018; Wallin et al., 2019). Recent evidence suggests that MS
is at least partially provoked or exacerbated by environmental
factors (Leray et al., 2016; Bove, 2018). Since MS incidence is
considerably high in industrialized countries, one possibility is
that endocrine disrupting chemicals (EDCs) to which we are
daily exposed are implicated. Chemical production has increased
more than 300-fold since 1970 (Demeneix, 2019), and many of
them share the halogenated structure with THs, making them
potentially able to provoke adverse, disrupting actions on TH
signaling pathways (Boas et al., 2012). For several EDCs, it
has already been shown they affect adult stem cell self-renewal,
lineage decisions and differentiation programs (Kopras et al.,
2014). As shown in post mortem brain samples, lipo-soluble EDCs
also accumulate in myelin, in essence a stack of lipid sheaths
(van der Meer et al., 2017) and could thus have toxic effects
that trigger oligodendrocyte apoptosis. Developmental exposure
could also compromise NSC repair potential in later life through
epigenetic misprogramming (Jacobs et al., 2017). There is an
urge to elucidate whether or not early-life EDC exposure renders
the brain vulnerable to diseases or malfunctions later in life
(Porta and Vandenberg, 2019), since developmentally disrupted
TH signaling has already been linked to increased risk for autism
spectrum disorder, attention deficit/hyperactivity disorder and
schizophrenia (Modesto et al., 2015; Gyllenberg et al., 2016).

In conclusion, improved understanding and new established
concepts in TH physiology at the cellular and molecular level,
are opening up new avenues for boosting NSC-dependent repair
with TH as a pro-repair cue. Clinical trials could lead to therapies
that might one day facilitate reversing currently untreatable
disabilities that accompany CNS injury.
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In contrast to mammals, the adult zebrafish brain shows neurogenic activity in a
multitude of niches present in almost all brain subdivisions. Irrespectively, constitutive
neurogenesis in the adult zebrafish and mouse telencephalon share many similarities
at the cellular and molecular level. However, upon injury during tissue repair, the
situation is entirely different. In zebrafish, inflammation caused by traumatic brain injury
or by induced neurodegeneration initiates specific and distinct neurogenic programs
that, in combination with signaling pathways implicated in constitutive neurogenesis,
quickly, and efficiently overcome the loss of neurons. In the mouse brain, injury-
induced inflammation promotes gliosis leading to glial scar formation and inhibition
of regeneration. A better understanding of the regenerative mechanisms occurring in
the zebrafish brain could help to develop new therapies to combat the debilitating
consequences of brain injury, stroke, and neurodegeneration. The aim of this review is to
compare the properties of neural progenitors and the signaling pathways, which control
adult neurogenesis and regeneration in the zebrafish and mammalian telencephalon.

Keywords: BMP, notch, inflammation, brain lesion, neural stem cell, adult neurogenesis, zebrafish, mouse

INTRODUCTION

Adult neurogenesis is the process by which neural stem cells (NSCs) divide and provide new
neurons which will migrate and differentiate concomitantly in order to establish and/or integrate
into existing neural networks of the adult nervous system. During almost one century, the dogmatic
view has been held that neurogenesis was restricted to the developmental period and no new
neurons were generated during adulthood (Oppenheim, 2019). Step by step, progress in the analysis
of the encephalon, cell proliferation and in tracing the genesis of newborn cells, has provided
convincing evidence that neurogenesis happens also at post-natal and adult stages (Altman and
Das, 1965; Altman, 1969). Post-natal neurogenesis was observed in the cerebellum of mammals, as
well as in the subventricular zone (SVZ) of the lateral ventricles and in the dentate gyrus (DG) of the
hippocampus (Uzman, 1960; Miale and Sidman, 1961; Altman, 1963, 1969; Altman and Das, 1965).
It is nowadays well-established that adult neurogenesis also occurs in the human brain, although its
functional significance is still under debate (Boldrini et al., 2018; Sorrells et al., 2018; Oppenheim,
2019). The discovery of adult neurogenesis opened the prospect to repair damage caused by brain
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injuries (i.e., ischemia and trauma) and neurodegenerative
diseases including Parkinson’s and Alzheimer’s diseases
in human patients.

In mammals, neuroepithelial cells (NECs) are the first
neurogenic cells in the developing nervous system. As the
brain ventricles form, these cells differentiate into radial glial
cells (RGCs) that have been initially described to support the
migration of newborn neurons and to constitute a heterogeneous
population (Kriegstein and Gotz, 2003; Pinto and Gotz, 2007).
Further studies revealed that RGCs give rise to glial progeny
(oligodendrocytes and ependymal cells) but can also behave as
NSCs and generate almost all neurons of the brain (Noctor et al.,
2002; Malatesta et al., 2003; Spassky et al., 2005; Rowitch and
Kriegstein, 2010). In mouse, at the end of the embryonic period
some of the RGCs transform into astrocytes (Gaiano et al., 2000;
Ventura and Goldman, 2007). The majority of these cells are
non-neurogenic, since only RGC-astrocyte-like cells found in
discrete regions of the telencephalon, mainly the SVZ of the
lateral ventricles and the subgranular zone (SGZ) of the DG of
the hippocampus, conserved their neurogenic properties during
adulthood (Dennis et al., 2016; Fares et al., 2019).

In contrast to the mammalian brain, RGCs and NECs
persist widespread during adulthood in teleost fish and maintain
their neurogenic properties (Zupanc, 2001; Zupanc and Clint,
2003; Pellegrini et al., 2007; Kaslin et al., 2009, 2017; Ito
et al., 2010; März et al., 2010; Strobl-Mazzulla et al., 2010;
Takeuchi and Okubo, 2013; Lindsey et al., 2018). The presence
of these numerous NSCs throughout the brain supports an
intense neurogenic activity during the entire lifespan (Pellegrini
et al., 2005; Zupanc et al., 2005; Lindsey and Tropepe, 2006;
März et al., 2010; Edelmann et al., 2013). In addition, while
central nervous system (CNS) regeneration is very limited
in mammals, adult zebrafish exhibit a huge capability for
regenerating the brain (Ayari et al., 2010; Diotel et al., 2010a,
2013; März et al., 2011; Baumgart et al., 2012; Kizil et al.,
2012a; Schmidt et al., 2013). These features highlight the prospect
that zebrafish could represent an alternative model for a better
understanding of constitutive and regenerative neurogenesis in
the vertebrate brain.

The aim of this review is to describe the neurogenic and
regenerative features of the adult zebrafish brain and to compare
them with the mouse. We first describe the ontogeny, the
anatomy and the proliferative areas within the telencephalon of
zebrafish, considering that this part of the encephalon shares
numerous homologies with mammals. The different types of
progenitors within the telencephalon, their type of division and
their lineage will be emphasized. In a second part, we compare the
molecular mechanisms orchestrating constitutive neurogenesis
and regeneration in the telencephalon with a focus on Notch,
BMP, and inflammatory signaling pathways.

ONTOGENESIS OF THE ZEBRAFISH
CENTRAL NERVOUS SYSTEM

The development of the CNS starts at around 6 h post
fertilization (hpf) corresponding to the beginning of gastrulation

(Woo and Fraser, 1995). The main brain structures are initially
heralded by region-specific expression of neural genes (Bally-Cuif
and Hammerschmidt, 2003; Mueller and Wulliman, 2005). At 24
hpf, the forebrain, the midbrain and the hindbrain have formed
morphologically distinct structures. Later during development,
these embryonic structures will differentiate and generate the
main structures of the adult brain, including the telencephalon,
the diencephalon and the rhombencephalon. It is also important
to note, that in contrast to mammals, the telencephalon develops
by eversion and not by evagination (Mueller and Wulliman,
2005; Folgueira et al., 2012). This specific type of development
of the pallium makes the identification of homologous regions
shared with the mammalian telencephalon more difficult, notably
concerning the hippocampal neurogenic region. In addition,
instead of having two telencephalic ventricles (the two lateral
ventricles in mammals), there is only one medial ventricle in
teleost fish (Figure 1).

ANATOMY OF THE ZEBRAFISH
TELENCEPHALON SHOWS
RESEMBLANCE TO THE MOUSE
TELENCEPHALON DESPITE DIFFERENT
MODES OF VENTRICLE FORMATION

In zebrafish, the telencephalon is composed of the olfactory
bulbs, the subpallium (ventral telencephalon) and the pallium
(dorsal telencephalon). The ventral telencephalon is subdivided
into two brain nuclei: the ventral nucleus of the ventral
telencephalon (Vv) and the dorsal nucleus of the ventral
telencephalon (Vd) (Wullimann et al., 1996; Figure 2A). The
dorsal telencephalon is more complex and is composed of
different brain nuclei and/or regions including the central
zone (Dc), the dorsomedial zone (Dm), the lateral zone (Dl)
and the posterior zone (Dp) of the dorsal telencephalon
(Wullimann et al., 1996; Figure 2A). These different brain
nuclei/regions occupy distinct rostro-caudal positions.
Interestingly, the telencephalon contains several neurogenic
niches (estimated to 16 according to Byrd and Brunjes,
2001; Adolf et al., 2006; Grandel et al., 2006; Kishimoto
et al., 2011, 2013). Among these, the Vv of the subpallium
is considered to be homologous of the SVZ of the lateral
ventricle of mammals, and the Dl and/or Dp of the pallium
to be the equivalent of the SGZ of the DG (see below for
description of these neurogenic niches) (Broglio et al., 2005;
März et al., 2010; Grandel and Brand, 2013; Ganz et al., 2014).
However, these homologies between fish and rodents would
benefit from further investigation in order to ascertain such
evolutionary comparisons.

The work from Ganz et al. (2014) aimed at identifying
the expression pattern of conserved genes in the pallium
of adult zebrafish in order to define pallial subdivisions
and to determine their homologs in tetrapods (Ganz et al.,
2014). They suggested that the Dm corresponds to the
pallial amygdala in mammals, the Dc is the homolog of
the cortex and the Dl (ventral and dorsal parts) could
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FIGURE 1 | Schematic representation of evagination and eversion in vertebrates. The top panel illustrates the telencephalic part of the neural tubes that will evolve
differently during development between ray-finned fish (actinopterygians) and other vertebrates. In the latter, the neural tube will follow an evagination process of the
telencephalic vesicles (left panel) producing paired telencephalic hemispheres with two internal ventricles (the lateral ventricles in mammals). In contrast, in ray-finned
fish (right panel), the neural tube in its dorsal region (pallium) grows and curves laterally. It folds toward the ventral region (subpallium) producing two massive
hemispheres flanking a single ventricular cavity. Such movements will stretch the dorsal roof-plate region of the neural tube and will form the tela choroidea. The red
parts show the different positioning of the territories following the eversion or evagination processes. The red arrows highlight the movements occurring in the neural
tubes. Fp, floor plate; lp, lateral plate; rp, roof plate; vc, ventricular cavity.

be the homolog of the hippocampus. In their work,
Ganz et al. (2014) did not find an equivalent of the
Dp in tetrapods.

In addition, by performing in situ hybridization for 1202
transcription regulators (TRs) in the telencephalon of adult
zebrafish, we previously identified particular regions displaying
specific clusters of TR gene expression revealing similarities with
the mammalian brain (Diotel et al., 2015b). Among the 1202
TRs analyzed, 562 exhibited 13 distinct patterns and some of
them were restricted to the neurogenic niches localized along
the telencephalic ventricle. In the same line, neurotransmitters,
their synthesizing enzymes, and specific markers for GABAergic
neurons in the telencephalon or serotoninergic innervation of the
telencephalon (or serotoninergic neurons in other brain regions
than the telencephalon) are expressed in a very similar way to
what is observed in rodents, suggesting once again homologies
with the mammalian telencephalic regions during development
and adulthood (Kaslin and Panula, 2001; Mueller et al., 2004;
Mueller and Wullimann, 2009; Wullimann, 2009; Parker et al.,
2013). Thus, the zebrafish subpallial regions have been suggested
to be the homologs of the medial and lateral ganglionic eminences
in mouse but further investigation is needed to confirm this
hypothesis (Mueller and Wullimann, 2009).

In summary, the telencephalon of adult zebrafish shares
similarities in its subdomains with those of mouse regarding
the expression of transcription regulators, the types and the
distribution of excitatory and inhibitory neurons, as revealed by

the expression of their respective neurotransmitter synthesizing
enzymes. The homologies between the different telencephalic
regions according to the expression of TRs have been highlighted
in the Figures 2A,C. However, the different models based on
gene expression require a unifying theory, which may at the end
only be possible to derive by including functional aspects of the
various regions.

PROLIFERATIVE AREAS IN THE ADULT
TELENCEPHALON

The brain of adult teleost fish displays many proliferative
areas throughout its rostrocaudal extend (Zupanc et al., 2005;
Lindsey and Tropepe, 2006; Pellegrini et al., 2007; Figure 3).
These proliferative sites correspond essentially to neurogenic
niches and are mainly located along the ventricular layers of
the telencephalon, diencephalon (thalamus and hypothalamus)
and rhombencephalon. For its ease of experimental access, the
zebrafish telencephalon is one of the most studied parts of the
brain regarding neurogenesis (Grandel et al., 2006; Lam et al.,
2009; März et al., 2010).

We will next describe the localization of the different
neurogenic niches in zebrafish and mouse (Figure 3). Adolf
et al. (2006) demonstrated the existence of slow and fast cycling
progenitors in the telencephalon of adult zebrafish (Figure 3). In
the ventral telencephalon, fast cycling progenitors were observed
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FIGURE 2 | Anatomy of the zebrafish telencephalon and homologies with the
mammal brain. (A) Zebrafish telencephalon indicating the different brain
regions and/or nuclei of the pallium and subpallium in the left hemisphere
according to Wullimann et al. (1996). The Dm (purple), Dl/Dp (yellow), and Dc
(green) have been proposed to be the homologs of the amygdala,
hippocampus and the neocortex in rodents (see corresponding colors in the
bottom scheme C). The right zebrafish telencephalic hemisphere illustrates the
distribution of neural stem/progenitor cells with type 1 (quiescent RGCs), type
2 (proliferative RGCs) and type 3 cells (neuroblasts). (B) Molecular
features/markers of type 1, 2, and 3 cells are indicated below the scheme.
Bold writing corresponds to strong expression of the proteins. (C) Mouse
transversal section through the telencephalon and diencephalon indicating the
corresponding homologies with the zebrafish telencephalon. Am, amygdala;
Dc, central zone of the dorsal telencephalon; Dl, lateral zone of the dorsal
telencephalon; Dm, dorsomedial zone of the dorsal telencephalon; Dp,
posterior zone of the dorsal telencephalon; Hipp, hippocampus; Vv, ventral
nucleus of the ventral telencephalon; Vd, dorsal nucleus of the ventral
telencephalon.

in the ventricular zone of the Vv in a wide band composed
of densely packed proliferating cells (Adolf et al., 2006; Ganz
and Brand, 2016; Figure 3B, middle scheme). They display
interkinetic nuclear migration and do not or only barely express
typical glial markers (Ganz et al., 2010; März et al., 2010). These
fast cycling progenitors were shown to correspond to neuroblasts
migrating tangentially toward the olfactory bulbs through a

FIGURE 3 | Neurogenic niches in the brain of mammals and zebrafish.
(A) Sagittal section of a rodent brain illustrating the main proliferative area
shown by red dots (top scheme). The two black lines correspond to coronal
sections through the subventricular zone (SVZ) of the lateral ventricles (middle
scheme) and the subgranular zone (SGZ) of the dentate gyrus of the
hippocampus (bottom scheme). The red dots correspond to proliferative cells.
(B) Sagittal brain section of a zebrafish brain illustrating the main proliferative
areas shown by red dots (top scheme). The two black lines correspond to
coronal sections through the anterior part of the telencephalon, where the
ventricular zone of the Vv-Vd is suggested to be the equivalent of the SVZ in
mammals (middle scheme), and through the medial part of the telencephalon,
where the Dl/Dp is suggested to be the homolog of the hippocampus in
mammals (bottom scheme). In zebrafish, the red dots correspond to slow
cycling progenitors (mainly RGCs, type 2) and the green ones to fast cycling
progenitors (mainly neuroblasts, type 3). Ce, cerebellum; D, telencephalic
dorsal area; OB, olfactory bulbs; Hyp, hypothalamus.

rostral migratory stream-like (Kishimoto et al., 2011, 2013). More
caudally, these fast cycling progenitors were observed in a thinner
band localized more dorsally (Grandel et al., 2006; März et al.,
2010; Lindsey et al., 2012; Ganz and Brand, 2016; Figure 3B,
bottom scheme). Another small region in the posterior zone
(Dp) of the pallium is also composed of fast cycling progenitors.
In contrast, the dorsal subpallium (Vd), as well as the rest
of the ventricular layer of the dorsal telencephalon are mainly
composed of slow cycling progenitors (Adolf et al., 2006; März
et al., 2010; Figure 3).

In mouse, only two main regions exhibit a significant
level of proliferation in the telencephalon: the SVZ of the
lateral ventricles and the SGZ of the DG in the hippocampus.
Numerous cycling cells originate from the SVZ and migrate
tangentially toward the olfactory bulbs forming the rostral
migratory stream (RMS) (Figure 3A; Doetsch et al., 1997). These
migrating cells in proliferation correspond to neuroblasts in
zebrafish. Thus, the SVZ and RMS have their equivalents in the
zebrafish telencephalon with the RMS-like structure composed
of neuroblasts originating from the cluster of fast-cycling densely
packed neural progenitors localized in the zebrafish subpallium
(Vv; Figure 3B, middle scheme, in green) (Adolf et al., 2006; März
et al., 2010; Kishimoto et al., 2011). In the mouse hippocampus,
the SGZ also harbors proliferative cells corresponding to NSCs,
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intermediate progenitors and neuroblasts (Kozareva et al., 2019).
These cells will provide new neurons to the hippocampal
formation. The hippocampal NSCs display radial glial like
characteristics and share features with zebrafish quiescent and
proliferative RGCs from the pallium (see below).

In conclusion, strong homologies exist between the
neurogenic niches in zebrafish and the mouse telencephalon:
(1) studies of functional and molecular markers identified
the zebrafish Dp/Dl as the homolog of the hippocampus in
mouse; (2) the Vv, composed of densely packed fast cycling
progenitors, has been proposed to be the equivalent of the
SVZ/RMS in mouse.

THE DIFFERENT TYPES OF
PROGENITORS IN THE
TELENCEPHALON AND THEIR LINEAGE

The work from März et al. (2010) suggested the existence
of three main types of neurogenic proliferative cells in the
telencephalon of adult zebrafish: type 1, type 2, and type 3
(März et al., 2010; Figures 2A,B). Type 1 and type 2 are NSCs
and correspond to quiescent (qNSCs) and activated proliferative
RGCs (aNSCs), respectively, while type 3 (a and b) corresponds
to further committed progenitors supposed to be neuroblasts.
In zebrafish, type 1 cells are negative for the proliferating cell
nuclear antigen (PCNA) and express the whole set of RGC
markers (i.e., S100β, GFAP, BLBP, AroB, and Vimentin), as
well as the progenitor markers Sox2 and Nestin (Figure 2B).
It is nevertheless important to mention that Nestin is not
strongly expressed by RGCs, given that in situ hybridization
experiments and transgenic BAC lines do not recapitulate the
expression pattern shown by a transgenic construct containing
a short promoter sequence (Mahler and Driever, 2007; Kaslin
et al., 2009; Lam et al., 2009). Additionally, sox2 expression
is also detected in neurons and oligodendrocyte progenitor
cells and is therefore not specific to a certain cell population.
In contrast, type 2 cells display the same set of RGC and
progenitor markers but are positive for PCNA (Figure 2B).
They are consequently proliferative NSCs. Two different subsets
of type 3 progenitors have been identified: type 3a and type
3b. Type 3a do not or only weakly express RGC markers, but
are positive for the progenitor marker Sox2 and the Nestin
short transgene (März et al., 2010). Additionally, they are in a
proliferative state (PCNA-positive) and express PSA-NCAM, a
marker of early neuronal differentiation. In contrast, type 3b do
not express any of the RGC markers, and are only positive for the
progenitor marker Sox2. However, they are also in a proliferative
state (PCNA-positive) and express PSA-NCAM (März et al.,
2010; Figure 2B). Using GFP-encoding retrovirus and lentivirus
tracing and genetic lineage tracing it was shown that RGCs
can provide different types of neurons and confirm a lineage
between type 1, 2, and 3 (Rothenaigner et al., 2011; Lange et al.,
2020; Than-Trong et al., 2020). This and more recent works
revealed that RGCs can go through symmetric gliogenic division,
asymmetric division producing RGCs and neuroblasts (type 3),
and that RGCs can undergo direct conversion into neurons

(Rothenaigner et al., 2011; Barbosa et al., 2015; Figure 4). These
studies demonstrated that RGCs exhibit features of true NSCs
being able to self- renew, in order to maintain a pool of stem cells.
In contrast, type 3 cells mainly perform symmetric neurogenic
divisions (Rothenaigner et al., 2011).

In the adult mouse SVZ, NSCs (B cells) display astrocytic
features and provide transit amplifying cells (C cells). These
cells can generate neuroblasts (A cells). The quiescent B cells
express GFAP and Nestin but are negative for neuroblast markers
such as doublecortin (DCX). The transit amplifying cells (C
cells) weakly express GFAP, and are strongly Nestin- and PCNA-
positive but still negative for neuroblast markers (e.g., DCX). In
sharp contrast, the A cells, corresponding to neuroblasts, do not
express GFAP and Nestin anymore, but are strongly positive for
DCX and PCNA (Cavaliere et al., 2016).

In the adult SGZ of the hippocampus, the quiescent (type
1) and proliferative (type 2) NSCs display radial glial-like
morphology. Type 2 cells give rise to type 3 cells corresponding
to neuroblasts that will provide new neurons. Type 1 cells express
GFAP, Nestin, BLBP and Sox2 while type 2 cells show a decreased
expression of GFAP but are positive for PCNA. Type 3 cells
express further committed markers such as DCX and PSA-
NCAM in addition to being PCNA-positive (Knoth et al., 2010;
Kozareva et al., 2019).

Consequently, morphological and lineage features of
progenitors from the dorsal pallium in zebrafish are very similar
to those from the SGZ in the hippocampus of mouse in which
type 1 progenitors (quiescent radial glial-like cells) can enter a
proliferative state (type 2) and give rise to neuroblasts (type 3),
providing new neurons (Knoth et al., 2010; Kozareva et al., 2019).

The SVZ-RMS in mouse also shares characteristics with the
zebrafish-equivalent of the Vv-RMS. Differences exist, however,
in the way of migration: the neural progenitors migrate along
blood vessels in fish and not along scaffolds formed by glial tubes,
as observed in mouse (Kishimoto et al., 2011).

THE CELLULAR AND MOLECULAR
MORPHOLOGY OF NSCs AND THE
ABSENCE OF ASTROCYTES IN FISH

An interesting point to be highlighted is the nature of adult NSCs
in the brain of zebrafish and mouse; in zebrafish, the bona fide
NSCs are RGCs, in mouse, adult NSCs are either radial-glial
like cells (type 1 cells in the SGZ) or cells exhibiting astrocytic
features (B cells in the SVZ) (Morrens et al., 2012; Dimou and
Gotz, 2014). RGCs are derived from NECs. In both prenatal
mammals and in fish from embryonic stages to adulthood, RGCs,
and NECs have a similar morphology. They display a small
triangular or ovoid soma localized close to the ventricle, and
extend two cytoplasmic processes: one long process crossing the
brain parenchyme to reach the pial surface, and one short process
toward the ventricular surface. These NSCs also serve as a scaffold
for the migration of newborn neurons (Noctor et al., 2002;
Weissman et al., 2003). At the end of the embryonic development
in mouse, RGCs disappear and transform mainly into astrocytes.
In contrast, the brains of adult teleost do not contain astrocytes
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FIGURE 4 | Type of divisions of neural stem/progenitor cells and injury-induced proliferation in the telencephalon of adult zebrafish. Left panel: Symmetric gliogenic
division (A) in which one dividing RGC provides two new RGCs. A RGC can also divide asymmetrically (B), self-renew and generate a non-glial progenitor
(neuroblast). Another possible type of division is the symmetric non-gliogenic division (C) in which one RGC provides two non-glial progenitors. Finally, direct
conversion of a RGC into a neuron can also occur (D). The non-glial progenitors can give rise to new neurons through direct conversion (Dc) or indirect conversion
(Ic). Right panel: Injury-induced proliferation following traumatic injury in the brain of adult zebrafish (E). In the intact hemisphere (right part), most RGCs are
quiescent (type 1) and some are proliferating (type 2). There are also a number of non-glial progenitors in the pallium. Five days after stab wound injury (left part),
RGCs actively divide and generate numerous non-glial progenitors (type 3) that will provide new neurons to replace the damaged and dying ones.

but maintain RGCs and NECs during adulthood sustaining the
strong neurogenic activity of fish (Noctor et al., 2002; Merkle
et al., 2004; Pinto and Gotz, 2007; Kaslin et al., 2009; Than-Trong
and Bally-Cuif, 2015). The adult telencephalic neurogenic activity
is consequently mainly due to the maintenance of (1) RGCs in the
dorsal telencephalon and (2) NECs in the ventral telencephalon.

Both, embryonic mouse RGCs and adult zebrafish RGCs,
express evolutionary conserved markers, such as the intermediate
filaments GFAP (glial fibrillary acidic protein) and vimentin,
the brain lipid binding protein (blbp), the calcium binding
protein (S100β), the estrogen-synthesizing enzyme Aromatase,
and progenitor markers like Nestin and Sox2 (Pellegrini et al.,
2007; März et al., 2010; Lindsey et al., 2012; Than-Trong and
Bally-Cuif, 2015; Diotel et al., 2016; Figure 2B). In zebrafish,
RGCs express additional markers such as the inhibitor of DNA
binding 1 (id1) and the chemokine receptor cxcr4, both of them
being mainly expressed in type 1 cells and only in a few type 2
cells (Diotel et al., 2010b; Rodriguez Viales et al., 2015). Alike, Id1
and Cxcr4 have been shown to be expressed in RGCs and/or adult
NSCs in mouse (Tran et al., 2007; Nam and Benezra, 2009; Mithal
et al., 2013; Ho et al., 2017). Several her genes, such as her4, the

downstream target genes of Notch signaling, are expressed in the
telencephalic neurogenic niches, especially in RGCs (Chapouton
et al., 2011; Kroehne et al., 2011; Diotel et al., 2015b). Similarly,
the orthologs of the zebrafish her, the Hes genes are expressed in
RGCs in mouse and are involved in NSC fate choice (see Table 1).
Most RGC markers are also synthesized by adult NSCs of the SVZ
and SGZ in mouse, underscoring that zebrafish and mouse adult
NSCs are very similar. In their recent review, Labusch et al. (2020)
also detailed that RGCs from the pallium display strong cellular
and molecular similarities with the adult NSCs of rodents.

An interesting evolutionary aspect to stress is that astrocytes
derived from RGCs in mouse express markers like GFAP,
vimentin, glutamin synthase and S100β, which are also expressed
by zebrafish RGCs (März et al., 2010; Kroehne et al., 2011;
Dimou and Gotz, 2014; Wang et al., 2019). The fact that
the brain, in particular the telencephalon, of zebrafish is
devoid of astrocytes, raises the question of which cells adopted
their astrocytic functions [i.e., in blood brain barrier (BBB)
establishment, neurotransmitter uptake, ionic regulation, and
neurosteroidogenesis] (Jurisch-Yaksi et al., 2020). More and more
data in fish point to the general idea that zebrafish RGCs fulfill
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TABLE 1 | Summary of key molecules involved in adult neurogenesis and regeneration.

Pathways Molecule Role in zebrafish adult neurogenesis References Role in mouse/mammalian adult
neurogenesis

References

Constitutive neurogenesis

Notch Notch1 Notch1b ortholog, expressed in activated
progenitors, function: maintains progenitor
state

Alunni et al., 2013 Expressed in activated NSCs of the SVZ,
function: proliferation

Basak et al., 2012

Notch3 Expressed in quiescent and activated
RGCs, function: controls proliferation in
interaction with Hey1 and quiescence in
interaction with Her4

Alunni et al.,
2013; Than-Trong
et al., 2018

Expressed in quiescent NSCs in the SEZ,
function: maintenance of quiescent NSCs

Kawai et al., 2017

Hes1 Her6 ortholog, expressed in qRGCs of the
VZ

Chapouton et al.,
2011

Function: repression of proneural genes,
maintenance of NSCs

Boareto et al., 2017

Hey1 Expressed in all progenitor cells in adult
pallium, function: interaction with Notch3 to
drive proliferation

Than-Trong et al.,
2018

Not analyzed in mouse –

Her4 Expressed in RGCs, function: interaction
with Notch3 to drive quiescence

Alunni et al., 2013 Hes5 ortholog, expressed in RGCs, function:
represses NSC differentiation

Kageyama et al.,
2007b

Ascl1 Ascl1a ortholog, expressed in activated
NSCs

Than-Trong et al.,
2018

Proneural gene, function: constant
expression leads to differentiation of NPCs to
neuroblasts, oscilating expression leads to
maintenance of proliferative state

Imayoshi et al., 2013

BMP BMP Function: control of id1 expression in RGCs
through BRE

Zhang et al.,
2020

Signaling active in NSCs, function: balances
quiescence and proliferation

Mira et al., 2010

Noggin No data reported in adult neurogenesis – Expressed by ependymal cells close to the
SVZ, function: antagonist of BMP

Lim et al., 2000

BMP
specific
Smads

Mediators of BMP pathway, function:
regulation of id1 expression in RGCs

Zhang et al.,
2020

Active in stem/progenitor cells, function:
mediators of the canonical BMP pathway

Mira et al., 2010

Smad4 Co-Smad, function: together with BMP
specific Smads regulation of id1 expression

Zhang et al.,
2020

Function: deletion of Smad4 leads to
blockage of the BMP pathway and enhanced
neurogenesis

Mira et al., 2010

Id1 Expressed in qNSCs, function: promotes
NSC quiescence

Rodriguez Viales
et al., 2015

Expressed in B1- type neural stem cells,
function: stem cell self- renewal

Nam and Benezra,
2009

Reactive neurogenesis

BMP BMP Delayed activation of BMP/Id1 after injury to
promote quiescence and avoid depletion of
stem cell pool

Rodriguez Viales
et al., 2015

Upregulation of BMP and downstream
effector Id3 in SVZ upon injury, function:
interaction of Id3 and E47 leads to
differentiation of NSPCs into astrocytes

Bohrer et al., 2015

Notch Notch1 Upregulated in NSPCs, function:
injury-induced proliferation

Kishimoto et al.,
2012

Induced in response to injury in SVZ, function:
increases astrogenic response of NSCs

Tatsumi et al., 2010;
Benner et al., 2013

Inflammation Gata3 Injury-induced increase in expression in
NSCs, function: promotes proliferation and
differentiation into neurons

Kizil et al., 2012b Gata3 is unable to induce neurogenesis in 3D
cultures of human astrocytes

Celikkaya et al., 2019

LtC4 Function: together with receptor CysLt1,
activation of gata3 in injured telencephalon

Kyritsis et al.,
2012

Not analyzed in mouse –

Amyloid beta
induced
Alzheimer’s
Model
(inflammation)

IL4 Function: interaction with STAT6
(downstream effector) to promote RGC
proliferation and development into neurons

Bhattarai et al.,
2016

Function: in mouse no neurogenesis
observed in astroglia upon induction of type 1
IL4 signaling
Human astroglia in 3D culture form neurons
upon induction of type 2 IL4 signaling

Mashkaryan et al.,
2020
Papadimitriou et al.,
2018

BDNF Function: required for proliferation and
neurogenesis of NSCs

Bhattarai et al.,
2020

Function: In injured rat brain BDNF promotes
recruitment, neuronal differentiation and
survival of progenitor cells

Henry et al., 2007

the functions of astrocytes. For instance, in zebrafish, adult RGC
endfeet wrap the blood vessels (Diotel et al., 2010b, 2018), arguing
for a role of RGCs in BBB physiology, as the mechanism is
comparable to astrocytic endfeet wrapping around endothelial
cells in mammals. RGCs also seem to express a whole set of
steroidogenic enzymes, in a way similar to what is known in

mammals (Diotel et al., 2011, 2018; Pellegrini et al., 2016; Weger
et al., 2018). In addition, the main water channel of the brain,
aquaporin-4 (AQP4), is expressed by astrocytes in mammals and
by RGCs in zebrafish (King et al., 2004; Grupp et al., 2010),
but their cellular distribution differs. To better understand other
evolutionary conserved aspects between zebrafish and mammals,
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such as ionic regulation and neurotransmitter uptake, further
studies are necessary. It is also important to note that aromatase,
expressed in RGCs during development in mammals and during
both development and adulthood in zebrafish, is not anymore
expressed in astrocytes, except upon brain injury in reactive
astrocytes (Garcia-Segura et al., 1999; Kah et al., 2009; Diotel
et al., 2010a). In contrast, after brain injury in fish, aromatase
expression is decreased in RGCs and in the injured telencephalon,
while de novo expression seems to occur in cells resembling
neurons (Diotel et al., 2013).

Thus, the different types of neural progenitors found in the
main telencephalic neurogenic niches share markers conserved
between zebrafish and mice, during both development and
adulthood, supporting further the importance of zebrafish as an
ideal animal model in understanding vertebrate NSC properties.
Thus, zebrafish RGCs exhibit cellular and molecular similarities
with adult NSCs localized in the mammalian SVZ and SGZ.
However, some differences exist regarding, for instance, the
morphology of NSCs during adulthood and their mode of
division. Indeed, zebrafish NSCs perform symmetric divisions
and asymmetric divisions (Rothenaigner et al., 2011; Than-
Trong and Bally-Cuif, 2015; Than-Trong et al., 2020). Another
interesting feature is the direct conversion of RGCs into neurons
which seems to represent an important method to generate
neurons in the adult zebrafish brain (Barbosa et al., 2015). This
differs from the behavior of NSCs in adult mouse: Murine NSCs
are characterized by asymmetric divisions and the genesis of
intermediate progenitors (Suh et al., 2007; Costa et al., 2011;
Than-Trong et al., 2018).

HETEROGENEITY IN THE RGC AND
PROGENITOR POPULATION

RGCs do not appear to constitute a homogeneous population.
Although, zebrafish RGCs express a wide set of markers including
Nestin, GFAP, BLBP, Cyp19a1b (Aromatase B), S100β, vimentin,
and glutamin synthase (Pellegrini et al., 2007; Lam et al., 2009;
Diotel et al., 2010a, 2016; März et al., 2010; Kroehne et al.,
2011), these markers are not 100% co-expressed in all RGCs
(Figure 2). For instance, despite the fact that a wide proportion
of RGCs co-express Aromatase B and BLBP, some of them
either express Aromatase B or BLBP throughout the brain,
while BLBP expression is associated with a higher proliferative
state of RGCs (Diotel et al., 2016). Additionally, the chemokine
receptor cxcr4 appears to be co-expressed with Aromatase B
and BLBP, but some RGCs express these markers differentially,
which suggests regionalization, as in the periventricular pretectal
nucleus and along the lateral and posterior hypothalamic recess
(Diotel et al., 2010b, 2016). Indeed, in these regions, some parts
are only Aromatase B-positive, or BLBP-positive or co-express
both markers. The same was observed for Cxcr4. These data
suggest the existence of heterogeneity between RGCs throughout
the brain but also within the telencephalon (Figure 2). In
addition, a recent review documents the heterogeneity within the
neural progenitor population in zebrafish with some progenitors
expressing genes involved in astroglial functions and others

expressing typical ependymal markers (Jurisch-Yaksi et al., 2020).
Also, among pallial RGCs, some seem to be deeply quiescent
and others appear to constitute a self-renewing reservoir (Than-
Trong et al., 2020). This also supports the idea of heterogeneity
within the RGC population.

In a different way, these differences in gene expression are
underscored by an unbiased analysis of transcription regulators
(TRs) expression in the telencephalon of adult zebrafish (Diotel
et al., 2015b). Our comprehensive, genome-wide expression
mapping of TRs in the telencephalon of adult zebrafish showed
that certain TRs display a restricted expression pattern in
neurogenic niches localized along the telencephalic ventricle
(Diotel et al., 2015b). For instance, the SRY-box containing gene
4a (sox4a) is detected in the ventricular and periventricular layer
of the RMS, the POU class 3 homeobox 3b (pou3f3b) gene is
strongly expressed in the RMS and also weakly in the ventricular
zone, while the Forkhead box J1a (foxj1a) gene is specifically
expressed in the RMS. In addition, TRs such as doublesex and
mab-3 related transcription factor like family a2 (dmrta2) are
expressed specifically in the ventricular zone but not in the
RMS. These results suggest the existence of specific programs
controlling NSC activity with distinct neurogenic outcomes. The
hierarchal clustering of genes expressed in specific regions of
the VZ clearly shows that the VZ neurogenic region is not
homogeneous between the medial part and the lateral part of
the VZ. Interestingly, such differences in expression can as
well be found in a comparative approach in mammals. For
instance, in the rodent brain, FoxJ1 expressing cells produce
neuroblasts and are implied in postnatal neurogenesis (Jacquet
et al., 2011; Devaraju et al., 2013; Muthusamy et al., 2014).
Additionally, Pou3f3 modulates neurogenesis in the ventricular
zone in mouse (Dominguez et al., 2013). Consequently, TR
gene expression in the telencephalic neurogenic niches of
adult zebrafish could share similarities with their homologous
regions in the telencephalon of rodents, as described above
for the TRs Foxj1 and Pou3f3. Furthermore, it appears that
the ventricular zone of the telencephalon exhibits different
subdomains considering TR gene expression. This argues in
favor of distinct neurogenic and/or gliogenic regions within the
pallial ventricular zone (Diotel et al., 2015b). Studies performed
in rodents also suggest the existence of different neurogenic
domains within the adult SVZ correlated with the expression
of different subsets of TRs and linked to different neurogenic
properties (Merkle et al., 2007, 2014; Rushing and Ihrie, 2016).

In summary, these observations argue in favor of different
subpopulations of RGCs along the telencephalic ventricular
zone. Until now, the significance of such differences is not well
understood but could be explained by differential neurogenic
versus gliogenic properties: proliferation rate, quiescence, varying
regenerative properties, as well as the genesis of diverse types
of neurons. Such heterogeneity in RGCs was also observed
during development in mammals (Pinto and Gotz, 2007).
Furthermore, recent data demonstrated that adult NSCs from
the SVZ and SGZ in rodents do not constitute a homogeneous
population, based on morphological and functional criteria
(Gebara et al., 2016; Obernier and Alvarez-Buylla, 2019).
Consequently, NSCs in the brain of both adult mammals and
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fish retain functional similarities and display heterogeneity in
gene expression. However, the functional significance of this
heterogeneity is not yet understood.

RGCs SUSTAIN THE STRONG
REGENERATIVE CAPACITY OF THE
ZEBRAFISH TELENCEPHALON

In addition to displaying a strong constitutive neurogenic
activity, zebrafish is also an interesting model for studying
regenerative neurogenesis and the behavior of NSCs upon injury
due to its high regenerative capability (Alunni and Bally-Cuif,
2016). Directly after mechanical injury of the telencephalon, cell
death is observed as early as 4 hpl (hours post lesion) within
the damaged hemisphere and starts to reach normal levels from
1 to 3 dpl (days post lesion), according to the type of lesion
inflicted (Kroehne et al., 2011; Kyritsis et al., 2012). It also leads
to a significant brain oedema at 1 dpl (Kroehne et al., 2011).
Shortly after brain injury, microglia cells and peripheral immune
cells, close to the damaged regions, are activated and recruited.
By using a transgenic fish line [Tg(ApoE-GFP)] and performing
immunohistochemistry (L-plastin and 4C4 antibodies), these
cells were shown to be recruited starting from 6 hpl on, peaking
between 1 and 3 dpl before returning to basal levels at around 7
dpl (Kroehne et al., 2011; März et al., 2011; Baumgart et al., 2012;
Kyritsis et al., 2012). Oligodendrocytes and oligodendrocyte
precursor cells (OPCs) also accumulate in the injured region from
1 to 14 dpl (März et al., 2011). Interestingly, Olig2-positive cells
do not increase their proliferation rate following brain injury,
which is in contrast to the mammalian situation (März et al.,
2011; Baumgart et al., 2012).

In addition, ventricular proliferation occurs after injury to
the telencephalon, but appears to be primarily restricted to the
damaged hemisphere (Kroehne et al., 2011; März et al., 2011).
From 1 to 3 dpl, most proliferative cells are found in the
brain parenchyme. Still, from 48 hpl, proliferation starts to be
upregulated along the ventricular layer the neurogenic niche
(März et al., 2011; Kishimoto et al., 2012; Diotel et al., 2013).
Comparing control and injured hemispheres, periventricular
proliferation peaks between 6 and 8 dpl and slowly returns
to basal levels around 15 dpl to 35 dpl (März et al., 2011;
Kishimoto et al., 2012; Diotel et al., 2013). These reactive
proliferating cells, localized along the telencephalic ventricle,
are reported to be RGCs, expressing their typical markers such
as S100β, BLBP, GFAP, and vimentin (Kroehne et al., 2011;
März et al., 2011; Baumgart et al., 2012; Kizil et al., 2012b;
Diotel et al., 2013). They give rise to newborn neurons (HuC/D-
positive) persisting more than 3 months and expressing mature
neuronal and dendritic markers like microtubule-associated
protein 2a/b, the synaptic vesicle marker 2 and metabotropic
glutamate receptor 2 (MAP2a/b, SV2, and mGlu2, respectively),
proving their functional maturation more than 2 to 3 months
after brain injury (Kroehne et al., 2011; Baumgart et al., 2012).
As for constitutive neurogenesis, lineage-tracing experiments
and immunohistochemistry studies have established that newly
generated neurons are also generated by RGCs and by type

3 progenitors through different mechanisms (direct conversion
of RGCs into neurons, asymmetric division and symmetric
non-gliogenic division, Figures 4B–D; Kroehne et al., 2011;
Baumgart et al., 2012; Barbosa et al., 2015). In addition, a
shift in the mode of division of NSCs has been suggested
between intact and injured conditions (symmetric gliogenic
division versus symmetric non-gliogenic divisions, Figures 4A,C;
Barbosa et al., 2015). Interestingly, after brain injury NSCs mainly
performed symmetric divisions giving rise to new neurons, which
little by little depletes the NSC pool. This type of division
is barely observed in the intact telencephalon (Barbosa et al.,
2015; Figure 4E).

MODULATORS OF NEUROGENESIS IN
THE ADULT TELENCEPHALON

In contrast to embryonic NSCs, which are highly proliferative and
differentiate relatively quickly in order to aid the development
of the nervous system, the majority of adult NSCs are found in
a quiescent state with slow population dynamics (Rothenaigner
et al., 2011; Barbosa et al., 2015; Dray et al., 2015). Any
alteration of the balance between proliferation and resting
stem cells can have drastic consequences and leads to severe
neurological disorders. An uncontrolled increase in proliferation
of NSCs will lead to premature neurogenesis and consequently
to an early depletion of the NSC pool and/or brain tumor
formation. In contrast, reduced proliferation will result in a
decreased production and supply of new neurons, necessary for
brain homeostasis and regeneration (Edelmann et al., 2013).
Therefore, understanding the molecular cues controlling adult
NSC behavior under regular physiological and pathological
conditions is of great importance.

In zebrafish and mouse many signaling pathways, such as
Fgf, Shh, Wnt, Insulin, Steroids, BDNF, Notch, and BMP, are
involved in adult neurogenesis and control cell quiescence,
proliferation and differentiation (Kizil et al., 2012b; Diotel
et al., 2013; Urban and Guillemot, 2014; Choe et al., 2015;
Horgusluoglu et al., 2017). With respect to recent discoveries,
we will first review and compare the role of Notch and BMP
signaling pathways in neurogenesis in the germinal zone of
the adult telencephalon in zebrafish and mouse. In the second
part, we will describe and compare the molecular pathways
involved in regenerative neurogenesis in the telencephalon of
adult zebrafish and mouse.

NOTCH SIGNALING

The role of the Notch signaling pathway was extensively studied
in embryonic neurogenesis where this signaling pathway controls
binary cell fate decision by interaction between cellular neighbors
(Shin et al., 2007; Kageyama et al., 2008; Cau and Blader,
2009). The Notch signaling pathway is activated by interactions
between the Notch receptors and their transmembrane ligands
Delta and Jagged (Andersson et al., 2011). Following several
cleavage steps, the product, named Notch extracellular truncation
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(NEXT), is cleaved by a multi-protein complex, called G-
Secretase. This cleavage results in the formation of the Notch
intracellular domain (NICD) (Artavanis-Tsakonas et al., 1995;
van Tetering and Vooijs, 2011), which will translocate to the
nucleus to form a complex with the Notch signaling mediator
Rbpj (Artavanis-Tsakonas et al., 1999). Finally, this complex
activates the expression of downstream genes like members of
the hairy/enhancer of split transcription factor family. The most
notable member of this family is the mammalian Hes genes
and its zebrafish homolog her (Ohtsuka et al., 1999; Takke
and Campos-Ortega, 1999; Takke et al., 1999; Yeo et al., 2007;
Figure 5). Hes/her genes belong to the basic helix-loop-helix
(bHLH) family of transcription factors (Davis and Turner, 2001).
The basic domain is necessary for binding to their target DNA
sequence, while the HLH region forms homo- and heterodimers
with other HLH proteins, such as proneural and inhibitor
of differentiation (Id) proteins. Hes/Her proteins suppress
transcription by binding as dimers to the DNA regulatory
sequences of bHLH proneural genes, such as Achaete-scute like
(Ascl), to inhibit their transcriptional expression (Figure 5).
BHLH proneural genes are transcriptional activators, which
induce the neurogenic fate in the absence of Hes/Her proteins
(Bertrand et al., 2002; Fischer and Gessler, 2007; Kageyama
et al., 2007a,b; Castro et al., 2011; Imayoshi and Kageyama,
2014b,a). Additionally, during neurogenesis and somitogenesis
where the mechanism of Notch signaling in regulating active

and quiescent stem cells is very similar (Sueda and Kageyama,
2020), dimers formed by Hes/Her proteins can inhibit their own
expression via a negative feedback regulatory loop (Figure 5;
Lewis, 2003; Harima et al., 2014). The negative auto-regulation of
Hes/her genes in combination with the short half-live of Hes/her
proteins is responsible for the cyclic expression (oscillation) of
Hes/Her transcription factors (Hirata et al., 2002; Shimojo et al.,
2008; Oates et al., 2012; Imayoshi et al., 2013). In mouse (not
described in zebrafish), the oscillatory behavior of Hes genes
results in oscillation of Ascl1 during embryonic neurogenesis
(Imayoshi et al., 2013). The level and the type of expression
(constant or oscillating) of Ascl1 determine the behavior of
neural progenitor cells. Constant and high expression of Asc11
is necessary for the commitment of neural progenitor cells to
neuronal fate, while its oscillation is indispensable for keeping
neural progenitor cells in a proliferative state (Imayoshi et al.,
2013; Figure 6).

As already mentioned, bHLH transcription factors interact
with the HLH Id protein family through their HLH domain.
Because Id proteins lack the basic DNA binding domain (Benezra
et al., 1990; Roschger and Cabrele, 2017), heterodimers formed
between bHLH and HLH proteins cannot bind or bind with
less efficiency to DNA (Massari and Murre, 2000), therefore they
behave as dominant negative molecules and inhibit the activity of
bHLH transcription factors. For instance, interaction of Id1 with
Hes1, one of the key downstream genes of Notch signaling during

FIGURE 5 | Notch signaling pathway in zebrafish and mouse. Upon interaction between the Notch receptor and its ligands Jagged/Delta, and through several
subsequent cleavage steps the NICD is released and translocates to the nucleus. In the nucleus, the NICD, together with Rbpj, activates the expression of the
downstream genes Hes (mouse) and her (zebrafish). The Hes/Her proteins bind as homodimers to the promoter of proneural genes to inhibit neuronal fate.
Additionally, the dimer can bind to its own promoter, resulting in a negative auto-regulation. bHLH, basic helix-loop-helix; Her, human epidermal growth factor
receptor; Hes, Hairy/enhancer of split; NEXT, Notch extracellular truncation; NICD, Notch intracellular domain; Rbpj, Recombining binding protein suppressor of
hairless.
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FIGURE 6 | Differential expression of Hes1 and Ascl1 controls NSC fate. When BMP and Notch signaling are active, the negative autoregulation of Hes1 is
repressed and its expression is constantly high, leading to quiescent NSCs. The negative autoregulatory effect of Hes1 is high when BMP signaling is not active,
causing Hes1 and Ascl1 to oscillate. Through this oscillation the NSCs are activated and proliferating. In the case of inactive Notch signaling, the repression of Hes1
on Ascl1 is abolished and the NSCs develop into neuroblasts. Ascl; achaete-scute like.

mouse neurogenesis, inhibits the auto-regulated repression of its
own promoter and leads to a persistent expression of Hes1 (Bai
et al., 2007). As a consequence of a high and stable expression of
the Hes proteins, the expression of Ascl1 is constantly repressed.
The significance and importance of this mechanism, namely
keeping the NSCs in quiescence during adult neurogenesis, will
be developed and discussed further in the coming sections.

ROLE OF NOTCH SIGNALING DURING
NSC HOMEOSTASIS IN THE ADULT
TELENCEPHALON

In zebrafish, a possible role of Notch signaling in adult
neurogenesis was first suggested due to the expression of notch
receptors and her genes in neural progenitors of the adult
telencephalon. notch1a/b and notch3 and their downstream
transcriptional repressor effectors her4, her6 and her15 are
present in RGCs of the adult zebrafish pallium (Chapouton
et al., 2010, 2011; Ganz et al., 2010; de Oliveira-Carlos et al.,
2013). notch3 is expressed in both quiescent and activated
RGCs, while in contrast, notch1b is only expressed in activated
proliferating progenitor cells (Alunni et al., 2013; Than-Trong
et al., 2018). Genetic approaches, gain- and loss-of-function
studies, pharmacological inhibition of Notch and RGC fate
tracing suggest that Notch3 signaling promotes both quiescence
and the proliferation of RGCs, while Notch1b is necessary to
keep the progenitor cells in an undifferentiated proliferative

state (Chapouton et al., 2010; Alunni et al., 2013; Than-Trong
et al., 2018). Notch3 drives quiescence or proliferation of the
progenitor cells via two distinct bHLH downstream mediators,
Her4 and Hey1, respectively (Than-Trong et al., 2018). The
canonical Notch pathway, mediated by Notch3 and its effector
Her4 (the zebrafish ortholog of Hes5 in mouse; see Table 1),
leads to the transcriptional repression of proneural genes and
consequently to the establishment of quiescent NSCs (Alunni
et al., 2013; Kawai et al., 2017). Not much is known why
Notch3 in some progenitor cells uses Her, and in others Hey
as a mediator of distinct outcomes (quiescence, proliferation,
respectively). Additionally, it would be interesting to understand
how the expression of Hey is regulated and what are its
downstream targets.

The pattern of expression and the function of Notch1 and
Notch3 is well conserved between mouse and zebrafish during
constitutive adult neurogenesis: (1) Mouse Notch3 is expressed
in qNSC and in aNSCs; (2) Knockdown of Notch3 increases
the division of NSCs and therefore leads to a reduction of
qNSCs; (3) Notch1 is preferentially expressed in aNSCs of the
SVZ; and (4) Notch1 deletion in mouse SVZ and SGZ impairs
proliferation of NSCs (Ables et al., 2010; Basak et al., 2012;
Kawai et al., 2017). However, further investigation is needed to
confirm this molecular similarity. In a recent paper, Sueda et al.
(2019) showed in mouse that the dual role of Notch signaling in
promoting, on the one hand quiescence and on the other hand
proliferation of progenitor cells, relies on the concentration of
the bHLH transcription factor Hes1 and whether its expression
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is constant or oscillating (Sueda et al., 2019). They elegantly
demonstrated that in qNSCs the expression of Hes1 is kept
constantly at a high level (no oscillation), probably because of
the inhibition of its own periodical repression by a regulatory
feedback loop, involving members of the Id family (Boareto
et al., 2017; Harris and Guillemot, 2019; Sueda and Kageyama,
2020). In these cells, the expression of the proneural gene
Asc11 is constantly and fully repressed and therefore cells are
maintained in quiescence (Figure 6). In cells, where the Hes auto-
regulatory repression is not inhibited, Hes1 and Ascl1 oscillate
and the oscillation of Ascl1 promotes activation of NSCs and
their proliferation (Figure 6). Finally, in cells without Notch/Hes
signaling the expression of Ascl1 is not periodically repressed
and is maintained at a constant level, which causes these cells
to differentiate into neuroblasts (Figure 6). Thus, in mouse a
quiescent stem cell pool is maintained by the interaction of
Id, Hes, and Ascl1. It is possible that the same mechanisms
exist in zebrafish, since key players are also expressed in the
ventricular zone of the telencephalon in adult zebrafish (Notch,
Id, Ascl1, and Her). This hypothesis is supported by the work of
Rodriguez Viales et al. (2015) which showed that Id1 keeps NSCs
in quiescence during constitutive and regenerative neurogenesis
(Rodriguez Viales et al., 2015). In agreement, recombinant
zebrafish Id1 preferentially interacts with Her4, 6, and 9 proteins.
Notch involvement was shown already in quiescent but also
proliferating progenitor cells via a Notch3/Her and Notch3/Hey-
axis, respectively (Than-Trong et al., 2018). Still the question
remains, whether an Id-Her-Ascl pathway would work in parallel
or in addition to the Notch/Her and Notch/Hey pathways in
zebrafish. To decipher the role of Notch in controlling the

behavior of NSCs further investigation is needed, focusing on a
possible oscillatory expression of one or several of the zebrafish
Her and Ascl proteins.

BONE MORPHOGENETIC PROTEIN
SIGNALING PATHWAY

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor β (TGF-β) family (Miyazono et al.,
2010). BMP family members are secreted signaling molecules that
act in a dose-dependent fashion to regulate many developmental
and adult homeostatic processes (Wang et al., 2014; Bier and
De Robertis, 2015). Secreted BMP proteins form homo- or
heterodimers, which are activated after proteolytic cleavage
by a serine protease (Cui et al., 1998). A balance between
active BMPs and their secreted antagonist molecules, such as
Noggin, Chordin, and Follistatin in part establishes the local
concentration and availability of BMP proteins. Mature BMP
dimers bind to a heterotetrameric complex of transmembrane
type I and type II serine/threonine receptors. This binding
triggers a cascade of protein phosphorylations, which eventually
lead to the phosphorylation of BMP-subfamily-specific Smad
proteins (Smad1/5/8) and their association forming a complex
with the Co-Smad Smad4, which is a common downstream
mediator of all TGFß subfamily members. The resulting
heteromeric Smad complex translocates to the nucleus, where
it interacts with cell/tissue specific cofactors and binds to the
regulatory sequences of downstream target genes to regulate their
transcriptional expression (Shi and Massague, 2003; Figure 7).

FIGURE 7 | BMP signaling pathway in mouse and zebrafish. BMP proteins bind as dimers to a transmembrane receptor complex, formed by BMPR-I and BMPR-II.
Through this binding, which can be blocked by extracellular inhibitors like Noggin, a phosphorylation cascade is initiated leading to the phosphorylation of the
Smad1/5/8 proteins. The activated Smad1/5/8 forms a complex with Smad4 which interacts in the nucleus with specific co-factors to bind to the regulatory
sequences of downstream genes, such as id1. BMP, bone morphogenetic protein; BMPR, BMP receptor; id1, inhibitor of DNA binding 1.
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Inhibitor of differentiation (id) genes are among the best
characterized direct BMP target genes (Hollnagel et al., 1999).
Most id genes contain an evolutionary conserved BMP-
responsive element (BRE) including characteristic Smad and
Smad-cofactor binding motifs (Korchynskyi and ten Dijke, 2002;
Lopez-Rovira et al., 2002; Karaulanov et al., 2004; Nakahiro et al.,
2010; Javier et al., 2012; Zhang et al., 2020).

In zebrafish, the Id HLH protein family of transcriptional
regulators contains five members, whereas in mouse there are
only four (Ling et al., 2014; Diotel et al., 2015a). The Id
HLH proteins behave as repressor molecules by forming hetero-
dimeric protein complexes with bHLH transcription factors
which, as a consequence, cannot or only weakly bind to their
targeted DNA binding sites (Benezra et al., 1990; Ishii et al.,
2012). Id proteins have overlapping and distinct functions during
development and body homeostasis. They control the cellular
state, fate and migration of different cell types (Ling et al., 2014).

THE BMP SIGNALING PATHWAY AND
ITS ROLE IN ADULT NEUROGENESIS

The involvement of BMP signaling in neurogenesis of adult
zebrafish was mainly demonstrated through the investigation
of the regulation and function of its downstream target gene
id1. Zebrafish id genes are expressed in the adult zebrafish
brain in an overlapping manner (Diotel et al., 2015a). However,
only id1 expression is restricted to the ventricular zone of
the telencephalon where its expression is mainly found in
quiescent RGCs. Over-expression of id1 leads to quiescence of
NSCs, while morpholino-mediated id1 knockdown increases the
number of proliferating RGCs and favors neurogenesis. These
gain- and loss-of-function studies demonstrate the importance
of Id1 in maintaining the balance between dividing and resting
NSCs by promoting RGC quiescence (Rodriguez Viales et al.,
2015). Furthermore, an evolutionarily conserved cis-regulatory
module (CRM) of id1 was identified which mediates specific
expression of id1 in RGCs. Investigation of this CRM by
systematic deletion mapping, mutations of the binding sites
for BMP pathway members like Smad transcription factors, as
well as pharmacological inhibition of Smad phosphorylation and
transcriptome analysis, suggest a crucial role for BMP signaling
in controlling id1 expression in RGCs and their quiescence in the
zebrafish adult brain (Zhang et al., 2020).

A very similar function of the id1 gene in controlling adult
NSC quiescence is described in the mouse SVZ, where this gene is
highly expressed in the quiescent B1 cells (adult NSCs) to control
their self-renewal capacity (Nam and Benezra, 2009). The role of
BMP signaling in mouse, in terms of NSCs and neurogenesis is
complex and subject to discussion. In the mouse adult SGZ, the
antagonistic interplay between BMP and its inhibitor Noggin, as
well as the differential expression of the BMP receptor Ia were
shown to be necessary for the maintenance of the quiescent state
of the adult NSCs (Lim et al., 2000; Mira et al., 2010; Bond
et al., 2014). Although, in mouse SVZ, in vitro and in vivo data
have shown that BMP signaling inhibits neurogenesis (Lim et al.,
2000; Choe et al., 2015), another work in which Smad4 was

conditionally inactivated contradicted these findings and argued
for a role of BMP signaling in neurogenesis rather than keeping
the stem cells quiescent (Colak et al., 2008). To reconciliate
these contradictory findings, Choe et al. (2015) proposed that
in the SVZ, BMPs work very early when the fate of the adult
NSCs is being established. According to this model, there is a
very subtle difference in BMP concentration that might decide
which cell fate the stem cell progenies will adopt. In the SVz,
a local BMP gradient is established by the BMP antagonist
Noggin, released by the ependymal cells of the telencephalic
ventricle. Thereby, NSCs close to the ventricular zone will be
exposed to a lower concentration of BMP while cells further away
will be in contact with a higher concentration of BMP. As a
consequence, cells which receive high BMP signaling will express
a high level of the BMP target gene id1 and will transform into
quiescent NSCs (type B). In contrast, when NSCs are exposed
to a lower level of BMP signaling, they will also express lower
levels of id1 and become activated to later either differentiate
into astrocytes, neuroblasts or oligodendrocytes (Choe et al.,
2015). In this second phase of cell differentiation the presence or
absence of BMP is again crucial to determine the final cell fate
(Choe et al., 2015).

The mechanism by which id1 promotes adult neural stem
cell quiescence in zebrafish and mouse can be explained through
the interaction of id1 with members of the Hes/Her protein
family (Figure 8). Indeed, GST pull-down experiments showed
that Id1 proteins interact with Her4.1, Her4.5, Her6, and Her9
proteins in vitro (Rodriguez Viales et al., 2015). Id1 can form a
dominant negative complex with Hes and Her, which behaves
like an antagonist of the Hes/Her dimer complexes and prevents
binding of the dimer to its target DNA. For instance, interaction
of Id1 with Hes in mouse interferes with the Hes mediated
negative auto-regulation of its own promoter, leading to a
high and constant expression of Hes in NSCs and therefore to
quiescence of the NSCs (Bai et al., 2007; Sueda and Kageyama,
2020; Figures 6, 8), suggesting an interaction of the BMP and
Notch pathways in the mouse telencephalon. Such a functional

FIGURE 8 | BMP and Notch signaling in quiescent RGCs/NSCs. Notch
signaling activates gene transcription of Hes in mouse and its zebrafish
ortholog her. The Hes/Her proteins form a homodimer which can bind to its
own promoter and therefore block its own transcription in a negative feedback
loop. BMP signaling activates the transcription of its downstream effector id1.
The Id1 protein forms a complex with Hes/Her which inhibits the negative
regulatory feedback loop of Hes/Her. BRE, BMP responsive element.
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synergy between Id1 and Her (Hes) proteins has not been
demonstrated in the zebrafish yet. However, BMP and Notch
signaling effectors and targets are expressed in a similar pattern
in adult NSCs in both species. Furthermore, the observed
phenotypes in gain-of-function and loss-of-function experiments
of the BMP and Notch signaling mediators (Id1, Hes, and Her)
are very similar in both species (Rodriguez Viales et al., 2015;
Boareto et al., 2017; Sueda and Kageyama, 2020). Therefore, it is
tempting to speculate that in zebrafish, like in mouse, BMP and
Notch signaling are crucial in controlling adult neural stem cell
behavior. Many aspects of the molecular mechanisms controlling
adult neurogenesis appear to be conserved between mouse and
zebrafish (Table 1).

MOLECULAR MECHANISMS OF ADULT
ZEBRAFISH TELENCEPHALON
REGENERATION

Several traumatic brain injury and neurodegenerative disease
models have been developed in adult zebrafish. Among them,
telencephalic stab wound injuries (Kroehne et al., 2011; März
et al., 2011; Baumgart et al., 2012; Kishimoto et al., 2012; Schmidt
et al., 2014) and Alzheimer’s disease models (Bhattarai et al., 2016,
2020; Cosacak et al., 2019) are certainly the best understood ones
at the cellular and molecular level.

In the stab injury paradigm, the adult zebrafish telencephalon
is damaged by pushing a needle either through the skull into
the medial region of the telencephalon (März et al., 2011;
Kishimoto et al., 2012; Schmidt et al., 2014) or through the
nostrils to reach the parenchyme of the telencephalon (Kroehne
et al., 2011; Baumgart et al., 2012). With these methods only
one telencephalic hemisphere is injured while the contralateral
hemisphere is kept intact and can serve as a control. In the past
the stab wound injury, combined with transcriptomic techniques
and RNA in situ hybridization, identified several hundred
genes with a potential role in zebrafish adult neurogenesis and
regeneration (Kizil et al., 2012b; Rodriguez Viales et al., 2015).

Upon telencephalic injury the expression of gata3, a
zinc finger transcription factor is increased in RGCs and
promotes their proliferation and differentiation into neurons
(Kizil et al., 2012b). Consistently, inhibition of Gata3 activity
via morpholino injection into the brain ventricle leads to
a decrease in injury-induced proliferation of RGCs and to
blunted neurogenesis (Kizil et al., 2012b). This injury-mediated
induction of Gata3 and subsequent neurogenesis was shown
to be dependent on inflammation. In agreement with this
finding, cerebroventricular microinjection of Zymosan A, an
inflammatory compound from Saccharomyces cerevisiae, results
in (1) an increased expression of pro-inflammatory cytokines
tnfa (tumor necrosis factor-α), il1ß (interleukin 1ß) and il8
(interleukin 8) in the injured hemisphere; (2) an increased
proliferation of S100ß-positive RGCs; (3) induction of gata3
expression at the ventricular zone and (4) a higher number
of newborn HuC/D-positive neurons generated 21 days post
injection (dpi) (Kyritsis et al., 2012). Additionally, it was
shown that in response to inflammation the leukotriene C4

(LTC4) and its receptor CysLT1 were able to trigger the
activation of Gata3 in the injured telencephalon (Kyritsis
et al., 2012). These findings show that brain inflammation,
including the leukotriene signaling pathway is sufficient to
initiate regenerative mechanisms for reactive neurogenesis in the
zebrafish telencephalon (Kyritsis et al., 2012).

The expression of the transcriptional regulator id1 is also up-
regulated in NSCs after injury (Rodriguez Viales et al., 2015).
However, in contrast to gata3, the induction of id1 expression
does not depend on inflammatory signals (Rodriguez Viales et al.,
2015) but on the BMP signaling pathway, which is necessary
to drive quiescence of NSCs (Zhang et al., 2020). Functional
analysis of id1 under regenerative conditions, suggested that Id1
counteracts injury-induced neurogenesis by promoting stem cell
quiescence, and thereby maintaining the neural stem cell pool by
avoiding its exhaustion (Rodriguez Viales et al., 2015).

After traumatic lesion, the expression of Notch receptors
and some of their downstream mediators are increased in
NSCs (Kishimoto et al., 2012; Rodriguez Viales et al., 2015).
The regulation of the Notch pathway, as well as the exact
role of Notch signaling during injury-induced neurogenesis are
not well understood and are subject of discussion. Because
notch1 expression is increased in proliferating progenitors after
telencephalic lesion, and inhibition of the Notch pathway in
injured animals leads to a reduction in the number of neural
progenitor cells (NPCs), Kishimoto et al. (2012) suggested
that Notch1 signaling is crucial for injury-induced proliferation
and neurogenesis in the zebrafish telencephalon. However, no
direct evidence for a particular function of Notch signaling in
neurogenesis was provided. From what is known about the role
of Notch1 during constitutive neurogenesis [Notch 1 controls
progenitor proliferation in constitutive neurogenesis (Alunni
et al., 2013)], it is possible that the reduction in the number
of NPCs observed by Kishimoto et al. (2012) is simply due
to a reduction in proliferation upon Notch inhibition. Still, it
cannot be excluded that BMP and Notch signaling pathways
are induced simultaneously and interact with each other to
promote progenitor quiescence using the same mechanism as in
constitutive neurogenesis (Sueda et al., 2019).

In summary, a lesion of the zebrafish telencephalon
leads to an acute inflammatory response and injury-induced
neuroinflammation in zebrafish acts as a positive neurogenic
signal, which activates Gata3-mediated neurogenesis. The
activation of the BMP/Id1 signaling pathway is delayed compared
to gata3. In this manner, BMP/Id1 counteracts the neurogenic
program initiated by Gata3, through promoting neural stem
cell quiescence, therefore avoiding excessive production of new
neurons, which subsequently would deplete the stem cell pool.
In the zebrafish telencephalon, regeneration is mediated by
the activation and combination of specific injury-dependent
(inflammatory) pathways and constitutive neurogenic pathways
(BMP/Notch). Thus, the regenerative program occurring in the
telencephalon of adult zebrafish after injury involves several
signaling and molecular pathways, acting together in a complex
way. These signals and regenerative programs would allow the
genesis of new neurons, their migration, differentiation and
integration within the damaged telencephalic area.
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RESPONSES TO TRAUMATIC BRAIN
INJURY IN MOUSE

Although, the early phases in posttraumatic mouse and
zebrafish models of injury-induced signaling pathways are
very similar, their functions seem to be aimed at totally
opposite directions. In mouse, the role of inflammation in
NSC activity is subject to debate. It can have both a positive
and a negative effect on these cells which is context and
time dependent (Kizil et al., 2015). It can have an inhibitory
effect on neurogenesis and brain regeneration through the
inhibition of NSC proliferation (Ekdahl et al., 2003; Monje
et al., 2003; Iosif et al., 2006), while simultaneously activating
the proliferation of quiescent glial cell populations such as
astrocytes and microglia (Buffo et al., 2010). However, the
pro-inflammatory cytokines and chemokines released during
brain injury in mammals can also favor neurogenesis causing
different effects on NSC proliferation, neuronal differentiation,
migration and survival (Carpentier and Palmer, 2009; Whitney
et al., 2009; Covacu and Brundin, 2017). An increase in
the number of glial cells impacts glia-neuron and glia-glia
interactions and consequently leads to axonal degeneration and
neuronal death (Bal-Price and Brown, 2001). Astrocytes are
critical actors in the post-traumatic response and are involved
in different response mechanisms, among them the formation
of a glial scar. Furthermore, they secrete different cytokines
or proteoglycans, which promote neurotoxicity and inhibit
axon regeneration, respectively (Yiu and He, 2006; Rao et al.,
2012; Anderson et al., 2016; Burda et al., 2016). However,
the formation of the glial scar can also be beneficial as its
inhibition worsens CNS damage (Anderson et al., 2016). In
addition, neuroinflammation in mammals is a long- lasting
process and often the acute phase is followed by a chronic
phase which can foster many neurodegenerative diseases, such
as Parkinson’s and Alzheimer’s (Amor et al., 2010; Glushakova
et al., 2014; Kinney et al., 2018). The role of inflammation is
consequently complex in the CNS of mammals and is spatio-
temporally dependent on the regenerative processes and the
types of damage (ischemia, trauma, and neurodegenerative
diseases, etc.).

Interestingly, BMP and Notch signaling are also induced after
injury in mouse, but in contrast to zebrafish they induce glial
cell fate (Bohrer et al., 2015; Pous et al., 2020). Accordingly,
in the injured mouse brain, the progeny of SVZ NSCs will
not migrate to the OB to differentiate into neurons, but
instead these cells are recruited to the injury site where they
differentiate into glia and participate in the formation of a
glial scar, which will subsequently repress neural regeneration
(Goings et al., 2004; Wang et al., 2018). It was shown in
mouse that upon traumatic brain injury and consequent vascular
rupture, the coagulation factor Fibrinogen is released into
the SVZ where it activates BMP signaling and increases the
expression of its direct downstream mediator Id3 (Pous et al.,
2020). Injury-induced up-regulation of Id3 by BMP2 in the
SVZ promotes astrogenesis over neurogenesis by positively
regulating the expression of astrocyte specific genes such as
GFAP, GLAST, and Aldh1l1. The transcriptional regulator Id3

forms heterodimers with the bHLH transcription factor E47
and thereby inhibits the binding of E47 to the regulatory
sequence of astrocyte specific genes like GFAP. Through this
mechanism, E47 mediated repression of astrocyte specific genes is
abolished and the NSCs preferentially differentiate into astrocytes
(Bohrer et al., 2015).

Likewise, injury-induced Notch expression promotes
astrogenesis in the adult mouse SVZ (Tatsumi et al., 2010;
Benner et al., 2013). Here, activation of the Notch pathway in the
injured brain was shown to be up-regulated by thrombospondin
4 (Thbs4), a secreted homopentameric glycoprotein produced
by a sub-population of SVZ astrocytes that binds to the Notch1
receptor (Adams and Lawler, 2011; Benner et al., 2013).

In summary, although traumatic brain injury in the mouse
model activates a combination of injury-induced inflammation
molecules and signaling pathways, implicated in constitutive
neurogenesis, such as BMP and Notch which is similar to adult
zebrafish, their activation in mammals favors astrogenesis over
neurogenesis. Understanding why in different vertebrate species,
molecular pathways that are initiated after brain injury have
different functions and opposite outputs on neurogenesis and
regeneration, will be a key step to selectively activate the necessary
regenerative program at the right time to promote regeneration
without scar formation.

NEURAL REGENERATION IN
ALZHEIMER’S DISEASE MODEL IN
ZEBRAFISH

Alzheimer’s disease is a neurodegenerative disorder in which
neurons are progressively dismounted and die. Neural death
and synaptic impairment are partially due to deposition
and accumulation of Amyloid beta (Aβ) peptides around
and in neurons (Hardy and Higgins, 1992; Gouras et al.,
2000; Bayer and Wirths, 2010). Furthermore, neural death
is generally accompanied by a reduction in neurogenesis,
which progressively results in impaired memory, thinking, and
confusion (Moreno-Jimenez et al., 2019).

To investigate the molecular mechanisms involved in
zebrafish brain regeneration and NSC plasticity after loss
of neurons, Kizil and colleagues established an induced
Alzheimer’s disease model by injection of cell- penetrating
Amyloid-β42 (Aβ42) into the ventricle of the adult zebrafish
telencephalon (Bhattarai et al., 2016). Interestingly, in its
early phase Aβ42 injection and subsequent aggregation in
neurons led to a neurodegenerative phenotype, similar to
what is observed in human Alzheimer’s patients. The injected
fish showed Aβ42 deposition and accumulation, cell death,
inflammation, synaptic degeneration and learning impairment.
In a later phase, Aβ42 injected fish exhibited increased
NSC proliferation and neurogenesis. Transcriptome analysis
of the injected fish revealed an up-regulation of the cytokine
interleukin-4 (IL4) and an increase in the phosphorylation of
its downstream effector- STAT6, suggesting that in the zebrafish
model of induced Alzheimer’s pathology, the IL4/STAT6
regeneration program is necessary for RGC proliferation
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and their subsequent differentiation into functional neurons
(Bhattarai et al., 2016). Further investigation using a single cell
sequencing approach demonstrated that IL4/STAT6-mediated
neuroregeneration involves inhibition of the anti-proliferative
effect by serotonin. The latter is an inhibitor of Brain-derived
neurotrophic factor (BDNF), which promotes NSC proliferation
and differentiation (Bhattarai et al., 2020).

These findings, together with earlier results regarding the
role of LTC4/Gata3 in brain regeneration after traumatic injury,
indicate that the zebrafish responds to different types of brain
damage with different neuroregenerative mechanisms.

However, none of these regenerative programs in zebrafish
have been identified in mammals, so far. No up-regulation of
Gata3 after injury could be observed in the rodent SVZ (Yoshiya
et al., 2003; Chang et al., 2016) or in primary human astrocytes
in 3D culture (Celikkaya et al., 2019). Accordingly, in the DG
of the mouse Alzheimer’s disease model, the expression of the
interleukin-4 receptor (IL4R) could not be induced in astrocytes
(Mashkaryan et al., 2020).

It thus remains to be seen whether these are genuine
differences that could account for the limitations of the
mammalian brain to repair neurodegenerative lesions of the
CNS effectively.

Interestingly, when human astroglia cells expressing IL4R in
culture were activated by the ligand IL4, they showed active
Type 2 IL4 signaling and enhanced proliferation, neurogenesis
and neuronal network formation under Alzheimer’s disease
conditions, which is reminiscent of the zebrafish Alzheimer’s
model (Papadimitriou et al., 2018). However, other data show
that neurogenesis during regeneration in mammals cannot
simply be induced by exogenous activation of zebrafish
regenerative programs. For example, over-expression of Gata3,
the immediate early player in the traumatic injury response
in zebrafish, increases the neurogenic potential of primary
human astrocytes in 3D culture without leading to neurogenesis
(Celikkaya et al., 2019).

The difference between zebrafish and mammals, with respect
to the regenerative ability might be explained by (1) the incapacity
of the mammalian nervous system to activate programs which
lead to the coordinated proliferation of NSCs in response to
traumatic and neurodegenerative damage of the CNS, (2) the
difference in transcriptional and signaling networks in NSCs
between zebrafish and mammals, (3) the difference in the nature
of prospective NSCs in these distinct models.

CONCLUSION AND PERSPECTIVES

Recent progress demonstrated many similarities at the cellular
and molecular level between mice and zebrafish regarding adult
neurogenesis. Both species employ the same signaling systems
(Notch, BMP) and related downstream mediators (Id1, Hes/Her)
to control the proliferation and differentiation of adult NSCs
(Table 1). The activity of the individual pathways but possibly
also their synergy appears to determine quiescence, proliferation
and differentiation of RGCs in both mammals and zebrafish.
Strong activity, coupled with direct interaction between BMP and

Notch downstream mediators, Id and Hes/Her proteins, promote
quiescence. Reduction in activity strength or absence of one or
both signals leads to NSC proliferation or neural differentiation.

A major difference appears to be the scale at which adult
neurogenesis occurs in the two organisms. In the adult zebrafish
brain, almost all sub-domains of the brain are competent to
generate new neurons, while the neurogenic potential is largely
restricted to two domains in the mouse forebrain (SVZ and
SGZ). Furthermore, in zebrafish, the higher proliferative capacity
is correlated with the presence of RGCs during adult stages.
These cells span, with their long processes, the entire distance
through the telencephalic parenchyme from the ventricular to
the pial surface, similar to the RGCs present in the nascent
mouse telencephalon in prenatal stages. Adult zebrafish RGCs,
as well as the NSCs in the adult mouse brain are related to
astroglia and express highly similar astroglial markers. In the
mouse, the prenatal RGCs are transformed largely into astrocytes,
a cell type that is not present in the zebrafish brain. Taken
together, it appears that the adult zebrafish telencephalon with
its less complex structure has retained embryonic structural and
functional features permitting neuronal production at large scale
in the mature brain. In mammals, RGCs have evolved into novel
cellular components (astrocytes) having thereby lost their ability
to generate neurons. The NSCs in the remaining stem cell niches
of the murine telencephalon retained the astroglial characteristics
of the RGCs but have lost their parenchyme-spanning features,
possibly as an adaption to the structurally much more complex
brain of mammals.

Another major difference between mammals and zebrafish
is the response to brain tissue damage and concomitantly the
ability to repair damaged nervous tissue. Although in zebrafish,
NSCs rapidly increase their production of new neurons in
response to both traumatic and neurodegenerative nervous tissue
damage, the predominantly newly produced cell type in the
damaged mammalian brain is astrocytes. Furthermore, while
in zebrafish newborn neurons are able to integrate efficiently
into the damaged tissue without scaring, in mammals scar
formation prevents functional restoration of the nervous tissue.
Thus, the overproduction of astrocytes in response to injury and
the resulting gliosis with permanent scaring are crucial cellular
differences between zebrafish and mammals.

Interestingly, distinct pathways trigger tissue repair in
response to traumatic injury and neurodegeneration in zebrafish,
suggesting parallel pathways to deal with different types of
tissue damage. Traumatic brain injury relies on the LTC4/Gata3
program, while the induced neurodegenerative Alzheimer’s
disease depends on the IL4/STAT6 route. These pathways appear
to serve as triggers for increased neurogenesis which utilizes
mechanisms from constitutive neurogenesis (BMP and Notch) to
manage and maintain stem cell pools. In contrast to zebrafish, the
inflammatory signals in mammals lead to activation of astrocytes
and ultimately gliosis. Furthermore, the IL4/STAT6 pathway has
so far not been successfully used in vivo in mammalian systems
to trigger tissue regeneration (Mashkaryan et al., 2020). For
therapies, it is thus essential to find ways to reprogram astrocytes
to behave like their ancestral RGCs, in order to produce mainly
neurons that integrate into the functional neural circuit.
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In conclusion, zebrafish and mouse constitutive and
regenerative neurogenesis display some common features
considering the type and the nature of NSCs as well as
the signaling pathways controlling their activity. A better
understanding of the molecular cues and mechanisms sustaining
the strong neurogenic capability of NSCs in zebrafish would help
to develop new therapies to combat the debilitating consequences
of brain damage.
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Convincing evidence has repeatedly shown that new neurons are produced in the
mammalian brain into adulthood. Adult neurogenesis has been best described in the
hippocampus and the subventricular zone (SVZ), in which a series of distinct stages
of neuronal development has been well characterized. However, more recently, new
neurons have also been found in other brain regions of the adult mammalian brain,
including the hypothalamus, striatum, substantia nigra, cortex, and amygdala. While
some studies have suggested that these new neurons originate from endogenous
stem cell pools located within these brain regions, others have shown the migration of
neurons from the SVZ to these regions. Notably, it has been shown that the generation
of new neurons in these brain regions is impacted by neurologic processes such as
stroke/ischemia and neurodegenerative disorders. Furthermore, numerous factors such
as neurotrophic support, pharmacologic interventions, environmental exposures, and
stem cell therapy can modulate this endogenous process. While the presence and
significance of adult neurogenesis in the human brain (and particularly outside of the
classical neurogenic regions) is still an area of debate, this intrinsic neurogenic potential
and its possible regulation through therapeutic measures present an exciting alternative
for the treatment of several neurologic conditions. This review summarizes evidence in
support of the classic and novel neurogenic zones present within the mammalian brain
and discusses the functional significance of these new neurons as well as the factors
that regulate their production. Finally, it also discusses the potential clinical applications
of promoting neurogenesis outside of the classical neurogenic niches, particularly in the
hypothalamus, cortex, striatum, substantia nigra, and amygdala.

Keywords: adult neurogenesis, amygdala, cortex, hippocampus, hypothalamus, striatum, substantia nigra,
subventricular zone

INTRODUCTION

Over the past 50 years, it has become increasingly evident that the adult mammalian brain
retains the capacity to generate new neurons (Altman, 1962; Altman and Das, 1965; Kaplan
and Hinds, 1977; Cameron et al., 1993; Kuhn et al., 1996) and that this characteristic is
preserved in humans (Eriksson et al., 1998; Bergmann et al., 2015; Boldrini et al., 2018).
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However, this process is not ubiquitous. Indeed cell proliferation
and neuronal differentiation only continue to occur throughout
the lifespan of an individual in specific and restricted areas of the
brain. The hippocampus (Bonaguidi et al., 2012; Kempermann
et al., 2015) and the subventricular zone (SVZ; Doetsch
et al., 1997, 1999; García-Verdugo et al., 1998; Ponti et al.,
2017) are the two most-studied neurogenic niches in which
adult neurogenesis has been extensively described and where
several well-characterized stages of the neurogenic process have
been defined.

However, several additional areas of the brain have
emerged as containing newly generated neurons beyond
early development. Animal studies have shown that these
neurogenic areas include the hypothalamus (Evans et al.,
2002), striatum (Parent et al., 1995; Suzuki and Goldman,
2003; Shapiro et al., 2009), substantia nigra (SN; Cassidy et al.,
2003), cortex (Magavi et al., 2000), and amygdala (Bernier
et al., 2002). Some evidences show that the new neurons in
these novel neurogenic areas arise from migrating neural
stem and progenitor cells (NSPCs), typically originating in
the SVZ (Bernier et al., 2002; Cao et al., 2002; Dayer et al.,
2005; Inta et al., 2008; Shapiro et al., 2009; Huttner et al.,
2014). Other studies show that endogenous pools of NSPCs
may actually exist within these regions, allowing them to
replicate and populate local neuronal circuits (Parent et al., 1995;
Zecevic and Rakic, 2001; Evans et al., 2002; Jhaveri et al., 2018;
Figure 1).

Generation of new neurons in these novel neurogenic areas
may serve important functional roles. Neurogenesis in the
hypothalamus has the potential to affect metabolism and fat
storage, as shown in multiple high-fat diet (HFD) studies in
mice (Kokoeva, 2005; Lee et al., 2014). Neurogenesis in the
hypothalamus may also play a role in behavioral and sexual
function (Bernstein et al., 1993; Fowler et al., 2002; Cheng
et al., 2004). In the amygdala, neurogenesis may play a role in
fear conditioning and stress response (Shapiro et al., 2009; Saul
et al., 2015). The functional significance of new neurons is less
well characterized in the striatum, SN, and cortex (Figure 2).
That said, the importance of endogenous neurogenesis in the
context of disease mechanisms that affect these brain regions
cannot be understated (Kay and Blum, 2000; Mohapel et al.,
2005; Huttner et al., 2014; Moraga et al., 2014). Further
investigation of these neurogenic zones also shows that their
proliferation can be altered by growth factors (Pencea et al.,
2001b; Yoshikawa et al., 2010; Zhu et al., 2011), pharmacologic
treatments (Rojczyk et al., 2015), and environmental exposures
(Kisliouk et al., 2014; Niwa et al., 2016). These findings offer an
exciting possibility for the management of neurologic diseases in
the future.

Though the existence of neurogenesis in the adult human
brain remains an ongoing area of debate, recent advances have
allowed us to investigate whether the findings from animal
studies correlate with what occurs in the adult human brain
(Spalding et al., 2013; Mathews et al., 2017; Boldrini et al., 2018;
Sorrells et al., 2018). Here we provide an overview of the evidence
for neurogenesis in brain regions beyond the hippocampus and
the SVZ, its functional significance and modifying factors as well

as its potential relevance in the context of acute and chronic
neurologic diseases.

“CLASSICAL” ADULT NEUROGENIC
ZONES

The two brain regions where the process of neurogenesis
has been best described are the hippocampus and the
subventricular zone/olfactory bulb (SVZ/OB; Figure 1). In
both the hippocampus and the SVZ/OB, the neurogenic
process can be subdivided into well-defined stages,
from cell proliferation to neuronal differentiation,
maturation, and functional (i.e., synaptic) integration.
In the hippocampus, adult neurogenesis is thought
to play a role in both mood regulation (i.e., affective
behaviors) and cognition (i.e., learning, memory, and
spatial navigation). Similarly, in the SVZ/OB, adult
neurogenesis is thought to contribute to optimal olfactory
circuit formation.

Neurogenesis in the Hippocampus
The hippocampus is part of the limbic system and, in
humans, is located deeply within the medial temporal lobe. The
hippocampus is arguably one of the most plastic regions of the
brain, showing not only the capacity to undergo neurogenesis
but also other types of structural and functional (i.e., synaptic)
plasticity. These properties are integral to the function of the
hippocampus and its role in mood regulation and cognition
(namely, learning, and memory). During the process of adult
hippocampal neurogenesis, newborn neurons migrate just a
short distance from the dentate gyrus (DG) subgranular zone
(SGZ) to the DG granule zone, where they integrate into the
existing neuronal circuitry.

Stages of Hippocampal Neurogenesis
Hippocampal neurogenesis is a highly regulated process that
involves four distinct phases: (1) the precursor cell phase;
(2) the early survival phase; (3) the post-mitotic phase;
and (4) the late survival phase (Kempermann et al., 2004,
2015; Bonaguidi et al., 2012). During the precursor cell
phase, type-1 cells divide asymmetrically, giving rise to transit
amplifying cells (type-2 cells). Type-1 cells are radial-glia-
like cells with triangular somas and branches projecting into
the inner molecular layer that express the undifferentiated
neural progenitor cell (NPC) marker nestin as well as glial
fibrillary acidic protein (GFAP), one of several astrocytic
features that they demonstrate (Seri et al., 2001; Filippov
et al., 2003). Type-2 cells are short and wide. They have a
dense, irregular-shaped nucleus and are GFAP-negative. These
transient cells are capable of tangential migration and are
highly proliferative. Type-2 cells can be further characterized
based on the expression of the immature neuronal marker
doublecortin (DCX) into either DCX-negative type-2A cells
(less differentiated) and DCX-expressing type-2B cells (more
differentiated and committed to the neuronal lineage; Brown
et al., 2003; Filippov et al., 2003; Kronenberg et al., 2003).
Type-2B cells further differentiate into type-3 cells, which
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FIGURE 1 | Source of progenitor cells in different brain regions. The generation of new neurons from stem/progenitor cells has been extensively described in the
hippocampal dentate gyrus (DG) and the subventricular zone/olfactory bulb (SVZ/OB). In the DG, precursor cells located in the subgranular zone divide and give rise
to amplifying cells, which can commit to a neuronal phenotype and move into the granule cell layer to integrate into existing hippocampal circuitries. Similarly, dividing
progenitor cells in the SVZ can differentiate into neural progenitors and migrate through the rostral migratory stream (RMS) towards the OB. Besides these two
regions, there is emerging evidence indicating that the hypothalamic arcuate nucleus and the median eminence present neurogenic capacity. Particularly, a
subpopulation of tanycytes has been shown to display neurogenic characteristics in these subregions. Additionally, experimental evidence has suggested that
progenitor cells can deviate from the RMS and differentiate and mature into other brain regions including the prefrontal cortex, striatum, substantia nigra,
and amygdala.

are DCX-positive and nestin-negative and are morphologically
distinct from type-2 cells because of their round nucleus
(Brandt et al., 2003). Type-3 cells also express the neuronal
marker polysialylated neuronal cell adhesion molecule (PSA-
NCAM; Seki, 2002). Type-1, type-2A, type-2B, and type-3
cells together comprise the spectrum of precursor cells in
the hippocampal SGZ, with type-2A, type-2B, and type-3
cells accounting for the majority of proliferation that occurs
within this region (Kempermann et al., 2015). Within 3 days
of cell division, this cell population can increase four- to
fivefold, and newly generated cells enter a post-mitotic stage
characterized by the expression of post-mitotic neuronal
markers—neuronal nuclei (NeuN) and calretinin (CR; Brandt
et al., 2003; Kempermann et al., 2003). The number of immature
neurons (neuroblasts) rapidly declines over the subsequent
4 days due to widespread apoptosis and then stabilizes at
around 4 weeks, at which point approximately 20% of the
newly generated neurons have survived and incorporated into

the existing neuronal circuitry (Biebl et al., 2000; Kempermann
et al., 2003; Kuhn et al., 2005). Indeed a few days after exiting
the cell cycle, newly generated neuroblasts begin attempting
to establish functional connections in the target hippocampal
cornu ammonis (CA) 3 region. Immature neurons that are
able to establish functional connections will then receive
neurotransmitter signals as well as trophic support from
pro-survival factors (Tashiro et al., 2006; Imielski et al., 2012;
Cancino et al., 2013; Ramirez-Rodriguez et al., 2013). Notably,
at this stage, immature neurons receive primarily gamma-
aminobutyric acid (GABA)ergic input and transiently express a
Na+/K+/Cl− co-transporter that actively transports Cl− against
its concentration gradient and into the cell. As a consequence,
GABA signaling has an overall excitatory effect by allowing
Cl− to move according to its concentration gradient (i.e., out
of the cell) and depolarizing the intracellular space, a process
thought to contribute to neuronal maturation (Rivera et al.,
1999; Ganguly et al., 2001; Ben-Ari, 2002; Ge et al., 2006).
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FIGURE 2 | Functional implications of adult neurogenesis. The contribution of adult neurogenesis to physiological and pathological processes mediated by the
hippocampus and the OB is supported by a substantial amount of evidence from rodent studies. In the hippocampus, this process regulates specific aspects of
cognitive (dorsal portion) and affective (ventral portion) processing, while newborn neurons generated in the SVZ were shown to contribute to olfactory function and
reproductive behavior (in birds). There is also increasing evidence indicating that neural progenitors may exert a relevant role in the regulation of hypothalamic
function (particularly in metabolic function/feeding behaviors). On the other hand, it is still unclear whether progenitor cells found in other brain regions have a
functional significance other than participating in recovery processes triggered following injury, neuronal loss, or neurodegeneration.

Following this stage, the final cell number is relatively established,
and only a small number of cells are eliminated during the
maturation stage (Kempermann et al., 2003). Granule cells
then begin their functional maturation, transitioning to normal
membrane properties involving physical changes of size, length,
thickness, and branching of dendrites and electrochemical
changes including increased membrane capacitance and reduced
membrane resistance (van Praag et al., 2002; Marin-Burgin
et al., 2012). Maturing granule cells eventually develop
glutamatergic connections and become electrophysiologically
identical to the existing neurons (Wang et al., 2000; van Praag
et al., 2002; Ambrogini et al., 2004; Schmidt-Hieber et al.,
2004), thus completing functional integration into the existing
hippocampal circuitry.

Regulation of Hippocampal Neurogenesis
Maintenance of an endogenous pool of type-1 cells is key
to the preservation of hippocampal neurogenesis throughout
adulthood, and this process is therefore regulated by a number of
factors. The transcription factor sex-determining region Y-box

2 (Sox 2) appears to play a central role in this process by
regulating several intracellular signaling pathways (Steiner et al.,
2006). First, Sox 2 controls the expression of Sonic hedgehog
(Shh), which in turn promotes the proliferation of type-1
cells (Favaro et al., 2009). In addition, Sox 2 inhibits Wnt
signaling, thereby maintaining the cells in a proliferative state
(Kuwabara et al., 2009).

Following cell proliferation, brain-derived neurotrophic
factor (BDNF) plays an important role in the early cell survival
phase. BDNF activates the tropomyosin receptor kinase B (TrKB)
receptor, which acts via protein kinase C to activate proteins
involved in cell survival and cell migration (Ortiz-López et al.,
2017). In addition to regulating hippocampal cell proliferation,
Wnt signaling is also involved in neuronal cell differentiation by
regulating the expression of the transcription factors neuronal
differentiation 1 (NeuroD1) and prospero-related homeobox 1
(Kuwabara et al., 2009; Gao et al., 2011; Karalay et al., 2011).
cAMP-response element-binding (CREB) protein is another
important factor in neuronal maturation. Similar to NeuroD1,
CREB enhances neurite outgrowth and dendritic branching
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while being positively regulated by GABAergic signaling
(Fujioka, 2004; Tozuka et al., 2005; Gao et al., 2009; Jagasia et al.,
2009). The numerous factors involved in lineage progression are
connected through complex cross-talk signaling pathways, such
that if one factor is impaired, the entire neurogenic cycle is halted
(Zhang C. L. et al., 2006; Niu et al., 2011; Shimozaki et al., 2013).

In addition to transcription factors and signaling pathways,
adult hippocampal neurogenesis can also be modulated by
various intrinsic and extrinsic factors such as the activation of the
hypothalamus–pituitary–adrenal (HPA) axis (Schloesser et al.,
2009; Snyder et al., 2011), which leads to elevated blood levels
of glucocorticoids (McEwen et al., 1992; Anacker et al., 2013) in
response to chronic stress exposure (Gould et al., 1998; Murray
et al., 2008). Thus, aberrant stress responses inherent in a variety
of psychiatric conditions can downregulate adult neurogenesis.
Other factors that have been shown to possess a negative effect
on adult hippocampal neurogenesis include pro-inflammatory
factors (Ekdahl et al., 2003), angiotensin II receptor antagonists
(Mukuda and Sugiyama, 2007), testosterone at specific times
during the lifespan (Allen et al., 2014, 2015; Zhang et al., 2014),
and aging (Kuhn et al., 1996; Ben Abdallah et al., 2010; Gil-
Mohapel et al., 2013).

Conversely, selective serotonin reuptake inhibitors (Malberg
et al., 2000; Santarelli et al., 2003; Banasr et al., 2006; Surget et al.,
2008, 2011) as well as several non-pharmacologic interventions
including electroconvulsive therapy (Zilles et al., 2015; Olesen
et al., 2017; Wang et al., 2017), environmental enrichment
(Kempermann et al., 1997; Gualtieri et al., 2017), caloric
restriction (Lee et al., 2002; Stangl and Thuret, 2009), and
physical exercise (Van Praag et al., 1999; Yau et al., 2011,
2012; Yau S.-Y. et al., 2014; Yau S. et al., 2014; Firth et al.,
2018; Nguemeni et al., 2018) have all been repeatedly shown to
potentiate adult hippocampal neurogenesis. Estrogen (Brännvall
et al., 2002; Perez-Martin et al., 2003) and angiotensin II
(Mukuda et al., 2014) also have the capacity to stimulate the
endogenous neurogenic process in the hippocampus.

Notably, some of these strategies, including physical
exercise and environmental enrichment, have also been
shown to improve degenerative changes associated with various
neurodegenerative conditions such as Alzheimer’s disease
(Paillard et al., 2015; Vivar, 2015; Ryan and Kelly, 2016),
Parkinson’s disease (PD; Ang et al., 2010; Lamm et al., 2014;
Paillard et al., 2015; Vivar, 2015), and Huntington’s disease
(HD; Vivar, 2015). Although the exact mechanisms that underlie
the beneficial effects of physical exercise and environmental
enrichment are not completely understood, a reduction in
adult hippocampal neurogenesis has been observed in several
animal models of these neurodegenerative disorders (Ang et al.,
2010; Lamm et al., 2014; Paillard et al., 2015; Vivar, 2015;
Ryan and Kelly, 2016). Thus, it is likely that an increase in
hippocampal neurogenic capacity might contribute to these
beneficial effects.

Functions of Hippocampal Neurogenesis
The ventral portion of the hippocampus is thought to
be particularly involved in mood regulation and affective
behaviors through its connections to the amygdala, nucleus

accumbens, and hypothalamus (Anacker et al., 2013). Indeed
chronic stress has been shown to preferentially affect the
ventral hippocampus (Mirescu et al., 2004). As previously
mentioned, the effects of stress are primarily mediated through
the HPA axis and subsequent glucocorticoid production.
Increased corticosterone levels alone appear to be sufficient
to induce depressive-like and anxiety-like behaviors in rodents
(Schloesser et al., 2009; Snyder et al., 2011). Conversely,
several studies have also shown that damage to the ventral
hippocampus is associated with an increase in anxiety-like
(Bergami et al., 2008; Revest et al., 2009) and depression-like
(Santarelli et al., 2003; Jiang et al., 2005; Airan et al.,
2007) behaviors.

The dorsal hippocampus is functionally involved in certain
aspects of cognition (namely, spatial navigation, learning, and
memory) through connections with various cortical areas
(Anacker and Hen, 2017). As mentioned above, the central
role that the hippocampus plays in these aspects of cognition
is due to its ability to undergo both structural and functional
(i.e., synaptic) plasticity in response to stimuli. Notably, newly
generated hippocampal neurons are particularly receptive to
behavior-dependent synaptic plasticity. They receive input from
other neurons (Bruel-Jungerman et al., 2006; Toni et al.,
2007) and have a low threshold for long-term potentiation
(Snyder et al., 2001). In agreement, several studies have
shown that new neurons are recruited into hippocampal
neuronal circuits in response to spatial learning (Gould et al.,
1999a; Kee et al., 2007), while others have shown that
certain aspects of spatial learning can be impaired through
ablation of adult hippocampal neurogenesis (Jessberger et al.,
2009) and with age (where spatially imprecise navigation
strategies are used due to a decline in neurogenic capacity;
Gil-Mohapel et al., 2013).

There is also empirical evidence suggesting that the dorsal
DG plays a role in pattern separation (whereas the CA3 region
appears to be involved in pattern completion; Clelland et al.,
2009; Deng et al., 2010; Aimone et al., 2011; Nakashiba et al.,
2012; Hunsaker and Kesner, 2013), and studies have shown
an involvement of the hippocampus in both spatial (Clelland
et al., 2009; Creer et al., 2010; Tronel et al., 2012; Déry et al.,
2013) and temporal pattern separation (Koehl and Abrous,
2011). This is further supported by the finding that adult DG
neurogenesis plays an important role in preventing memory
interference (Garthe et al., 2009). Notably, neurogenesis in the
dorsal hippocampus has also been shown to play a role in
the consolidation and the reorganization of explicit memories
(Kitamura et al., 2009).

The relevance of adult neurogenesis for hippocampal
function in the primate brain has been intensively debated,
and recent evidence suggests that this process probably
plays a role in human cognition. For instance, a correlation
between cognitive performance and neurogenic markers was
observed in the monkey DG, as well as an age-related decline
in proliferation/maturation markers (Ngwenya et al., 2015).
Similarly, the presence of neuronal progenitors and immature
neurons was recently reported in the human DG during
physiological aging, and the number of these cells was found to be

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 September 2020 | Volume 14 | Article 576444101

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Jurkowski et al. Adult Neurogenesis Throughout the Brain

drastically affected by pathological conditions (Moreno-Jiménez
et al., 2019; Seki et al., 2019).

Neurogenesis in the Subventricular Zone
and Olfactory Bulb
The Stages of Subventricular Zone Neurogenesis
The lateral ventricles are lined with an abundance of neural
stem cells (NSCs) referred to as type-B1 cells, which resemble
astrocytes and differentiate into neurons that populate the
OB (Doetsch et al., 1997, 1999; García-Verdugo et al., 1998;
Mirzadeh et al., 2008; Ponti et al., 2017). Type-B1 cells express
GFAP, glutamate aspartate transporter, and brain lipid-binding
protein (Doetsch et al., 1997; Codega et al., 2014; Mich
et al., 2014). Activated type-B1 cells express nestin and divide
asymmetrically for self-renewal or to give rise to achaete-
scute homolog 1- and distal-less homeobox 2-expressing C cells
(Doetsch et al., 1997; Ponti et al., 2017). Type C cells divide
symmetrically two to three times, subsequently differentiating
into type A cells (neuroblasts), which represent the final stage
of differentiation within the SVZ (Ponti et al., 2017). Type
A cells divide one to two times and migrate through the
rostral migratory stream (RMS) towards the OB (Doetsch
and Alvarez-Buylla, 1996; Lois et al., 1996; Wichterle et al.,
1997; Ponti et al., 2017). These cells express the microtubule-
associated protein DCX as well as collapsin-response mediator
protein-4, which is involved in axonal guidance. These proteins
together allow the newly generated neuroblasts to interact
with microtubules and myosin II, allowing them to travel
at a speed of 120 µm/h towards the OB (Wichterle et al.,
1997; Francis et al., 1999; Nacher et al., 2000). PSA-NCAM,
ganglioside 9-O-acetyl GD3, and a host of integrins are also
expressed by type A cells and have been shown to be involved
in the migratory process, while Tenascin C is one of the
extracellular matrix molecules in the RMS that interact with
the integrins and 9-O-acetyl CD3 present in these immature
neurons (Tomasiewicz et al., 1993; Yokosaki et al., 1996;
Jacques et al., 1998; Probstmeier and Pesheva, 1999; Chazal
et al., 2000; Miyakoshi et al., 2001; Murase and Horwitz,
2002; Emsley and Hagg, 2003). Notably, the directionality of
this migration is regulated by a series of factors, including
SLIT-roundabout (ROBO) signaling. SLITs are chemorepulsive
to type A cells, and ROBO receptors are expressed in the SVZ
and the RMS (Ba-Charvet et al., 1999; Hu, 1999; Li et al.,
1999; Wu et al., 1999). A gradient of SLITs is established
by cilia, with the highest concentration being in the SVZ,
driving type A cells away (Sawamoto et al., 2006). Following
directional migration to the OB, neuroblasts proceed to migrate
radially through a process regulated by factors such as tenascin-2
and prokineticin-2, which induce detachment from the RMS
chains. Subsequently, type A cells integrate into the granule
cell layer of the OB where they are thought to participate in
plasticity and OB-dependent learning (Barnea and Nottebohm,
1994; Lois and Alvarez-buylla, 1994; Kempermann et al., 1997;
Gould et al., 1999a). Only a very small portion of these cells
survive to become mature granule cells (Lois and Alvarez-
buylla, 1994). Those that survive tend to establish connections

to mitral or tufted cells, which are relatively active (Petreanu
and Alvarez-Buylla, 2002). It is also believed that BDNF acts
as the main trophic factor required for survival and subsequent
maturation into granule cells (Kirschenbaum and Goldman,
1995; Pencea et al., 2001a).

Regulation of SVZ Neurogenesis
Neurogenesis in the SVZ is regulated by a series of growth
factors, signaling pathways, and neurotransmitters. The main
growth factors involved in SVZ neurogenesis include the
mitogens fibroblast growth factor 2 (FGF-2) and the epidermal
growth factor 2, both of which are expressed by astrocytes and
provide proliferative signals to the NSCs in the SVZ (Morita
et al., 2005). Other growth factors involved include ciliary
neurotrophic factor (CNTF, which is involved in NSC self-
renewal), vascular endothelial growth factor (VEGF, important
for angiogenesis), pigment epithelium-derived factor (involved
in type-B1 cell maintenance), and betacellulin (which increases
proliferation; Palmer et al., 2000; Jin et al., 2002; Emsley and
Hagg, 2003; Greenberg and Jin, 2005; Ramírez-Castillejo et al.,
2006; Gómez-Gaviro et al., 2012). Conversely, endothelial cells
secrete neurothrophin-3 (NT-3), which leads to nitric oxide
production, a cytostatic factor (Delgado et al., 2014).

Additionally, various neurotransmitters and
neurotransmitter-related proteins play a role in the modulation
of SVZ neurogenesis. For example, serotonin (5-HT) terminals
are thought to form a dense plexus that modulates ependymal
and type-B1 cells. As such, serotonergic neurotransmission may
play a critical role in the initial stages of SVZ cell proliferation
(Banasr et al., 2004; Tong et al., 2014). GABA can inhibit both
cell proliferation and neuronal differentiation in this neurogenic
region. However, type-B1 and type-C cells express the diazepam-
binding inhibitor protein, which competitively inhibits the
binding of GABA to its receptors, thus preventing GABAergic
neurotransmission and promoting cell proliferation (Liu et al.,
2005; Fernando et al., 2011; Alfonso et al., 2012). Lastly, the
population of cholinergic neurons (which expresses choline
acetyl transferase) present in the SVZ is also thought to regulate
neuroblast proliferation through activation of fibroblast growth
factor receptor (FGFR)-mediated signaling (Paez-Gonzalez
et al., 2014). Recently, it has been suggested that the hormone
ghrelin might also have a role in cell proliferation and neuroblast
formation in the SVZ (Li et al., 2014).

Functions of SVZ Neurogenesis
The functional significance of SVZ neurogenesis has been less
well characterized when compared to that of hippocampal
neurogenesis. Nevertheless, SVZ neurogenesis occurs
throughout adulthood in the mammalian brain and largely
contributes to the development of optimal olfactory circuitry
(Gheusi et al., 2000; Cecchi et al., 2001). Through constant
granule cell regeneration and replacement, mammals are able to
respond to new environmental stimuli and to reinforce particular
odorant representations that are more pervasive in their
environment (Alvarez-Buylla and García-Verdugo, 2002; Lim
and Alvarez-buylla, 2016). There is further evidence that steroid
hormones may also have an influence in SVZ/OB neurogenesis,
suggesting a role in sexual function (Lau et al., 2011). In
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TABLE 1 | Summary of studies investigating neurogenesis in the hypothalamus.

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

Wistar albino rats 2 months; Female
(30) and Male (14)

IGF-1 at 12 h or
18 days post BrdU
injection
Male vs. female

↑BrdU–12 h;
IGF-1

IGF-1 injection:
↑: BrdU–18 days, GFAP, NeuN

Pérez-Martín et al. (2010)

Mice 8 weeks; Male CNTF
HFD
Ara-C

- No CNTF:
↑: BrdU–60–72 h, Hu
CNTF injection (compared to
control):
↑: BrdU–60–72 h, Hu, TuJ1, DCX,
NPY, POMC
Ara-C injection:
Blocked CNTF induced cell
proliferation

Kokoeva (2005)

C57BL/6 mice 7 weeks; Male HFD
Ara-C

- Normal diet:
↑: BrdU—Day 2–5, Ki67–1 day,
GFAP, Iba-1
HFD (compare to control):
↑: BrdU—Day 2–3, Ki67–Day 1 + 3,
GFAP, IBa-1, POMC
↓: BrdU—Day 4–5, Ki67 to control
levels—Day 5
Ara-C injection:
No production of BrdU

Gouazé et al. (2013)

Nestin-Cre-R26 mice 35 days and
75 days; Female

Age
HFD

- HFD mice 75d:
↑: BrdU, Hu, NPY, POMC

Lee et al. (2012)

C57BL/6 mice
FVB mice
Ob/ob mice
NPY-hrGFP mice
WT C57BL/6 mice

16 weeks; Male
and Female

HFD vs. Calorie
restrictions

- ↑: BrdU, Hu, NeuN, POMC
HFD (compared to control):
↓: BrdU
=: Proportion Hu
Calorie restriction (post HFD):
↑BrdU 69%
↑NPY
↑POMC
Leptin deficient (ob/ob):
↓BrdU
=Hu

McNay et al. (2012)

Fgf10nlacZ/+

Fgf10CreERT2: R26lacZ

Fgf10CreERT2:R26Tom

- Fed vs. fasted - Amongst Fgf10-Tanycytes:
(−) NeuN
(−) GFAP
(−) S100B
(+) Olig2 persists with age
↓Tanycytes with age
Amongst X-gal cells:
(+)NeuN

Haan et al. (2013)

C57BL/6 mice 6 weeks; Female
and Male

HFD vs. LPD (low
protein diet)
HFD vs. caloric
restriction
Female vs. male

- Female HFD and LPD
(compared to normal chow):
↑: Hu in ME, BrdU—ME
↓: Hu in ArcN, BrdU—ArcN
Female caloric restriction
(compared to HFD):
↓ BrdU
Male HFD (compared to female
HFD and NC):
↓ :ArCN neurogenesis, ME
neurogenesis

Lee et al. (2014)

(Continued)
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TABLE 1 | Continued

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

C57BL/6 mice 10–12 weeks;
Female

Ovariectomized
and implanted with
E2 vs. oil
HFD

HFD:
↑BrdU mArcN,
pArcN, mVMH
E2:
↓ BrdU

↑ERα
↑pSTAT3
HFD (compared to control):
↑BrdU
↑ERα
↑pSTAT3
E2:
↓ ERα

Bless et al. (2016)

NestinCreERT2:
CAG-R26tdTomato/+:
IGF-1Rflox/flox

12 weeks; Male IGF-1R - ↑α-tanycytes
Fewer gliogenic
9 months:
↑neurons PH, DMH, VMH
IGF-1R KO:
↑NeuN

Chaker et al. (2016)

Swiss albino mice 5 weeks; Male HFD for 8 weeks
then:
Protocol 1.- HFD
vs. HFD w/partial
substitute
Protocol 2 - HFD
vs. HFD
w/substitute vs.
NFD vs. NFD
w/supplementation
Protocol 3–Saline
vs. BDNF vs. DHA
Protocol 4–Saline
vs. DHA vs. high
dose DHA

↑ BrdU in
BDNF and DHA
groups

HFD w/substitute:
↑ DCX
↓Bax, Bax-BCL-2 ratio
HFD:
↑Bax
DHA:
↑BrdU/NeuN, POMC

Nascimento et al. (2016)

Fgf10nlacZ/+

Fgf10CreERT2: R26lacZ

Fgf10CreERT2:R26Tom

- Fed vs. fasted - Amongst Fgf10-Tanycytes:
(−) NeuN
(−) GFAP
(−) S100B
(+) Olig2 persists with age
↓Tanycytes with age
Amongst X-gal cells:
(+)NeuN

Haan et al. (2013)

C57BL/6 mice 6 weeks; Female
and Male

HFD vs. LPD (low
protein diet)
HFD vs. caloric
restriction
Female vs. male

- Female HFD and LPD
(compared to normal chow):
↑: Hu in ME, BrdU—ME
↓: Hu in ArcN, BrdU—ArcN
Female caloric restriction
(compared to HFD):
↓ BrdU
Male HFD (compared to female
HFD and NC):
↓ :ArCN neurogenesis, ME
neurogenesis

Lee et al. (2014)

C57BL/6 mice 10–12 weeks;
Female

Ovariectomized
and implanted with
E2 vs. oil
HFD

HFD:
↑BrdU mArcN,
pArcN, mVMH
E2:
↓ BrdU

↑ERα
↑pSTAT3
HFD (compared to control):
↑BrdU
↑ERα
↑pSTAT3
E2:
↓ ERα

Bless et al. (2016)

NestinCreERT2:
CAG-R26tdTomato/+:
IGF-1Rflox/flox

12 weeks; Male IGF-1R - ↑α-tanycytes
Fewer gliogenic
9 months:
↑neurons PH, DMH, VMH
IGF-1R KO:
↑NeuN

Chaker et al. (2016)

(Continued)
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TABLE 1 | Continued

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

Swiss albino mice 5 weeks; Male HFD for 8 weeks
then:
Protocol 1.-HFD vs.
HFD w/partial
substitute
Protocol 2-HFD
vs. HFD
w/substitute vs.
NFD vs. NFD
w/supplementation
Protocol 3–Saline
vs. BDNF vs. DHA
Protocol 4–Saline
vs. DHA vs. high
dose DHA

↑ BrdU in
BDNF and DHA
groups

HFD w/substitute:
↑ DCX
↓Bax, Bax-BCL-2 ratio
HFD:
↑Bax
DHA:
↑BrdU/NeuN, POMC

Nascimento et al. (2016)

particular, steroid hormones (namely, estrogen) may be involved
in the survival of newly generated OB neurons, allowing for the
potential regulation of sexual behavior (Rasika et al., 1994; Burek
et al., 1995; Hidalgo et al., 1995; Tanapat et al., 1999).

“NOVEL” ADULT NEUROGENIC ZONES

Neurogenesis in the Hypothalamus
Neurogenic Niches in the Hypothalamus
Evans et al. (2002) provided the first evidence of neurogenesis
in the hypothalamus, particularly around the third ventricle.
Adult rat neurons from the hypothalamus were cultured
and, within 7 days, two cell lines developed (Evans et al.,
2002). One group of cells was positive for GFAP, while
the second expressed alpha-internexin. These alpha-internexin-
positive cells underwent mitosis, expressed several neuronal
markers, produced two-dimensional cellular networks, and had
electrophysiological properties consistent with those of newly
generated neurons (Evans et al., 2002). Two years later, using
a similar model, Markakis et al. (2004) isolated three categories
of newly generated cells from the hypothalamus, including
a population of cells expressing dopamine, gonadotropin-
releasing hormone, thyrotropin-releasing hormone, oxytocin,
and vasopressin. This proved to be a landmark study, as it
demonstrated the neurogenic potential of the hypothalamus
(Markakis et al., 2004).

Subsequent studies have determined a number of neurogenic
niches within the hypothalamus as well as regulatory factors and
functions of hypothalamic neurogenesis. Using both male and
female rats, Xu et al. (2005) demonstrated that the ependymal
cells of the third ventricle retain a low but noticeable neurogenic
potential between post-natal days (PNDs) 56 and 63. These
ependymal cells were labeled by the exogenous proliferation
marker 5-bromo-2′-deoxyuridine (BrdU), and their proliferation
could be enhanced by FGF-2 (Xu et al., 2005). Furthermore,
this study demonstrated that neurospheres obtained from this
brain region could be grown in vitro. One subpopulation of

neuroprogenitor cells was identified as being tanycytes, which
line the third ventricle. By engineering these cells to express
green fluorescence protein (GFP), the authors were able to show
their migration and integration into neural networks in various
regions within the hypothalamic parenchyma (Xu et al., 2005).

Pérez-Martín et al. (2010) further evaluated the wall of the
third ventricle in adult male and female rats (PNDs 56–63)
and proposed its subdivision into three subregions of varying
degrees of proliferation: a non-proliferative dorsal zone, a middle
third of subependymal cells, and a ventral zone containing
tanycytes (Pérez-Martín et al., 2010). Tanycytes exhibited greater
basal growth capacity than subependymal cells, but both had
inferior proliferative capacity when compared with proliferating
cells in the SVZ. Both hypothalamic subregions were responsive
to insulin-like growth factor 1 (IGF-1), and thus it was
concluded that these could be considered IGF-1-responsive
neurogenic niches (Pérez-Martín et al., 2010). Interestingly, a
subset of DCX-positive neuroblasts was shown to migrate to the
ventromedial nucleus of the hypothalamus (VMH) where they
express Hu, a mature neuronal marker (Batailler et al., 2014).
Notably, the presence of DCX-positive neuroblasts was detected
(in slightly different distributions) in the hypothalamus of mice,
sheep, and humans (Batailler et al., 2014).

More recently, the median eminence (ME) has emerged
as the hypothalamic region with the most potent neurogenic
capacity. Lee et al. (2012) described the rate of neurogenesis
in the mouse ME as being fivefold higher than that seen in
other hypothalamic regions (Lee et al., 2012). This neurogenic
niche is also comprised of tanycytes, and a long-term
diet-responsive effect has been observed in this region (Lee
et al., 2012). Thus, when comparing mice fed a HFD with
those on normal chow, there was no change in energy balance
at 35 or 45 days, but when HFD mice reached PND75
(i.e., adulthood), their neurogenesis rate quadrupled as indicated
by the increased expression of BrdU/Hu-positive cells. This
overfeeding-triggered neurogenesis appeared to be correlated
with a reduction in metabolic rate and weight gain through
increased fat storage.
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Contrarily, McNay et al. (2012) examined neurogenesis in
the energy-balancing circuit of the hypothalamic arcuate nucleus
(ARN) in two mouse models of obesity: leptin deficiency and
HFD-induced obesity (DIO). Interestingly, in DIO mice, an
increase in the number of stem cells was observed within 48 h;
however, many of these cells failed to survive at the 4-week time-
point. Further analysis revealed that, despite an overall increase
in the number of hypothalamus NSCs, there was a reduction
in the number of highly proliferative progenitors. Thus, it can
be inferred that hypothalamic neurogenesis may be an acute
response to metabolic stress. Indeed an HFD led to increase in
retention of proopiomelanocortin (POMC)- and neuropeptide Y
(NPY)-labeled neurons, whereas subsequent calorie restriction
resulted in the normalization of the endogenous neurogenic
rate. In leptin-deficient mice, there was an even greater
loss of neurogenic function due to a severe deficiency in
hypothalamic NSCs (McNay et al., 2012). The mechanisms
through which leptin influences the rate of hypothalamic
neurogenesis have not been fully elucidated, although studies
suggest that neuropeptide Y may be an important player in that
mechanism (Pierce and Xu, 2010).

Tanycytes can be subdivided into four main subtypes based
on their position, gene expression profile, innervation, function,
and neurogenic potential (Rodríguez et al., 2005; Robins et al.,
2013; Recabal et al., 2017). These subtypes have been referred
to as α1, α2, β1, and β2. It is the α2-tanycytes that specifically
display neurogenic characteristics (Rodríguez et al., 2005; Robins
et al., 2013). These α2 cells line the infundibular recess of the
third ventricle and have direct contact with cerebrospinal fluid
(CSF). α2 and β1 tanycytes project to the ARN to modulate the
neuronal circuits involved in metabolism, whereas β2 tanycytes
project to the ME and form a barrier between the CSF and
the ME (Rodríguez et al., 2005). All four subtypes of tanycytes
exhibit further characteristics of short-term metabolic regulation
(Cortés-Campos et al., 2011; Orellana et al., 2012; Balland
et al., 2014; Collden et al., 2015). Their influence on long-term
metabolic regulation and how neurogenesis might impact this
regulation are areas of ongoing research. Table 1 summarizes
the studies that have evaluated neurogenesis in the hypothalamic
brain region.

Modulation of Hypothalamic Neurogenesis
As in other brain regions, various trophic factors have emerged as
potent stimulators of hypothalamic neurogenesis. For example,
BDNF was shown to increase the number of BrdU-labeled cells
in the rat hypothalamus. Furthermore, among the BrdU-labeled
neurons, a subset was shown to co-express the neuronal markers
TuJ1 (class III β-tubulin) and microtubule-associated protein
2 (Pencea et al., 2001b). Another growth factor, IGF-1, has
also been shown to stimulate hypothalamic neurogenesis, an
effect that is not surprising, bearing its metabolic function.
Thus, IGF-1 treatment has been associated with the production
of new cells in the subependyma, and the new tanycytes
were shown to co-express BrdU and NeuN (Pérez-Martín
et al., 2010). Various studies have also assessed the effects of
certain pharmacologic manipulations, namely, neuroleptics, on
cell proliferation and neuroblast formation in the adult rat

hypothalamus. These studies reported that the long-term, but not
short-term, administration of olanzapine, chlorpromazine, and
haloperidol can increase the number of Ki-67-positive cells in
the hypothalamus of adult male rats (Rojczyk et al., 2015). With
regards to neuronal differentiation (i.e., DCX expression), the
results were not consistent and seemed to depend on the drug
used and the regime of administration. Indeed single injections
of chlorpromazine and olanzapine decreased the number of
hypothalamic neuroblasts, whereas the long-term administration
of chlorpromazine increased the neuroblast number, but the
long-term administration of haloperidol decreased neuroblast
formation (Rojczyk et al., 2015). Voluntary exercise has also
been shown to increase the number of BrdU-positive cells that
resembled tanycytes in the rat hypothalamus, and this was
accompanied by an increase in the expression of FGF-2 and
FGFR in the ependymal and the subependymal layers (Niwa
et al., 2016). Finally, in response to electrolytic lesioning of
the hypothalamus, an increase in new BrdU-labeled cells was
observed in the SVZ. This increase persisted for at least 30 days
post-injury, and some of the newly generated cells were shown
to migrate toward the hypothalamus, indicating that these two
neurogenic regions are likely interconnected (Cao et al., 2002).

Functional Roles of Hypothalamic Neurogenesis
Via its outputs to the pituitary gland, the hypothalamus serves
several key neuroendocrine, sexual, and physiologic functions
by modulating downstream targets such as the adrenal cortex,
thyroid, bones, muscles, sexual organs, and kidneys (Tsigos
and Chrousos, 2002). Therefore, many studies have investigated
the role of hypothalamic neurogenesis on these functions.
The following section will discuss the two most well-studied
functional implications of hypothalamic neurogenesis: metabolic
function and behavioral/sexual function (Lee and Blackshaw,
2012; Recabal et al., 2017).

The Role of Hypothalamic Neurogenesis in Metabolic
Function
A number of recent studies have elucidated the role of
hypothalamic neurogenesis in metabolic regulation. These effects
are primarily exerted in the cells lining the third ventricle and
mainly in the ARN, but also in the ME.

In an initial study, Kokoeva (2005) investigated the effects
of CNTF (a protein known to induce weight loss in both
obese rodents and humans) infusion in obese adult mice.
Surprisingly, the authors noted a strong presence of newly
generated neurons in the walls of the third ventricle (positive
for both BrdU and CNTF), and these effects persisted for
2 weeks after CNTF infusion. Furthermore, this effect appeared
to be mediated by an interaction between leptin and signal
transducer and activator of transcription 3 (STAT3), the newly
generated cells in the ARN expressed both POMC and NPY,
and inhibition of mitosis through treatment with cytosine-beta-
D-arabinofuranoside (AraC, an antimitotic agent) limited the
long-term effects of CNTF on neurogenesis (Kokoeva, 2005).
A subsequent study by Pierce and Xu (2010) largely confirmed
the results of Kokoeva (2005) by testing the effects of acute
vs. gradual agouti-related protein ablation (AgRP, an orexigenic
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factor). These authors found that the acute ablation of AgRP
led to weight loss and decreased food intake due to decreased
orexigenic drive but that gradual ablation had no metabolic or
feeding effect—suggesting a compensatory mechanism through
hypothalamic neurogenesis. A subset of neurons within the
gradual ablation group became AgRP-positive and leptin
responsive. The prevention of neurogenesis with AraC treatment
led to a decrease in feeding and reduced body fat. Thus, AgRP
is believed to play a role in energy homeostasis (Pierce and Xu,
2010). These results, combined with those previously described
in the study of Lee et al. (2012), further support an indirect
(STAT3-mediated) effect of leptin on hypothalamic neurogenesis
(Lee et al., 2012). To further investigate the role of hypothalamic
neurogenesis in food intake, Gouazé et al. (2013) evaluated the
effects of central administration of the antimitotic agent AraC in
adult mice under HFD for 3 weeks (Gouazé et al., 2013). HFD led
to an increased number of BrdU-positive cells in the ARN that
lasted up to 3 days, followed by a subsequent reduction in cell
number. In addition, blocking cell proliferation with AraC led
to increased weight gain on HFD, suggesting that hypothalamic
neurogenesis protects against excessive weight gain (Gouazé
et al., 2013).

In a subsequent study, Haan et al. (2013) evaluated whether
fibroblast growth factor 10 (FGF10, known to play a role in
maintaining progenitor cell function in neural and non-neural
contexts) would be involved in early tanycytic neurogenic
response to appetite and energy balance (Haan et al., 2013).
Notably, these authors found that most cells in the ME and
parenchyma of postnatal and adult mice do not have FGF10-
expressing progenitors and that FGF10 alpha-negative tanycytes
do not proliferate. On the other hand, FGF10-positive cells did
show neurogenic function and became scarcer with age, thus
highlighting the role of this factor in hypothalamic (tanycytic
neurogenesis; Haan et al., 2013). Robins et al. (2013) further
investigated the role of alpha subtype tanycytes in hypothalamic
neurogenesis and the effect of variable gene expression on
tanycyte cell function (Robins et al., 2013). In adult mice
(P42–56), a number of subsets of α-tanycytes were identified
with variable gene expression and neurogenic function. Notably,
α2-tanycytes were GFAP-positive (a marker of NSPC). Alpha
tanycytes were shown to give rise to more α2-tanycytes as well
as astrocytic cells. On the other hand, no evidence of neurogenic
function was found in beta tanycytes. Further findings confirmed
the responsiveness of alpha-tanycytes to FGF-2, which led
to enhanced α2-tanycyte proliferation. In addition, this study
also demonstrated that neurosphere location was correlated
with tanycyte position and that, in particular, α2-tanycytes
were located in neurospherogenic areas. All subtypes of alpha
neurospheres (including α1, ventral α2, and dorsal α2) exhibited
neurospherogenic function, but only α2-tanycytes showed stem
cell-like characteristics with robust self-renewal. α2-tanycytes
were characterized as being infrequently dividing stem-like cells
with limited, but apparent, renewal potential (Robins et al.,
2013). These results together suggest that tanycyte neurogenesis
in the ME leads to weight gain and changes in metabolic
function (Lee et al., 2013). In another study, Chaker et al.
(2016) assessed how hypothalamic neurogenesis changed over

time and was impacted by IGF-1 in male mice. These authors
found a significant increase in ependymal cell density between
4 and 16 weeks (adulthood). and this was almost exclusively the
result of an increase in alpha-tanycytes. Notably, at 9 months
of age, the predominant new cell type in the ARC and ME
was tdTomato-positive neurons (indicating recent proliferation).
Furthermore, the newly integrated neurons were STAT3-
negative and did not co-localize with NPY; however, some
new neurons produced growth-hormone-releasing hormone and
most had receptors for GABA or glutamate, suggesting that
these were most likely interneurons. Moreover, deletion of
the IGF-1 gene increased short- and long-term neurogenesis,
indicating that the suppression of IGF-1 signaling could reduce
the decline in hypothalamic neurogenesis associated with age
(Chaker et al., 2016).

Lee et al. (2014) assessed the differential effect of a HFD, a
low-protein diet (LPD), and a calorie-restricted diet on various
neurogenic areas of the hypothalamus in male and female
rats (Lee et al., 2014). First, in young adult female rats, HFD
and LPD decreased the BrdU-labeled neurons in the ARN but
increased the levels of new neurons in the ME. Conversely, a
reduction in ME neurogenesis in response to calorie restriction
in the ME was also observed despite a main effect of diet
on ARN neurogenesis. Results in the ME demonstrated that
there was a main effect of diet on ME neurogenesis and
that there was a sex-diet interaction, such that female rats on
HFD showed higher levels of neurogenesis than normal-chow-
fed female rats. This effect, however, did not exist in males.
Sex itself did not affect ME neurogenesis, and this sex–diet
effect was not present in rats fed normal chow. Additionally,
females had different rates of neurogenesis in the ME vs. in
the ARN, while there was no difference in males between these
two areas. Thus, HFD-dependent modulation of neurogenesis
is sexually dimorphic, but only in the ME region. Consistent
with these findings, blocking ME neurogenesis only reduced the
HFD-induced weight gain in young adult female rats, but not in
their age-matched male counterparts (Lee et al., 2014).

Given these differential effects of diet on hypothalamic
neurogenesis in male and female rats, Bless et al. (2016)
studied the effects of estrogen in regulating this process. Female
P70–84 mice were bilaterally ovariectomized and randomized
into either standard diet or HFD plus estrogen or vehicle (four
groups in total; Bless et al., 2016). Animals treated with estrogen
showed lower food intake than animals treated with vehicle,
and HFD–vehicle animals weighed 35% more than those from
the other treatment groups. The results showed that estrogen
decreased neurogenesis in the anterior, medial, and posterior
regions of the ARN and the anterior, medial, and posterior
VMH. Furthermore, although HFD increased neurogenesis, this
was attenuated by estrogen. All of these regions contained cells
expressing BrdU and estrogen receptor (ER) alpha. In addition,
HFD tended to increase the number of ER-expressing cells in
the medial ARC and the medial VMH, and estrogen attenuated
this effect. Some of the newly generated neurons were leptin
responsive as indicated by STAT2 labeling. The number of
ER-positive cells was greater in the medial ARC and the medial
VMH of mice fed HFD, while the number of leptin-sensitive

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 September 2020 | Volume 14 | Article 576444107

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Jurkowski et al. Adult Neurogenesis Throughout the Brain

neurons in the entire VMH was increased by HFD. This had no
effect on leptin-sensitive cells in the ARC. Additionally, these
authors also reported that ER and STAT3 co-expressing cells
were most dense in the medial ARC and that estrogen 2 (E2)
in HFD-fed mice affects FGF10 gene expression, suggesting a
mechanism by which estrogen can downregulate hypothalamic
neurogenesis (Bless et al., 2016). Therefore, it can be speculated
that differences in estrogen levels between male and female rats
may underlie the sex-specific effects of HFD on weight gain (Lee
et al., 2014).

Given the apparent role of hypothalamic neurogenesis in
fat storage and metabolic regulation, Nascimento et al. (2016)
sought to study the dietary influence of n-3 polyunsaturated fatty
acids (PUFA) on hypothalamic neurogenesis (Nascimento et al.,
2016). In 16-week-old mice, PUFA substitution for saturated
fatty acids had the metabolic effects of reducing body mass,
increasing caloric intake, and improving leptin response. This
was manifested at the level of the hypothalamus by a further
increase in hypothalamic neurogenesis above the level seen
with HFD; however, PUFAs were found to primarily increase
the levels of POMC-expressing hypothalamic neurons and not
NPY-containing neurons, which is consistent with the metabolic
findings. Furthermore, POMC was co-expressed with BDNF
and GPR40 (a receptor for free fatty acids), while blockage of
GPR40 blocked the neurogenic effects of PUFAs and blockage
of BDNF led to a global reduction in hypothalamic neurons
(Nascimento et al., 2016).

The Role of Hypothalamic Neurogenesis in
Sexual/Mating Behaviors and Social Functions
The neurogenic and hormonal bases for social changes have
been studied to a great extent. For example, hypothalamic
neurogenesis in birds may influence social function, including
song learning and mating. Bernstein et al. (1993) showed a
recovery of courtship ability in male ring doves exposed to female
birds following a hypothalamic lesion (Bernstein et al., 1993).
In addition, female nest cooing has been shown to increase
luteinizing hormone (LH) release (Cheng et al., 1998); moreover,
estrogen affects IGF-1 receptor expression in the hypothalamus,
and this is believed to have a role in LH surges (Pons and
Torres-Aleman, 1993; Todd et al., 2010). Furthermore, courtship
interactions lead to GnRH production in males (Mantei et al.,
2008), which may influence neurogenesis in the hypothalamus.

Cheng et al. (2004) examined the effects of acoustic stimuli
in the hypothalamus of electrolytically lesioned ring doves.
BrdU-labeled cells were present within the first month and
matured into neurons at 2–3 months post-lesion (BrdU/NeuN-
positive and GFAP-negative; Cheng et al., 2004). This was
accompanied by mature patterns of electrical activity and
restoration of coo-responsive units (Cheng et al., 2004). In fact,
electrolytic lesioning in ring doves was shown to result in the
increased production of BrdU/GnRH-positive neurons in the
hypothalamus in both males and females. In addition, more
new neurons were developed during the pre-laying reproductive
phase, suggesting that they may play a role in the reproductive
cycle (Cheng et al., 2011). Another study showed that female
interaction propagated the neurogenic effects of electrolytic

lesioning in the hypothalamus of adult male ring doves (Chen
et al., 2006). Notably, this effect could be inhibited by blockage
of cell mitosis with AraC treatment (Chen and Cheng, 2007).
Fowler et al. (2002, 2005) obtained similar results in female
prairie voles. Indeed male exposure increased the number
of BrdU-labeled cells proliferating in the female prairie vole
hypothalamus. Interestingly, BrdU-labeled hypothalamic cells
also labeled positive for TuJ1 (Fowler et al., 2002). Notably,
treatment with estrogen accentuated these changes in the
hypothalamus, particularly in meadow voles (Fowler et al., 2005).
Taken together, these studies indicate that indeed hypothalamic
neurogenesis may play an important role in social interactions
in general and mating behaviors in particular, at least in birds.
Further studies are warranted to determine whether the same is
true in mammals, including humans.

Neurogenesis in the Striatum and the
Substantia Nigra
Generation of New Neurons in the Striatum
The heterogeneity of striatal neurons has been described for
many years. In 1995, Parent et al. described a small subpopulation
of CR-expressing neurons, including large branching neurons
and medium-sized round neurons, with limited connectivity
(Parent et al., 1995). These CR-expressing neurons have become
an area of interest and have been reported in varying amounts in
the striatum of rats, monkeys, and humans. Notably, these striatal
neurons can be generated postnatally, as it was demonstrated
using carbon-14 (C14) labeling (Spalding et al., 2005).

Indeed the presence of postnatally generated CR-positive
neurons was first demonstrated in 1999 (Schlösser et al., 1999).
By using immunohistochemistry for CR and parvalbumin (PV),
the authors were able to show that, after birth, there is an
increase in this population of CR-expressing neurons in the
lateral striatum of rats. This increase peaked at 5 days and
then decreased over the next 2 weeks. Notably, the number
of PV-positive cells also increased up to 2–3 weeks following
birth (Schlösser et al., 1999). Since these initial observations,
several studies have described the migration of neurons from
the SVZ to the striatum in multiple animal models. Notably
and in agreement with these animal findings, a human
transcriptome analysis revealed DCX levels in the striatum that
were comparable to those seen in the hippocampus (Kang et al.,
2011). These results were further supported by western blot
analysis, showing that DCX and PSA-NCAM protein levels were
comparable between the striatum and the hippocampus (Tong
et al., 2011).

Using the isotope C14, the ground-breaking study by Ernst
et al. (2014) provided further insight into the occurrence of
striatal neurogenesis in the human brain and how this varies
from that seen in animal models. This retrospective birth dating
study utilized human brain samples from the Cold War era,
during which atmospheric C14 increased, so as to use C14 to
establish time of DNA synthesis. This study identified five
main cell subtypes in the striatum, including DCX-positive
cells, which often co-localized with CR and NPY. Of these
NPY- and CR-expressing cells, about 20% were devoid of
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or contained low lipofuscin, an indicator of early cell age.
Of the five subtypes of neurons, the medium-sized spiny
neurons demonstrated C14 levels consistent with presence at
birth, thus suggesting no neurogenic potential. The four types
of interneurons contained C14 correlating with time-points
after birth, demonstrating post-natal neurogenesis. Furthermore,
non-neuronal cells (e.g., oligodendrocytes) also exhibited C14

levels, suggesting gliogenesis after birth. Interestingly, this
study also assessed neurogenic potential in specimens from
individuals with HD. Retrospective dating of neurons from
HD striatal samples showed lower turnover rates in general,
and in particular, grades 2 and 3 HD patients presented C14

levels that indicated no generation of new neurons after birth
(Ernst et al., 2014).

Modulation of Striatal Neurogenesis
A variety of animal models have also pointed to a number of
regulatory factors that enhance or inhibit striatal neurogenesis.
FGF-2 and endothelial growth factor (EGF) were originally
shown to increase BrdU/NeuN double-labeling following
ischemia (Yoshikawa et al., 2010). On the other hand, parallel
studies have indicated that the increased expression of the
pro-neurogenic trophic factors BDNF (Im et al., 2010) and nerve
growth factor (Zhu et al., 2011) is associated with functional
recovery following ischemia. Moreover, overexpression of Bcl-2
was also shown to reduce the negative effects of ischemia while
enhancing striatal neurogenesis (Lei et al., 2012).

Notably, various drugs have also been shown to increase
striatal neurogenesis. For example, methamphetamine was
shown to induce a low level of neurogenesis in the striatum
of rats (Tulloch et al., 2014). In addition, an increase in
the number of BrdU-labeled neurons co-expressing various
striatal neuronal markers (including ChAT, PV, and dopamine-
and cAMP-regulated phosphoprotein of molecular weight
32 kDa, DARPP-32) was also observed in the striatum
of methamphetamine-treated mice. This methamphetamine-
induced increase in striatal neurogenesis may reflect an
endogenous compensatory mechanism to partially counteract
striatal neuronal death induced by this drug (Tulloch et al.,
2014). Lastly, the antidepressant pramipexole was also shown to
increase the number of DCX-labeled neuroblasts in the dorsal
region of the striatum (Salvi et al., 2016).

Ischemia/Stroke and Striatal Neurogenesis
A number of studies have described the heterogeneous nature
of SVZ stem cells as well as their potential in contributing to
the generation of new striatal neurons (Suzuki and Goldman,
2003; Young et al., 2007; Shapiro et al., 2009). Indeed through
retrovirus-mediated GFP expression, new SVZ cells have been
shown to migrate in several directions, including towards the
striatum, resulting in the subsequent production of interneurons
and non-neuronal cells (Suzuki and Goldman, 2003). In
agreement, Inta et al. (2008) also showed SVZ cell migration
to the striatum, cortex, and amygdala (Inta et al., 2008). BrdU
and DCX labeling confirmed the neuronal fate of these cells,
which were shown to develop into GABAergic interneurons.
New striatal neurons were also shown to express various
neuronal markers, including DCX, CRMP4, and NeuN, as well

as neuron-specific enolase, glutamic acid decarboxylase (GAD-
67), and CR (Dayer et al., 2005). Dayer et al., 2005 investigated
the neuronal fate of SVZ BrdU- and DCX-positive cells in
mice and showed a combination of migratory and newly
integrated striatal cells. After 4–5 weeks, these BrdU-labeled cells
expressed NeuN, Gad-67, and CR, resided mostly in the nucleus
accumbens and the dorsomedial striatum, and were GABAergic
(Dayer et al., 2005). Notably, empty spiracles homeobox 1
(Emx-1) transgenic mice revealed a further contribution of
the Emx-1 lineage to the development of medium-sized spiny
neurons in the striatum; however, this did not persist into
adulthood (Gorski et al., 2002; Cocas et al., 2009). Similar
findings have also been observed in squirrel monkeys. BrdU
labeling in 4–6-year-old monkeys showed a large number
of newly generated neurons in the striatum, with 5–10%
co-expressing NeuN and suggesting that neurogenesis in this
brain structure persists throughout adulthood (Bédard et al.,
2002a). Furthermore, these neurons expressed factors involved in
neuronal commitment and maturation. Notably, BrdU labeling
revealed that these neurons were likely originated in the SVZ but
deviated from the RMS, thus never reaching the OB and instead
completing their differentiation and maturation in the striatum
(Bédard et al., 2002b).

Interestingly, ischemic/stroke animal models generally show
increased neurogenic potential in the striatum. This has been
suggested as a method of self-repair following an ischemic event
affecting the striatum. In a ground-breaking study, Arvidsson
et al. (2002) used double-labeling with BrdU and DCX or
NeuN and found a marked increase in proliferation and striatal
recruitment of SVZ neuroblasts following occlusion of the
middle cerebral artery in rats. Indeed a large number of these
cells migrated into the striatum, some of which developed into
striatal medium-sized spiny neurons or other mature neurons
as indicated by the expression of Meis homeobox 2, Pbx
homeobox, and DARPP-32. This study also demonstrated that
AraC treatment markedly reduced the number of BrdU/DCX-
positive cells in the striatum (Arvidsson et al., 2002). In a
different study, GFAP labeling of SVZ cells after focal cerebral
ischemia also demonstrated that the SVZ is indeed a source
of striatal neuroblasts following an ischemic injury. After
injury, a transient increase in DCX-positive cells and in long
migratory neuroblast chains associated with striatal blood vessels
was noted. Notably, these migrating neuroblasts proceeded to
mature, express presynaptic vesicles, and form synapses within
the striatal neurocircuitry (Yamashita et al., 2006). However,
new migrating SVZ neurons have been shown to associate
with both newly formed as well as old blood vessels in the
post-stroke striatum, which means that these blood vessel-
associated migratory pathways may not be essential (Kojima
et al., 2010). Nevertheless, these newly produced GABAergic
and cholinergic striatal neurons have been shown to develop
dendrites, spines, and electrophysiological properties indicative
of full integration into the pre-existing neuronal network of the
striatum (Hou et al., 2008). That being said, some studies have
also found that newly developed neurons may not fully replace
the full spectrum of neurons lost due to ischemic injury. For
example, a study using a neonatal rat model of hypoxia/ischemia
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by Yang et al. (2008) suggested that all newly generated neurons
in the striatum are CR-positive but not positive for DARPP-32,
calbindin, PV, somatostatin, or choline acetyltransferase (Yang
et al., 2008). A later study also noted that NSCs from the
SVZ give rise to striatal interneurons that express CR and Sp8
(a marker for mature striatal neurons) that persist long after
DCX expression ceases. None of these newly generated neurons,
however, expressed medium spiny neuron markers (Wei et al.,
2011). The discrepancies among studies may reflect differences
in the rodent models of stroke/ischemic insult used, the extent
of ischemic striatal damage, as well as the age of the animals at
the time of experimentation (which can impact their intrinsic
neurogenic potential). Further studies are thus warranted in
order to fully reconcile these results and determine the extent to
which SVZ/striatal neurogenesis can be used as an endogenous
strategy to replace the neurons lost following ischemic insults
in rodents.

On the other hand, monkey models of ischemia showed lower
neurogenic potential in response to stroke. While a significant
increase in the number of newly generated neurons was observed
following BrdU labeling in limited regions with variable presence
in the striatum (Tonchev et al., 2003, 2005), a further analysis
of the origin and the migration patterns of these neurons
showed that these tended to migrate towards the OB, not the
striatum. The striatum did, however, retain a small number of
BrdU-positive cells (Tonchev et al., 2005).

Neurodegenerative Disorders and Striatal
Neurogenesis
Nigrostriatal projections are implicated in neurodegenerative
movement disorders, particularly HD and PD.

Table 2 summarizes the studies that have evaluated adult
neurogenesis in the striatum and/or SN of HD and PD models.
Notably, a number of studies have shown variable results with
respect to the levels of endogenous neurogenesis in the HD
striatum and how these can be modulated. In a quinolinic acid
lesion model of HD in rats, an increase in SVZ proliferation was
detected (as assessed with BrdU labeling), with newly developed
neuroblasts migrating from the SVZ to the lesioned striatum
(Tattersfield et al., 2004). However, in the R6/2 transgenic
HD mouse model, no increase in the number of proliferating
nuclear antigen (PCNA)-labeled cells was observed in the
SVZ, and none of the detected BrdU-labeled cells co-expressed
DCX or NeuN, indicating that, in this transgenic model, the
striatum does not provide the necessary environment for the
development of progenitor cells into mature neurons (Kohl
et al., 2010). However, these transgenic HD mice did show
an increase in the number of proliferating BrdU-labeled cells
in the SVZ and the striatum in response to FGF-2 treatment.
Notably, the new striatal cells recruited after administration of
FGF-2 presented phenotypical features of medium-sized spiny
neurons (as indicated by DARPP-32 immunolabeling), and this
increase in endogenous striatal neurogenesis was accompanied
by an improvement of functional outcomes in this animal
model of HD (Jin et al., 2005). In another study, BDNF,
in combination with Noggin (which suppresses gliogenesis),
increased the number of BrdU/B-tubulin-III-positive neurons

(which became DARPP-32 GABAergic neurons) and delayed
disease progression in R6/2 transgenic mice (Cho et al., 2007).
Moreover, when these mice were co-treated with AraC, these
effects were negated due to the impaired production of new
cells (Cho et al., 2007). Furthermore, in an excitotoxic model
of HD, the development of striatal clusters of DCX- and/or Ki-
67-positive cells that were closely associated with astrocytes was
observed (Nato et al., 2015). Notably, a post-mortem analysis of
the HD striatal subependymal layer also showed an increase in
the expression of PCNA, β-tubulin-III GFAP, and NeuN-positive
cells, suggesting that an increase in striatal HD neurogenesis may
indeed be an endogenous compensatory mechanism in the HD
striatum (Curtis et al., 2003).

With regards to PD, Kay and Blum (2000) were the first
to demonstrate the existence of a population of BrdU-positive
cells in the mouse striatum, which increased in number
in response to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) lesioning, an experimental model of PD. However, these
cells only differentiated into GFAP-positive astrocytes (Kay and
Blum, 2000). A 6-hydroxydopamine (6-OHDA) model of PD
showed an increase in the number of BrdU/NeuN-labeled cells
in the striatum, but none of these co-labeled for DARPP-32 (a
marker of striatal neurons; Mohapel et al., 2005). Liver growth
factor (LGF) likewise failed to stimulate neurogenesis in the
striatum or SN of 6-OHDA-lesioned rats but did stimulate the
outgrowth of neuronal terminals (Reimers et al., 2006). On the
other hand, Porritt et al. (2000) found a new population of
dopaminergic neurons expressing dopamine transporter (DAT)
and tyrosine hydroxylase (TH) in post-mortem striatal samples
of 10 PD patients, suggesting the existence of a potential
endogenous compensatory mechanism in the PD striatum
(Porritt et al., 2000; Table 2).

PD and SN Neurogenesis
The SN may contain NPCs, and if neurogenesis does occur in
the SN, this may be decreased in the PD brain (Höglinger et al.,
2004; Freundlieb et al., 2006; L’Episcopo et al., 2012). Kay and
Blum (2000) first demonstrated the existence of a population of
BrdU-labeled neurons in the SN of MPTP-lesioned male mice.
However, within the SN, these cells remained undifferentiated
(Kay and Blum, 2000). Lie et al. (2002) also observed a population
of BrdU-positive cells in the SN; however, these progenitor cells
preferentially differentiated into glial cells rather than giving rise
to new neurons in this brain region (Lie et al., 2002).

Despite these initial observations, Zhao et al. (2003) found
that the BrdU-labeled cells in normal mouse SN did eventually
express the neuronal markers Hu and NeuN and developed
synaptic connections to the striatum (Cassidy et al., 2003).
Furthermore, it was suggested that dopamine itself (through
the activation of dopamine D3 receptors) could induce the
generation of new neurons (positive for BrdU, NeuN, and
the dopaminergic marker TH) in the SN (Van Kampen and
Robertson, 2005).

These findings, however, were not fully replicated in
subsequent studies. Indeed using the exact same methods
of the study of Zhao et al. (2003), Frielingsdorf et al.
(2004) found no evidence of dopaminergic neuronal turnover
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TABLE 2 | Summary of studies that have evaluated adult neurogenesis in the striatum and/or substantia nigra in models of Parkinson’s disease (PD; blue) or
Huntington’s disease (HD; orange).

Species Age/Sex Manipulation/Treatment Proliferation Survival/Differentiation Reference

C57BL/6 mice 3 mo;Female Weight and age
matched
PPX (3.0 mg/Kg) vs
ROP (3.0 mg/Kg)

PPX:
↑DCX;striatum

Salvi et al. (2016)

Sprague-Dawley Rats Adult; Female BDNF and
Platelet-derived growth
factor (PDGF)
SN Lesion with
6-OHDA

↑BrdU 3wk after Growth Factor
treatment:
↑BrdU/NeuN
↓BrdU/DARP-32

Mohapel et al. (2005)

Sprague-Dawley Rats Adult; Female 6-OHDA lesions
Intrastriatal LGF
infusions

N/S ↑TH innervation in LGF
infused group

Reimers et al. (2006)

C57BL/6 mice (from
Harlan
Sprague-Dawley)

8 wk MPTP lesion ↑BrdU; SN and
dorsal striatum

↑BrdU/GFAP Kay and Blum (2000)

Sprague-Dawley rats 8-9 wk; Female 6-OHDA lesions
FGF-2
FGF-8b

↑BrdU; SN ↑BrdU/Nestin
↓ BrdU w/ either B-tubulin
III, NeuN, or TH; SN
FGF-2, FGF-8b:
↑B-tubullin III

Lie et al. (2002)

C57B1/6 mice 2-20 mo; Male MPTP Lesion
Ara-C

↑BrdU ↑BrdU/TH; SN 3 wk post
lesion
Ara-C group:
↓TH cells

Zhao et al. (2003)

Sprague-Dawley Rats 250 g; Female Injections of 7-OH
DPAT vs 0.9 saline

N/S ↑BrdU, BrdU/NeuN,
BrdU/TH

Van Kampen and Robertson (2005)

Unspecified mouse
species

60-80 days;
N/S

pNes/Lacz transgenic
mice
MPTP Lesion

N/S ↑ NeuN/LacZ ; Substantia
Nigra
↑ BrdU

Shan et al. (2006)

C57BL/6J Mice 8-10 wk; Male MPTP Lesion
Exercise

N/S Exercise (compared to
no exercise in both
vehicle and MPTP
groups):
↑TH-labelled Neurons

Smith et al. (2011)

C57B16 mice 8-12 wk;
Female

MPTP lesion
Levodopa treatment

↑BrdU ↑NG2
↓TH cells

Klaissle et al. (2012)

Mice 3 mo; N/S Thlox mice,
nestin-CREERT2 mice ,
SOX2-CREERT2 mice

N/S Thlox mice,
nestin-CREERT2 mice:
↓TH cells

Albright et al. (2016)

C57bL/6 mice 25-40 g; N/S Rgs5GFP/+ transgenic
alteration
Partial 6-OHDA
PDGF-BB
mini-osmostic pump

N/S 6-OHDA group:
↑PDGFRβ+
PDGF-BB group:
↑ RGS5, NG2; VMS and
DLS

Padel et al. (2016)

C57bL/6 mice
Spraque-Dawley rats

9-10 wk; N/S
9-10 wk; N/S

6-OHDA lesion
BDNF

N/S ↓ BrdU/TH Frielingsdorf et al. (2004)

C57BL/6 mice
Sprague-Dawley rats
Human
Macaque monkey

10 wk; Female
10 wk; Male

Retroviral Labeling
(GFP)
MPTP lesion
Human:
PD and other
neurological conditions

N/S ↓ GFP/GFAP
↑PSA, TH/PSA; SN

Yoshimi et al. (2005)

C57/B16 mice 40-60 d; N/S 6-OHDA Lesion
Minocycline-mediated
inhibition of
neuroinflammation

N/S ↑DCX, GFAP; SN Worlitzer et al. (2013)

Wistar Rats Adult; Male Quinolinic Acid (QA)
lesion

↑BrdU; ipsilateral
SVZ and lesioned
striatum

↑BrdU and DCX; QA
induced striatal lesion area,
20-30% BrdU/DCX

Tattersfield et al. (2004)

R6/2 Mice Adult; Female N/A No difference from
Wild Type Mice

↑DCX; SVZ neuroblasts in
striatum

Kohl et al. (2010)

(Continued)
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TABLE 2 | Continued

Species Age/Sex Manipulation/Treatment Proliferation Survival/Differentiation Reference

R6/2 Mice N/S; Male and
Female

Heterozygous Htt Exon-1
Transgenic
FGF-2 stimulation

FGF-2:
↑BrdU; SVZ,

FGF-2:
↑DCX; SVZ

Jin et al. (2005)

R6/2 Mice 6wk, 4wk; N/S BDNF/Noggin injections
Ara-C

N/S BDNF/Noggin:
↑DARPP-32/BrdU, GAD67/BrdU.
BrdU/BIII-tubulin

BDNF:
↓ DARPP-32/BrdU, GAD67/BrdU

Cho et al. (2007)

Acronyms and Abbreviations: 6-OHDA, 6-hydroxydopamine, 7-OH DPAT, 7-hydroxy-diproprlaminotetralin; BAC, Bacterial Artificial Chromosome; BDNF, brain-derived
neurotrophic factor; BrdU, Bromodeoxyuridine; DA, Dopaminergic; DCX, Doublecortin; FGF-2, Fibroblast Growth Factor 2; FGF-8b, Fibroblast Growth Factor 8b; GFAP, Glial Fibrillary
Acidic Protein; GFP, Green Fluorescent Protein; HD, Huntingdon’s Disease; LGF, liver growth factor; MPTP, 1-Methyl-4-Phyenyl-1,2,3,6-Tetrahydropyridine; NeuN, Neuronal Nuclei;
NG2, Neuro-Glial Antigen 2; PD, Parkinsons’s Disease; PDGF-BB, Platelet-Derived Growth Factor Receptor BB; PDGFβ+, Platelet-Derived Growth Factor Receptor-beta; PSA,
Polysialic Acid; RGS5, Regulator of G-protein Signaling 5; SN, Substantia Nigra; TH, Tyrosine Hydroxylase; VMS, Ventro-Medial Striatum; DLS, Dorso-Lateral Striatum; wk, weeks; mo,
months.

in the SN of normal, hemiparkinsonian, and BDNF-treated rats
(Frielingsdorf et al., 2004). In another study, newly proliferating
cells in the SN of mice or rats (with or without MPTP treatment)
were shown to actually express glial markers (Yoshimi et al.,
2005). In agreement, Worlitzer et al. (2013) found that, while
there was a population of DCX-expressing cells in the SN of
6-OHDA PD mice, these did not stain positive for TuJ1 or
NeuN but instead resulted in gliogenesis. Notably, this effect
was not affected by treatment with minocycline (Worlitzer et al.,
2013). On the other hand, although an increase in BrdU and
NeuN co-labeling was seen in the SN of a 6-OHDA PD rat
model, none of the newly generated neurons developed into
DARPP-32-positive dopaminergic neurons, arguing against the
complete differentiation/maturation and functional integration
of these newly generated neurons into the nigrostriatal circuitry
(Mohapel et al., 2005). Moreover, although NPCs (that became
positive for NeuN) were detected in the SN of a pNES-LacZ
mouse model, the same was not found in normal mice (Shan
et al., 2006). Furthermore, although MPTP lesioning was
shown to increase the numbers of NPCs as well as TH- and
NeuN-positive cells, these new SN cells were likely derived and
migrated from other regions of the brain (Shan et al., 2006).
Indeed it is possible that the new cells found in the SN actually
developed from the ventricular system and that lesioning of
dopaminergic neurons in the SN could increase the rate of SVZ
(and not SN) precursor proliferation and neurogenesis (Cassidy
et al., 2003).

The potential effects of various non-pharmacological and
pharmacological therapeutic strategies on striatal (i.e., SVZ)
and SN neurogenesis have also been assessed in different PD
models. For example, exposure to treadmill exercise was found
to further accentuate striatal/SN neurogenesis in both normal
and MPTP-lesioned mice. Indeed exercise was shown to increase
the number of TH-labeled neurons in the SN of MPTP-lesioned
mice, an effect that was accompanied by functional recovery
(Smith et al., 2011). In a different study, levodopa was also
shown to increase BrdU- and nestin-labeled cells in the SN
of MPTP mice, but these changes did not persist beyond
10 days. On the other hand, while exercise was not shown
to have an effect on SN neurogenesis in this study, when

exercise was used in combination with levodopa treatment,
an increase in the number of BrdU/neural/glial antigen 2
(NG2)-positive cells was observed in the SN. Therefore, it
appears that the effects of exercise on SN neurogenesis may
be dopamine dependent (Klaissle et al., 2012). In addition,
guanosine treatment was shown to decrease apoptosis, increase
the number of dopaminergic neurons, enhance cell proliferation
in the SN pars compacta, and improve motor function in a rat
model of proteasome-inhibitor-induced parkinsonism (Su et al.,
2009). Various endogenous factors have also been implicated
in the modulation of SN neurogenesis. For example, Albright
et al. (2016) found that a population of nestin-positive cells
contributes to dopaminergic neuron turnover in this brain
structure (Albright et al., 2016). Furthermore, using a 6-OHDA
mouse model, Padel et al. (2016) also showed that platelet-
derived growth factor (PDGF) can lead to the restoration of
nigrostriatal fiber tracts (Padel et al., 2016).

Neurogenesis in the Cortex
Identification of Neural Precursors in the Cortex
Although the cortex has not been classically considered as a
‘‘true’’ neurogenic area, various studies have indicated that neural
precursor cells can be found in cortical areas. For example,
Magavi et al. (2000) reported the presence of BrdU/NeuN-,
BrdU/DCX-, and BrdU/Hu-positive neurons in the cerebral
cortex after the induction of synchronous targeted apoptosis in
layer VI of the cortex and that these new cells persist for at
least 28 weeks post-injury (Magavi et al., 2000). In another study,
neuroblast migration (i.e., presence of BrdU/DCX-positive cells)
and maturation (i.e., presence of BrdU/NeuN-positive cells)
were seen in damaged areas of the motor cortex (particularly
in layer V). Notably, some of these newly generated motor
neurons showed long-term survival (>56 weeks) and developed
projections into the spinal cord (Chen et al., 2004). In another
study, new neurons present in the motor cortex (as indicated
by the co-expression of NeuN and NG2 in this brain region)
were suggested to arise from both migratory neurons (originated
in the SVZ) as well as precursor cells in situ. However,
in this study, the new neurons appeared to be GABAergic
interneurons rather than motor neurons (Dayer et al., 2005). The
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existence of a population of cortical progenitor cells was further
confirmed by Tamura et al. (2007), who found NG2-positive
cells co-expressing DCX in the rat neocortex. These authors
further suggested that 1% of the newborn cells present in the
neocortex committed to the neuronal lineage (TUC-4-positive),
while approximately 10% of the progenitors differentiated into
glial cells (Tamura et al., 2007).

Mixed results have been reported with regards to the
neurogenic potential of the primate cortex. In macaque monkeys,
BrdU labeling showed a limited presence of new neurons
as well as glial cells (positive for GFAP) in the principal
sulcus of the neocortex up to 12 weeks after BrdU treatment.
Although the number of newborn cells did begin to decrease
9 weeks after BrdU injection, a small but significant number
of NeuN-expressing cells was found in the neocortex at
2 and 9 weeks (Gould et al., 2001). However, a parallel
study failed to replicate these findings and found no new
neuronal production (as assessed with BrdU, GFAP, NeuN,
and TuJ1 immunohistochemistry) in the principal sulcus of
the neocortex 10–23 days after BrdU injection (Kornack and
Rakic, 2001). Bernier et al. (2002) examined the piriform and the
inferior temporal cortex of New World and Old World monkeys.
NeuN, MAP-2, and TuJ1 labeling confirms that the BrdU-labeled
cells in these regions expressed neuronal markers. These cells
persisted to some extent by day 28 and were positive for Bcl-2
(which participates in the maturation of neuroblasts). However,
evidence suggested that these newly generated cells were not
native to the cortex but rather migrated from the SVZ (Bernier
et al., 2002).

With regards to human studies, Arsenijevic et al. (2001)
isolated progenitor cells from the adult human frontal and
temporal cortex. In addition, the in vitro treatment of these
progenitor cells with FGF-2 and EGF led to the formation
of multipotent neurospheres, suggesting that indeed the adult
human cortex possesses some neurogenic potential (Arsenijevic
et al., 2001). However, a study using accelerator mass
spectrometry to measure C14 levels in post-mortem tissue
from individuals exposed to radioactivity found that none of
the NeuN-expressing cells of the human cortex displayed the
integration of this isotope. This finding suggests that new
neurons in the human cortex may not fully differentiate during
adulthood and that in vitro and in vivo data may not necessarily
correlate (Bhardwaj et al., 2006). Furthermore, the occurrence of
cortical stroke did not appear to induce or increase neurogenesis
in humans in a similar analysis conducted several years later.
Given these findings, the generation of new neurons in the
human cortex is unlikely to continue into adulthood.

SVZ-Generated Neural Progenitors and Cortical
Neurogenesis
Although some earlier studies in rodents were only able
to identify the production of cortical glial cells from SVZ
progenitors (Gould et al., 1999b; Suzuki and Goldman, 2003;
Dayer et al., 2005), others reported evidence of SVZ-mediated
cortical neurogenesis. For example, an increase in the expression
of BrdU/MAP-2-labeled new neurons was found in the cortical
layers of 12-week-old rats subjected to cortical stroke. However,

these new neurons represented only a small portion of the new
cells seen in the injured area (Gu et al., 2000). In another study,
Jiang et al. (2001) found BrdU-positive cells co-expressing the
mature neuronal markers MAP-2, β-tubulin III, or NeuN in the
ischemic mouse cortex (Jiang et al., 2001).

Notably, at least part of these newly generated cells may
have originated in the SVZ. Indeed, Inta et al. (2008) showed
that SVZ BrdU-positive cells were able to populate the cortex
and develop into GABAergic neurons. These newly generated
neurons persisted up to 30 days after birth (Inta et al., 2008),
with additional evidence suggesting that they may survive as
long as 1 year (Osman et al., 2011). In addition, Jin et al. (2003)
found that 90 min of focal ischemia resulted in cell migration
from the RMS and the anterior SVZ into the cortex. A subset of
these newly generated cells expressed nestin, suggesting neuronal
differentiation; however, not all of these newly generated
and migrating cells were neuronal (Jin et al., 2003). Cortical
neurogenesis, maturation, and survival were also shown in
serotonin (5HT) receptor 3a-enhanced green fluorescent protein
(5HT3a-EGFP) transgenic mice in response to ischemic lesion.
EGFP and BrdU co-labeling indicated an increase in SVZ
neuroblast production at 2 weeks post-stroke, and these newly
generated neurons were shown to populate the injured cortical
region. Notably, labeling with caspase-3 (an apoptotic marker)
indicated that only 3–5% of these cells underwent apoptosis
by 35 days, while 50% of them expressed NeuN, indicating
neuronal differentiation and maturation (Kreuzberg et al., 2010).
Saha et al. (2013) further characterized the SVZ and cortical
neurogenic responses to stroke. According to these authors,
cortical lesion increased the number of SVZ cells expressing
BrdU both ipsilaterally and contralaterally to the lesion, and this
increase in proliferation peaked at 7 days. Notably, most of these
cells deviated from the RMS and showed ectopic migration to the
cortex via the corpus callosum. Most of this migration was guided
along blood vessels or glial cells (Saha et al., 2013). A later study
hypothesized that neurogenic changes in response to middle
cerebral artery occlusion (MCAO) may vary longitudinally.
Indeed a decrease in SVZ neurogenesis was observed 1 day
post-infarct, whereas a peak increase in cell proliferation was
noted at day 14, followed by a subsequent reduction at 28 days.
In addition, this study also defined three potential destinations
for the newly generated cells: Z1, the SVZ itself; Z2, along
the corpus callosum; and Z3, the infarcted area of the cortex,
with MCAO increasing migration to the Z2 and Z3 regions.
The number of new neurons (BrdU/NeuN-positive) was high
in the infarcted area between days 7 and 14, decreased by day
28, and then increased again 65 day post-stroke, suggesting a
long-term sustained effect. Curiously, there was no difference
between ischemic and control mice in terms of NeuN-expressing
neurons, indicating that the newly generated neurons replaced
the ones lost due to stroke (Palma-Tortosa et al., 2017).
Mechanistically, this SVZ-mediated cortical neurogenesis is
thought to be modulated by toll-like receptor 4 (TLR4). Indeed
TLR4 was shown to play a key role in the migration of
neurons from the SVZ to the cortex and their subsequent
maturation, with TLR4-deficient mice presenting with increased
levels of neuroblasts along the migratory path, without these ever
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reaching their final destination and maturation stage (Moraga
et al., 2014). Table 3 provides a summary of the studies that have
evaluated neurogenesis in the cortical region in models of cortical
stroke/ischemia.

Cortical-generated Neural Progenitors and Cortical
Neurogenesis
Notably, the SVZ may not be the only supply of new cortical
neurons following stroke, and NSCs/progenitor cells may reside
in the cortex itself. Nakagomi et al. (2009) induced cerebral
infarcts in 6-week-old mice and found nestin-positive cells 7 days
post-stroke in the ipsilateral cortex. These nestin-positive cells
co-labeled with stem cell markers S100 calcium-binding protein
B (S100-B) and NG2 (the latter to a lesser extent) and produced
neurospheres in vitro within 2 days of infarct. Neurosphere cells
expressed Paired Box 6 (Pax6, a transcription factor implicated
in the regulation of neurogenesis) and GFP, indicating that this
vast network of neuronal precursors was limited to and expanded
throughout the stroke area and that none had originated in the
SVZ (Nakagomi et al., 2009). Similar findings were reported in
a later study, which examined autoptic human cerebral cortex
after cardiogenic embolism. Nestin-positive cells were abundant
in the post-stroke cortex as well as Musashi-1-positive cells
(another NSPC marker), although to a lesser extent. However,
these stem cells were both β-tubulin III- and GFAP-negative, and
therefore their potential to repair the injured cortex is uncertain
(Nakayama et al., 2010).

While most of the abovementioned studies identified an
endogenous pool of neuronal precursors within the cortex, none
characterized the location of these precursors (Arsenijevic et al.,
2001; Kornack and Rakic, 2001; Bernier et al., 2002). On the
other hand, based on its unique morphology and expression
of reelin (a regulator of neuronal migration), the neurogenic
potential of cortical layer 1 has been an area of interest since the
1990s. Zecevic and Rakic (2001) first described the importance
of this cortical layer in the developing primate brain. BrdU
labeling in utero showed the development of large Cajal–Retzius
cells that were positive for reelin, followed by a peak in the
expression of GABAergic neurons (Zecevic and Rakic, 2001).
However, in normal mice, while BrdU-labeled cells can be
detected both in the cortex and the SVZ, the SVZ seems to be
the major contributor for the generation of new cortical neurons.
Furthermore, BrdU-positive cells in layer 1 only persisted for
a limited time postnatally and were not present in adulthood.
Furthermore, although 40% of layer 1 cells expressed NG2 (while
SVZ cells did not express this marker), SVZ cells produced a
greater proportion of pure neuronal cells (positive for both GFP
and TuJ1). Layer 1 cells also did not express CR or reelin but were
positive for GABA (Costa et al., 2007). Notably, transgenic mice
(Pax-negative) showed increased proliferation and migration of
BrdU-positive cells from layer 1 (Costa et al., 2007). Despite these
results, layer 1 neurogenesis may occur following ischemia as
indicated by the presence of phosphorylated histone H3- (pH3,
a proliferation marker), Ki-67-, and BrdU-positive cells in this
region. The majority of Ki-67-positive cells co-labeled with GFP
(which was specifically targeted to incorporate into proliferating
cells) and glutamic acid decarboxylase 67 (GAD-67, a protein

involved in the synthesis of GABA). These triple-positive cells
were largely localized in layer 1, and after the ischemic insult,
an increased number of cells positive only for GAD-67 and GFP
was found in layers 2–6, suggesting the migration of post-mitotic
cells generated in layer 1 (Ohira et al., 2010). These cells were
morphologically similar to neurons and successfully integrated
into the existing neuronal circuitry; however, most c-Fos (an
immediate early gene) expression disappeared after 4 weeks,
suggesting that this was only a transient increase in the number
of new neurons (Ohira et al., 2010).

Modulation of Cortical Neurogenesis
Various endogenous factors have been shown to modulate
cortical neurogenesis. In the adult rat brain, Bcl-2 overexpression
stimulates the production of newborn immature (TuJ1-positive)
and mature (MAP-2-positive) neurons while also inhibiting the
apoptosis of these newly generated neurons (Zhang et al., 2006).
In addition, several studies have illustrated the importance
of growth factors in cortical neurogenesis following ischemic
insults. For instance, Kolb et al. (2007) showed that the
combination of EGF with erythropoietin is able to stimulate the
migration of cells from the SVZ to the damaged cortex, leading to
tissue and functional recovery in adult male rats following stroke
(Kolb et al., 2007). Similarly, transgenic mice overexpressing
VEGF show an increased number of BrdU-positive cells in
the SVZ after ischemic injury as well as increased neuroblast
migration to the injured cortex, reduction in infarct size, and
improved functional recovery (Wang et al., 2007). Furthermore,
FGF-2 treatment was shown to result in long-term (up to
90 days) and sustained proliferation of BrdU-positive cells in
rats following stroke. A subset of these cells stained positive for
NeuN, and this subset increased with time (Leker et al., 2007).
However, while ischemic conditions can stimulate neurogenesis,
inflammatory factors such as myeloperoxidase can suppress this
response to some extent. Indeed, Kim et al. (2016) demonstrated
that myeloperoxidase inhibition with 4-aminobenzoic acid
hydrazide resulted in an increased number of BrdU-labeled cells
in the cortex and the striatum of male mice following stroke
(Kim et al., 2016).

Various exogenous manipulations can also influence cortical
neurogenesis in response to stroke/ischemia. Cortical spreading
depression is a constant wave of depolarization that can be
experimentally created through treatment of neurons with
KCl (Tamaki et al., 2017). This technique can enhance
cortical neurogenesis following ischemia by obstruction of
two superficial cortical veins as indicated by BrdU and DCX
labeling (Tamaki et al., 2017). These cells may be generated
in cortical layer 1 as indicated by nestin expression and
then migrate to other layers in the cortex (Xue et al., 2009).
In addition, chronic stress induced by daily social defeat
lowered the levels of neurogenesis in the rat cortex, and
this deficit was shown to be partially restored by treatment
with fluoxetine (Coe et al., 2003). On the other hand, a
number of interventions known to induce neurogenesis in other
parts of the brain do not have a neurogenic effect in the
cortex. For example, environmental enrichment and physical
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TABLE 3 | Summary of studies investigating neurogenesis in the cortex.

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

C57BL/6 mice Female Photothrombotic
stroke lesion in left
hemisphere

N/S ↑DCX in striatum up to 6 weeks,
and in peri-infarct area up to 1 year

Osman et al. (2011)

Wistar rats 12 weeks; Male Reversible
photothrombotic
stroke lesion

N/S BrdU/NeuN doubles in cortical
region-at-risk at min 72 h.

Gu et al. (2000)

Wistar rats 9–10 weeks; Male Middle Cerebral
artery occlusion
(MCAO) vs. SHAM
vs. Control (no
BrdU or MCAO)

N/S ↑BrdU/1 of MAP-2, B-tubullin III,
and NeuN; 30–60 days after
ischemic onset; Cortical layers II-VI

Jiang et al. (2001)

C57BL/10CsNJ and
C57BL/10J mice

203 months; Male Permanent MCAO
Toll-like receptor 4
(TLR4) deficiency
vs. wild-type

No change in
TLR4 deficient
group

TLR4 deficient:
↑Neuroblasts; all migratory zones
TLR2 +/+:
↑ NeuN/BrdU/GAD67 (interneuron
markers); 14–28 days after stroke;
peri-infarct cortex

Moraga et al. (2014)

Sprague–Dawley rats 280–310 g; Male Right MCAO N/S BrdU/DCX in ischemic area
DCX/NeuN in cortex

Jin et al. (2003)

5HT3A—EGFP
transgenic mice

16–18 weeks; Male MCAO EGFP/BrdU NeuN in 50% of BrdU/EGFP
labeled SVZ neuroblasts—injured
cortical region.

Kreuzberg et al. (2010)

C57BL/6 mice 4–6 months;
Female and Male

Lesioning through
aspiration in left
motor cortex.

BrdU
–ipsi/contralaterally
in SVZ cells in
cortex

BrdU/DCX in SVZ progenitor
cells—corpus callosum and cortex
adjacent to lesioned area

Saha et al. (2013)

C57BL/6 mice 2–3 months; Male Focal ischemia N/S ↑ BrdU/NeuN—ischemic area days
7–14, and day 65

Palma-Tortosa et al. (2017)

Mice 6 weeks; Male Cerebral ischemia ↑BrDu Nestin—cortex ipsilateral to
ischemia
7 days: Nestin/s100-B, Nestin/NG2
2 days-14 days: Pax6

Nakagomi et al. (2009)

Human 34 years–84 years;
both

Cardiogenic
cerebral embolism

N/S Nestin, Musashi-1–positive labeling
at site of ischemic lesion
β-tubulin III and GFAP– negative
labeling at site of ischemic lesion

Nakayama et al. (2010)

Wistar rats 6 months; Male Ischemic Insult Pre ischemic
insult
↑BrdU, PH3,
Ki67/GFP/GAD67 Cortex
Layer 1

Post ischemic insult
GFL/GAD67 in Cortex layers 2–6

Ohira et al. (2010)

Long-Evans rats 90–110 days; Male Focal permanent
devascularisation,
intraventricular
infusions of EGF for
7 days, followed by
EPO for 7 days in
contralateral
ventricle
Control received
aCSF infusions

N/S ↑NeuN from day 11–42 post
stroke—Lesioned area

Kolb et al. (2007)

(Continued)
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TABLE 3 | Continued

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

VEGF-Tg mice on
C57BL/6 background

21–26 g; N/S Vascular endothelial
growth factor
(VEGF)
overexpressing
mice vs. control
MCAO

N/S ↑ BrdU/Dcx in ipsilateral SVZ
14 days after MCAO
Neuroblasts extending from SVZ to
peri-infact cortex
↑BrdU/NeuN 21 and 28 after
MCAO

Wang et al. (2007)

Rats Adult; Male Induced MCAO
Adeno-associated
viral (AAV) vector
delivery of
Fibroblast growth
factor 2 (FGF2)
ARA-C injections

N/S ↑ BrdU in 85% of lesioned cortex at
7 days post ARA-C
↑ BrdU/NeuN, BrdU/Hu in ischemia
cerebral cortex
↑ SOX-2 at 30 days post-ischemia
– ventricular region
AAV-FGF group
↑ BrdU/NeuN, BrdU/Hu compared
to non-FGF group
2× ↑ SOX-2 at 30 days post
ischemia
↓BrdU/GFAP at 30 days
post-ischemia

Leker et al. (2007)

C56BL/6J mice 8–10 weeks; Male Induced MCAO
Induced MCAO
followed by ABAH
(Myeloperoxidase
inhibitor) treatment

N/S ABAH treatment:
↑ BrdU/DCX, BDNF, p-CREB,
AcH3, CXCR4
↑ BrdU/Nestin in ipsilateral striatum

Kim et al. (2016)

Wistar rats 7–9 weeks; male Induction of
Cortical Spreading
Depression (CSD
group
CSD+two vein
occlusion (2VO)
group,
Sham group

CSD + 2VO
group:
↑ BrdU

CSD + 2VO group:
↑ BrdU/DCX in ipsilateral and
contralateral cortex
↑ BrdU/NeuN

Tamaki et al. (2017)

Sprague–Dawley rats 8–9 weeks; male Induction of
Spreading
Depression (SD), 7
+ 1 episode/hour

N/S ↑Vimentin day 3–6 in SPZ
↑ B-tubulinIII/BrdU – generated
from nestin(+)/vimentin(−) cells

Xue et al. (2009)

exercise were shown to induce the production of new glial
cells, but not neurons in the mouse cortex (Ehninger and
Kempermann, 2003). In rats, electroconvulsive seizure treatment
likewise produced new cortical cells that were positive for BrdU
but failed to express neuronal markers, even after 4 weeks
(Madsen et al., 2005).

Neurogenesis in the Amygdala
Does Neurogenesis in the Amygdala Persist Into
Adulthood?
A small body of evidence demonstrates neurogenic potential
in the amygdala. Bernier et al. (2002) first demonstrated this
phenomenon in monkeys and confirmed the neuronal lineage of
newly generated cells by co-labeling with BrdU and either NeuN,
MAP-2, or TuJ1. However, these authors hypothesized that the
progenitor cells detected in this region actually originated in and
migrated from the SVZ (Bernier et al., 2002). In a subsequent
study, Saul et al. (2015) also demonstrated the presence of

BrdU/DCX double-labeled cells in the adolescent rat amygdala;
however, none of these immature neuroblasts went on to express
markers of neuronal maturation 28 days after BrdU injection
(Saul et al., 2015). Similarly, DCX labeling in macaque monkeys
showed the presence of immature neurons in various regions of
the amygdala; however, the neurogenic potential of this brain
region appeared to diminish with age, in contrast to the findings
reported in rats (Saul et al., 2014, 2015). Furthermore, a recent
study has observed an endogenous population of precursor
cells in the basolateral amygdala of mice that persists into
adulthood (Jhaveri et al., 2018). This population was found to be
significantly smaller than the ones observed in the hippocampus
and SVZ but had the potential of generating neurospheres
in vitro and to form mature interneurons as indicated by their
electrophysiological properties (Jhaveri et al., 2018). However,
it is possible that most of the new neurons generated in
the amygdala originate from existing immature neurons with
delayed maturation in the adult brain. A compelling study
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recently investigated this hypothesis and reported the existence
of a population of cells expressing DCX + PSA−NCAM+ in the
paralaminar nuclei of the human amygdala (Sorrells et al., 2019).
These cells were found to be maintained in a state of protracted
or arrested maturation and could be activated by genetic and
environmental influences to functionally integrate into existing
circuitries. Although the migration and the maturation of these
neurons can happen at different ages, the authors observed
that their most substantial contribution to the cytoarchitecture
of the amygdala occurs during adolescence (Sorrells et al.,
2019). Table 4 summarizes the studies that have evaluated the
neurogenic capacity of the amygdala.

Modulation of Neurogenesis in the Amygdala
Hormones, various environmental factors, stress, brain lesions,
and seizures have all been shown to trigger the generation of new
neurons in the amygdala (Fowler et al., 2002; Keilhoff et al., 2006;
Park et al., 2006; Okuda et al., 2009; Shapiro et al., 2009; Ehninger
et al., 2011; Saul et al., 2015). A series of studies, using prairie
voles, by Fowler et al. was the first to shed light on the modulation
of amygdala neurogenesis (Fowler et al., 2002, 2003, 2005). For
example, these authors demonstrated that, contrary to social
isolation, male exposure was shown to significantly increase the
number of BrdU-labeled cells in the amygdala of females and
that these newly generated cells co-expressed TuJ1 and persisted
beyond 3 weeks (Fowler et al., 2002). Moreover, treatment with
estradiol benzoate increased the density of BrdU-labeled cells in
certain regions of the meadow vole amygdala, and approximately
40% of these cells expressed TuJ1. Notably, this effect was not
observed in prairie vole. Related to this, meadow voles showed a
higher level of ER-alpha expression, which may have contributed
to this species-dependent difference in amygdala neurogenesis
(Fowler et al., 2005). A similar experiment was performed on
adult male meadow voles treated with testosterone. Testosterone
propionate increased the number of BrdU-positive cells in the
amygdala, and 44% of these cells expressed neuronal markers.
Curiously, in males, there was no evidence of neurons migrating
from the RMS into the amygdala, but these rather appeared to be
exclusively produced and retained within the amygdala (Fowler
et al., 2003).

Given the effect of environmental enrichment on
neurogenesis in other regions of the brain, two studies have also
examined the effects that this environmental manipulation might
have in the amygdala of mice (Okuda et al., 2009; Ehninger et al.,
2011). Both studies showed increased levels of proliferating cells
(BrdU- or NG2-positive); however, neither study demonstrated
signs of new neuronal production but, rather, an increase in glial
differentiation (Okuda et al., 2009; Ehninger et al., 2011). Saul
et al. (2015) has also examined the effect of environmental stress
on amygdala neurogenesis using a 3-day protocol of repeated
variable stress. This stress paradigm had variable effects on
different populations of cells in the amygdala: BrdU-labeled and
NG2/BrdU-labeled cells decreased, while DCX/BrdU-labeled
cells were not affected by stress. Notably, these changes may have
consequences on the developing amygdala (Saul et al., 2015),
highlighting the role of exposure to early stressful events to the
development and the maturation of this brain region. Notably,

it has been proposed that a link between olfactory and limbic
neurogenesis lies in a fear conditioning response to a variety
of stimuli, including olfactory stimuli (Shapiro et al., 2009).
Interestingly, Keilhoff et al. demonstrated that bilateral olfactory
bulbectomy actually increased the number of BrdU-positive
cells in the basolateral amygdala, with the exact opposite effect
seen in the hippocampus (Keilhoff et al., 2006). Similar findings
have been reported after stress exposure, where a decrease in
BDNF levels and dendritic complexity has been reported in the
hippocampus in association with a simultaneous increase in the
amygdala (Vyas et al., 2002; Lakshminarasimhan and Chattarji,
2012). Thus, it is likely that the new neurons observed in this
region contribute to specific types of learning, particularly those
related to fear conditioning and emotional memories (Hung
et al., 2015). Another line of evidence shows that seizures induce
significant cell death, followed by a subsequent increase in
neurogenesis in the amygdala of rats (Park et al., 2006). These
studies together clearly illustrate that the limited neurogenic
capacity of the amygdala can be modulated by various intrinsic
and extrinsic factors, similarly to what is observed in other
neurogenic regions of the brain.

THERAPEUTIC RELEVANCE OF ADULT
NEUROGENESIS

While it is now well established that neurogenesis persists into
adulthood in various regions of the brain, the physiological
relevance of newly generated neurons in various brain regions
as well as the extent and the significance of neurogenesis in
the adult human brain are still not fully elucidated (Bergmann
et al., 2012; Jessberger and Gage, 2014). The first evidence
of neurogenesis in the adult human brain was reported in
1998 when BrdU-labeled cells were detected in the hippocampus
of cancer patients (Eriksson et al., 1998). Ethical considerations
prevent the replication of such a study, but recent advances
in methodology have provided alternatives. C14 labeling in
post-mortem samples have shown that 700 new neurons are
added to the human hippocampus daily and that a decline
in hippocampal neurogenesis occurs with age (Spalding et al.,
2013). In agreement, in a subsequent study, a normal decrease
in mRNA levels of neuronal proliferation markers (Ki-67) with
age was also reported, and this reduction in proliferation may
be associated with an age-related decline in cognition (Mathews
et al., 2017). Conversely, a recent study showed that new
neurons (DCX–PSA-NCAM-positive) in the granule cell layer
of the hippocampus decline sharply in childhood and exist
very scarcely in adulthood (Sorrells et al., 2018). However,
an autopsy study on healthy individuals aged 14–79 showed
that neural progenitors and immature neurons persist into late
adulthood. Curiously, these data also suggested that a decline
in neurogenesis may occur only in the context of neurologic
disease (Boldrini et al., 2018). The continued progression of
research methods is crucial to this field, with the use of positron
emission tomography imaging presenting one possibility to
further clarify the extent of neurogenesis in the human adult
brain (Tamura et al., 2016). Nevertheless, the prospect of new
neuron generation in the human brain presents an exciting area
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TABLE 4 | Summary of studies investigating neurogenesis in the amygdala.

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

Squirrel Monkeys and
Cynomolgus monkeys

3–12 years 1, 7, 14,
21 days after
last injection

↑BrdU (at all time
points)

GFAP, TuJ1, NeuN present in amygdala Bernier et al. (2002)

Sprague–Dawley Rats 28–42 days; Male 1, 5, 10, 28,
56 days
Stress

↑BrdU (highest at
24 h post-injection)

↑BrdU at all timepoints, DCX/BrdU at all
timepoints, NG2/BrdU at all time points
No NeuN/BrdU at any time point
Following stress response:
No difference in BrdU at 24 h
↓43% in BrdU at 10 days
No difference in DCX/BrdU at 10 days
↓47% in NG2/BrdU

Saul et al. (2015)

Rhesus monkeys 12.1–31.3 years;
Female and Male

Young adult,
mid-age, and
aged

- DCX present in all age groups
↓41% mid-age
↓25% aged

Zhang et al. (2009)

C5BL/6J mice 7–112 weeks; Male Contextual Fear
conditioning

Ki-67 labeled cells
in the Basolateral
Amygdala (BLA)

↑DCX-GFP in BLA which exhibit
electrophysiological properties of
interneurons
↑BrdU/NeuN

Jhaveri et al. (2018)

Prairie voles 85–135 days;
Female

Isolation,
female
exposed, male
exposed

BrdU in all
treatment groups at
2 days (male
exposure> isolation)

BrdU in all treatment groups at 3 weeks
(male exposure > female exposure and
isolation)
TuJ1/BrdU present in amygdala, no
difference between treatment groups

Fowler et al. (2002)

Prairie voles
(Microtus ochroasters)
Meadow voles
(M. Pennsylvanicus)

4–5 months;
Female

Species
Estrogen
Treatment

Meadow voles had
higher BrdU
compared to Prairie
voles
Following Estrogen
treatment:
↑BrdU
↑ in BrdU was
higher in meadow
voles

In pCorA and pMeA:
40.5% TuJ1/BrdU
45.5% NG2/BrdU
14.0% BrdU
No differences between treatment groups
or species

Fowler et al. (2005)

Meadow voles
(M. Pennsylvanicus)

2–3 months; Male Oil vehicle, TP,
DHT, estradiol
benzoate

TP and EB treated:
↑ BrdU compared
to oil treated and
DHT (cortical and
medial nuclei)

No differences between treatment groups:
44.2% TuJ1/BrdU
34.5% NG2/BrdU
21.3% BrdU
Time course experiment:
BrdU: 24 h>6 h = 1 h>30 min
In MeA 24 h>30 min
No differences in CorA or VMH

Fowler et al. (2003)

C57BL6/J mice
CTR mice
RUN mice

2 months; Female Environment
enrichment and
physical activity
1 day vs.
4 weeks

- NG2/BrdU 88.3% at 1 day; 79.6% at
4 weeks
No NeuN/BrdU at 1 day or 4 weeks
Of the NG2/BrdU cells:
95.6% S100ßat 1 day; 74.2% at 4 weeks
Cells were also positive for DCX, NeuroD,
BLBP, Olig2, vimentin, and Nestin, Iba
Environmental enrichment and physical
activity:
↓BrdU in ENR and RUN at 4 weeks
↓BrdU/Iba and ↓S100ß/BrdU in ENR and
RUN groups at 4 weeks
No difference in NG2/BrdU at 4 weeks

Ehninger et al. (2011)

(Continued)
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TABLE 4 | Continued

Species Age/Sex Manipulation/
Treatment

Proliferation Survival/Differentiation Reference

C56BL/6 mice 8 weeks; Male Standard, wide
cages, enriched
cages

No significant
difference
between BrdU
at 0 weeks and
2 weeks

Enriched stimuli reduced BrdU-positive
cell death:
(standard: 30.9%; Wide: 27.6%;
Enriched: 13.3%)
No differences in numbers of BrdU
cells, or cell differentiation between
conditions
After 3 weeks, most cells Olig-2/BrdU

Okuda et al. (2009)

C57BL/6 mice 2 months; Male RMS lesioned - DCX/BrdU in amygdalopiriform area,
amygdalohippocampal area, and
multiple amygdaloid nuclei

Shapiro et al. (2009)

Wistar rats 8 weeks; Male Sham vs.
bulbectomized
Water vs.
Imipramine
3 weeks vs.
8 weeks

Scattered BrdU
in amygdala

↑BrdU 3× by bulbectomy after 3 weeks
85% were DCX/BrdU
↑BrdU after 8 weeks
Imipramine did not increase BrdU

Keilhoff et al. (2006)

Sprague Dawley rate 10 weeks; Female Repeat seizures
induced by
Pentylenetetrazole

- ↑BrdU
↑NeuN

Park et al. (2006)

Human Entire lifespan
(post-mortem);
Male and Female

- Specific
population in
the
paralaminar
nuclei (arrested
maturation):
DCX+
PSA-NCAM+

Differentiation could be influenced by
life experiences during
adolescence/adulthood:
T-box, brain 1 (TBR1) +
VGLUT2+

Sorrells et al. (2019)

of inquiry relevant to chronic neurodegenerative disorders, acute
neurologic conditions, and metabolic diseases as well as the
treatment of these pathologies.

For example, using stem-cell-based therapies to treat or
mitigate the effects of stroke may have tremendous clinical
implications, with possible modalities including stem cell
transplantation, manipulation of endogenous progenitor cells,
and targeting of growth, migration, and differentiation factors.
Indeed several possibilities for stem cell transplantation have
already been described (Marlier et al., 2015). NSC transplantation
in ischemic rat brains was shown to lead to functional recovery
(Chu et al., 2005; Jiang et al., 2006; Darsalia et al., 2011;
Song et al., 2011; Smith et al., 2012). Additionally, transplanted
NSCs were shown to enhance the recovery process through
the release of growth factors including VEGF and FGF-2 (Sun
et al., 2003; Türeyen et al., 2005; Drago et al., 2013) and the
downregulation of inflammatory factors such as interferon-γ,
TNF-α, and interleukins (Bacigaluppi et al., 2009; Oki et al.,
2012). Induced pluripotent stem cells (iPSCs, stem cells that
are differentiated in vitro prior to implantation) have also been
shown to reduce the area of damage due to infarct (Jiang et al.,
2011; Yuan et al., 2013). However, mesenchymal stem cells
(MSCs) present the most feasible possibility for cell grafting
into infarcted brain tissue (Marlier et al., 2015). MSCs can be
acquired from multiple sources, and similarly to NSCs, their

implantation leads not only to the reduction of functional deficit
(Kang et al., 2003; Horita et al., 2006; Gutiérrez-Fernández et al.,
2011) but also to the release of numerous growth factors and
cytokines that can enhance neurogenesis (Kurozumi et al., 2005;
Bao et al., 2011). Indeed MSC transplantation in animals has
shown continued success (Sarmah et al., 2017; Bedini et al., 2018;
Tanaka et al., 2018) and has led to small trials in human stroke
patients. These trials demonstrate that this is a safe therapeutic
method with long-term benefits in function (Bang et al., 2005;
Lee et al., 2010; Qiao et al., 2014). The bone marrow appears
to be a viable source of mesenchymal stem cell transplantation
in ischemic stroke patients (Suárez-Monteagudo et al., 2009;
Bhasin et al., 2011; Moniche et al., 2015, 2016; Steinberg et al.,
2016). Furthermore, it is believed that the exosomes (vesicles
containing factors that promote neurogenesis) released by these
MSCs may harbor a great benefit to the recovery process and
are currently under investigation (Zhang and Chopp, 2016; Chen
and Chopp, 2018). Based on these results, further trials in stem
cell transplantation and the utility of exosomes may be warranted
to properly assess their true efficacy. Alternatively, structural and
functional recovery in the cortex could come from harnessing the
endogenous pools of stem cells either within the cortex (Bernier
et al., 2002; Dayer et al., 2005; Shapiro et al., 2009) or from
another neurogenic brain region such as the SVZ (Arvidsson
et al., 2002). In fact, neurogenesis in the cortex appears to be
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upregulated in response to ischemic stroke (Magavi et al., 2000;
Jiang et al., 2001; Jin et al., 2006; Yang et al., 2007; Ohira
et al., 2010). Similarly, the SVZ also appears to respond to
cortical stroke with an upregulation of cell proliferation, which
is then followed by the migration and the integration of new
neurons into the damaged region of the cortex (Jin et al., 2001;
Zhang et al., 2001, 2004; Bernier et al., 2002; Tonchev et al.,
2005; Yamashita et al., 2006). Pharmacologic manipulation of
molecular signals could serve to enhance this neuroprotective
response and improve recovery (Marlier et al., 2015). Potential
signals could include growth factors (e.g., IGF-1; Nishijima
et al., 2010), neurovascular regulators (e.g., VEGF, angiopoietin-
1, FGF-2; Jin et al., 2002; Shen et al., 2004; Wang et al., 2007),
cytokines and chemokines (Goldberg and Hirschi, 2009; Yenari
et al., 2010; Lin et al., 2015), and factors involved in the migration
of stem cells from the SVZ (Arvidsson et al., 2002; Yamashita
et al., 2006; Le Magueresse et al., 2012).

The effect of adult neurogenesis on neurodegenerative
diseases is less certain and appears to be dependent on the
neurogenic niche and timing during the natural course of the
neuropathology. PD is a disease characterized by the chronic
degeneration of dopaminergic neurons in the SN, leading to
progressive decline in motor function (Lamm et al., 2014).
Furthermore, several studies have shown a decrease in the
generation of new neurons in the SN with PD, which may
contribute to the pathophysiology of this neurodegenerative
disease (Höglinger et al., 2004; Freundlieb et al., 2006; L’Episcopo
et al., 2012). As such, strategies capable of promoting the
generation of new dopaminergic neurons [i.e., TH-, DAT-
(Kim et al., 2011), or DARPP-32-positive (Inta et al., 2015)]
that can replace the degenerating neurons of the nigrostriatal
pathway may provide valuable therapeutic options for this motor
disorder (Lamm et al., 2014). Transforming growth factor alpha
(TGF-α) has consistently been shown to increase new neuronal
production in the striatum of PD models (Cooper and Isacson,
2004; de Chevigny et al., 2008); however, very few studies
have shown differentiation into dopaminergic neurons (Kim
et al., 2011). Comparable results have also been obtained by
stimulation with FGF-2 (Peng J. et al., 2008), EGF (Winner
et al., 2008), LGF (Gonzalo-Gobernado et al., 2009), PDGF,
and BDNF (Mohapel et al., 2005). Treatment with dopamine
receptor agonists is another alternative that has shown mixed
results (Winner et al., 2009), with 7-hydroxy-N, N-di-n-propyl-
2-aminotetralin, in particular, showing an increase in the number
of TH-expressing neurons in the striatum, an effect that was
accompanied by functional recovery (Van Kampen and Eckman,
2006). Notably, exercise may also increase neurogenesis in PD
as demonstrated in several animal models and thus lead to
improvement in motor function (Fisher et al., 2004; Smith et al.,
2011). Future studies may investigate cell transplantation of in-
vitro-generated dopaminergic neurons under the influence of
growth factors (Kim et al., 2011) as well as different molecular
signals that can induce new dopaminergic neuronal production
in vivo. MSC-induced neurogenesis in PD is also under
investigation in animal models. MSCs have shown the ability to
promote SN neurogenesis while also displaying neuroprotective,
angiogenic, and immunomodulatory benefits (Gugliandolo et al.,

2017). MSCs can be derived from the bone marrow (Shetty et al.,
2009; Danielyan et al., 2011; Park et al., 2012), umbilical cord
(Xiong et al., 2011; Yan et al., 2013), and adipose tissue (Choi
et al., 2015; Schwerk et al., 2015a,b) and potentially give rise to
dopaminergic neurons. Continued success in animal models may
warrant human trials in the future, particularly given the success
of this therapy in stroke models.

HD primarily involves the degeneration of medium-sized
GABAergic neurons in the striatum, with other brain regions
(including the hippocampus) being affected later in the course
of disease progression. Interestingly, however, a decrease in
hippocampal neurogenesis (Gil et al., 2005; Simpson et al.,
2011), but an increase in SVZ cell proliferation and subsequent
migration to the striatum, has been reported in HD (Tattersfield
et al., 2004; Batista et al., 2006). This increase in SVZ
neurogenesis may represent an endogenous compensatory
mechanism, which can, in turn, provide an avenue for slowing
disease progression. BDNF is an important factor in striatal
neuron differentiation and maturation, and BDNF signaling is
known to be impaired in the HD brain (Altar et al., 1997;
Zuccato et al., 2001; Ma et al., 2010). Notably, BDNF treatment
increases SVZ neuronal production and recruitment of new
neurons into the striatum (Cho et al., 2007). Furthermore,
pharmacologic treatments (e.g., sertraline) may increase BDNF
levels in the striatum, leading to reduced striatal atrophy and
improved motor function (Borrell-Pages et al., 2006; Conforti
et al., 2008; Duan et al., 2008; Peng Q. et al., 2008; Simmons et al.,
2009; Gill et al., 2017). Moreover, FGF-2 can also increase the
recruitment of new neurons into the striatum (Jin et al., 2005).
Pre-clinical and clinical trials have also assessed the potential of
stem cell therapies for the treatment of HD (Kopyov et al., 1998;
Bachoud-Lévi et al., 2000; Hauser et al., 2002), and promising
results have been reported with NSCs (Reidling et al., 2018),
MSCs (Snyder et al., 2010), iPSCs (Al-Gharaibeh et al., 2017),
and embryonic stem cells (Aubry et al., 2008; Zimmermann
et al., 2016). Therefore, both the pharmacologic manipulation
of endogenous SVZ neurogenesis and stem cell transplantation-
induced neurogenesis may present promising strategies for the
treatment of HD, and future studies are therefore warranted to
further test these therapeutic options.

Lastly, the close relationship between hypothalamic
neurogenesis and metabolic function must be emphasized.
Neurogenesis in the hypothalamus can be a response mechanism
to a variety of metabolic stressors (Sousa-Ferreira et al.,
2014). For example, HFD leads to an acute production of new
anorexigenic (POMC-expressing) neurons, which in turn can
prevent excessive fat storage (Kokoeva, 2005; Gouazé et al.,
2013). In agreement, blocking the generation of these new
neurons causes rapid weight gain in response to HFD (Pierce
and Xu, 2010; Lee et al., 2012). On the other hand, obesity has
been shown to inhibit neurogenesis, leading to reduced NPY
and POMC neurons, and ultimately metabolic dysregulation
(Pierce and Xu, 2010; Li et al., 2012; McNay et al., 2012; Gouazé
et al., 2013). Interestingly, calorie restriction in the context of
obesity can restore hypothalamic neurogenesis (McNay et al.,
2012), and stimulation of neurogenesis with growth factors
can also affect weight gain (Kokoeva, 2005). These studies
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together illustrate that the interaction between metabolism
and hypothalamic neurogenesis may play an important role in
obesity. This relationship might provide avenues for therapeutic
weight management in the future.

CONCLUSION

The discovery of functionally significant neurogenesis in the
mammalian hypothalamus, cortex, striatum, SN, and amygdala
has important implications not only with regards to the function
of these brain regions but also in the context of neuropathological
conditions that specifically affect these brain structures. As
such, the continued development of non-invasive techniques
to study the neurogenic potential of these brain regions in
humans is paramount. In addition, pharmacologic and stem-
cell-based strategies capable of promoting neurogenesis in brain
regions such as the cortex, SN, and striatum will require further
investigation. This will ascertain the true therapeutic potential of
promoting neurogenesis following cortical stroke/ischemia and
in the context of various neurodegenerative disorders such as PD
and HD, with the ultimate goal of promoting functional recovery.
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The mammalian hippocampus generates new neurons that incorporate into existing

neuronal networks throughout the lifespan, which bestows a unique form of cellular

plasticity to the memory system. Recently, we found that hippocampal adult-born

neurons (ABNs) that were active during learning reactivate during subsequent rapid eye

movement (REM) sleep and provided causal evidence that ABN activity during REM

sleep is necessary for memory consolidation. Here, we describe the potential underlying

mechanisms by highlighting distinct characteristics of ABNs including decoupled firing

from local oscillations and ability to undergo profound synaptic remodeling in response

to experience. We further discuss whether ABNs constitute the conventional definition

of engram cells by focusing on their active and passive roles in the memory system. This

synthesis of evidence helps advance our thinking on the unique mechanisms by which

ABNs contribute to memory consolidation.

Keywords: adult-neurogenesis, REM sleep, memory consolidation, theta oscillation, synaptic plasticity,

hippocampus, optogenetics, calcium-imaging

INTRODUCTION

The hippocampal dentate gyrus (DG) is one of a few regions in the mammalian brain where new
neurons are generated throughout the lifespan (Altman, 1963). Adult neurogenesis is believed to
benefit cognitive functions that aid survival (Kempermann, 2012) and is implicated in various
aspects of memory processing, despite that it gives rise to a small number of neurons. This prompts
the question of which characteristics distinguish adult-born neurons (ABNs) from developmentally
born neurons, such as DG granular neurons (GNs). Indeed, 4- to 6-week-old ABNs possess several
unique properties including increased synaptic plasticity and excitability (Schmidt-Hieber et al.,
2004; Esposito, 2005; Ge et al., 2007; Gu et al., 2012) and reduced feedback inhibition (Temprana
et al., 2015). Furthermore, ABNs can inhibit or excite GNs depending on whether ABN inputs are
received from the lateral or medial entorhinal cortex, respectively (Luna et al., 2019). Thus, these
properties of ABNs may bestow unique characteristics to the mammalian memory system.

Sleep regulates the magnitude of adult neurogenesis (Mirescu et al., 2006), which should thereby
affect memory. However, whether and how adult neurogenesis affects memory consolidation
during sleep is not well-understood, in part because examining the function of ABNs in specific
sleep stages is technically challenging. Despite these difficulties, advances in Ca2+ imaging
techniques along with the development of miniaturized fluorescent microscopes (Ghosh et al.,
2011) and optogenetic approaches allowed us to demonstrate that even a small population of
ABNs is necessary for memory consolidation during sleep (Figure 1) (Kumar et al., 2020). By
analyzing the activity of ABNs in sleeping mice during memory consolidation, we found that,
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FIGURE 1 | Sparse activity of ABNs during REM sleep is necessary for memory consolidation. Contextual fear conditioning recruits a subset of ABNs that reactivate in

subsequent REM sleep. Disruption of ABN activity during REM sleep by optogenetic activation or silencing impairs memory consolidation.

overall, ABNs become less active during rapid-eye movement
(REM) sleep after mice form a fear memory consisting of an
association between a context and shock but not after they
are exposed to context or shock alone. Recently, Sorrells et al.
(2018) cast doubt on the function of human adult neurogenesis
considering its scarcity. However, we found that even the sparse
activity of ABNs during REM sleep is necessary for memory
consolidation, at least in mice, as both optogenetic activation
and inhibition cause memory impairment. This could be because
reactivation of a specific ABN population (e.g., a subset induced
by learning) is required for memory consolidation during REM
sleep. Indeed, optogenetic activation of a small fraction of non-
specific hippocampal neurons can disrupt contextual memory
retrieval (Iwasaki and Ikegaya, 2020). Another possibility is that
specific temporal dynamics of ABN activity during REM sleep
(e.g., spike timing to theta phase) are required for memory
consolidation. Random optogenetic stimulation would disrupt
both possible mechanisms.

In this review, we propose several mechanisms by which ABNs
could mediate memory consolidation, particularly during REM
sleep, placing special emphasis on the functional correlation of
ABN activity with oscillatory dynamics in DG and CA3 circuits.
We also discuss whether ABNs function in accordance with the
canonical conception of engram cells.

CONTRIBUTION OF LOCAL

HIPPOCAMPAL RHYTHMS TO MEMORY

CONSOLIDATION

During wakefulness and REM sleep, the hippocampus exhibits
prominent theta oscillations (4–8Hz), which may serve as a
temporal reference for the encoding, processing, and decoding

of memory traces. For example, consistent with the idea that
theta rhythm may synchronize pre- and postsynaptic activity
at entorhinal-DG synapses to induce long-term potentiation
(LTP) following Hebbian rules (Levy and Steward, 1983),
experimental observations show that theta phase-locked GN
activity induces LTP in these synapses (Orr et al., 2001).
Furthermore, coordinated activity in theta and gamma (30–
100Hz) ranges within the hippocampus may also be important
for information transfer (Hanslmayr et al., 2016). Coherence
between the DG and CA3 in the theta and gamma ranges is
greater in REM sleep than in wakefulness (Montgomery et al.,
2008) (Figure 2A). Therefore, theta rhythm in REM sleep may
open a window for DG neurons to modulate CA3 circuits.
Indeed, coordinated discharge of DG mossy fibers and CA3
neurons induce LTP in CA3 recurrent fibers (Kobayashi and
Poo, 2004). The CA3 recurrent circuit is proposed to operate
as an auto-associative network, allowing memory storage and
later retrieval by partially reactivated neural ensembles (Rolls,
2007). REM sleep may facilitate modifications of this recurrent
CA3 network via DG activity (Figure 2B). Because coordination
between the CA3 and CA1 is higher during wakefulness, CA3
ensembles modified during REM sleep could trigger new CA1
ensemble activity during subsequent wakefulness.

INTERPLAY OF ABNS WITH LOCAL

HIPPOCAMPAL RHYTHMS

The influence of young ABNs on CA3 and DG coordinated
activity may differ from that of GNs. Young ABNs functionally
connect to both excitatory and inhibitory circuits in the CA3 to a
similar extent as GNs (Temprana et al., 2015). Yet, ABNs receive
weaker inhibitory inputs (Temprana et al., 2015; Groisman et al.,
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FIGURE 2 | Hypothetical interplay between ABNs and local brain rhythms. (A) Left: Coherence in the DG-CA3-CA1 circuit during wakefulness and phasic REM sleep.

Right: Coordinated activity in theta (gray) and gamma (green) ranges between the DG and CA3 (see Montgomery et al., 2008). (B) During wakefulness, neural

ensembles stored in the CA3 may be transmitted to the CA1 and cortex (blue circles). During REM sleep, DG memory ensembles (red) may induce new

auto-associative networks in the CA3. In subsequent wakefulness, modified CA3 networks may activate new neural ensembles in the CA1. (C) Enhanced intrinsic

excitability and weak coupling to inhibitory circuits would allow a subset of ABNs to fire in response to weak perforant path input occurring before maximum theta

excitability. These ABNs may depolarize CA3 pyramidal neurons and activate inhibitory circuits. During the peak of theta excitability, CA3 neurons that were

depolarized by ABNs may be preferentially activated. The synchronized discharge of this specific CA3 population along with GNs may induce remodeling of CA3

recurrent connections. (D) Synaptic integration of ABNs into different circuits. Inhibitory inputs onto ABNs mature 8 weeks after mitosis. Learning could accelerate

ABN integration into inhibitory circuits. (E) The activity of integrated but not non-integrated ABNs may couple to local oscillations. During subsequent REM sleep,

synapses of oscillation-coupled but not -decoupled ABNs may be maintained.

2020), whichmay prevent their spiking and synchronization with
local theta (Amilhon et al., 2015) and gamma (Csicsvari et al.,
2003; Bartos et al., 2007) oscillations. This also makes the spiking
of ABNs less time-locked to perforant path inputs than GNs
(Pardi et al., 2015). In addition, ABNs display greater membrane
resistance than GNs (Esposito, 2005), allowing them to discharge
in response to weaker entorhinal inputs. These properties may

bestow ABNs with distinctive firing dynamics in relation to local
oscillations. We speculate that these firing dynamics allow ABNs
to (1) promote pattern separation by activating inhibitory circuits
in the CA3 before GNs and/or (2) prime a subset of CA3 neurons
to form a new memory representation (Rangel et al., 2013).

Several studies indicate that ABNs are necessary (Clelland
et al., 2009) and sufficient (Sahay et al., 2011) for context
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discrimination. However, the exact underlying mechanism is
unknown. At the circuit level, context discrimination is believed
to occur via the decorrelation of neural activity patterns
representing similar but different contexts, a process known
as pattern separation (Hainmueller and Bartos, 2020). Pattern
separation relies on the activation of inhibitory circuits and, as
a consequence, sparse reactivation of neural ensembles (Cayco-
Gajic and Silver, 2019). Within a theta cycle, ABNs may activate
inhibitory circuits before GNs (Rangel et al., 2013), as ABNs
would respond to inputs at a time when GN activity is highly
inhibited. Moreover, the increased excitability of ABNs (Esposito,
2005) may make them responsive to weak entorhinal inputs,
which would then drive CA3 inhibitory circuits. This may help
establish non-overlapping memory traces in the CA3, which
reduces memory interference.

ABNs may also interact with GNs to regulate recurrent
circuits in the CA3. Coordinated spiking activity between
the DG and CA3 may modify the functional connectivity
of the CA3 recurrent circuit (Kobayashi and Poo, 2004).
This coordinated activity is prominent during REM sleep
(Montgomery et al., 2008) and most likely driven by GNs
due to their stronger coupling with theta rhythm. ABNs
with weak coupling to local oscillations due to their reduced
synaptic inhibition and high intrinsic excitability may fire
before GNs within a theta cycle. These preceding ABN
spikes may prime a subset of CA3 neurons to be activated
by subsequent synchronized GNs (i.e., a “priming” effect,
Figure 2C) (Rangel et al., 2013). A single spike from a
GN is unlikely to discharge a CA3 pyramidal neuron;
rather, several spikes are needed (Henze et al., 2002). Thus,
inputs from ABNs arriving slightly before those from GNs
may provide initial depolarization that primes a subset of
CA3 neurons to activate in response to subsequent theta-
synchronized GN spikes. In contrast to unsynchronized
ABN inputs, subsequent synchronized GNs inputs may
enable synaptic adjustments in this specific CA3 subset
(Kobayashi and Poo, 2004).

ROLE OF REM SLEEP IN ABN SYNAPTIC

PLASTICITY

The ongoing maturation of ABNs may support the segregation
of memories over time (Aimone et al., 2006). That is, each
cohort of ABNs may incorporate into different entorhinal and
CA3 circuits when they have a high degree of plasticity. As each
cohort matures, its plasticity decreases, making it less susceptible
to retroactive interference. Thus, each cohort of ABNs may
store a different memory. This model operates on a time scale
of weeks, corresponding to the temporal dynamics of ABN
maturation. Yet, the mechanisms by which the hippocampus
circumvents retroactive interference over shorter time scales
remains elusive. We speculate that fear learning enhances the
integration of a subset of ABNs (Figure 2D). The enhanced
synaptic plasticity of ABNs (Schmidt-Hieber et al., 2004; Ge
et al., 2007; Gu et al., 2012) suggests that ABN synapses

are more susceptible to experience-dependent modulation than
GN synapses. Indeed, previous studies show that fear learning
triggers profound modifications of ABN excitatory synapses
within a few hours (Petsophonsakul et al., 2017; Kumar et al.,
2020), and novelty exposure accelerates the integration of ABNs
into both excitatory (Alvarez et al., 2016; Trinchero et al., 2019)
and inhibitory circuits (Groisman et al., 2020). These findings
suggest that experience influences the temporal dynamics of
ABN synaptic maturation. Indeed, enhanced coupling of ABNs
to inhibitory circuits may explain their overall decreased activity
during REM sleep when fear memory is consolidated (Kumar
et al., 2020). For instance, ABNs may establish a new input
pathway from the hilus to somatostatin interneurons, which are
activated by cholinergic binding to their M1 muscarine receptors
(Raza et al., 2017). Therefore, increased cholinergic activity
during REM sleep could induce sparse ABN activity. Because
the subset of ABNs active during REM sleep largely overlaps
with those active during learning, we hypothesize that the
accelerated synaptic maturation of ABNs is input-specific. This
early acquisition of a mature synaptic phenotype in a subset of
ABNs would circumvent retroactive interference across shorter
time scales.

The integration of a subset of ABNs into inhibitory circuits
in response to learning may have several consequences for
their synaptic processing during sleep (Figure 2E). Indeed, the
prediction that ABNs fire decoupled from local oscillations
arises from the fact that 4-week-old ABNs are weakly connected
to local inhibitory circuits. If a subset of ABNs integrates
with inhibitory circuits, the spikes of integrated but not non-
integrated ABNs would couple to local hippocampal rhythms
during REM sleep. Because DG neuron activity synchronized
with local theta rhythm facilitates LTP of synapses with perforant
path input (Orr et al., 2001), REM theta rhythm may selectively
strengthen the synapses of integrated ABNs. Interestingly, we
found that silencing ABN activity during REM sleep elongates
their spine neck length (Kumar et al., 2020), a phenomenon
associated with reduced synaptic strength (Araya et al., 2014)
and desynchronization of synaptic input and postsynaptic
neural activity (Tanaka et al., 2008). Collectively, these results
suggest that ABN activity during REM sleep is necessary for
maintaining the strength of their input synapses. Interestingly,
a subset of learning-activated ABNs reactivates during REM
sleep, suggesting that the spines of only some ABNs may
strengthen during REM sleep. On the other hand, the spikes
of non-integrated and oscillation-decoupled ABNs are likely to
be decorrelated with input activity and thus prone to synaptic
depression, consistently with the Hebbian rules of plasticity
for GNs (Levy and Steward, 1983). Indeed, our optogenetic
silencing may have decreased such coupling necessary for
spine maintenance and the memory consolidation process.
Interestingly, a recent study of the motor cortex indicates that
REM sleep selectively strengthens and maintains the fraction of
learning-induced new spines that are relevant for a motor task
while at the same time prunes non-relevant synapses to facilitate
subsequent memory acquisition (Li et al., 2017). Approaches
with higher resolution, such as those used in cortical regions
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(Li et al., 2017), in combination with the tagging of activated
spines (Hayashi-Takagi et al., 2015) may clarify the role of ABN
synaptic plasticity during REM sleep.

ARE ABNs ENGRAM CELLS?

Fear memory engrams (i.e., traces) in the DG correspond
to behaviorally relevant populations of neurons that are
activated during both learning and memory retrieval (Liu
et al., 2012; Denny et al., 2014). Although ABN activity is
necessary for fear memory retrieval (Gu et al., 2012), we
found little overlap between ABNs active during fear memory
learning and retrieval (Kumar et al., 2020). This could be
because the overall activity of ABNs relates to behavioral
states but is not associated with contextual memory. For
instance, place cells are not necessarily context-encoding cells
in the CA1 (Tanaka et al., 2018). Moreover, even in GNs,
which can hold an engram, there is little overlap between
cells expressing immediate early genes during encoding and
retrieval (Denny et al., 2014). This could be because immediate
early gene-expressing GNs may segregate over time (Lamothe-
molina et al., 2020). Therefore, a population of “active”
cells may not simply represent a memory. Alternatively,
a memory trace encoded by ABNs may decay upon the
establishment of an engram in downstream circuits during
REM sleep. This may allow ABNs to transiently encode new
information while avoiding overlap with previously formed
memory traces.

More work is needed to address how ABNs active during
learning contribute to subsequent memory processing. A suitable
approach for addressing the role of ABNs in establishing an
engram would be to specifically manipulate ABNs that are active
during learning, as previously done for GNs (Liu et al., 2012;
Denny et al., 2014). Conversely, the specific activity pattern of
memory-encoding ABNs may be distinguished from other ABNs
by simultaneously imaging the activity of engram and non-
engram ABNs and GNs in the DG, as previously done in the CA1
(Ghandour et al., 2019).

ABNs may also interact with engrams stored in GNs.
Indeed, ABNs can directly inhibit or excite GNs depending
on their inputs from the entorhinal cortex (Luna et al., 2019).
This bidirectional control over GNs, and thus heightened
ability to influence engrams, may only occur when ABNs are
young. Across longer time scales, ABNs may also influence
GN engrams by synaptic competition (McAvoy et al., 2016).
Nonetheless, the mechanism by which ABNs interact with GNs
during memory consolidation is largely unknown. Concurrent
optogenetic manipulations of ABNs and imaging of GN activity
during memory consolidation are required to solve this puzzle.

DISCUSSION

The exact mechanisms by which ABNs consolidate memory
during REM sleep are unclear. Here, we proposed several
mechanisms based on the known intrinsic properties and
temporal activity dynamics of ABNs. However, there are many
key questions to address in the future. (1) How does learning
affect the functional connectivity of ABNs, particularly with
inhibitory neurons? Electrophysiological recordings of ABNs
during optogenetic manipulation of inhibitory neurons may
shed light on this issue. (2) Are ABN spikes coupled to DG
oscillations? Is this coupling affected by learning? Multielectrode
recording and optogenetic tagging of ABNs may clarify their
spiking dynamics, similar to techniques employed for mossy
cells in the DG (Senzai and Buzsáki, 2017), although the
sparse firing of ABNs could be a major obstacle. (3) How
does ABN activity influence downstream circuits for memory
consolidation? Imaging of CA3 neurons or GN activity combined
with optogenetic manipulation of ABNs could clarify this issue.
Such investigations would advance our understanding of the role
of the unique plasticity mechanism of adult neurogenesis in the
mammalian brain.
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In the adult mouse brain, neurogenesis occurs mainly in the ventricular-subventricular
zone (V-SVZ) and the subgranular zone of the hippocampal dentate gyrus. Neuroblasts
generated in the V-SVZ migrate to the olfactory bulb via the rostral migratory stream
(RMS) in response to guidance molecules, such as netrin-1. We previously showed that
the related netrin-5 (NTN5) is expressed in Mash1-positive transit-amplifying cells and
doublecortin-positive neuroblasts in the granule cell layer of the olfactory bulb, the RMS,
and the subgranular zone of the adult mouse brain. However, the precise role of NTN5
in adult neurogenesis has not been investigated. In this study, we show that proliferation
in the neurogenic niche is impaired in NTN5 knockout mice. The number of proliferating
(EdU-labeled) cells in NTN5 KO mice was significantly lower in the V-SVZ, whereas
the number of Ki67-positive proliferating cells was unchanged, suggesting a longer cell
cycle and decreased cell division in NTN5 KO mice. The number of EdU-labeled cells in
the RMS and olfactory bulb was unchanged. By contrast, the numbers of EdU-labeled
cells in the cortex, basal ganglia/lateral septal nucleus, and corpus callosum/anterior
commissure were increased, which largely represented oligodendrocyte lineage cells.
Lastly, we found that chain migration in the RMS of NTN5 KO mice was disorganized.
These findings suggest that NTN5 may play important roles in promoting proliferation
in the V-SVZ niche, organizing proper chain migration in the RMS, and suppressing
oligodendrogenesis in the brain.

Keywords: adult neurogenesis, axon guidance, netrin, subventricular zone, oligodendrogenesis

INTRODUCTION

Neurogenesis in adult mammals, which occurs mainly in the subgranular zone (SGZ) of the dentate
gyrus in the hippocampus and in the ventricular-subventricular zone (V-SVZ), influences learning
and memory (Toda and Gage, 2018). In the SGZ, newly generated neurons migrate to the granule
cell layer, where they mature and develop dendritic branches. Neuroblasts and transit-amplifying
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cells generated from neural stem cells (NSCs) and neural
precursors in the V-SVZ migrate through the rostral migratory
stream (RMS) to the olfactory bulb (OB) (Kaneko et al., 2010;
Lim and Alvarez-Buylla, 2016), where they disperse radially and
differentiate into granular and periglomerular interneurons in
the granule cell layer and glomerular layer, respectively (Sawada
et al., 2018). This process is crucial for olfactory function,
and Marin et al. (2019) demonstrated that neurogenesis is the
mechanism of recovery from olfactory dysfunction induced by
excitotoxicity. The increased proliferation of neuroblasts in the
V-SVZ contributes to an increase in GABAergic interneurons in
the OB related to olfactory function.

Oligodendrocyte precursor cells (OPCs) are generated in the
V-SVZ and throughout the parenchyma by local proliferation,
migrate extensively along the vasculature, and proliferate at their
destinations in the central nervous system (Tsai et al., 2016). This
“oligovascular” unit is involved in oligodendrogenesis, creating
the myelin-forming cells, and in angiogenesis in ischemia (Wang
et al., 2020). In the adult brain, some OPCs that populate
the corpus callosum arise from NSCs in the dorsal region
of the V-SVZ (Menn et al., 2006). Under normal conditions,
only a small number of oligodendrocytes are newly generated
from OPCs, and only one-quarter of OPCs differentiate into
oligodendrocytes. Nevertheless, the oligodendroglial density in
upper cortical layers increases during adulthood (Hughes et al.,
2018). Moreover, oligodendrogenesis from NSCs and OPCs is
rapidly induced upon demyelination, such as in multiple sclerosis
(Frisen, 2016).

Netrin family proteins, conserved from roundworms to
mammals, have an impact on neural circuit formation by
attracting and repelling axons and regulating cell migration
during neural development (Van Raay et al., 1997; Wang et al.,
1999; Yin et al., 2000; Nakashiba et al., 2002). Netrins belong
to the laminin superfamily of proteins comprising structural
components for the basal membranes of tissues. The N-terminal
domains of netrins consist of three epidermal growth factor-
like repeats, similar to the laminin gamma chain, whereas their
C-terminal domains are not homologous to laminins (Kappler
et al., 2000). Netrin-1 regulates axon guidance as both attractive
and repulsive cues by binding to Unc5 family proteins, deleted
in colorectal carcinoma (DCC), neogenin, down syndrome cell
adhesion molecule (DSCAM), and integrin family proteins in
vertebrates (Arakawa, 2004; Ly et al., 2008; Stanco et al., 2009;
Adams and Eichmann, 2010; Castets and Mehlen, 2010; Dun and
Parkinson, 2017). Netrin-1 also modulates oligodendrogenesis
in various regions. For instance, it repels OPCs migrating into
the developing spinal cord and prevents them from entering the
retinal end of the developing optic nerve (Spassky et al., 2002;
Tsai and Miller, 2002), and netrin-1 overexpression promotes
white matter repair and remodeling after focal cerebral ischemia
(He et al., 2013).

We previously reported on the structure and expression
patterns of netrin-5 (NTN5), which is homologous to netrin-1
(Yamagishi et al., 2015). NTN5 was strongly expressed in Mash1-
positive cells and doublecortin (DCX)-positive neuroblasts in
the OB, RMS, V-SVZ, and SGZ and also expressed in some
vascular endothelial cells in both cerebral cortex and the

striatum in adult mice (Yamagishi et al., 2015). Deletion
of Ntn5 from boundary cap cells revealed its contribution
to the development of the central/peripheral nervous system
boundary and its role in preventing cells from migrating into
the ventral roots of the spinal cord (Garrett et al., 2016). In
this study, we investigated the phenotype of NTN5 knockout
(KO) mice and characterized the functions of NTN5 in adult
neurogenesis. We report that proliferation in the neurogenic
niche was reduced and the chain migration of neuroblasts in
the RMS was disorganized in NTN5 KO mice, whereas the
generation of oligodendrocyte lineage cells increased. These
findings suggest roles of NTN5 in promoting proliferation in
the neurogenic niche, controlling chain migration, and inhibiting
oligodendrogenesis in the adult brain.

MATERIALS AND METHODS

Animals
In the study, 3–4 months old NTN5 KO and control (wild
type and heterozygote) littermates were used. NTN5 floxed mice
were generated as follows. Briefly, two LoxP sequences were
inserted to sandwich a 2.5 kb region containing exons 5 and 6,
including the C-terminal coding sequence and 3′ UTR of the
Ntn5 gene, and a pgk-neo cassette flanked by Frp sequences
was additionally inserted in front of the loxP sequence on
the 3′ side in the opposite direction. The targeting vectors
were linearized and transfected into the C57BL/6N-derived
embryonic stem cell line RENKA (Mishina and Sakimura, 2007).
Embryonic stem cell clones with homologous recombination at
the targeting site were injected into ICR 8-cell-stage embryos to
obtain chimeras. They were subsequently crossed with C57BL/6N
females, and offspring with successful germline transmission of
the targeted allele were crossed with C57BL/6N mice expressing
Flp recombinase to remove the neomycin resistance cassette
(Funato et al., 2016). These mice were crossed with Actb-
Flp knock-in mice to remove the neomycin cassette via the
Flp-FRT system. Then, the mouse line was crossed with the
PGK-Cre line, described previously (Lallemand et al., 1998),
to delete the floxed region. In these mice, Cre is under the
control of the PGK promoter and expressed throughout the body,
including germ cells, resulting in NTN5 KO. The mice were
genotyped by PCR. The wild-type and floxed alleles were detected
as 530-bp and 630-bp PCR products, respectively, using the
following primer pair: 5′-AGAGGGTACCCAGCCTATCT and
5′-GGTGAAGACCAGTCCTTCAG. The deletion of the floxed
site results in the absence of the PCR product. To confirm the
recombination, another PCR reaction was performed with the
following primer pair: 5′-AGAGGGTACCCAGCCTATCT and
5′-GAGACTACCGGGCACCTTTG. NTN5 KO mice are fertile
with no obvious phenotype, as reported previously (Garrett
et al., 2016). All animal experiments were approved by the
Animal Research Committee of Hamamatsu University School of
Medicine and those of Niigata University and were carried out in
accordance with the in-house guidelines for the care and use of
laboratory animals of Hamamatsu University School of Medicine
and those of Niigata University.
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FIGURE 1 | Altered population of EdU-labeled/DCX-positive cells in the V-SVZ of adult NTN5 KO mice 7 days after EdU injection. (A,B) Schematic drawing of a
coronal section of adult mouse brain at bregma + 0.70 mm. (B) Enlargement of boxed region shown in panel (A). Dashed lines indicate a representative area for
quantification of the EdU-labeled cells. The square box indicates the area observed for immunostaining. (C,D) Representative images of EdU staining of the V-SVZ
from control (C) and NTN5 KO (D) mice 7 days after EdU administration. Insets show higher magnification and EdU-labeled cells (arrowheads). (E) Quantification of
EdU-labeled cells in the V-SVZ. Three sections per animal were analyzed (n = 7 for control, n = 4 for NTN5 KO). Data are means ± SEs. *p < 0.05. (F) Quantification
of EdU-labeled cells in the entire coronal section of the brain in control and NTN5 KO mice. (G,H) Representative confocal images of immunostaining with orthogonal
views for DCX (green), EdU (red), and DAPI (blue). Most of the EdU-labeled cells observed in the V-SVZ of both control and NTN5 KO mice were DCX positive (white
arrowheads). (I,J) Representative confocal images with orthogonal views for GFAP (green), EdU (red), and DAPI (blue). Some EdU-labeled cells colocalized with
GFAP (white arrowheads). Other EdU-labeled cells were GFAP negative (black arrowheads). Scale bars indicate 100 µm (C,D) and 15 µm (G–J). CPu, caudate
putamen; LS, lateral septal nucleus; LV, lateral ventricle; V-SVZ, ventricular-subventricular zone.
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FIGURE 2 | Altered distribution of EdU-labeled cells outside the V-SVZ in NTN5 KO mice 7 days after EdU injection. (A,B) Schematic drawings of a coronal section
of adult mouse brain at bregma + 0.70 mm. (C) Quantification of EdU-labeled cells outside the V-SVZ, namely in the cortex (CTX), caudate putamen (CPu), lateral
septal nucleus (LS), corpus callosum, and anterior commissure in coronal brain sections of control and NTN5 KO mice. Three sections per animal were analyzed
(n = 7 for control, n = 4 for NTN5 KO). Data are means ± SEs. **p < 0.01. (D) Most EdU-labeled cells were Olig2 positive at 7 days after EdU injection.
(E–G) Representative confocal images with orthogonal views of the CTX. Sections were stained for EdU (red), DAPI (blue), Olig2 (E, green), GFAP (F, green), or Iba1
(G, green). Almost all EdU-labeled cells observed in the CTX of NTN5 KO mice were Olig2 positive (E, white arrowheads). Several EdU-labeled cells colocalized with
Iba1 (G, white arrowhead). By contrast, there were no GFAP-positive/EdU-labeled cells (F, black arrowheads). (H–J) Representative confocal images with orthogonal
views of the CPu. The main population of EdU-labeled cells was Olig2 positive (H, white arrowheads). None of the EdU-labeled cells were GFAP positive in the CPu
(I, black arrowheads). Several EdU-labeled cells colocalized with Iba1 (J, white arrowheads). (K–M) Representative confocal images with orthogonal views of a
coronal section in the LS. The main population of EdU-labeled cells was Olig2 positive (K, white arrowheads). Several EdU-labeled cells colocalized with GFAP
(L, white arrowhead). There were no EdU-labeled cells that were Iba1 positive in the LS (M, black arrowheads). Scale bar indicates 15 µm. LV, lateral ventricle;
V-SVZ, ventricular-subventricular zone.
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TABLE 1 | Increased cell proliferation in NTN5 KO.

Regiona No. of cellsb p-value

Control NTN5 KO

CTX 9.6 ± 1.1 19.8 ± 3.4 0.012

BG/LS 13.1 ± 1.0 23.8 ± 3.9 0.014

CC/AC 1.0 ± 0.3 3.2 ± 0.6 0.010

aAC, anterior commissure; CC, corpus callosum; BG; basal ganglia; CTX, cerebral
cortex; LS, lateral septal nucleus.bNumber of EdU-labeled cells proliferating 7 days
after EdU injection (n = 7 for control, n = 4 for NTN5 KO). Data are means ± SEs.

EdU Labeling and Reaction
Proliferating cells were labeled as described previously (Zeng
et al., 2010). Briefly, mice received intraperitoneal injections
of EdU (5-ethynyl-2′-deoxyuridine) at 200 mg/kg body
weight. After 1 day and 7 days, mice were sacrificed for
immunofluorescence analyses as described below. The EdU
reaction was carried out for 2 h at room temperature using
a solution containing 50 mM Tris (pH 7.4), 150 mM NaCl,
2 mM CuSO4, 10 µM Alexa Fluor azides, and 10 mM sodium
ascorbate (added last).

Histological Analysis
Immunostaining was performed as previously reported
(Yamagishi et al., 2019). Briefly, the mice were deeply anesthetized
and intracardially perfused with 4% paraformaldehyde in
phosphate-buffered saline (PFA/PBS) for 5 min. Brains were
dissected, postfixed in 4% PFA/PBS for 10 min, and subsequently
immersed in 15 and 30% sucrose/PBS for cryoprotection. After
the brains were embedded in optimal cutting temperature
compound and frozen at −80◦C, sagittal and coronal sections
at 20 µm thickness were prepared using a cryostat and stored
at −20◦C until use. Before staining, the sections were dried,
further fixed in 4% PFA/PBS for 10 min, washed with PBS,
and permeabilized in 0.3% Triton X-100/PBS for 3 min. Then,
the sections were incubated with blocking solution containing
10% donkey serum in 0.1% Triton X-100/PBS for 1 h at room
temperature, followed by incubation with primary antibodies in
10% donkey serum/0.1% Triton X-100/PBS overnight at 4◦C. The
sections were then incubated with Alexa Fluor dye-conjugated
secondary antibodies for 30 min at room temperature, followed
by nuclear staining with DAPI. The sections were observed,
and the images were obtained with a confocal microscope (TCS
SP8; Leica, Wetzlar, Germany) in sequential scanning mode for
multichannel imaging and with an epifluorescence microscope
(IX83; Olympus, Tokyo, Japan) using a tiling scanning function.
For hematoxylin and eosin (HE) and Luxol fast blue (LFB)
staining, fixed brains were embedded in paraffin, cut into 3-µm-
thick sections, and stained with HE or LFB according to standard
protocols. The images were obtained with a light microscope
(Eclipse E600; Nikon, Tokyo, Japan).

Antibodies
The following primary antibodies were used for
immunohistochemistry: rabbit anti-active caspase-3 (1:500;

Abcam, Cambridge, United Kingdom), rabbit anti-DCX (1:500;
Cell Signaling Technology, Danvers, MA), rabbit anti-glial
fibrillary acidic protein (GFAP) (1:500; Agilent, Santa Clara,
CA), goat anti-Olig2 (1:50; R&D Systems, Minneapolis, MN),
rabbit anti-Iba1 (1:500; Fuji-Wako, Osaka, Japan), rabbit
anti-Ki67 (1:500; Abcam), goat anti-MBP (1:500; Santa Cruz
Biotechnology, Dallas, TX), rat anti-MBP (1:1,000; Abcam),
mouse anti-NeuN (1:100; Merck-Millipore, Burlington, MA),
and rat anti-NG2 (1:500; Abcam). The conjugated secondary
antibodies were donkey anti-rabbit, anti-rat, anti-mouse, and
anti-goat antibodies (Alexa Fluor 488, 568, and 647; Thermo
Fisher Scientific, Waltham, MA) at a dilution of 1:500. For the
EdU reaction, azide-modified dyes (Alexa Fluor 488 and 594
azide; Thermo Fisher Scientific) were used.

Quantifications and Statistical Analysis
To quantify proliferated cells, EdU-labeled cells in the OB, RMS,
and V-SVZ were counted in three coronal sections for each
mouse under an epifluorescence microscope (Eclipse E600) or
a confocal microscope (TCS SP8) by capturing 3D images at
a 10-µm thickness. Data are presented as means ± standard
errors (SEs). Statistical significance was determined by two-sided
unpaired Student’s t-tests and a p-value of <0.05.

For the analysis of migrating cells in the RMS, images of anti-
DCX antibody staining were binarized by ImageJ software. Then,
a non-linear regression for Gaussian fit was performed by a least-
squares fit using Excel with the “Solver” add in. The reliability of
the model was validated by evaluating the residuals plot, replicate
test, plausibility of best-fit values, R2 values, and sum-of-square
values. Statistical significance for the Gaussian fit was determined
using the F test (Yamagishi et al., 2011).

RESULTS

Reduced Cell Proliferation in the V-SVZ
of NTN5 KO Mice
To investigate the role of NTN5 in immature cell populations
in the adult mammalian brain, 3–4 months old NTN5 KO mice
and their littermate controls were administrated EdU to label
proliferating cells, as NTN5 is expressed in type A and type C
cells in the V-SVZ (Yamagishi et al., 2015). Seven days later,
the numbers of EdU-labeled cells in the V-SVZ were compared
(Figures 1A–D). The number of EdU-labeled cells was decreased
to 55% in NTN5 KO mice than in control mice (12.3 ± 3.5
vs. 22.3 ± 2.1 cells/section, respectively, p < 0.05) (Figure 1E).
However, there was no difference between groups when all of the
EdU-labeled cells in coronal sections were counted (Figure 1F).
These results suggest that proliferation in the neurogenic niche
was inhibited or that proliferated cells rapidly migrated from the
V-SVZ in adult NTN5 KO mice.

Next, we characterized the types of cells that were EdU positive
in the V-SVZ and found that more than half expressed DCX in
both control and NTN5 KO mice (Figures 1G,H). By contrast,
some DCX-negative cells were GFAP positive, but none were
Olig2, Iba1, or NeuN positive (Figures 1I,J and Supplementary
Figures 1C–H; Lazarov et al., 2010; Ming and Song, 2011).
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FIGURE 3 | Normal number of EdU-labeled cells in the OB of adult NTN5 KO mice 7 days after EdU injection. (A,B) Schematic drawings of the OB of adult mouse
brain at bregma + 3.80 mm. (C,D) Representative images of EdU staining of granule layer of the OB from control (C) and NTN5 KO (D) mice 7 days after EdU
administration. Insets show higher magnification and EdU-labeled cells (arrowheads). (E,F) Quantification of EdU-labeled/DCX-positive cells (E) and
EdU-labeled/Olig2-positive cells (F) in the granule layer of the OB. Three sections per animal were analyzed (n = 7 for control, n = 4 for NTN5 KO). Data are
means ± SEs. n.s., not significant. (G,K) Representative confocal images of the OB granule layer immunostained for DCX (green), EdU (red), and DAPI (blue). Almost
all EdU-labeled cells in the granule layers of control and NTN5 KO mice were DCX positive (white arrowheads). (H,L) Representative confocal images for Olig2
(green), EdU (red), and DAPI (blue). Olig2 staining of the granule layer revealed that there were a few Olig2-positive/EdU-labeled cells (white arrowheads).
(I,M) Representative confocal images for GFAP (green), EdU (red), and DAPI (blue). GFAP staining of the granule layer revealed that no EdU-labeled cells were GFAP
positive (black arrowheads). (J,N) Representative confocal images for Iba1 (green), EdU (red), and DAPI (blue). None of the EdU-labeled cells were Iba1 positive in
the granule layer (black arrowheads). Scale bar indicates 15 µm. gr, granule layer; ipl, inner plexiform layer; mi, mitral layer.
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Increased Production of OPCs in Other
Brain Regions of NTN5 KO Mice
As the number of proliferating cells in NTN5 KO mice was
lower in the V-SVZ but not different overall, we carefully
counted EdU-labeled cells in areas outside the V-SVZ. Almost
all of the EdU-labeled cells in the cortex (CTX), basal ganglia
(BG), and lateral septal nucleus (LS) were DCX negative
in both control and NTN5 KO mice, and the number of
EdU-labeled cells outside the V-SVZ in NTN5 KO mice was
significantly higher than in control mice (47.0 ± 7.8 vs.
23.9 ± 1.8 cells/section, respectively, p < 0.01) (Figures 2A–
C). Furthermore, this increase was significant in the CTX,
BG/LS, and in white matter (corpus callosum and anterior
commissure) (Table 1).

Consistent with a previous study showing that 74% of
BrdU-positive cells were NG2-positive OPCs (Dawson, 2003),
further analyses revealed that the majority of these EdU-labeled
cells were positive for Olig2 (Figure 2D and Supplementary
Figure 2C). In the CTX, EdU-labeled cells were mostly
Olig2 positive (75.9% ± 10.5%) with some Iba1 positive
(21.6% ± 7.4%), but none were GFAP positive (Figures 2E–
G). Notably, none of EdU-labeled cells were positive for
MBP, a marker for mature oligodendrocytes (Supplementary
Figure 2D). In the caudate putamen (CPu; part of the BG),
EdU-labeled cells were Olig2 or Iba1 positive but not GFAP
positive (Figures 2H–J), whereas GFAP- and Olig2-positive EdU-
labeled cells were found in the LS, but none were positive
for Iba1 (Figures 2K–M). Together, these data suggest that
the majority of newly proliferated cells outside the V-SVZ
were oligodendrocyte lineage cells. As NTN5 KO mice had
significantly higher numbers of these cells, NTN5 may be secreted
from endothelial cells to inhibit oligodendrocyte generation
(Yamagishi et al., 2015).

Next, we asked whether the increase of OPCs in NTN5
KO mice would result in morphological changes in white
matter. However, we did not find any morphological abnormality
by HE, LFB, or anti-MBP staining in NTN5 KO mice
(Supplementary Figure 3).

Number of EdU-Labeled Neuroblasts in
the OB Granule Layer Does Not Change
in NTN5 KO Mice
As NTN5 is expressed by neuroblasts generated in the V-SVZ
that migrate via the RMS toward the OB (Yamagishi et al.,
2015), we hypothesized that the reduction in proliferative
cells observed in NTN5 KO mice would result in fewer
cells that migrate to the granule layer of the OB. However,
there was no significant difference in the number of EdU-
labeled cells in the granule layer of the OB between control
and NTN5 KO mice (Figures 3A–E). Olig2-positive cells
comprised ∼2% of the EdU-labeled cells in the OB granule
layer, and the numbers of these were not significantly
different between control and NTN5 KO mice (Figure 3F).
Almost all (>98%) of the EdU-labeled cells in the granule
layer were DCX positive in control and NTN5 KO mice
(Figures 3G,K), suggesting that the supply of newly generated

neuroblasts from the V-SVZ/RMS to the OB was maintained
in NTN5 KO mice despite the reduced proliferation in
the neurogenic niche. The few DCX-negative EdU-labeled
cells were Olig2 positive but GFAP and Iba1 negative
(Figures 3H–J,L–N).

Reduced Proliferation in the V-SVZ of
NTN5 KO Mice 1 Day After EdU
Administration
To determine whether the decrease in EdU-labeled cells after
7 days in the V-SVZ of NTN5 KO mice (cf. Figure 1E) was a
result of increased migration to other brain regions or reduced
proliferation, we quantified cell proliferation in the V-SVZ at
1 day after EdU administration (Figure 4). At this time point,
the number of EdU-labeled cells was similarly lower in NTN5
KO mice than in control mice (27.5 ± 3.9 vs. 47.0 ± 6.2
cells/field, respectively, Figures 4A–C). This result indicates that
the number of proliferated cells in the V-SVZ of NTN5 KO
mice is constitutively lower than in control mice. Of note, the
density of EdU-labeled cells in the V-SVZ after 1 day was
much higher than after 7 days in both control and NTN5
KO mice (cf. Figures 1C,D). The percentage of EdU-labeled
cells that were DCX positive was reduced in the NTN5 KO
mice (Figure 4D). The reduction of EdU-labeled cells in the
V-SVZ of NTN5 KO mice was specific, because we did not see
any difference in the SGZ of the hippocampal dentate gyrus
after pulse EdU labeling at 1 and 7 days between control and
NTN5 KO mice (Supplementary Figure 4). Next, we used Ki67
antibodies to ask whether the number of proliferating cells
was reduced in NTN5 KO mice (Figures 4E,F). Unexpectedly,
the number of Ki67-positive cells and the cell cycle exit index
(percentage of EdU-positive cells that were Ki67 negative)
were not significantly different (Supplementary Figures 5A,B).
However, the percentage of Ki67-positive cells that were EdU
labeled was reduced in the NTN5 KO mice (Figure 4G),
suggesting a longer cell cycle. On the other hand, no apoptotic
cells (cleaved-caspase-3 positive) were observed (Supplementary
Figures 5C,D). Next, we analyzed chain migration in the RMS,
which revealed sparsely distributed migrating neuroblasts and a
disorganized cellular bundle (Figures 4H–J), though the number
of EdU-labeled cells in the RMS were not significantly changed
(Supplementary Figure 5F). To analyze the distribution of
migrating cells in the RMS, we modeled the DCX signal intensity
to a Gaussian fit by non-linear regression (see section “Materials
and Methods”). The analysis revealed that the Gaussian fit was
dispersed and the peak was shifted down by approximately
60 pixels (39.3%) in NTN5 KO mice compared with that in
controls (Figure 4J, n = 3 mice per group, p < 0.0001, F-test),
indicating that NTN5 is involved in organizing proper chain-
formed migration. By contrast, from the rostral part of the
RMS to its termination in the OB, no disorganization was
observed, and the density of EdU-labeled cells was normal
(Supplementary Figure 6). These results suggest that there may
be a compensatory mechanism to replenish the appropriate
number of new neurons in the granule layer of the OB in
the mutant mice.
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FIGURE 4 | Altered population of EdU-labeled cells in the V-SVZ and misaligned migrating cells in the RMS of adult NTN5 KO mice 1 day after EdU injection.
(A,B) Representative confocal images with orthogonal views of EdU- and DAPI-labeled sections of the V-SVZ 1 day after EdU administration. Note that there were
more EdU-labeled cells than at 7 days after injection (cf. Figures 1C,D). (C) Quantification of EdU-labeled cells 1 day after EdU administration. Three fields per
animal were analyzed (n = 5 for both genotypes). Data are means ± SEs. (D) Quantification of DCX-positive cells among EdU-labeled cells. Two fields per animal
were analyzed (n = 4 for both genotypes). Data are means ± SEs. (E,F) Representative images of Ki67-, EdU-, and DAPI-labeled sections of the V-SVZ 1 day after
EdU administration. (G) Quantification of EdU-labeled cells among Ki67-positive cells in the V-SVZ. Three fields per animal were analyzed (n = 3 for both genotypes).
Data are means ± SEs. (H,I) DCX (green), EdU (red), and DAPI (blue) labeling of sagittal sections (100 µm × 500 µm) of the RMS revealed a broadened distribution
of cells migrating to the OB in NTN5 KO mice. (J) The distribution of DCX-positive cells in the RMS of NTN5 KO mice was significantly broadened (p < 0.0001)
according to a Gaussian fitting analysis. Scale bars indicate 30 µm (A,B,E,F) and 50 µm (H,I). *p < 0.05, **p < 0.01, ****p < 0.0001. n.s., not significant; LV, lateral
ventricle.
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FIGURE 5 | Model for neurogenesis and oligodendrogenesis in the adult brain. Schematic drawing of control (A) and NTN5 KO (B) mouse brains. The proliferation in
the neurogenic niche is decreased, whereas the generation of oligodendrocyte lineage cells outside the V-SVZ is increased in NTN5 KO mice. Neuroblasts are
misaligned in the RMS. Nevertheless, the number of neuroblasts migrating to the OB is not different.

DISCUSSION

In this study, we showed that the number of newly generated
cells in the adult V-SVZ is reduced by NTN5 KO, assessed either
1 or 7 days after EdU administration. The role of NTN5 in
the proliferation of cells in the neurogenic niche in the V-SVZ
complements that of other guidance proteins, such as ephrin B3,
EphA4, and semaphorin 3A (Furne et al., 2009). Ephrin B3 blocks
caspase-dependent cell death by binding to the EphA4 receptor,
and mice lacking EphA4 have large numbers of neuroblasts in
the V-SVZ. Overexpression of semaphorin 3A (via knockdown
of miR30c) reduces proliferation in the V-SVZ while promoting
stem cell differentiation (Sun et al., 2016). We provide new
evidence that NTN5 is another important contributor.

NTN5 is highly expressed in the transit-amplifying (type C)
cells and neuroblasts (type A cells) in the V-SVZ (Yamagishi et al.,
2015). We found a reduction in the percentage of EdU-labeled
cells that were DCX positive in NTN5 KO mice, suggesting that
the ratio of proliferating type C cells was increased (Figure 4D).
However, as the number of EdU-labeled cells was also reduced,
the actual number of total type C cells was not changed. These
results suggest that differentiation of type C cells into type A cells
may be slower in the mutant mice. In addition, the number of
Ki67-positive cells was not changed, but the proportion that were
EdU labeled was reduced; thus, the cell cycle seems to be longer
in the NTN5 KO. Although the number of EdU-labeled cells was
decreased in the V-SVZ, the number in the OB was not affected
by NTN5 KO. Interestingly, we observed misalignment, partial
disruption, and broadening of the migratory bundle in the RMS
(Figures 4H–J). The disorganization of neuroblast migration also
occurs with deletion of other guidance molecules such as Slit1
and EphA4, which repel astrocytes and neuroblasts (Nguyen-Ba-
Charvet, 2004; Kaneko et al., 2010; Todd et al., 2017). However,
unlike that in EphA4 mutant mice, a reduction of EdU-labeled
cells in the OB was not observed in NTN5 mutant mice. The

overall size of the OB did not change, whereas the OBs are smaller
in other models with RMS migration defects, such as Girdin and
F0621- and β8-integrin mutant mice (Belvindrah et al., 2007;
Mobley and McCarty, 2011; Wang et al., 2011).

Garrett et al. (2016) reported that NTN5 in the developing
mouse is expressed in boundary cap cells, which comprise
a transient neural crest-derived population adjacent to the
embryonic spinal cord that repel motor neurons to prevent
aberrant migration outside the ventral horn. In NTN5 KO
mice, the motor neurons abnormally enter the ventral roots
and migrate into the peripheral nervous system (Garrett et al.,
2016). Additionally, they found that DCC mutant mice also
showed a similar phenotype, indicating that NTN5 in boundary
cap cells binds to DCC expressed on motor neurons, possibly
coexpressing Unc5 receptors, to repel them. NTN5 also binds to
DSCAM, another netrin-1 receptor (Visser et al., 2015). However,
this interaction was identified by biochemical screening, and
functional analyses have not been performed.

In addition to the reduction of proliferating cells in the
V-SVZ of NTN5 KO mice, we found a significant increase of
newly generated Olig2-positive cells (oligodendrocyte lineage
cells) (Nishiyama et al., 2009; Kuhn et al., 2019) outside this
area. OPCs are distributed in both white and gray matter
throughout the brain and are considered a pool of migratory
and proliferative cells (Bergles and Richardson, 2015). When
we administrated EdU pulse for 4 h, we observed a significant
number of Olig2-positive/EdU-labeled cells in the CTX of NTN5
KOs, indicating local proliferation in the area (Supplementary
Figure 2E). Interestingly, netrin-1 inhibits proliferation and
promotes the differentiation of OPCs expressing DCC and
Unc5A receptors (Tepavčević et al., 2014). NTN5 may similarly
regulate oligodendrogenesis by binding to DCC/Unc5A. OPCs
migrate along the vasculature during development and stay
adjacent to vessels, maintaining the potential to differentiate into
oligodendrocytes (Tsai et al., 2016). As NTN5 is also expressed by

Frontiers in Neuroscience | www.frontiersin.org 9 November 2020 | Volume 14 | Article 570974148

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-570974 November 23, 2020 Time: 14:4 # 10

Ikegaya et al. Decreased Neurogenic Proliferation in NTN5-KO

some vascular endothelial cells throughout the brain (Yamagishi
et al., 2015), we surmise that these cells signal to OPCs, as we
often observed pairs of EdU- and Olig2-positive cells adjacent to
endothelial cells in NTN5 KO mice.

Interestingly, we observed a lower density of EdU-labeled
cells in the V-SVZ of NTN5 KO mouse 1 and 7 days after EdU
administration but no change in the numbers of EdU-labeled
neuroblasts in the granule layer of the OB. It is possible that
the newly generated neuroblasts in the V-SVZ allowed rapid
migration in NTN5 KO mice or that proliferation of type A
cells in the RMS was accelerated. Indeed, EdU-labeled cells were
abundant in the rostral RMS of NTN5 KO mice (Supplementary
Figure 6). Another possible explanation is that NTN5 acts as
an adhesive/attractant for neuroblasts, hindering their migration
through the RMS. When neuroblasts migrate through RMS, they
need to repel astrocytes via the Slit-Robo pathway (Kaneko et al.,
2010), and the loss of adhesion by NTN5 deletion may result
in unopposed repulsive activities. Further studies are needed to
resolve this discrepancy between reduced proliferation in the
neurogenic niche and normal neuroblast numbers in the granule
layer of the OB. Nevertheless, NTN5 may play a role as an
adhesive molecule that holds neuroblasts in a chain, as this
organization was disturbed in the mutant mice (Figures 4H–J).

Of note, the increase in OPCs observed in NTN5 KO mice
suggests a potentially new avenue of study toward clinical
approaches for demyelinating diseases such as multiple sclerosis.
Multiple sclerosis is a chronic, inflammatory, demyelinating,
and neurodegenerative disease caused by the infiltration of
inflammatory cells into the central nervous system (Filippi
et al., 2018). These cells induce oligodendrocyte and neuro-
axonal damage through cell contact, the secretion of soluble
mediators, and oxidative stress. In multiple sclerosis lesions,
the differentiation of OPCs into oligodendrocytes is impaired,
impeding efficient remyelination (Kuhlmann et al., 2008).
As newly differentiated oligodendrocytes are observed in
successfully remyelinated lesions, the role of NTN5 as a regulator
of oligodendrogenesis may hold therapeutic promise.

CONCLUSION

In conclusion, our findings suggest that NTN5 directly or
indirectly promotes proliferation in the neurogenic niche in
the adult V-SVZ and inhibits oligodendrogenesis throughout
the brain (Figure 5). However, in vitro analyses are needed
to clarify the intracellular signaling triggered by NTN5, such
as binding assays to define receptors as well as turning and
growth cone collapse assays. These studies will lead to a
better understanding of the molecular mechanisms by which

NTN5 regulates proliferation in the neurogenic niche and
oligodendrogenesis.
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Dentate Gyrus
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Mild traumatic brain injuries (mTBIs) are prevalent worldwide. mTBIs can impair
hippocampal-based functions such as memory and cause network hyperexcitability of
the dentate gyrus (DG), a key entry point to hippocampal circuitry. One candidate for
mediating mTBI-induced hippocampal cognitive and physiological dysfunction is injury-
induced changes in the process of DG neurogenesis. There are conflicting results on
how TBI impacts the process of DG neurogenesis; this is not surprising given that
both the neurogenesis process and the post-injury period are dynamic, and that the
quantification of neurogenesis varies widely in the literature. Even within the minority
of TBI studies focusing specifically on mild injuries, there is disagreement about if
and how mTBI changes the process of DG neurogenesis. Here we utilized a clinically
relevant rodent model of mTBI (lateral fluid percussion injury, LFPI), gold-standard
markers and quantification of the neurogenesis process, and three time points post-
injury to generate a comprehensive picture of how mTBI affects adult hippocampal
DG neurogenesis. Male C57BL/6J mice (6-8 weeks old) received either sham surgery
or mTBI via LFPI. Proliferating cells, neuroblasts/immature neurons, and surviving cells
were quantified via stereology in DG subregions (subgranular zone [SGZ], outer granule
cell layer [oGCL], molecular layer, and hilus) at short-term (3 days post-injury, dpi),
intermediate (7 dpi), and long-term (31 dpi) time points. The data show this model
of mTBI induces transient, sequential increases in ipsilateral SGZ/GCL proliferating
cells, neuroblasts/immature neurons, and surviving cells which is suggestive of mTBI-
induced neurogenesis. In contrast to these ipsilateral hemisphere findings, measures in
the contralateral hemisphere were not increased in key neurogenic DG subregions after
LFPI. Our work in this mTBI model is in line with most literature on other and more severe
models of TBI in showing TBI stimulates the process of DG neurogenesis. However, as

Frontiers in Neuroscience | www.frontiersin.org 1 January 2021 | Volume 14 | Article 612749152

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2020.612749
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2020.612749
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2020.612749&domain=pdf&date_stamp=2021-01-07
https://www.frontiersin.org/articles/10.3389/fnins.2020.612749/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-612749 December 23, 2020 Time: 12:41 # 2

Clark et al. mTBI Increases Proliferation and Neurogenesis

our DG data in mTBI provide temporal, subregional, and neurogenesis-stage resolution,
these data are important to consider in regard to the functional importance of TBI-
induction of the neurogenesis process and future work assessing the potential of
replacing and/or repairing DG neurons in the brain after TBI.

Keywords: neurogenesis, TBI, dentate gyrus, proliferation, LFPI

INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of death and
disability in the United States, affecting ∼2.8 million new
people annually (Report to Congress on Mild Traumatic Brain
Injury in the United States, 2003; Taylor et al., 2017). TBI
is a mechanical event that results in primary focal and/or
diffuse brain injury, often with secondary pathological sequelae
and long-term neurological consequences (Sterr et al., 2006;
Daneshvar et al., 2011; Katz et al., 2015). TBIs in humans are
heterogeneous in location, severity, and mechanism, but are
typically classified as mild, moderate, or severe based on severity
and duration of acute symptoms (Narayan et al., 2002). Most
research has focused on moderate and severe injuries due to their
dramatic impact on brain health and cognition (Lippert-Grüner
et al., 2006). However, the majority of brain injuries sustained are
classified as mild TBIs (mTBIs) (Faul et al., 2010; Taylor et al.,
2017). mTBIs induce no gross structural brain abnormalities,
but can lead to lasting cognitive deficits - particularly in regard
to attention and memory (Daneshvar et al., 2011; Katz et al.,
2015). Injury-induced cognitive deficits in the absence of gross
brain damage can be replicated in rodent models of mTBI (Lyeth
et al., 1990; Eakin and Miller, 2012). Notably, many of the
cognitive deficits seen in both rodents and humans after TBI
involve hippocampal-dependent functions, such as spatial and
contextual memory and pattern separation (Witgen et al., 2005;
Smith et al., 2012; Folweiler et al., 2018; Paterno et al., 2018).
These cognitive deficits are accompanied by electrophysiological
changes in the hippocampus, including hyperexcitability in the
dentate gyrus (DG; Folweiler et al., 2018). The DG typically acts
as a “filter” or “gate,” with sparse activity limiting how much
information is relayed through to downstream areas (Hsu, 2007).
One theory about mTBI-induced cognitive deficits posits that
this “DG gate” breaks down after injury, leading to excessive
DG depolarization which spreads to area CA3 (Folweiler et al.,
2018), thus disrupting this “gating” of information flow through
the hippocampus and causing cognitive dysfunction. Although
an excitatory/inhibitory imbalance is thought to mediate injury-
induced cognitive deficits, the cellular and network mechanisms
underlying these mTBI-induced physiological and cognitive
deficits are unknown.

One potential contributor to rodent mTBI-induced
physiological changes and cognitive deficits is mTBI-induced
changes in the generation of new hippocampal DG granule cells.
This process of DG neurogenesis consists of “stages,” including
proliferation (cell division of stem cells and their progeny
in the subgranular zone [SGZ]), generation of neuroblasts and
immature neurons, and cell survival of mature, glutamatergic DG

granule cells (Aimone et al., 2014; Bond et al., 2015; Kempermann
et al., 2015). The bidirectional relationship between the activity
of the DG as a whole and the process of neurogenesis has been
well-studied (Ma et al., 2009; Ikrar et al., 2013; Kempermann,
2015; Temprana et al., 2015). While the exact function of
adult-born DG granule cells is under debate, they are implicated
in hippocampal-based cognition such as contextual memory
and pattern separation (Clelland et al., 2009; Tronel et al., 2010;
Sahay et al., 2011; Nakashiba et al., 2012). The process of DG
neurogenesis also contributes to circuit excitability in both
physiological (Ikrar et al., 2013) and pathological conditions like
epilepsy (Cho et al., 2015; Neuberger et al., 2017). Given that the
process of neurogenesis has potent influence over hippocampal
physiology and function, there is great interest in understanding
how it - and associated hippocampal physiology and function - is
changed after brain injury.

Indeed, many preclinical studies suggest the process of adult
hippocampal DG neurogenesis is changed after TBI (Aertker
et al., 2016; Ngwenya and Danzer, 2018; Bielefeld et al., 2019).
However, the direction of the change is disputed. TBI is reported
to decrease (Gao et al., 2008; Hood et al., 2018), increase
(Dash et al., 2001; Kernie et al., 2001; Blaiss et al., 2011;
Villasana et al., 2015; Sun, 2016; Neuberger et al., 2017), or not
change (but rather increase glial cell proliferation; Chirumamilla
et al., 2002; Rola et al., 2006) the process of DG neurogenesis.
These discrepancies are likely related in part to differences in
experimental parameters, including time point post-TBI, “stage”
of the process examined, approach to quantify the neurogenesis
process, and TBI model used and its severity. To this end, it is
notable that rodent models of mild brain injury - including lateral
fluid percussion injury (LFPI), blast trauma, and weight drop -
also produce mixed effects on the process of DG neurogenesis
(Bye et al., 2011; Wang et al., 2016; Neuberger et al., 2017;
Tomura et al., 2020). Given that new neuron replacement has
been suggested as a potential treatment for TBI-induced cognitive
dysfunction (Blaiss et al., 2011; Sun et al., 2015; Aertker et al.,
2016; Sun, 2016), and the prevalence of mTBI in humans, it is
surprising that only two rodent studies have examined injury-
induced effects on the process of DG neurogenesis after mTBI
caused by LFPI. One LFPI study in mice reported the number
of neuroblasts/immature neurons labeled by doublecortin (DCX)
in the ipsilateral DG increased to the same magnitude in Sham
and mTBI mice vs. control mice (Aleem et al., 2020). However,
this study only examined DCX-immunoreactive (+) cells 7 days
post-injury (dpi), which urges study of additional time points;
also this study did not provide neurogenesis quantification
methods, making it unclear whether this neurogenesis result is
meaningful. A very comprehensive LFPI study in rat sampled
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4 time points post-injury and used stereology to quantify cells
labeled with markers of several stages of the neurogenesis process,
and definitely showed a transient increase in DCX+ cells 3 dpi
(Neuberger et al., 2017). However, this study was performed in
juvenile rats, leaving open the question of how mTBI changes
the process of neurogenesis in the adult mouse. In light of the
cognitive and physiological hippocampal changes seen in the
mTBI mouse model (Witgen et al., 2005; Smith et al., 2012;
Folweiler et al., 2018; Paterno et al., 2018), it is important to
address this major knowledge gap: how does a clinically relevant
model of mTBI change the dynamic process of DG neurogenesis
in the adult mouse?

To fill this knowledge gap, we exposed adult male mice to LFPI
or Sham and examined stages of DG neurogenesis at short-term
(3 dpi), intermediate (7 dpi), and long-term (31 dpi) time points.
The clinically relevant model LFPI was used because it causes two
changes in mice that are also seen in humans after mTBI: (1) both
focal and diffuse injury but no necrotic cavity (Smith et al., 2012;
Xiong et al., 2013; Brady et al., 2018) and (2) cognitive deficits,
such as worse hippocampal-based spatial memory (Folweiler
et al., 2018). In our study, we collected indices of proliferation
(number of Ki67+ cells at all time points, number of BrdU+ cells
3 dpi), neuroblasts/immature neurons (number of DCX+ cells at
all time points), and cell survival (number of BrdU+ cells 7 and
31 dpi). We find the ipsilateral DG neurogenic regions of LFPI
mice have more proliferation 3 dpi, more neuroblasts/immature
neurons 7 dpi, and more new cell survival 31 dpi relative to
these regions in Sham mice. These results suggest this model
of mTBI produces a transient increase of DG neurogenesis in
canonical DG neurogenic regions, consistent with the increased
neurogenesis seen after other and more severe models of TBI.
We discuss this and other interpretations of our DG data, and
consider the implications for the temporal, subregional, and
neurogenesis-stage resolution data provided here for the first
time in a mouse model of mTBI.

METHODS

Mice
Experiments were performed on 6- to 8-week-old male
C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME; IMSR
JAX:000664, RRID:IMSR_JAX:000664, Figure 1A). Mice were
group-housed 5/cage in an AAALAC-approved facility at
Children’s Hospital of Philadelphia (CHOP). The vivariums at
the Colket Translational Research Building (Penn/CHOP) are
temperature- and humidity-controlled. Lights are on at 6 am
and off at 6 pm, and food and water are provided ad libitum.
All experiments were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Committee
of CHOP and the guidelines established by the NIH Guide for
the Care and Use of Laboratory Animals.

Craniectomy
All mice underwent craniectomy on day -1 of the experiment
(Dixon et al., 1987; Smith et al., 2012). Mice were anesthetized
with an intraperitoneal (i.p.) injection of ketamine (100 mg/kg)

and xylazine (6-16 mg/kg). Once anesthetized, mice were placed
in a stereotaxic frame (Stoelting, Wood Dale, IL, United States),
the scalp was incised and pulled away to fully expose the right
parietal bone. An ultra-thin Teflon disk (3-mm outer diameter)
was positioned between Lambda and Bregma and between the
sagittal suture and the lateral ridge over the right hemisphere,
and then glued to the skull with Vetbond (3M, St. Paul, MN,
United States). Guided by the Teflon disk, a trephine was used
to perform a 3-mm diameter craniectomy over the right parietal
area. Following craniectomy, a Luer-lock needle hub (3-mm
inner diameter) was secured above the skull opening with Loctite
superglue and dental acrylic, filled with saline and capped. Mice
were removed from the stereotaxic apparatus, placed on a heating
pad until fully recovered from anesthesia, and then returned to
their respective home cage.

Lateral Fluid Percussion Injury (LFPI)
Twenty-four hours (h) post-craniectomy, mice underwent LFPI
or Sham surgery (Figure 1A; Dixon et al., 1987; Smith et al.,
2012). Mice were placed under isoflurane anesthesia (2%
oxygen, 500 ml/min) in a chamber. Respiration was visually
monitored until mice reached a surgical plane of anesthesia
(1 respiration/2 s). Mice were then removed from isoflurane
and the needle hub was refilled with saline and connected to
the fluid percussion injury device (Department of Biomedical
Engineering, Virginia Commonwealth University) via high-
pressure tubing. The mouse was placed onto a heating pad on its
left side. On resumption of normal breathing pattern but before
sensitivity to stimulation, the injury was induced by a 20-ms pulse
of saline onto the intact dura. The pressure transduced onto the
dura was monitored with an oscilloscope, with injury severity
ranging from 1.4 to 1.6 atmospheres. Sham mice underwent all
surgical procedures including attachment to the FPI device with
exclusion of the actual fluid pulse. Immediately after injury or
Sham surgery, the hub was removed from the skull and the
mouse was placed in a supine position to measure the latency
to righting. All mice in this study righted themselves within
3 min, while Sham mice righted themselves in <1 min. After
righting, the mouse was returned to placement under isoflurane
for scalp suturing. Mice recovered on a heating pad until mobile,
at which point they were returned to their home cage. Within
a cage, mice were exposed to either Sham or LFPI and post-
surgery Sham and LFPI mice were housed in the same cage.
Two cohorts of 5 Sham and 5 LFPI mice were generated for
each condition at each time point (3, 7, and 31 days post-
Sham or post-LFPI).

Bromodeoxyuridine (BrdU)
Administration
BrdU (Accurate Scientific, OBT0030G), a thymidine analog,
was freshly prepared at 10mg/mL in 0.09% sterile saline and
0.007N NaOH. All mice received a single 150 mg/kg i.p. injection
3 days after Sham or LFPI (Figure 1A). Mice were weighed
the morning of BrdU administration, and left undisturbed until
BrdU injection was delivered that afternoon, and also were
undisturbed for 2 h post-BrdU injection. In C57BL/6J male
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FIGURE 1 | Experimental timeline and overview of dentate gyrus (DG) neurogenesis and immunohistochemical markers used. (A) Timeline of experimental
procedures. 6-8 week old male C57BL6/J mice received lateral fluid percussive injury (LFPI) or Sham surgery, and 150 mg/kg i.p. Bromodeoxyuridine (BrdU) injection
3 days post-injury (dpi). The Short-Term group was perfused 3 dpi (2 h post-BrdU); the Intermediate group perfused 7 dpi (4 days post-BrdU); and the Long-Term
group perfused 31 dpi (28 days post-BrdU). (B) Schematic of a whole mouse brain showing bilateral location of the hippocampus (gray structure). Exploded inset
(red dotted lines) depicts a coronal section through the dorsal hippocampus (tan indicates primary cell layers) with the granule cell layer (GCL) of the DG indicated.
(C) Schematic of enlarged DG subregions. GCL is represented by densely packed tan circles; individual tan circles represent dorsal boundary of DG (hippocampal
fissure). Green circles/lines are GCL GCs and their axons project through the Hilus to eventually reach CA3 (not pictured). Mol: molecular layer. SGZ: subgranular
zone. oGCL: outer granule cell layer. (D) Schematic of location of DG (green lines) in coronal sections of a mouse brain at three distances from Bregma (−2.4, −3.1,
and 4-3.5 mm). (E,F) Exploded inset of red dotted line in (D) depicts stages of GCL neurogenesis and the antibodies with which cells in each neurogenesis stage
can be labeled. Neural stem cells (NSCs) asymmetrically divide to create progenitor cells, whose progeny differentiate into immature granule cells, some of which
survive to become mature granule cells. BrdU (in the Short-Term group) and Ki67 (all groups) mark dividing cells; doublecortin (DCX) marks neuroblasts/immature
neurons (in all groups); and BrdU in the Long-term group marks surviving cells (cells that were dividing and labeled at the time of BrdU injection, and have survived to
31 dpi). (G) Representative photomicrographs of cells stained with antibodies against Ki67 (Gi), DCX (Gii), or BrdU (Giii). Scale bar = 10 um.
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mice, this BrdU dose and injection procedure “pulse-labels”
cells in S-phase of the cell cycle at the time of BrdU injection
(Mandyam et al., 2007).

Tissue Collection and
Immunohistochemistry (IHC)
Three, 7, or 31 days post-Sham or -LFPI (Figure 1), mice
were anesthetized with chloral hydrate (400 mg/kg, i.p.) prior
to intracardial perfusion with ice-cold 0.1 M phosphate-
buffered saline (PBS) for exsanguination followed by 4%
paraformaldehyde for fixation (Rivera et al., 2013; DeCarolis
et al., 2014). Extracted brains were immersed for 24 h in 4%
paraformaldehyde in 0.1M PBS at 4◦C for post-fixation, followed
by least 3 days of immersion in 30% sucrose in 0.1 M PBS
for cryoprotection with 0.01% sodium azide to prevent bacterial
growth. For coronal brain sectioning, the brain of each mouse
extending from anterior to the DG to the cerebellum (from 0.22
to −5.34 µm from Bregma) was sectioned at 30 µm in a 1:9
series using a freezing microtome (Leica SM 2000 R Sliding
Microtome). Sections were stored in 1xPBS with 0.01% sodium
azide at 4◦C until processing for IHC. Slide-mounted IHC for
Ki67+, DCX+, and BrdU+ cells in the DG was performed
as previously described (Rivera et al., 2013; DeCarolis et al.,
2014). Briefly, one entire series of the hippocampus (every
9th section) was slide-mounted onto charged slides (Thermo
Fisher Scientific, 12-550-15, Pittsburgh, PA, United States). Slide-
mounted sections underwent antigen retrieval (0.01 M citric
acid pH 6.9, 100◦C, 15 min) followed by washing in 1xPBS
at room temperature. For BrdU IHC, two additional steps
were performed to allow the antibody access to DNA inside
the cell nucleus: permeabilization (0.1% Trypsin in 0.1 M
TRIS and 0.1% CaCl2, 10 min) and denaturation (2N HCl in
1x PBS, 30 min). Non-specific binding was blocked with 3%
serum (donkey) and 0.3% Triton-X in PBS for 30 min. After
blocking and pretreatment steps, sections were incubated with
rat-α-BrdU (1:400; Accurate catalog OBT0030, Westbury, NY,
United States), rabbit-α-Ki67 antibody (1:500; Thermo Fisher
Scientific catalog RM-9106S, Freemont, CA, United States), or
goat-α-DCX (1:4000; Santa Cruz Biotechnology catalog sc-8066,
Dallas, TX, United States) in 3% serum and 0.3% Tween-20
overnight. For single labeling IHC, primary antibody incubation
was followed by 1xPBS rinses, incubation with biotinylated
secondary antibodies (biotin-donkey-α-rat-IgG, catalog 712-
065-153; biotin-donkey-α-rabbit-IgG, catalog 711-065-152; or
biotin-donkey-α-goat-IgG, catalog 705-065-003; all 1:200, all
from Jackson ImmunoResearch, West Grove, PA, United States)
for 1 h, and 1xPBS rinses. Next, endogenous peroxidase
activity was inhibited via incubation with 0.3% hydrogen
peroxide (H2O2) for 30 min, followed by incubation with
an avidin-biotin complex for 60-90 min (ABC Elite, Vector
Laboratories PK-6100). After another set of rinses in 1xPBS,
immunoreactive cells were visualized via incubation with metal-
enhanced diaminobenzidine (Thermo Fisher Scientific, 34065,
Pittsburgh, PA, United States) for 5-10 min. Finally, slides
were incubated for ∼2 min in the nuclear counterstain, Fast
Red (Vector Laboratories catalog H3403), dehydrated via a

series of increasing ethanol concentrations, and coverslipped
using DPX (Thermo Fisher Scientific, 50-980-370, Pittsburgh,
PA, United States).

Cavalieri Volume Estimation
Granule cell layer (GCL) volume was assessed using the
Cavalieri Estimator Probe within the Stereo Investigator software
(Gundersen et al., 1988; Harburg et al., 2007; Basler et al., 2017).
All measurements were obtained using the Stereo Investigator
software (MBF Bioscience, Williston, VT, United States) and
a 40× objective (numerical aperture [NA] 0.75) on a Zeiss
AxioImager M2 microscope. A 20 µm2 counting grid was
superimposed over a live image of each section that contained the
DG. This grid was used to calculate the area of the GCL at each
distance from Bregma. Using the Cavalieri principle (Gundersen
and Jensen, 1987; Gundersen et al., 1988), the area values were
used to find the volume of the DG GCL.

Cell Type Quantification
Stereology was used to quantify indices relevant to the process of
DG neurogenesis (Ki67+, DCX+, and BrdU+ cell number), as
described in each subsection below and shown in Figures 1B–G.

Quantification of Ki67+ and BrdU+ Cells in the DG
Due to their rarity (Lagace et al., 2010), BrdU+ and Ki67+
cells were quantified exhaustively in the DG in every 9th section
spanning the entire hippocampus via brightfield microscopy
using a 40X objective (NA 0.90) on an Olympus BX 51
microscope. Factors considered in determining Ki67+ or
BrdU+ cells were size, color, shape, transparency, location,
and focal plane. BrdU+ and Ki67+ cells were quantified
in 4 DG subregions: the SGZ (40 µm into the hilus and
the inner half of the GCL), widely considered to be the
“neurogenic niche” of the DG (Riquelme et al., 2008; Zhao
et al., 2008; Kezele et al., 2017; Obernier and Alvarez-
Buylla, 2019); the outer GCL (oGCL), to which a minority
of adult-generated cells migrate (Kempermann et al., 2003);
the hilus, through which DG granule cells project their
processes toward CA3; and the molecular layer, the site of
DG granule cell dendrites and DG inputs from the entorhinal
cortex. Resulting cell counts were multiplied by 9 to get
total cell number.

Quantification of DCX+ Cells in the DG
DCX+ cells in the DG were quantified via unbiased stereology
in only one region of interest (ROI): the SGZ and GCL proper
(including the inner and oGCL). DCX+ cells in the oGCL
were rare, and thus were considered part of the GCL. DCX+
cells in the hilus and molecular layer had ambiguous/faint
staining with this and other antibodies, and thus DCX+ cells
in these regions were not quantified. DCX+ cells in the
SGZ/GCL are densely presented compared to the relatively rare
populations of Ki67+ and BrdU+ cells; therefore, DCX+ cells
in the SGZ/GCL were quantified using the optical fractionator
workflow in StereoInvestigator (MicroBrightField, MBF) (Brown
et al., 2003; Lagace et al., 2010; Zhao et al., 2010). Briefly,
every 9th coronal section spanning the entire hippocampus
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was analyzed on a Nikon Eclipse Ni or Zeiss AxioImager M2
microscope. The ROI (SGZ/GCL) was traced for each section
at 100X magnification (10X objective, NA 0.30). Quantification
was performed at 400X (40X objective, NA 0.75) by focusing
through the Z-plane of the section. DCX+ cells were counted
if they fulfilled three criteria: the entire boundary of the cell
body was visible, there was a dendritic process emerging from
the cell body, and the soma was darker than the surrounding
background. DCX+ cells were only excluded on the basis of
size if they were small enough to be a swelling of a dendrite
(<∼5 um).

Quantification of Ki67+, BrdU+, and DCX+ Cells
Along the Longitudinal Axis (by Bregma)
For anterior/posterior analysis of Ki67+, BrdU+, and DCX+
cell number, results were divided into anterior and posterior
bins, defined by a division at Bregma level -2.60 mm (Tanti
et al., 2012; Tanti and Belzung, 2013; Zhou et al., 2016). Bregma
level -2.60 mm was identified based on when hippocampal
CA3 reaches approximately halfway down the dorsal/ventral
extent of the brain, and the corpus callosum no longer
connects the left and right hemispheres (Paxinos and Franklin,
2019). Cell counts for each section anterior to -2.60 mm
were summed and multiplied by 9 to get an anterior value
for each mouse. The same procedure was used for the
posterior analysis, using all sections posterior to Bregma level -
2.60 mm.

Data Presentation and Analysis and
Image Presentation
Experimenters were blinded to injury condition, and code
was only broken after data analyses were complete. Counts
for cellular markers were collected for at least 5 (cohort 1)
and at most 10 (cohorts 1 and 2) Sham and LFPI mice
at the 3, 7, and 31-dpi time points. Due to the pandemic-
decreed, multi-month lab shut-down, not every cellular marker
at each time point was analyzed in both cohorts. However,
for cellular markers that were quantified in both cohorts, the
data from each cohort were pooled together after confirmation
of no cohort variance. Data are presented as individual data
points with mean and standard error of the mean displayed.
Data were assessed for normality with the Shapiro-Wilk test.
Normal data were analyzed with unpaired two-tailed t-test,
and non-normal data were analyzed with the Mann-Whitney
test. Graphs were generated in GraphPad Prism (version 8.0).
Full details of statistical analyses for each figure panel are
provided in Supplementary Tables 1, 2. Photomicrographs
were taken with an Olympus DP74 camera using CellSens
Standard software, or a Zeiss Lumina HR color camera
using MBF StereoInvestigator software, and imported into
Adobe Illustrator (version 24.3) for cropping and labeling. For
photomicrographs in Figures 2, 4, 6, representative images
from similar Bregma levels are provided when the difference
between Sham and LFPI cell numbers was significant. For
Figures 3, 5, 7, a schematic of the DG with a given
subregion outlined in red is included to the left of the
corresponding cell counts.

RESULTS

Weight and Gross Locomotor
Activity 3, 7, and 31 Dpi
This LFPI mouse model of mild TBI (Dixon et al., 1987; Smith
et al., 2012) did not change weight or weight gain between Sham
and LFPI mice at the three time points examined: 3, 7, or 31 dpi
(Figure 1A; data not shown). Observation several hours prior to
perfusion at each time point by an experimenter blinded to injury
condition did not reveal gross differences in locomotor activity
between Sham and LFPI mice.

Three Dpi: Neurogenesis Indices in the
Ipsilateral DG Neurogenic Regions
Three days was selected as the earliest time point post-Sham or
post-LFPI to quantify indices of DG neurogenesis (proliferation
and neuroblasts/immature neurons). This was for two reasons.
First, DG function and neurogenesis are commonly studied 7
dpi (Gilley and Kernie, 2011; Sun et al., 2015; Ibrahim et al.,
2016; Neuberger et al., 2017; Shapiro, 2017; Carlson and Saatman,
2018; Wu et al., 2018; Aleem et al., 2020), a time point when
the DG is hyperexcitable and DG-dependent spatial memory is
impaired (Folweiler et al., 2018). DG neurogenesis influences
both DG excitability and DG-dependent behavior (Lacefield et al.,
2012; Ikrar et al., 2013; Park et al., 2015; Neuberger et al., 2017).
Therefore, examination of neurogenesis indices 3 dpi may reveal
changes that influence the subsequent emergence of 7 dpi DG
hyperexcitability and functional impairment. Second, indices of
DG proliferation and neurogenesis are changed 3 dpi in more
severe TBI models relative to control animals (Dash et al., 2001;
Chirumamilla et al., 2002; Peters et al., 2018; Villasana et al.,
2019), but only a few papers look at DG neurogenesis at a short-
term time point post-mTBI, and the results are mixed (Wang
et al., 2016; Neuberger et al., 2017; Tomura et al., 2020). To
address this knowledge gap, the neurogenic regions of the DG
(SGZ, GCL) from Sham and LFPI mice were assessed 3 dpi for
indices of proliferation (Ki67+ and BrdU+ cell number) and
neuroblasts/immature neurons (DCX+ cell number).

Three Dpi, There Are More Ki67+ Proliferating Cells
(Cells in the Cell Cycle) in the Ipsilateral Neurogenic
Region (SGZ) in LFPI Mice Relative to Sham Mice
Ki67 is an endogenous protein with a short half-life expressed
in all cells that are in stages of the cell cycle (G1, S, G2, M)
(Brown and Gatter, 2002). Ki67+ cells in the adult mouse
SGZ are thus in the cell cycle or “proliferating” at the time
of tissue collection (Mandyam et al., 2007), which is in
keeping with the clustering of Ki67+ nuclei seen in the SGZ
of both Sham and LFPI mice (Figures 1F,Gi). Stereological
assessment of Ki67+ SGZ cells mice 3 dpi revealed an effect
of injury (Figure 2A), with ∼45% more Ki67+ SGZ cells
in LFPI vs. Sham mice (statistics for this and all subsequent
measures provided in Supplementary Tables 1, 2). As the
DG, and thus the SGZ, varies along its longitudinal axis
in regard to afferents, efferents, and function (Scharfman,
2011; Wu et al., 2015; Levone et al., 2020), Ki67+ cells
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were also quantified in the anterior vs. posterior SGZ with
the division defined as −2.60mm relative to Bregma (Tanti
and Belzung, 2013). Similar to the analysis on the entire
SGZ (Figure 2A), analysis of Ki67+ cell number in the
anterior and posterior SGZ 3 dpi revealed an effect of
injury, with ∼40% (Figure 2B) and ∼50% more Ki67+ cells
(Figure 2C), respectively, in the ipsilateral neurogenic SGZ of
LFPI vs. Sham mice.

Three Dpi, the Number of DCX+

Neuroblasts/Immature Neurons in the Ipsilateral
Mouse SGZ/GCL Is Similar Between Sham and LFPI
Mice
The SGZ/GCL of Sham and LFPI mice was examined for
cells expressing DCX, a microtubule-associated protein
expressed in late progenitor cells (neuroblasts) and
immature neurons (Francis et al., 1999; Nacher et al., 2001;

FIGURE 2 | Relative to Sham, LFPI increases the number of Ki67-immunoreactive (Ki67+) proliferating cells in the ipsilateral mouse subgranular zone (SGZ) 3 dpi. As
in Figure 1D, green lines in schematics (top row) indicate the ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A–C; Sham n = 9, LFPI n = 9), DCX+ (D–F;
Sham n = 5, LFPI n = 5), and BrdU+ (G–I; Sham n = 9, LFPI n = 9) cells in the SGZ (Ki67, BrdU) and SGZ/GCL (DCX). Immunopositive cells were quantified
considering immunopositive cells in the SGZ across the entire longitudinal axis (see sample representative schematics above A,D,G), and also divided into anterior
DG (see sample schematic above B,E,H) and posterior DG (see sample schematic above C,F,I), operationally defined as Bregma levels −0.92 to −2.6; and −2.6 to
−3.97, respectively. Representative photomicrographs of Sham (Ai) and LFPI (Aii) Ki67-stained tissue are shown alongside quantification of total Ki67+ cells. Scale
bar = 50 µm. T-test, **p < 0.01 and ***p < 0.001.
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FIGURE 3 | Relative to Sham, LFPI increases the number of Ki67+ and BrdU+ proliferating cells in the ipsilateral DG hilus and molecular layer (Mol) 3 dpi.
Stereological quantification of Ki67+ (A–C, G–I, M–O; Sham n = 9, LFPI n = 9) and BrdU+ (D–F, J–L, P–R; Sham n = 9, LFPI n = 9) cells in the hilus (A–F; red dotted
line region, top-left schematic), outer granule cell layer (G–L; red dotted line region, middle-left schematic), and molecular layer (M–R; red dotted line region,
bottom-left schematic). Immunopositive cells were quantified across the entire longitudinal axis (A,D,G,J,M,P), and also broken up into anterior (B,E,H,K,N,Q), and
posterior (C,F,I,L,O,R) bins, operationally defined as Bregma levels −0.92 to −2.6; and −2.6 to −3.97, respectively. T-test, *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 4 | Relative to Sham, LFPI increases the number of DCX+ neuroblasts/immatures neurons in the ipsilateral mouse SGZ/GCL 7 dpi. Green lines in
schematics (top row) indicate these measures were taken in the ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A–C; Sham n = 5, LFPI n = 5), DCX+
(D–F; Sham n = 5, LFPI n = 5), and BrdU+ (G–I; Sham n = 5, LFPI n = 5) cells in the SGZ (Ki67, BrdU) and GCL (DCX). Immunopositive cells were quantified across
the entire longitudinal axis (A,D,G), and also broken up into anterior (B,E,H) and posterior (C,F,I) bins, operationally defined as Bregma levels −0.92 to −2.6; and
−2.6 to −3.97, respectively. Representative photomicrographs of Sham (Di) and LFPI (Dii) DCX-stained tissue are shown alongside quantification of total DCX+
cells. Scale bar = 50 µm. T-test, *p < 0.05, **p < 0.01.

Couillard-Despres et al., 2005; La Rosa et al., 2019). DCX+
cells were quantified in both SGZ and GCL as DCX+ cells
with neurogenic potential are clearly identifiable in both these
DG subregions in control tissue. In the SGZ/GCL of Sham
and LFPI mice collected 3 dpi, there was no effect of injury
on total DCX+ cell number (Figure 2D). When the SGZ/GCL
in Sham and LFPI mice 3 dpi was divided into anterior and
posterior sections, there was also no effect of injury on DCX+

cell number in either the anterior (Figure 2E) or posterior
(Figure 2F) bin.

Three Dpi, the Number of Proliferating Cells (Cells in
S Phase of the Cell Cycle) in the Ipsilateral Mouse
SGZ Is Similar Between Sham and LFPI Mice
Finally, the SGZ of Sham and LFPI mice was analyzed for cells
immunopositive for BrdU, a thymidine analog administered to
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FIGURE 5 | Relative to Sham, LFPI does not change the number of Ki67+ or BrdU+ cells in the ipsilateral DG hilus, oGCL, and Mol 7 dpi. Stereological quantification
of Ki67+ (A–C,G–I,M–O; Sham n = 5, LFPI n = 5) and BrdU+ (D–F,J–L,P–R; Sham n = 5, LFPI n = 5) cells in the hilus (A–F; red dotted line region, top-left
schematic), outer granule cell layer (G–L; red dotted line region, middle-left schematic), and molecular layer (M–R; red dotted line region, bottom-left schematic).
Immunopositive cells were quantified across the entire longitudinal axis (A,D,G,J,M,P), and also broken up into anterior (B,E,H,K,N,Q), and posterior (C,F,I,L,O,R)
bins, operationally defined as Bregma levels −0.92 to −2.6; and −2.6 to −3.97, respectively.
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FIGURE 6 | Relative to Sham, LFPI increases the number of BrdU+ surviving cells in the ipsilateral mouse SGZ 31 dpi. Green lines in schematics (top row) indicate
these measures were taken in the ipsilateral SGZ/GCL. Stereological quantification of Ki67+ (A–C; Sham n = 5, LFPI n = 5), DCX+ (D–F; Sham n = 5, LFPI n = 5),
and BrdU+ (G–I; Sham n = 10, LFPI n = 10) cells in the SGZ (Ki67, BrdU) and GCL (DCX). Immunopositive cells were quantified across the entire longitudinal axis
(A,D,G), and also broken up into anterior (B,E,H) and posterior (C,F,I) bins, operationally defined as Bregma levels −0.92 to −2.6; and −2.6 to −3.97, respectively.
Representative photomicrographs of Sham (Gi) and LFPI (Gii) BrdU-stained tissue are shown alongside quantification of total BrdU+ cells. Scale bar = 50 µm. T-test,
*p < 0.05, ***p < 0.001, and ****p < 0.0001.

all mice 3 dpi. BrdU integrates into the DNA of cells in the S
phase of the cell cycle at the time of BrdU injection. The short
in vivo bioavailability of BrdU in mice (<15 min, Mandyam et al.,
2007) allows a “pulse” labeling of cycling cells and the ability to
track them and their progeny over time. In the ipsilateral SGZ
of Sham and LFPI mice collected 3 dpi (2 h post-BrdU injection,
Short-Term group, Figures 1A,F), there was no effect of injury

(Figure 2G). Parcellation of Sham and LFPI BrdU+ SGZ cell
counts into anterior and posterior DG bins also showed no effect
of injury (Figures 2H,I). While both Ki67 and short-term BrdU
were examined as indices of proliferation in the SGZ, they do
not represent the same cell population; exogenous BrdU “pulse”
labels cells in S-phase, while Ki67 is an endogenous marker
of cells in G1, S, G2, and M phase. Thus, despite the lack of
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FIGURE 7 | Relative to Sham, LFPI increases the number of BrdU+ surviving cells in the ipsilateral DG hilus, posterior oGCL, and Mol 31 dpi. Stereological
quantification of Ki67+ (A–C,G–I,M–O; Sham n = 5, LFPI n = 5) and BrdU+ (D–F,J–L,P–R; Sham n = 10, LFPI n = 10) cells in the hilus (A–F; red dotted line region,
top-left schematic), outer granule cell layer (G–L; red dotted line region, middle-left schematic), and molecular layer (M–R; red dotted line region, bottom-left
schematic). Immunopositive cells were quantified across the entire longitudinal axis (A,D,G,J,M,P), and also broken up into anterior (B,E,H,K,N,Q) and posterior
(C,F,I,L,O,R) bins, operationally defined as Bregma levels −0.92 to −2.6; and −2.6 to −3.97, respectively. T-test, *p < 0.05, **p < 0.01, and ****p < 0.0001.

change in SGZ BrdU+ cell number between Sham and LFPI
mice (which suggests the number of cells in S phase does not
change 3 dpi), the greater number of Ki67+ cells in LFPI vs.

Sham mice suggests the number of proliferating cells in the entire
cell cycle is increased in the ipsilateral SGZ of LFPI mice 3 dpi
relative to Sham.

Frontiers in Neuroscience | www.frontiersin.org 12 January 2021 | Volume 14 | Article 612749163

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-612749 December 23, 2020 Time: 12:41 # 13

Clark et al. mTBI Increases Proliferation and Neurogenesis

Three Dpi: Neurogenesis Indices in the
Contralateral DG Neurogenic Regions
Our main focus for this study was comparing indices of
proliferation and neurogenesis in neurogenic regions in
the hemisphere ipsilateral to the injury in Sham and LFPI
mice, in keeping with the common approach in studies
of unilateral injury. However, as the left and right mouse
DG are neuroanatomically connected, and as some TBI
studies examine or even compare neurogenesis indices
between the ipsilateral and contralateral hemispheres
(Tran et al., 2006; Gao et al., 2008; Blaiss et al., 2011;
Zhou et al., 2012; Hood et al., 2018), we also quantified
these indices in the SGZ contralateral to the injury in
Sham and LFPI mice.

Three Dpi, Ki67+ Cell Number Is Similar in the
Contralateral SGZ Between Sham and LFPI Mice
In contrast to the Ki67+ cell results from the ipsilateral
hemisphere (where there are more Ki67+ cells in LFPI
vs. Sham SGZ 3 dpi, Figures 2A–C), in the contralateral
SGZ 3 dpi there was no effect of injury on total
Ki67+ cell number (Supplementary Figure 1A) and
no effect of injury on Ki67+ cell number in either the
anterior or posterior contralateral SGZ (Supplementary
Figures 1B,C).

Three Dpi, DCX+ Cell Number Is Similar in the
Contralateral SGZ/GCL Between Sham and LFPI
Mice
Similar to the DCX+ cell results from the ipsilateral hemisphere
(Figures 2D–F), in the contralateral SGZ/GCL there was no effect
of injury on total DCX+ cell number 3 dpi (Supplementary
Figure 1D) and no effect of injury on DCX+ cell number in either
the anterior or posterior contralateral SGZ/GCL (Supplementary
Figures 1E,F).

Three Dpi, BrdU+ Cell Number (Cells in S Phase of
the Cell Cycle) Is Similar in the Contralateral SGZ
Between Sham and LFPI Mice
Similar to the BrdU+ cell results from the ipsilateral
hemisphere (Figures 2G–I), in the contralateral SGZ there
was no effect of injury on total BrdU+ cell number 3 dpi
(Supplementary Figure 1G) and no effect of injury on BrdU+
cell number in either the anterior or posterior contralateral SGZ
(Supplementary Figures 1H,I).

Three Dpi: Proliferation Indices in the
Ipsilateral and Contralateral DG
Non-neurogenic Regions
In naive rodents, new neurons primarily emerge from the
main DG neurogenic region: the SGZ/inner portion of
the GCL; it is rare for other DG subregions (hilus, oGCL,
molecular layer) to give rise to new neurons. However, in
naive rodents, these “non-neurogenic” subregions contain
proliferating cells (García-Martinez et al., 2020). Notably,
proliferation in these non-neurogenic DG regions is often

different in injured vs. sham rodents in both the ipsilateral
and contralateral hemispheres (Cho et al., 2015; Du et al.,
2017; Neuberger et al., 2017). While these injury-induced
changes in proliferation in non-neurogenic DG regions
may reflect division of precursors of glia, not neurons
(Avendaño and Cowan, 1979; Dragunow et al., 1990; Hailer
et al., 1999; Blümcke et al., 2001; Littlejohn et al., 2020),
the impact of glia on DG structure and function stress the
importance of understanding how mTBI influences these
measures. Therefore, 3 dpi the ipsilateral and contralateral
hilus, oGCL, and molecular layer from Sham and LFPI
mice were assessed for indices of proliferation (Ki67+ and
BrdU+ cell number). For DCX+ neuroblasts/immature
neurons, the oGCL DCX+ cells were considered as part of
the SGZ/GCL analysis (Figures 2D–F and Supplementary
Figures 1D–F); due to the presence of faint or ambiguous
DCX+ cells in the hilus and molecular layer with this and
other DCX+ antibodies in both experimental and control
groups, DCX+ cells were not quantified in the hilus or
molecular layer.

Three Dpi, There Are More Proliferating (Ki67+ and
BrdU+ Cells) in Ipsilateral Non-SGZ DG Subregions
in LFPI Mice Relative to Sham Mice
In the ipsilateral hilus 3 dpi, there was an effect of injury on
total Ki67+ cells (Figure 3A) and BrdU+ cells (Figure 3D), with
135% and 130% more Ki67+ and BrdU+ cells, respectively, in
LFPI vs. Sham mice. In the ipsilateral hemisphere, parcellation
of Sham and LFPI BrdU+ hilus cell counts into anterior and
posterior DG bins revealed significant effects of injury for
both Ki67+ and BrdU+ cells in the anterior and posterior
hilus. In the ipsilateral hemisphere, LFPI mice had 100%
more anterior Ki67+ cells (Figure 3B), 150% more posterior
Ki67+ cells (Figure 3C), 90% more anterior BrdU+ cells
(Figure 3E), and 150% more posterior BrdU+ cells (Figure 3F)
in the hilus vs. Sham mice. In the ipsilateral oGCL 3 dpi,
there was also an effect of injury on Ki67+ cells, with 275%
more total (Figure 3G), 260% more anterior (Figure 3H),
and ∼290% more posterior (Figure 3I) Ki67+ cells in LFPI
vs. Sham mice. However, in the ipsilateral oGCL 3 dpi,
there was no effect of injury on total BrdU+ oGCL cells
(Figure 3J) or on anterior or posterior BrdU+ oGCL cells
(Figures 3K,L). In the ipsilateral molecular layer 3 dpi,
there was an effect of injury on total Ki67+ (Figure 3M)
and BrdU+ (Figure 3P) cells, with 240% and 160% more
Ki67+ and BrdU+ cells, respectively, in LFPI vs. Sham mice.
In the ipsilateral parcellation of Sham and LFPI BrdU+
molecular layer cell counts into anterior and posterior DG
bins revealed significant effects of injury with 250% more
anterior Ki67+ (Figure 3N), 230% more posterior Ki67+
(Figure 3O), 80% more anterior BrdU+ (Figure 3Q), and
270% more posterior BrdU+ cells (Figure 3R) cells in
the molecular layer of LFPI vs. Sham mice. These results
show 3 dpi there is increased proliferation in the ipsilateral
dentate gyrus in DG subregions that are classically believed to
be non-neurogenic.
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Three Dpi, There Are More Proliferating Ki67+ Cells in
Some Contralateral Non-SGZ DG Subregions in LFPI
Mice Relative to Sham Mice
In the contralateral hilus 3 dpi, there was an effect of injury on
Ki67+ cells, with 65% more total (Supplementary Figure 2A)
and 50% more posterior (Supplementary Figure 2C) Ki67+
cells in LFPI vs. Sham mice; the number of Ki67+ cells in
the contralateral anterior hilus was similar between Sham and
LFPI mice (Supplementary Figure 2B). There was no effect
of injury on total (Supplementary Figure 2D) or anterior or
posterior (Supplementary Figures 2E,F) BrdU+ cell number
in the contralateral hilus 3 dpi. In the contralateral oGCL
3 dpi, there was an effect of injury on Ki67+ cells, with
475% more total (Supplementary Figure 2G) and 520% more
posterior (Supplementary Figure 2I) Ki67+ cells in LFPI vs.
Sham mice; as in the contralateral hilus, Ki67+ cell number
in the contralateral anterior oGCL was similar between Sham
and LFPI mice 3 dpi (Supplementary Figure 2H). There was
no effect of injury on total (Supplementary Figure 2J) or
anterior (Supplementary Figure 2K) BrdU+ cells, but there
were 75% fewer BrdU+ cells in the contralateral posterior oGCL
(Supplementary Figure 2L) in LFPI vs. Sham mice 3 dpi. In the
contralateral molecular layer 3 dpi, there was no effect of injury
on Ki67+ cell number (total Supplementary Figure 2M; anterior
and posterior Supplementary Figures 2N,O) or BrdU+ cell
number (total Supplementary Figure 2P, anterior and posterior
Supplementary Figures 2Q,R) 3 dpi. These results show 3 dpi
there is increased proliferation in the contralateral hilus and
oGCL in LFPI vs. Sham mice, suggesting the influence of mTBI
on proliferation is not restricted to the ipsilateral neurogenic and
non-neurogenic regions. As in the ipsilateral 3 dpi analyses, in
the contralateral 3 dpi analysis there is a disconnect between the
impact of mTBI on the number of cells in S phase (BrdU+ cells,
which are similar between Sham and LFPI in all contralateral
DG subregions, with the exception of fewer BrdU+ cells in the
oGCL in LFPI vs. Sham mice) and on cells in the entire cell cycle
(Ki67+ cells, which are similar between Sham and LFPI in the
contralateral SGZ but increased in the contralateral hilus and
oGCL in LFPI vs. Sham mice).

Seven Dpi: Neurogenesis Indices in the
Ipsilateral DG Neurogenic Regions
The same markers examined in ipsilateral 3 dpi DG were
also analyzed in the ipsilateral DG of brains collected 7 dpi
(Figure 4). Since all mice received a BrdU injection 3 dpi, by
7 dpi these BrdU+ cells represent cells that were in S-phase
of the cell cycle 4 days prior, but may no longer be actively
proliferating (Cameron and McKay, 2001; Dayer et al., 2003;
Mandyam et al., 2007).

Seven Dpi, There Are the Same Number of Ki67+

Proliferating Cells in the Ipsilateral SGZ in LFPI and
Sham Mice
In the ipsilateral SGZ of Sham and LFPI mice 7 dpi, there was
no effect of injury on total Ki67+ cell number (Figure 4A).
When divided into anterior/posterior bins, there was no effect of

injury on Ki67+ cell number in either the anterior (Figure 4B) or
posterior (Figure 4C) ipsilateral SGZ 7 dpi.

Seven Dpi, There Are More DCX+

Neuroblasts/Immature Neurons in the Ipsilateral
Mouse SGZ/GCL in LFPI Mice Relative to Sham Mice
In the ipsilateral SGZ/GCL of Sham and LFPI mice 7 dpi, there
was an effect of injury (Figure 4D), with ∼35% more total
DCX+ SGZ/GCL cells in LFPI vs. Sham mice. When divided into
anterior/posterior bins, there was no effect of injury on DCX+
cell number in the ipsilateral anterior SGZ/GCL (Figure 4E),
but there was an effect of injury on DCX+ cell number in
the ipsilateral posterior SGZ/GCL (Figure 4F) with ∼40% more
DCX+ SGZ/GCL cells in LFPI vs. Sham mice 7 dpi.

Seven Dpi, the Number of BrdU+ Cells (Cells in S
Phase 4 Days Prior) in the Ipsilateral Mouse SGZ Is
Similar Between Sham and LFPI Mice
In the ipsilateral SGZ of Sham and LFPI mice 7 dpi, there was no
effect of injury on total BrdU+ cell number (Figure 4G). When
divided into anterior/posterior bins, there was no effect of injury
on BrdU+ cell number in either the anterior (Figure 4H) or
posterior (Figure 4I) ipsilateral SGZ 7 dpi.

Seven Dpi: Neurogenesis Indices in the
Contralateral DG Neurogenic Regions
Seven Dpi, the Number of Ki67+ Proliferating Cells in
the Contralateral SGZ Is Similar Between Sham and
LFPI Mice
In the contralateral SGZ of Sham and LFPI mice 7 dpi, there was
no effect of injury on total Ki67+ cell number (Supplementary
Figure 3A) or on Ki67+ cell number in the anterior
(Supplementary Figure 3B) or posterior (Supplementary
Figure 3C) contralateral SGZ.

Seven Dpi, the Number of BrdU+ Cells (Cells in S
Phase 4 Days Prior) in the Contralateral SGZ in Is
Similar Between Sham and LFPI Mice
In the contralateral SGZ of Sham and LFPI mice 7 dpi,
there was no effect of injury on total BrdU+ cell number
(Supplementary Figure 3A) or on BrdU+ cell number in
either the anterior (Supplementary Figure 3B) or posterior
(Supplementary Figure 3C) contralateral SGZ.

Seven Dpi: Proliferation Indices in the
Ipsilateral and Contralateral DG
Non-SGZ Regions
Seven Dpi, the Numbers of Ki67+ Proliferating Cells
and BrdU+ Cells (Cells in S Phase 4 Days Prior) in the
Ipsilateral Non-SGZ DG Subregions Are Similar in
Sham and LFPI Mice
In the ipsilateral DG 7 dpi, there was no effect of injury
on Ki67+ cell number in the total hilus, oGCL, or Mol
(Figures 5A,G,M) or in the anterior or posterior hilus, oGCL,
or Mol (Figures 5B,C,H,I,N,O). Similarly, in the ipsilateral DG
7 dpi, there was no effect of injury on BrdU+ cell number in the
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total hilus, oGCL, or Mol (Figures 5D,J,P) or in the anterior or
posterior hilus, oGCL, or Mol (Figures 5E,F,K,L,Q,R).

Seven Dpi, the Numbers of Ki67+ Proliferating Cells
and BrdU+ Cells (Cells in S Phase 4 Days Prior) in the
Contralateral non-SGZ DG Subregions Are Similar in
Sham and LFPI Mice
In the contralateral DG 7 dpi, there was no effect of injury
on Ki67+ cell number in the total hilus, oGCL, or Mol
(Supplementary Figures 4A,G,M) or in the anterior or posterior
hilus, oGCL, or Mol (Supplementary Figures 4B,C,H,I,N,O).
Similarly, in the contralateral DG 7 dpi, there was no effect of
injury on BrdU+ cell number in the total hilus, oGCL, or Mol
(Supplementary Figures 4D,J,P) or in the anterior or posterior
hilus, oGCL, or Mol (Supplementary Figures 4E,F,K,L,Q,R).

Thirty-One Dpi: Neurogenesis Indices in
the Ipsilateral DG Neurogenic Regions
The same markers examined in 3 and 7 dpi ipsilateral tissue
were also analyzed in tissue harvested 31 dpi (Figure 4).
BrdU+ cells 31 dpi reflect cells that were in S-phase of the cell
cycle 28 days prior.

Thirty-One Dpi, the Number of Ki67+ Proliferating
Cells in the Ipsilateral Mouse SGZ Is Similar Between
Sham and LFPI Mice
In the ipsilateral SGZ 31 dpi, there was no effect of injury on
Ki67+ cell number in the total (Figure 6A) or the anterior or
posterior SGZ (Figures 6B,C). Given the cell cycle length of
mouse SGZ cells and the dilution of BrdU that occurs with
additional cell division (Cameron and McKay, 2001; Dayer et al.,
2003; Mandyam et al., 2007), detectable BrdU+ SGZ cells 31 dpi
are unlikely to be still proliferating, and thus here are interpreted
as surviving cells.

Thirty-One Dpi, the Number of DCX+

Neuroblasts/Immature Neurons in the Ipsilateral
Mouse SGZ/GCL Is Similar Between Sham and LFPI
Mice
In the ipsilateral DG 31 dpi, there was no effect of injury on
DCX+ cell number in the total (Figure 6A) or the anterior or
posterior SGZ/GCL (Figures 6B,C).

Thirty-One Dpi (28 Days Post-BrdU Injection), the
Number of BrdU+ Cells in the Ipsilateral Mouse SGZ
Is Greater in LFPI vs. Sham Mice
In the ipsilateral DG 31 dpi, there was an effect of injury
on BrdU+ cell number in the total SGZ (Figure 6G), with
∼45% more cells in LFPI vs. Sham mice. When divided into
anterior/posterior bins, there was also an effect of injury with
∼30% (Figure 6H) and ∼75% more BrdU+ cells (Figure 6I),
respectively, in LFPI vs. Sham mice (Figures 6B,C). These data
suggest that all the number of cells in S-phase is unchanged
when BrdU is first injected (Figures 2G–I), survival of those
BrdU+ cells and/or their progeny is increased in LFPI mice by
31 dpi vs. Sham mice.

Thirty-One Dpi: Neurogenesis Indices in
the Contralateral DG Neurogenic
Regions
Thirty-One Dpi, the Number of Ki67+ Proliferating
Cells in the Contralateral SGZ Is Similar Between
Sham and LFPI Mice
In the contralateral SGZ of Sham and LFPI mice 31 dpi, there was
no effect of injury on total Ki67+ cell number (Supplementary
Figure 5A) or on Ki67+ cell number in the anterior
(Supplementary Figure 5B) or posterior (Supplementary
Figure 5C) contralateral SGZ.

Thirty-One Dpi, the Number of DCX+ Immature
Neurons/Neuroblasts in the Contralateral SGZ/GCL Is
Similar Between Sham and LFPI Mice
In the contralateral SGZ/GCL of Sham and LFPI mice 31
dpi, there was no effect of injury on total DCX+ cell
number (Supplementary Figure 5D) or on DCX+ cell number
in the anterior (Supplementary Figure 5E) or posterior
(Supplementary Figure 5F) contralateral SGZ.

Thirty-One Dpi (28 Days Post-BrdU Injection), the
Number of BrdU+ Cells in the Contralateral SGZ Is
Similar Between Sham and LFPI Mice
In the contralateral SGZ of Sham and LFPI mice 31 dpi, there was
no effect of injury on total BrdU+ cell number (Supplementary
Figure 5G) or on BrdU+ cell number in the anterior
(Supplementary Figure 5H) or posterior (Supplementary
Figure 5I) contralateral SGZ.

Thirty-One Dpi: Proliferation and Cell
Survival Indices in the Ipsilateral and
Contralateral DG Non-neurogenic
Regions
Thirty-One Dpi, the Number of Ki67+ Proliferating
Cells in the Ipsilateral Non-SGZ DG Subregions Are
Similar in Sham and LFPI Mice, but the Numbers of
Surviving BrdU+ Cells in the Ipsilateral Non-SGZ DG
Subregions Are Higher in LFPI vs. Sham Mice
In the ipsilateral DG 31 dpi, there was no effect of injury
on Ki67+ cell number in the total hilus, oGCL, or Mol
(Figures 7A,G,M) or in the anterior or posterior hilus, oGCL, or
Mol (Figures 7B,C,H,I,N,O). However similar to the ipsilateral
SGZ 31 dpi, in the ipsilateral DG 31 dpi, there was an effect
of injury on BrdU+ cell number in the total hilus, oGCL,
and Mol (Figures 7D,J,P) with ∼460%, 75%, and 230% more
BrdU+ cells, respectively, in LFPI vs Sham mice. When divided
into anterior/posterior bins, there was an effect of injury
in the anterior and posterior hilus (Figures 7E,F), posterior
oGCL (Figure 7L), and anterior and posterior molecular layer
(Figures 7Q,R) with 460%, 470%, 85%, 210%, and 260% more
BrdU+ cells in these regions in LFPI vs. Sham mice 31 dpi.
Together, these data suggest that more BrdU+ cells in other
non-SGZ subregions survive out to 31 dpi in LFPI vs. Sham mice.
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TABLE 1 | Granule cell layer (GCL) volume in the ipsilateral and contralateral hemispheres, 3, 7, and 31 days post-injury (dpi).

Ipsilateral GCL volume (mm3) Contralateral GCL volume (mm3)

Sham LFPI Sham LFPI

Time point Mean SEM Mean SEM Mean SEM Mean SEM

3 dpi 0.627 0.016 0.582 0.016 0.632 0.021 0.605 0.019

7 dpi 0.658 0.039 0.623 0.033 0.678 0.015 0.659 0.015

31 dpi 0.602 0.020 0.543 0.030 0.591 0.025 0.548 0.017

Mean ipsilateral and contralateral GCL volume values in Sham and LFPI mice at 3 different time points, shown in mm3.

Thirty-One Dpi, the Numbers of Ki67+ Proliferating
Cells and BrdU+ Cells in the Contralateral Non-SGZ
DG Subregions Are Similar in Sham and LFPI Mice
In the contralateral DG 31 dpi, there was no effect of injury
on Ki67+ cell number in the total hilus, oGCL, or Mol
(Supplementary Figures 6A,G,M) or in the anterior or posterior
hilus, oGCL, or Mol (Supplementary Figures 6B,C,H,I,N,O).
Similarly, and in contrast to the greater number of surviving
BrdU+ cells in the ipsilateral hemisphere in LFPI vs. Sham
mice, in the contralateral DG 31 dpi, there was no effect of
injury on BrdU+ cell number in the total hilus, oGCL, or Mol
(Supplementary Figures 6D,J,P) or in the anterior or posterior
hilus, oGCL, or Mol (Supplementary Figures 6E,F,K,L,Q,R).

DG GCL Volume 3, 7, and 31 Days After
Sham or LFPI
Given that in the ipsilateral hemisphere LFPI mice had greater
proliferation 3 dpi, more immature/neuroblasts 7 dpi, and more
surviving BrdU+ cells 31 dpi relative to Sham mice (Figure 8),
it is important to see if these cell number changes influence
total volume of the GCL. In fact, assessing GCL volume is
critical for interpretation of cell number changes (McDonald
and Wojtowicz, 2005; Harburg et al., 2007; Brummelte and
Galea, 2010). The results of the Cavalieri Estimator to measure
ipsilateral and contralateral GCL volume 3, 7, and 31 dpi are
provided in Table 1. In brief, there was no effect of injury

on GCL volume at any time point in either the ipsilateral or
contralateral hemisphere. These volume data suggest that the
change in neurogenesis is a true change in the underlying process,
rather than a matter of scale to match volume changes.

DISCUSSION

In the preclinical TBI literature - even within the minority
of studies focused specifically on mild injuries - there is
disagreement about if and how mTBI changes the process of
DG neurogenesis. Here we utilized a clinically relevant rodent
model of mTBI (LFPI), gold-standard neurogenesis markers and
quantification approaches, three time points post-injury, and
analysis of defined DG subregions to generate a comprehensive
picture of how mTBI affects the process of adult hippocampal
DG neurogenesis. We report five major findings, which are also
summarized in Figure 8. In the ipsilateral hemisphere classical
neurogenic DG regions (SGZ/GCL), LFPI leads to (1) a transient
increase in proliferating cells 3 dpi; (2) a transient increase in
neuroblasts/immature neurons 7 dpi; and (3) sustained survival
of BrdU+ cells 31 dpi, all relative to Sham. In ipsilateral
hemisphere DG subregions typically considered to be non-
neurogenic (hilus, oGCL, molecular layer), LFPI leads to (4) a
transient increase in proliferating cells 3 dpi and (5) sustained
survival of BrdU+ cells 31 dpi, both relative to Sham. Our
ipsilateral data are in line with the large fraction of literature

FIGURE 8 | Summary of neurogenesis changes in LFPI vs. Sham mice at three time points post-injury. Percent change in LFPI vs. Sham number of cells
immunoreactive for Ki67, DCX, and BrdU in the ipsilateral (top) and contralateral (bottom) dentate gyrus (DG) subregions 3 dpi (left column), 7 dpi (middle column),
and 31 dpi (right column). These summary percentages reflect data presented in Figures 2–7 and Supplementary Figures 1–6. =, not changed vs. Sham.
Light-blue shading, increased in LFPI vs. Sham. Rose shading, decreased in LFPI vs. Sham. White, not determined. Light-gray shading, not part of this study.
1quantified in both SGZ and GCL. Mol, molecular layer. oGCL, outer granule cell layer. SGZ, subgranular zone.
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that reports increased DG neurogenesis in other and more
severe models of TBI. However, our data in this mTBI model
importantly add temporal, stage-specific, and DG subregional
resolution to the literature. Below we discuss these findings in the
context of the current literature, consider several interpretations
of these data, and mention what they mean for efforts to harness
the regenerative capacity of adult-generated DG neurons as a
treatment for mTBI-induced cognitive changes.

To gain temporal resolution on how mTBI influences the
process of DG neurogenesis, we first examined tissue 3 dpi to
(a) avoid the immediate mechanical effects of the LFPI, (b) give
the brain time to mount a response to the injury, and (c) select
a time point frequently represented in the TBI literature. We
found more Ki67+ cells in the ipsilateral SGZ 3 dpi, consistent
with the idea that there is increased proliferation in the ipsilateral
DG neurogenic niche after TBI (Dash et al., 2001; Chirumamilla
et al., 2002; Villasana et al., 2015, 2019). Brain injury-induced
increased DG proliferation at this short time point may be due to
a variety of factors, from proliferation of microglia or astrocytes
subsequent to inflammation (Rola et al., 2006; Piao et al., 2013;
Chiu et al., 2016; McAteer et al., 2016; Bedi et al., 2018; Krukowski
et al., 2018; Wang et al., 2019) or proliferation of neural stem
cells and progenitors due to abnormal network activity. Careful
readers may have noticed more Ki67+ cells (Figures 2A–C) but
no change in BrdU+ cell number (Figures 2G–I) in LFPI vs.
Sham mice 3 dpi (Figure 8). This apparent discrepancy between
these markers of proliferating cells can be accounted for by their
distinct uses: exogenous BrdU is incorporated only by cells in S
phase, while endogenous Ki67 is expressed in cells throughout
all cell cycle stages. As seen in prior work (Arguello et al., 2008;
Lagace et al., 2010; Farioli-Vecchioli et al., 2012), this disconnect
between these markers of proliferation may reflect a change in
the number of cycling cells, or even the length of the cell cycle.
Future work specifically assessing how mTBI changes SGZ cell
cycle kinetics is warranted to address these possibilities.

The next time point, 7 dpi, was also selected due to
it being consistently examined for TBI-induced changes in
electrophysiology and behavior (Santhakumar et al., 2000, 2001;
Schurman et al., 2017; Zhang et al., 2018). Indeed, the same
LFPI parameters used here have been shown to result in DG
hyperexcitability and deficits in DG-based cognition 7 dpi (Smith
et al., 2012; Folweiler et al., 2018; Paterno et al., 2018), implying
that hippocampal circuitry is disrupted in this mTBI model 7
dpi. An additional reason for choosing 7 dpi is that it allowed
comparison to the progression of neurogenesis indices relative to
3 dpi. Based on the TBI-induced DG hyperactivity 7 dpi and the
well-known ability of neuronal activity to stimulate neurogenesis
(Kempermann, 2015; Kempermann et al., 2015; Káradóttir and
Kuo, 2018), we expected to see more DCX+ cells 7 dpi, which we
did (Figure 8). One interpretation of the increased DCX+ cells
7 dpi in the ipsilateral SGZ/GCL in LFPI vs. Sham mice is that
at least some of the proliferating cells in the SGZ seen at 3 dpi
express markers of immature neurons 4 days later at 7 dpi.

Previous work suggests that cells in the immature neuron
stage at the time of injury (cells ‘born’ before the injury)
are vulnerable to injury-induced cell death (Gao et al., 2008,
2009; Zhou et al., 2012; Hood et al., 2018). Our study did not

directly assess the susceptibility of existing immature neurons
to mTBI, as we were focused on the influence of mTBI on
the process of neurogenesis after the injury. However, in this
study, two pieces of our data suggest existing immature neurons
are not susceptible to mild LFPI-induced cell death. First, if
immature DCX+ cells were vulnerable to injury-induced death,
we might expect to see a fewer DCX+ cells 3 dpi in the
ipsilateral SGZ/GCL LFPI vs. Sham mice, as this population
in part reflects cells born before the injury. However, we find
DCX+ cell numbers are similar between Sham and LFPI mice
3 dpi. Second, if there was significant death of the DCX+
population after injury, we might expect a smaller GCL at
the short-term time point; instead, we see similar DG GCL
volume 3 dpi in Sham and LFPI mice. While these data suggest
there is no gross loss of immature neurons due to the injury,
future studies could directly address this by giving a BrdU
injection prior to injury to label a cohort of cells born before
the TBI, or by examining time points after the injury even
earlier than 3 dpi.

In some models of injury, DCX+ cells have been reported
outside the canonical DG neurogenic regions (the SGZ and
inner GCL; Ibrahim et al., 2016; Shapiro, 2017). In our work
here with an mTBI model, DCX+ cells in the oGCL were
rare, thus we combined DCX+ cell counts in the inner and
oGCL and SGZ. In addition, DCX+ cells in the hilus and
molecular layer had ambiguous/faint staining, preventing reliable
quantification of DCX+ cells in these non-canonical neurogenic
DG regions. While this suggests our mTBI model leads to
minimal DCX+ cells present outside of the SGZ and GCL,
it is also possible that a more sensitive approach - such
as a transgenic DCX+ reporter mouse - or distinct study
design - such as labeling mitotic cells prior to injury - may
reveal LFPI-induced DCX+ cells outside of these canonical DG
neurogenic regions.

The final 31 dpi time point matches with evidence that
the ipsilateral DG remains hyperexcitable 30 dpi (Tran et al.,
2006) as well as the ∼4 weeks it takes for adult-born granule
cells to integrate fully into hippocampal circuitry (Brown et al.,
2003; Gu et al., 2012). The BrdU injected 3 dpi intercalates
into DNA of dividing cells such that staining for BrdU at 3
dpi will reveal the progeny of the initially labeled cells that
survived to 31 dpi. Here we report more BrdU+ cells in
the ipsilateral SGZ 31 dpi in LFPI vs. Sham mice. As LFPI
and Sham mice had the same number of BrdU+ cells 3 dpi
(Figures 2G–I) and 7 dpi (Figures 4G–I), this emergence of
more BrdU+ cells in LFPI vs. Sham SGZ 31 dpi combined
with the overall fewer BrdU+ cells in 31 vs. 3 dpi tissue
(Figures 6G–I) suggests an effect of survival (Figure 8). In
other words, the rate of survival of BrdU+ cells in LFPI mice
was higher (or the rate of death was lower) than the rate of
BrdU+ in Sham mice. While the mechanisms mediating this
difference are beyond the scope of this study, it is intriguing
to consider if the TBI-induced hyperactivity reported 30 dpi
(Tran et al., 2006) is responsible for this LFPI-induced survival,
particularly given the well-described “activity-dependence” of
adult-generated neurons (Deisseroth et al., 2004; Ma et al., 2009;
Káradóttir and Kuo, 2018).
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One caveat when discussing BrdU+ cells in the intermediate
(7 dpi) and long-term (31 dpi) groups is that the DG subregion
may influence the data interpretation. In the DG of naive
adult male mice, BrdU has an in vivo half-life of 15 minutes
(Mandyam et al., 2007), and thus BrdU labels cells that are
in S-phase at the time of injection. In the SGZ, where the
cell cycle is known to be 12 hours (Mandyam et al., 2007),
we believe BrdU+ cells 7 and 31 dpi are post-mitotic, not
cells that are still dividing. We favor this interpretation in the
SGZ, as more than a few cell cycles would dilute the BrdU
and make cells less likely to be detected via IHC (Dayer et al.,
2003). Further supporting a post-mitotic state for SGZ BrdU+
cells 7 and 31 dpi is that our LFPI mice have more Ki67+
SGZ cells vs. Sham mice at 3 dpi, but LFPI and Sham Ki67+
SGZ cell numbers are similar at 7 and 31 dpi. Beyond being
post-mitotic, we also suspect BrdU+ SGZ cells 31 dpi are
mature granule cell neurons, but this speculation merits more
discussion (see the first ‘future direction’ below). Outside of
the SGZ, it is more likely that BrdU injection 3 dpi labels
proliferating cells whose progeny become non-neuronal cells.
Certainly, reactive gliosis is evident in many brain regions
in other and more severe TBI models (Acosta et al., 2013;
Newell et al., 2019; Caplan et al., 2020). The spatiotemporal
extent and severity of reactive astro- and micro-gliosis in DG
subregions in this mild LFPI model is less well-studied, although
there is reactive astrocytosis in the ipsilateral hippocampus 7
dpi (Smith et al., 2015). Therefore, it is possible (and even
likely) that dividing glia or other brain cells take up BrdU
(from the BrdU injection administered 3 dpi) and persist in
the hilus, oGCL, and molecular layer, DG subregions which
have distinct cell cycle kinetics from the SGZ (Mandyam et al.,
2007), and thus whose progeny may still be proliferating 7
and 31 dpi. If these progeny of hilus, oGCL, and molecular
layer cells do become post-mitotic, it is also possible their non-
neuronal post-mitotic progeny survive to 7 and 31 dpi. While
these are reasonable speculations, these possible DG subregion-
dependent state and fate outcomes warrant testing with cell
cycle markers in both Sham and LFPI tissue, and multiple time
points. Minimally, though, our data suggest the importance of
considering the dynamics and DG subregion-dependent effects
of injury-induced neurogenesis.

While we report LFPI leads to transient, sequential changes in
proliferating cells, neuroblasts/immature neurons, and surviving
cells, we find no LFPI-induced change in DG granule cell layer
volume (Table 1). Volume is an important consideration since
more new cells may be compensating for TBI-induced cell
loss caused by the injury. However, our data suggest there is
no decrease in the size of the GCL, and therefore no major
tissue loss, raising the possibility of overcompensation by the
brain. Additionally, many papers examining neurogenesis after
TBI report neurogenic cell counts in terms of density, not in
terms of stereologically determined cell number. While density
is a useful metric, reporting both GCL volume and cell counts
allows for comparison with those studies while preserving data
resolution (increased density of new neurons could be from
either increased number of cells or a decrease in volume).
Therefore, our data demonstrating more neurogenesis in the

absence of increased GCL volume reflects a true increase in the
neurogenic rate.

Our findings raise several important future directions. First, it
will be important to definitively determine how mTBI influences
the fate and integration of adult-generated DG granule cells into
DG circuitry. As for the fate of these cells, there are several
reasons we interpret the LFPI-induced increase in BrdU+ SGZ
cells 31 dpi as reflecting increased survival specifically of adult-
born DG granule cells. This interpretation is supported by
the size, shape, and location of the BrdU+ cells. The BrdU+
nuclei are the right size (∼10um) to be neuronal nuclei of
DG granule neurons. The cell bodies of the BrdU+ nuclei
are circular, suggestive of neurons (or at least not suggestive
of reactive astrocytes or other glia), and they are in the SGZ
and inner GCL where most adult-generated neurons end up
(Kempermann et al., 2003). While it is possible that some of
the BrdU+ cells 31 dpi outside of the neurogenic SGZ/GCL
are glia or other brain cells, most astrocytes and microglia
reside in the hilus and molecular layer and only sparsely
populate the GCL. Nevertheless, conclusive determination of
the neuronal fate of BrdU+ SGZ cells 31 dpi will require
phenotypic analysis of BrdU+ SGZ cells 31 dpi with a neuronal
marker and/or electrophysiological characterization. Second, as
other models of TBI and seizure models result in aberrant
migration of adult-born DG neurons (Dashtipour et al., 2003;
Emery et al., 2005; Shapiro et al., 2008, 2011; Murphy et al.,
2012; Ibrahim et al., 2016; Ratliff et al., 2020), future work
could assess whether the greater number of BrdU+ cells in
DG subregions adjacent to the SGZ (hilus and oGCL) means
this may also be occurring in our mTBI model. In our study,
DCX+ staining in non-neurogenic regions was ambiguous, but
future work using transgenic or viral-mediated visualization of
DCX+ cells or the neuronal phenotyping mentioned above
would be useful in this regard (van Praag et al., 2002; Laplagne
et al., 2006; Wood et al., 2011; Kathner-Schaffert et al., 2019;
Cole et al., 2020; Tensaouti et al., 2020). Third, it will be
important to assess if our mTBI model changes the dendritic
morphology of the adult-born DG granule cells as has been
reported in other and more severe TBI models (Folkerts et al.,
1998; Gao et al., 2011; Villasana et al., 2015; Ibrahim et al.,
2016). In this mTBI model, there were no injury-induced gross
visual differences in DCX+ process length, thickness, or angle.
However, our stained DG tissue was marked by a high density
of immature neuron processes, typical of DCX+ staining in
young adult mice (Wu and Hen, 2014; Villasana et al., 2019),
and this prevented performing a rigorous quantitative analysis
of dendritic morphology. Future studies could more carefully
address the impact of mTBI on dendritic morphology using
alternative methods (i.e., fluorescent retroviral labeling) to more
sparsely label new DG neurons, allowing for high-resolution
analysis of newborn cell dendritic morphology.

A final future direction will be to clarify the question of
functional significance of the injury-induced transient surge of
proliferating cells, immature neurons, and surviving cells shown
here. Certainly, in uninjured animals, DG neurogenesis is critical
for cognitive function (Clelland et al., 2009; Sahay et al., 2011).
After injury, the prevailing idea is that increased neurogenesis
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represents an attempt by the brain to repair itself, and thus it aids
functional recovery (Blaiss et al., 2011; Sun et al., 2015). However,
preclinical work in seizures (Cho et al., 2015) and TBI (Neuberger
et al., 2017) have questioned the assumption that more new
neurons are always beneficial, and underscore that the timing
and methods of manipulating new DG neurons may influence
the outcome of such studies. Because adult-born neurons are
exquisitely sensitive to external cues (Ming and Song, 2005;
Aimone et al., 2014; Bond et al., 2015; Kempermann et al., 2015;
Catavero et al., 2018), the pathological environment of a post-
injury dentate has the potential to influence newborn neuron
development in a maladaptive manner. Therefore, the question
of reparative potential of injury-induced neurogenesis needs to
be explicitly tested in a less invasive manner than ablation of new
neurons; chemogenetic or optogenetic manipulation of injury-
induced neurons would allow more accurate inquiry into how
injury-induced neurons influence hippocampal function.

Together, these data suggest this model of mTBI induces
transient, sequential increases in ipsilateral SGZ/GCL
proliferating cells, immature neurons, and surviving cells
which we interpret as a transient increase in mTBI-induced
neurogenesis. Our work in this mTBI model is in line with
other and more severe models of TBI, where the large fraction of
literature shows injury-induced stimulation of DG neurogenesis.
As our data in this mTBI model provide temporal, subregional,
and neurogenesis-stage resolution, these data are important
to consider in regard to the functional importance of TBI-
induced neurogenesis and future work assessing the potential
of replacing and/or repairing DG neurons in the brain after
TBI. Indeed, the transient nature of the injury-induced increase
in neurogenesis provides temporal guidance about a discrete
window for targeting injury-induced adult-born neurons.
Because DCX+ cells are increased 7 dpi, but not 3 or 31 dpi,
it is the neurons born during that intermediate timeframe that
have the most potential to disrupt the circuit. This is good news
for future work attempting to target these cells for chemo-
or optogenetic targeting, as it narrows down the temporal
window and population subset for targeting. We hope future
work will consider the “age” of the cells, time post-injury,
and anatomical location and integration of the cells, as these
parameters may prove useful to achieve therapeutic potential of
any intervention strategy.
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Neuronal migration is a fundamental brain development process that allows cells to

move from their birthplaces to their sites of integration. Although neuronal migration

largely ceases during embryonic and early postnatal development, neuroblasts continue

to be produced and to migrate to a few regions of the adult brain such as the

dentate gyrus and the subventricular zone (SVZ). In the SVZ, a large number of

neuroblasts migrate into the olfactory bulb (OB) along the rostral migratory stream (RMS).

Neuroblasts migrate in chains in a tightly organized micro-environment composed of

astrocytes that ensheath the chains of neuroblasts and regulate their migration; the

blood vessels that are used by neuroblasts as a physical scaffold and a source of

molecular factors; and axons that modulate neuronal migration. In addition to diverse

sets of extrinsic micro-environmental cues, long-distance neuronal migration involves

a number of intrinsic mechanisms, including membrane and cytoskeleton remodeling,

Ca2+ signaling, mitochondria dynamics, energy consumption, and autophagy. All these

mechanisms are required to cope with the different micro-environment signals and

maintain cellular homeostasis in order to sustain the proper dynamics of migrating

neuroblasts and their faithful arrival in the target regions. Neuroblasts in the postnatal

brain not only migrate into the OB but may also deviate from their normal path to migrate

to a site of injury induced by a stroke or by certain neurodegenerative disorders. In this

review, we will focus on the intrinsic mechanisms that regulate long-distance neuroblast

migration in the adult brain and on how these pathways may be modulated to control

the recruitment of neuroblasts to damaged/diseased brain areas.

Keywords: neuronal migration, adult neurogenesis, olfactory bulb (OB), autophagy, intrinsic mechanisms,

ATP/ADP, neurodegenerative disorders

INTRODUCTION

Neuroblasts are immature cells of neuronal lineage that are highly motile and migrate to target
brain regions from their birthplaces to become neurons and integrate into neural networks.
They are polarized cells, with a long leading and a short trailing process. During cell migration,
neuroblasts do not migrate continuously and have saltatory movements with migratory periods
intercalated by stationary phases (Wichterle et al., 1997; Komuro et al., 2001; Schaar and
McConnell, 2005; Nam et al., 2007; Snapyan et al., 2009). These stationary phases are as important
as the migratory periods and while the cell body is immobile during the stationary phases the
leading process remains highly motile. Cell migration is associated with several morphological
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changes and re-arrangements of the cell body and processes,
including the extension of the leading process, swelling formation
in the leading process, centrosome movement (centrokinesis),
and nucleus translocation (nucleokinesis) followed by the
retraction of the trailing process (Lalli, 2014; Kaneko et al., 2017).
The leading process is a very dynamic structure that allows
the cells to sense their environment, determine the direction
of migration, and attach to the extracellular matrix (ECM)
to create traction forces (Martini et al., 2009) (Gardel et al.,
2010). Swelling formation takes place in the proximal part of
the leading process before nucleokinesis and is caused by the
movement of the centrosome, Golgi apparatus, primary cilium,
and mitochondria away from the nucleus (Bellion et al., 2005;
Schaar and McConnell, 2005; Matsumoto et al., 2019). The
nucleus, which is linked to the centrosome by microtubules, then
moves forward along the microtubules due to the contraction of
the cytoskeleton (Tsai and Gleeson, 2005).

In the uninjured postnatal brain, neurogenesis and cell
migration are largely restricted to a few specific regions such
as the sub-granular zone (SGZ) of the dentate gyrus in the
hippocampus (Altman and Das, 1965a,b), the subventricular
zone (SVZ) bordering the lateral ventricle that provides cells
for the olfactory bulb (OB) (Altman, 1969; Lois and Alvarez-
Buylla, 1993, 1994), and the cerebellum (Altman and Das, 1965b)
(Figure 1). During adulthood, stem cells (or B cells) in the SVZ
give rise to transient amplifying cells (C cells) that in turn give rise
to immature neuronal progenitors also known as neuroblasts (A
cells) (Lois et al., 1996; Alvarez-Buylla et al., 2001). Neuroblasts,
after a long migratory journey along the rostral migratory stream
(RMS) integrate into the existing neuronal network in the OB
(Lledo and Saghatelyan, 2005). Neuroblasts migrate tangentially
in the RMS until they reach the OB, where they switch their mode
of migration from tangential to radial (Lledo and Saghatelyan,
2005). In the hippocampus, neurogenesis and newborn neuron
integration is restricted to the dentate gyrus (Abbott and
Nigussie, 2020). As in the SVZ, progenitors in the SGZ migrate
first tangentially away from their site of birth and then radially
into the granule cell layer of the dentate gyrus (Sun et al., 2015).
In the cerebellum, different waves of interneuron migration take
place during the first three postnatal weeks. These interneurons,
which originate from distinct primary germinal niches, migrate
through the white matter or the external granular layer before
reaching their final destination in the internal granular layer or
molecular layer (Galas et al., 2017). Depending on their site of
birth and their fate, distinct interneuronal progenitors exhibit
different patterns of tangential and radial migration (Galas et al.,
2017).

The characteristics of cell migration such as speed, distance
of migration, tortuosity, and duration and periodicity of the
migratory and stationary phases are variable and depend on
cues in the surrounding micro-environment and the intrinsic
properties of neuroblasts. For example, in the cerebellum, cells
migrate faster in the middle of the external granular cell layer
(EGL) than in superficial and deep layers of the EGL (Komuro
and Rakic, 1995; Komuro et al., 2001). In the SVZ-OB pathway,
the tangential migration of neuroblasts is slower in the SVZ than
in the RMS (Nam et al., 2007) and is even slower in the core of

the OB when the cells initiate their radial migration (David et al.,
2013).

Neuroblasts migrate in a very complex micro-environment
and are guided by differentmolecular cues, physical scaffolds, and
electrical signals. In the present review, after a brief description of
the different micro-environmental signals, we will focus on the
intrinsic mechanisms that operate in neuroblasts and that enable
them to cope with distinct micro-environmental signals in order
to regulate neuronal migration in the SVZ-OB pathway.

Molecular Cues
Neuronal migration relies on a large number of molecular
cues that collectively regulate cell movement. Some of these
factors regulate the pace and periodicity of neuronal migration,
while others orchestrate the directionality and faithful arrival
of neuroblasts in the OB. Neuroblasts express netrin receptors,
neogenin, and deleted in colorectal carcinoma (DCC) and may
react to netrin-1 expressed by mitral cells in the OB (Murase and
Horwitz, 2002). Other factors secreted by the OB such as glial cell
line-derived neurotrophic factor (GDNF) (Paratcha et al., 2006)
and prokineticin 2 (Ng et al., 2005) may act as chemoattractants
for neuroblast migration. The choroid plexus and septum secrete
the repulsive factors Slit1 and Slit2 that may orient neuroblast
migration away from the SVZ to the OB (Gotz and Stricker, 2006;
Sawamoto et al., 2006). In the adult RMS, neuroblasts express
Robo, the Slit receptor (Hu and Rutishauser, 1996; Wu et al.,
1999) and may themselves release Slit to regulate migration in
a cell autonomous manner (Nguyen-Ba-Charvet et al., 2004).
Slit-ROBO signaling is also involved in astrocyte-neuroblast
interactions in the RMS, indicating that the effect of Slit on
neuroblast migration is not just limited to mechanisms to repel
neuroblasts from the SVZ (Kaneko et al., 2010). Furthermore, it
is not precisely known how chemoattractant and chemorepellent
cues orient neuroblast migration in a complex and convoluted
migratory stream that likely requires a multitude of different
gradients acting in different directions (Gotz and Stricker, 2006;
Snapyan et al., 2009). The faithful arrival of neuroblasts in the
OB and their directionality of migration may also depend on the
physical interactions of these migratory cells with surrounding
cells such as astrocytes and blood vessels (Snapyan et al., 2009;
Whitman et al., 2009; Kaneko et al., 2010) that topographically
organize the migratory stream, as discussed below.

Neuronal migration is also regulated by a number of
growth factors and neurotransmitters. Vasculature endothelial
growth factor (VEGF) promotes neuronal migration in the RMS
(Wittko et al., 2009). VEGF receptor 1 (VEGF-R1) is expressed
by astrocytes. The downregulation of its expression leads to
the accumulation of VEGF and increased phosphorylation of
VEGFR-2 in neuroblasts (Wittko et al., 2009). Brain-derived
neurotrophic factor (BDNF) also plays a role in migration
by fostering the entry of neuroblasts into migratory phases
(Snapyan et al., 2009). BDNF is secreted by the endothelial
cells of blood vessels in the RMS, while its receptors TrkB and
p75NTR are expressed by astrocytes and neuroblasts, respectively
(Galvão et al., 2008; Snapyan et al., 2009). BDNF regulates
neuroblasts migration via p75NTR expressed on neuroblasts,

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 January 2021 | Volume 14 | Article 620379176

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Bressan and Saghatelyan Neuronal Migration in the Postnatal Brain

FIGURE 1 | Cellular migration in the postnatal brain. In the postnatal brain migration occurs in the sub-granular zone (SGZ) of the dentate gyrus in the hippocampus,

the rostral migratory stream and olfactory bulb, and the cerebellum. CC, Corpus Callosum; DG, Dentate Gyrus; LV, Lateral Ventricle; OB, Olfactory Bulb; RMS, Rostral

Migratory Stream; SVZ, Subventricular Zone.

while neuroblasts via release of GABA induce insertion of high-
affinity TrkB on the plasma membrane of astrocytes which
in turn regulate extracellular levels of BDNF. This renders
BDNF unavailable for p75NTR-expressing migrating cells and
leads to their entry into the stationary phase, indicating that
neuroblasts may regulate the periodicity of their own migration
by dynamic regulation of BDNF level (Snapyan et al., 2009).
GABA also controls neuroblast migration in a cell autonomous
manner (Bolteus and Bordey, 2004; Snapyan et al., 2009). GABA
affects the speed of neuroblast migration via Ca2+ activity
and, independently, GABA-induced depolarization (Bolteus and
Bordey, 2004). Neuroblasts also express glutamate receptors,
and it has been shown that astrocyte-derived glutamate affects
neuronal migration (Platel et al., 2008, 2010). Interestingly,
both GABA and glutamate are released non-synaptically. Non-
synaptic scaling of these factors in response to injury may adjust
neuroblast production and migration (Platel et al., 2008). In
addition to these non-synaptically released neurotransmitters,
neuroblast migration in the adult RMS is also under the
control of other neurotransmitters. The RMS is innervated
by serotoninergic axons originating from raphe nuclei. The
optogenetic stimulation of these axons increases the speed of

migration via 5HT3A receptors on neuroblasts (García-González
et al., 2017). Several other long-ranging axonal projections may
impinge on the RMS, as they do in the SVZ (Hoglinger et al.,
2004; Tong et al., 2014; Paul et al., 2017). The roles of other
neurotransmitter systems in the regulation of neuronal migration
remain to be investigated.

Physical Cues
Neuroblast migration is regulated not only by secreted molecular
cues but also by physical interactions with surrounding cells.
The RMS has a highly organized shape along which neuroblasts
leaving the SVZ form chains of migrating cells (Lois et al.,
1996). In this context, cell-cell interactions and adhesion
appear necessary to maintain neuroblast chain organization and
promote normal migration. The polysialated neural cell adhesion
molecule (PSA-NCAM) expressed by neuroblasts is also required
to maintain chain migration in the RMS (Hu et al., 1996). The
enzymatic removal of PSA or the genetic downregulation of
NCAM leads to the disorganization of neuroblast chains in the
RMS and their dispersion in surrounding regions (Chazal et al.,
2000; Battista and Rutishauser, 2010). Chain formation is also
regulated by the receptor tyrosine kinase ErbB4 as well as by
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their ligands (neuregulins) expressed in adjacent brain regions
(Anton et al., 2004). Other receptor tyrosine kinases such as
Eph receptors also regulate neuronal migration in the RMS.
The infusion of ephrin-B2 into the lateral ventricle disrupts
neuronal migration (Conover et al., 2000). Chain formation is
also under the control of β1-integrin. A deficiency in β1-integrin
signaling leads to chain disorganization and ectopic migration
of neuroblasts to adjacent brain regions (Belvindrah et al.,
2007; Fujioka et al., 2017). The RMS is a highly packed micro-
environment, and neuroblasts migrating in chains use other
neuroblasts in the chain as a scaffold for migration (Hikita et al.,
2014). Morphological modifications in resting, non-migrating
neuroblasts via Rac1-induced indentation of the cell body allows
migrating neuroblasts to move forward (Hikita et al., 2014). The
time-lapse imaging of neuroblasts in the organotypic slices has
shown that when neuroblasts arrive into the OB and initiate their
radial migration, they form a filopodium-like lateral protrusion
on the proximal part of their leading process (Sawada et al., 2018).
These protrusions are induced by PlexinD1 downregulation and
local Rac1 activation, and are thought to be important for the
termination of neuronal migration in the OB (Sawada et al.,
2018).

In addition to neuroblast-neuroblast interactions, other
cellular elements such blood vessels and astrocytes also play a
role in neuronal migration. The RMS is characterized by a highly
organized blood vessel architecture that topographically outlines
the migratory stream and that is parallel to the migrating cells
(Snapyan et al., 2009; Whitman et al., 2009). Neuroblasts use
these blood vessels as a physical scaffold for migration, and the
cell body or leading process remains close to them during the
entire process of cell migration (Bovetti et al., 2007b; Snapyan
et al., 2009; Whitman et al., 2009). The parallel organization
of blood vessels is guided by astrocyte-derived VEGF during
early postnatal development (Bozoyan et al., 2012). Vasculature-
mediated neuronal migration appears as the predominant mode
of cell navigation in the postnatal brain and is involved in
the migration of endogenous and grafted neuronal progenitors
under homeostatic (Betarbet et al., 1996; Honda et al., 2007; Le
Magueresse et al., 2012; Sun et al., 2015; Lassiter et al., 2016) and
pathological conditions (Ohab et al., 2006; Yamashita et al., 2006;
Thored et al., 2007; Kojima et al., 2010; Grade et al., 2013; Fujioka
et al., 2017). The interaction with blood vessels is regulated by
β1-integrins expressed by migrating neuroblasts (Fujioka et al.,
2017). In addition, endothelial cells secrete BDNF to orchestrate
the pace and periodicity of neuronal migration (Snapyan et al.,
2009; Grade et al., 2013). β1-integrins on neuroblasts, by binding
to laminin in the RMS (Belvindrah et al., 2007) and post-stroke
striatum (Fujioka et al., 2017), facilitate neuronal migration.
Laminin is an important component of the physical scaffold
during neuronal migration and artificial scaffolds covered with
laminin enhance cell migration (Ajioka et al., 2015; Fujioka et al.,
2017). Similarly, BDNF, which is involved in vasculature-guided
neuronal migration in physiological and pathological conditions
(Snapyan et al., 2009; Grade et al., 2013), promotes neuronal
migration when present in artificial nanofibrous scaffolds and
redirects neuroblast migration to ectopic brain regions (Fon et al.,
2014).

Neuroblasts are ensheathed by a glial tube forming a
tunnel that confines neuroblasts migration to the RMS and,
at the same time, modulates the migratory behavior of cells
through the release of different molecules or neuroblast-astrocyte
physical interactions. The disorganization of the glial tube or
an inefficient interaction between astrocytes and neuroblasts
leads to drastic changes in neuroblast migration (Chazal et al.,
2000; Anton et al., 2004; Belvindrah et al., 2007; Kaneko
et al., 2010). RMS astrocytes are molecularly distinct and play
an important supporting role in neuronal migration. SVZ
explants co-cultured on RMS-derived astrocytes exhibit more
migration than explants cultured on cortical astrocytes (García-
Marqués et al., 2010). These differences are determined by
astrocyte-mediated non-soluble factors (García-Marqués et al.,
2010). The organization of astrocytes is also an important
factor in preserving an efficient migratory path. Neuroblasts
themselves prevent astrocytic processes from invading the RMS
by secreting Slit1, which acts on astrocytic Robo receptors to repel
astrocytic processes out of the migratory path (Kaneko et al.,
2010). The Slit-Robo-mediated neuroblast-astrocyte interaction
is also involved in neuronal migration during injury and allows
neuroblasts to migrate through reactive astrocytes close to the
lesion site (Kaneko et al., 2018). While all these studies have
revealed several levels of physical contacts and intercellular
interactions that regulate neuronal migration, the repertoire of
mechanoreceptors on neuroblasts and the role of mechanical
forces in their migration is unclear. This is particularly relevant
since the RMS is characterized by a very high cell density and,
consequently, mechanical forces may determine the efficiency of
neuronal migration.

In line with this, adhesion to the ECM is required for
migrating cells to generate mechanical forces for movement
through adhesive contacts mediated by integrin-based focal
adhesions (Gardel et al., 2010). ECM metalloproteases (MMP)
play important roles in cell migration. Neuroblasts release
MMP5, which is required to maintain migration (Lee et al.,
2006; Bovetti et al., 2007a). The outer border of the RMS
contains secretagogin-positive neurons that support migration
by releasing MMP2 (Hanics et al., 2017). The ECM plays also
an important role in neuroblast detachment and radial migration
following the arrival of neuronal precursors in the OB. Reelin
expressed by mitral cells in the OB induces the detachment of
neuroblasts from chains (Hack et al., 2002) while tenascin-R,
which is expressed in the OB and but not in the RMS, mediates
radial migration and the activity-dependent recruitment of
neuroblasts into the OB (Saghatelyan et al., 2004).

Galvonotaxis
Together with molecular cues and physical factors, electrical
currents appear to be another component of cell guidance.
Several studies have shown that the application of an electric field
increases neurogenesis (Stone et al., 2011; Sefton et al., 2020)
and drives neuroblasts toward the cathode in cell cultures, SVZ
explants, and acute brain slices (Babona-Pilipos et al., 2011; Cao
et al., 2013). Human neuronal progenitor cells (hNPCs) also
migrate to the cathode in response to an electric field (Feng
et al., 2012). In the adult mouse brain, the RMS exhibits an

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 January 2021 | Volume 14 | Article 620379178

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Bressan and Saghatelyan Neuronal Migration in the Postnatal Brain

electric potential gradient of ∼3 mV/mm from the SVZ to the
OB (Cao et al., 2013). The application of a higher electric field
gradient against the natural RMS gradient redirects themigration
of grafted NPCs (Feng et al., 2017; Iwasa et al., 2019). These
galvanotactic effects seem to be mediated by P2Y1 purinergic
receptors and are accompanied by Ca2+ fluctuations (Cao et al.,
2013; Babona-Pilipos et al., 2018). The downregulation of P2Y1
receptors in neuroblasts results in a loss of directionality of
migration in response to an electric field (Cao et al., 2013). It is
not known whether galvanotaxis plays a role in the migration in
other brain regions when the migration distance is more limited
or how these electrical gradients are established.

All these extrinsic factors are constantly sensed by neuroblasts
during migration and have to be integrated and decoded at
the cellular level. Once properly decoded, they lead to the
morphological changes required for cell movement. One of
the important sensors that links different extrinsic factors with
intracellular pathways is primary cilium, a centrosome-associated
structure present at the surface of all eukaryotic cells. The spatio-
temporal dynamics of primary cilia is associated with saltatory
movement of neuroblasts and tangential migration depending on
the activation of cAMP-PKA pathways (Matsumoto et al., 2019;
Stoufflet et al., 2020). In this review, we will focus on some of the
intrinsic pathways that regulate neuronal motility and migration
in response to micro-environment cues.

INTRINSIC FACTORS THAT ALLOW

NEURONAL MIGRATION

Cytoskeleton Remodeling
Cell movement is supported by spatially and temporally
organized rearrangements of the cytoskeleton that regulate the
different steps of migration. These cytoskeleton rearrangements
occur in response to extracellular signals and are mediated
by intracellular signaling pathways (Ayala et al., 2007). The
cytoskeleton is composed of actin filaments, microtubules, and
intermediate filaments (IF) that control different aspects of
cellular organization and motility.

Actin Filaments
Actin filament assembly and disassembly is a key mechanism
that orchestrates cell movement. The suppression of actin
polymerization leads to a complete failure of neuronal migration
(Rivas and Hatten, 1995; Fox et al., 1998). Actin filaments (also
called F-actin) are composed of double helical polymers of actin
subunits. The filaments are polarized, with their plus (barbed)-
end toward the leading edge of the cell (Lehtimäki et al., 2017).
Actin assembly can occur either via elongation or branching.
Actin filaments are enriched at the front of the cells (Wilson
et al., 2013; Diz-Muñoz et al., 2016; Bisaria et al., 2020). The
outer layer of the actin network, also called membrane proximal
F-actin, links actin to the cell membrane by a linker protein and
exhibits a reverse back-to-front gradient, with the lowest density
at the front of the cells. This results in low attachment to the cell
membrane and facilitates membrane protrusion (Bisaria et al.,
2020).

The movement of the actin network is regulated by the
actin-based motor proteins such as non-muscle myosin II which
forms a network referred as actomyosin (Bellion et al., 2005;
Schaar and McConnell, 2005). Actomyosin fibers form bundles
or stress fibers in cells that are anchored to the ECM by
focal adhesions (FA) and that produce the contractile forces
(Naumanen et al., 2008; Tojkander et al., 2012). Myosin IIA
and IIB are predominantly expressed in migrating cells in the
CNS. A point mutation in one of these myosins can result in
impaired migration in vivo (Ma et al., 2004; Dulyaninova et al.,
2007). Myosin IIA and IIB are differentially distributed at the
leading edge and at the rear of migrating cells, respectively
(Kolega, 1998). Myosin II is mainly controlled by myosin light
chain (MLC) phosphorylation. It is phosphorylated by MLC
kinase and Rho-Kinase (Hartshorne et al., 1998; Kamm and Stull,
2001). Actomyosin contraction at the rear of the cell creates the
driving force that pushes the nucleus toward the leading process
(Bellion et al., 2005; Martini and Valdeolmillos, 2010) and helps
cells detach from extracellular adhesions and retract the trailing
process (Schaar and McConnell, 2005).

The regulation of actin and myosin is dependent on Rho
GTPases. Ras homologous member A (RhoA), Ras-related C3
botulinum toxin substrate 1 (Rac1), and cell division cycle 42
(Cdc42) are particularly important in controlling actin network
remodeling during cell migration (Luo, 2000; Ayala et al., 2007).
The expression of constitutively active RhoA, Rac1 dominant
negative (DN), and Cdc42 DN inhibit cell migration in SVZ
explants (Wong et al., 2001). These Rho GTPases are modulated
by two classes of antagonist proteins, that is, GTPase-activating
proteins (GAPs) and guanine nucleotide exchange factors (GEFs)
(Luo, 2000). A number of extrinsic molecular cues regulate
neuronal migration by affecting these pathways. For example,
the Slit-Robo pathway depends on a direct interaction between
Robo1 and a specific GAP, resulting in the direct or indirect
modulation of Rho GTPases and the inactivation of Cdc42
(Wong et al., 2001). Rac plays an important role in membrane
protrusions and is enriched at the front of migrating cells (Yang
et al., 2016; Bisaria et al., 2020). Rac1 activation is also implicated
in the PlexinD1-regulated formation of filopodium-like lateral
protrusion on the leading process of radially migrating cells
in the OB, which is associated with the termination of radial
migration (Sawada et al., 2018). Rac and Cdc42 have a common
effector, p-21activated-kinase (Pak) (Ayala et al., 2007). Pak
activation leads to a molecular cascade resulting in the inhibition
of cofilin, an actin depolymerization factor (Arber et al., 1998;
Yang et al., 1998). Pak also decreases the activity of myosin-
light chain kinase (MLCK) that phosphorylatemyosin II (Sanders
et al., 1999). Cofilin is an important regulator of the front-to-
rear membrane proximal F-actin gradient (Bisaria et al., 2020).
MLCK regulates membrane protrusions and focal adhesion
assembly at the edge of the membrane protrusion (Totsukawa
et al., 2004) and is involved in the formation of the fibronectin-
integrin-cytoskeleton complex that regulates the membrane F-
actin skeleton (Chen et al., 2014). In RMS neuroblasts, shootin1b
couples F-actin retrograde flow and adhesive substrates as a
clutch molecule, which creates a traction force that promotes
leading process extension and soma translocation (Minegishi
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et al., 2018). Cdc42 also plays an important role in de novo F-
actin assembly by indirectly activating the actin-related protein
2/3 (Arp2/3) complex (Rohatgi et al., 1999). This Arp2/3
complex regulates the formation of branched actin filaments
by directly interacting with existing active filaments to rapidly
create new ones (Mullins et al., 1998; Smith et al., 2013).
Lastly, RhoA profilin regulates actin polymerization, profilin-1
promotes membrane protrusion and cell motility, while profilin-
2 inhibits these processes (Mouneimne et al., 2012). Interestingly,
GTPases have a specific spatiotemporal pattern of activation with
RhoA activation at the front of the cell followed by activation of
Cdc42 and Rac1 on the edge of the cell (Machacek et al., 2009;
Tkachenko et al., 2011). RhoA modulation also contributes to
the saltatory movement of neuroblasts by controlling swelling
formation (Shinohara et al., 2012; Ota et al., 2014).

Microtubules
Microtubules are the second cytoskeleton component involved
in regulating cell migration. Microtubules are hollow filaments
composed of α-tubulin and β-tubulin heterodimers (Garcin
and Straube, 2019). Like actin filaments, they are polarized,
with a plus end with exposed β-tubulin and a minus
end with exposed α-tubulin (Garcin and Straube, 2019).
Microtubule functions are mediated by microtubule-associated
proteins (MAPs) and the motor proteins, kinesin and dynein
(Dehmelt and Halpain, 2004). Microtubule organizing centers
(MTOCs), generally the centrosome, are the start point for
microtubule assembly (Etienne-Manneville, 2013). A recent
study identified AKNA, a centrosome protein, as a major player
in centrosomal microtubule organization in neural stem cells
(NSCs) in the developing cortex (Camargo Ortega et al., 2019).
AKNA promotes the nucleation and growth of centrosomal
microtubules in specific subpopulations in the SVZ, which
leads to the delamination and formation of the SVZ (Camargo
Ortega et al., 2019). AKNA is also involved in the epithelial-
mesenchymal transition (EMT) in other epithelial cells and
neuronal migration in the developing cortex (Camargo Ortega
et al., 2019). The end-binding protein EB1, a MAP recruited to
microtubules by AKNA (CamargoOrtega et al., 2019), is involved
in cell protrusion (Gierke and Wittmann, 2012; Jayatilaka et al.,
2018).

Microtubule filament polarity allows molecular motors and
cargo, including membrane vesicles, signaling molecules, RNAs,
and cytoskeletal compounds, to move directionally along the
microtubules (Etienne-Manneville, 2013; Garcin and Straube,
2019). Microtubules are able to act on actin polymerization by
delivering GEFs to protrusion sites to modulate Rac activity
(van Horck et al., 2001; Rooney et al., 2010). During cell
migration, STIM1, an important controller of ER Ca2+ store
levels, is transported along the microtubule plus end at the
front of cells (Tsai et al., 2014). Mitochondria are another
important cargo transported by microtubules. Microtubules,
through the interaction of kinesin with mitochondrial Rho-
GTPases1 (MIRO1), carry mitochondria to the leading edge of
the cell (Guo et al., 2005; Glater et al., 2006; Schuler et al.,
2017). Microtubules are also important in regulating focal
adhesions by controlling the delivery of adenomatous polyposis

coli (APC) to the plus end of the microtubule (Mimori-Kiyosue
et al., 2000). APC is involved in regulating focal adhesions
in migrating cells (Matsumoto et al., 2010). Microtubules also
deliver mitogen-activated protein kinase 4 (MAP4K4) to focal
adhesion complexes to promote their disassembly (Yue et al.,
2014).

Altogether, these findings indicate that the polarized
cytoskeleton in migrating cells acts as a dynamic scaffold and
contributes to intracellular organization by regulating the
distribution and targeting of different proteins and organelles.

Intermediate Filaments
Intermediate filaments (IFs) are a large family of proteins
involved in different cellular functions. These proteins are
grouped into different subsets such as type III, which includes
vimentin and glial fibrillary acidic protein (GFAP), type V, which
includes laminin family proteins, and type VI, which includes
nestin (Bernal and Arranz, 2018; Bott and Winckler, 2020).
IFs are composed of coiled-coil dimers that are assembled into
filaments with a slow disassembly rate (Bott andWinckler, 2020).
IFs are required to maintain migration and astrocytes lacking IF
vimentin or GFAP exhibit impaired mobility (Lepekhin et al.,
2001).

IF crosstalk with microtubules and the actin regulatory
pathway. Actin-associated kinases such as ROCK and Pak are
involved in the regulation of IFmicrotubule-dependent transport
(Robert et al., 2014). IFs can also modulate actin formation just as
keratin regulates cell contractility during collective cell migration
by inhibiting Rac1 activation at the rear of the cell and acting
on F-actin formation (Sonavane et al., 2017). Similarly, vimentin
can regulate Rho activity to inhibit actin stress fiber assembly
(Jiu et al., 2017). IF vimentin can also directly interact with
F-actin by the tail domain and enhance the stiffness of the F-
actin/vimentin network (Esue et al., 2006). Interestingly, in dense
environments, the increase in stiffness due to IF vimentin confers
an advantage on cells by sustaining migration (Messica et al.,
2017). In NSCs, the suppression of nestin inhibits migration and
contraction in vitro by affecting myosin regulatory light chain
and myosin light chain kinase (Yan et al., 2016). IF vimentin is
required tomaintainmicrotubule-induced polarity during retinal
pigment epithelial cell migration by templating and stabilizing
microtubule organization (Gan et al., 2016).

IFs also control the distribution and dynamics of FA and
FA-mediated traction forces during the collective migration of
astrocytes during development (De Pascalis et al., 2018). Protein
levels of vimentin regulate FA size (Terriac et al., 2017). By
controlling FA dynamics, IFs can modulate the speed of cell
migration (Terriac et al., 2017; De Pascalis et al., 2018). In
fibroblasts, the suppression of vimentin reduces FA turnover and
impairs migration directionality (Gregor et al., 2014).

IFs are expressed in a cell-lineage restricted manner (Bott and
Winckler, 2020). In the CNS, GFAP and vimentin are expressed
by astrocytes (Lepekhin et al., 2001; De Pascalis et al., 2018) while
GFAP and nestin are expressed by stem cells (Lendahl et al., 1990;
Doetsch et al., 1999; Codega et al., 2014). Nestin is involved in the
migration of a immortalized mouse neural progenitor cell line
(Yan et al., 2016). Little is known about the expression profile of
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neuroblast IFs. The exact role played by IFs in these migratory
cells needs to be explored.

Ca2+ Signaling
Ca2+ signaling is involved in the regulation of a variety of
biological processes ranging from cell proliferation to cell death
(Kawamoto et al., 2012). In migrating cells, spontaneous Ca2+

activity is required to maintain actin contraction leading to
nucleokinesis (Martini and Valdeolmillos, 2010). Spontaneous
and depolarization-induced Ca2+ transients have been observed
in both tangentially and radially migrating neuroblasts in the
SVZ-OB pathway (Darcy and Isaacson, 2009; García-González
et al., 2017). Serotonin receptor 3A (5HT3A)-mediated Ca2+

influx is required to sustain the speed and directionality of
neuroblasts that are tangentially migrating toward the OB
(García-González et al., 2017). On the other hand, L-type Ca2+

channels mediate spontaneous and depolarization-induced Ca2+

signaling in radially migrating neuroblasts, but their inhibition
does not affect the rate of migration (Darcy and Isaacson, 2009).

A number of micro-environmental signals may affect Ca2+

dynamics in migrating cells through G protein couple receptors
(GPCRs) or by tyrosine receptor kinase (TRK) activation. These
receptors may activate phospholipase C (PLC), which cleaves
phosphatidylinositol 4,5 bisphosphate (PIP2) into 1,4,5-inositol
triphosphate (IP3) and diacyl-glycerol (DAG) (Clapham, 2007).
IP3 binds to the IP3 receptor at the surface of the endoplasmic
reticulum (ER), resulting in a local or global rise in cytoplasmic
Ca2+. The plasmamembrane ER Ca2+ ATPase then pumps Ca2+

ions back to the extracellular space (Clapham, 2007). During cell
migration, the spatiotemporal regulation of Ca2+ concentrations
and dynamics are highly regulated. Migrating cells display a
Ca2+ gradient from rear to front, which may be required for
directional migration (Brundage et al., 1991; Gilbert et al., 1994).
This rear-to-front Ca2+ gradient is determined by the polarized
distribution of TKR, PLC, DAG, plasmamembrane Ca2+ pumps,
and STIM1 (Tsai et al., 2014).

Transient intracellular Ca2+ fluctuations that lead to the
retraction of the rear of the cell have been observed in migrating
cells (Lee et al., 1999). However, Ca2+ transients are larger
in protrusions and at the front of cells (Blaser et al., 2006).
Ca2+ microdomains at the front of cells play a role in steering
directional migration (Wei et al., 2009, 2010) and are mediated
by stretch-activated cation channels (TRPM7) (Wei et al., 2009).
Local Ca2+ transients at the front of human endothelial cells
activate MLCK and myosin II, allowing the contraction of actin
filaments locally (Tsai and Meyer, 2012). These contractions
result in the cycles of retraction of lamellipodia and the
strengthening of paxillin-based focal adhesions (Tsai and Meyer,
2012). Extracellular Ca2+ influxes also maintain PI3K activity,
which is proposed to be a major signaling hub in migrating
cells (Khodosevich and Monyer, 2011) and, at the same time,
promote F-actin polymerization and trigger the recruitment of
Ca2+-sensitive enzyme protein kinase Cα (PKCα) to the plasma
membrane of the leading edge of migrating cells (Evans and
Falke, 2007). Ca2+ transients also enable the translocation of
Rac1 to the plasma membrane, leading to the formation of
lamellipodia (Price et al., 2003). Although local Ca2+ fluctuations

are more frequent at the front of the migrating cells (Tsai
et al., 2014), L-type voltage-dependent Ca2+ channels mediate
Ca2+ sparklets at the rear of the cells, which plays a role in
maintaining front-to-rear Ca2+ gradients (Kim et al., 2016). Ca2+

signaling also modulates mitochondria mobility and increases
their availability at sites of high energy demand by uncoupling
MIRO1 and kynesin (Saotome et al., 2008; Macaskill et al., 2009;
Wang and Schwarz, 2009).

Mitochondria Dynamics
Oxidative phosphorylation in mitochondria is the main source
of ATP production in cells. Mitochondria are extremely dynamic
organelles and continuously change their shape by undergoing
fission (fragmentation) and fusion (elongation) (Bertholet et al.,
2016). Mitochondria are transported along microtubules to
sites of high energy demand (Cai et al., 2011; Cunniff et al.,
2016). In migrating cells, mitochondria are organized in a
radial distribution, with the majority positioned close to the
nucleus (Schuler et al., 2017). During chemotaxis migration,
mitochondria are positioned preferentially at the anterior part of
the cell between the nucleus and the leading edge (Desai et al.,
2013). In cellular protrusions, AMPK regulates mitochondria
trafficking in order to drive local ATP production (Cunniff et al.,
2016).

While the role of mitochondria dynamics in neuroblast
migration in the adult brain remains to be investigated, several
studies have shown that mitochondria are important for cell
motility during cancer cell migration (Zhao et al., 2013; LeBleu
et al., 2014; Cunniff et al., 2016; Vyas et al., 2016; Srinivasan
et al., 2017; Sun et al., 2018a,b; Denisenko et al., 2019). In cancer
cells, mitochondrial fission promotes focal adhesion dynamics
and lamellipodia formation, which leads to increased migration
(Sun et al., 2018a). Increases in mitochondrial DNA enhance
metastasis by increasing oxidative phosphorylation and ATP
production (LeBleu et al., 2014; Sun et al., 2018b). Levels of
dynamin-related protein 1 (DRP1), a GTP enzyme molecule that
is a key protein of mitochondrial fission, increase in carcinoma
(Sun et al., 2018a). The downregulation of this enzyme leads
to a decrease in lamellipodia formation by inducing F-actin
remodeling (Zhao et al., 2013; Sun et al., 2018a; Ponte et al., 2020).

The mitochondrial electron transport chain produces reactive
oxygen species (ROS) during the ATP production process (Wang
et al., 2011) together with NADPH oxidase (Hurd et al., 2012).
ROS may impact several intracellular pathways involved in
migration, including actin cytoskeleton dynamics, cell adhesion,
and MMPs, among others (Sena and Chandel, 2012; Tochhawng
et al., 2013; Vyas et al., 2016). Increased ROS signaling in the
cell supports cancer cell migration (Tochhawng et al., 2013;
Kumari et al., 2018). ROS are able to activate the PI3K pathway
by inactivating the phosphate and tensin homolog (PTEN), an
inhibitor of PI3K activity (Lee et al., 2002; Sullivan and Chandel,
2014; Kumari et al., 2018). The role of ROS signaling in adult
neuroblast migration remains to be investigated.

Energy Consumption
Cell migration is a high energy process and is associated
with major dynamic modifications in ATP levels. Cells require
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increased oxidative phosphorylation to migrate (LeBleu et al.,
2014) and control the ATP/ADP ratio in order to sustain a
normal rate of migration (Zhou et al., 2014; Zanotelli et al.,
2018). In migrating cells, the ATP/ADP ratio has a rear-to-
front gradient, with the lowest ratio at the leading edge of the
cell despite higher ATP production compared to the cell body
(Cunniff et al., 2016; Schuler et al., 2017). This ATP/ADP gradient
is a sign of high energy consumption at the leading edge of the cell
(Cunniff et al., 2016; Schuler et al., 2017).

The major sensor of the ATP/ADP ratio in cells is AMP
activated kinase (AMPK), which is phosphorylated when the
ATP/ADP ratio decreases (Amato and Man, 2011; Hardie
et al., 2012). In migrating cells, AMPK activity increases at the
leading edge of cells, which leads to mitochondria recruitment
(Cunniff et al., 2016). AMPK activity is also involved in the
phosphorylation of the microtubule-associated CLIP-70 protein,
which is required for microtubule dynamics and, consequently,
cell migration (Nakano et al., 2010). At the same time, however,
AMPK activation can also block migration by suppressing the
activity of Rac1 (Yan et al., 2015), an important Rho-GTPase
involved in chain migration (Hikita et al., 2014). These findings
indicate that context-dependent fine tuning of AMPK activity
may be required to determine the efficiency of cell migration.
Indeed, we recently showed that the dynamic modulation of
the ATP/ADP ratio is required to determine the pace and
periodicity of cell migration (Bressan et al., 2020). We used a
ratiometiric ATP/ADP sensor to show that the migratory phases
of tangentially migrating cells in the RMS are associated with
high energy consumption and a gradual decrease in ATP levels.
It is conceivable that, because of this drop in ATP levels, cells
enter the stationary phase where ATP/ADP levels can recover
(Bressan et al., 2020) (Figure 2). Interestingly, these changes in
ATP/ADP levels in migrating cells are dynamically linked to
autophagy, another major intracellular pathway, that maintains
cellular homeostasis and sustains the pace and periodicity of
neuronal migration in the postnatal and adult brain (Bressan
et al., 2020).

Autophagy
Autophagy is an evolutionarily conserved pathway first
discovered in yeast. Autophagy allow cells to degrade and recycle
proteins and organelles (Galluzzi et al., 2017). Autophagy can
be either non-selective (macroautophagy) or highly selective
by sequestering specific organelles (mitophagy, ribophagy,
lipophagy, pexophagy, and others) (Farré and Subramani, 2016).
Autophagy occurs in two steps. The first involves a formation
of double-membrane vesicle called an autophagosome that
encapsulates the part of the cytoplasm to be degraded. The
vesicle then fuses with a lysosome to form an autolysosome,
which degrades proteins and damaged organelles by the
lysosomal machinery (Yang and Klionsky, 2010). Autophagy
activation is mediated by two major upstream regulators and
by different protein complexes that can be divided into six
groups (Mizushima et al., 2011; Noda and Inagaki, 2015; Hurley
and Young, 2017). Briefly the main regulators of autophagy,
AMPK and mTOR, modulate the activity of the Atg1/ULK
complex (Atg1, Atg13, Atg17, Atg29, and Atg31 in yeast and

ULK1/2, ATG13, ATG101, and FIP200 in mammalian cells)
(Lee et al., 2010; Egan et al., 2011; Kim et al., 2011; Shang et al.,
2011). The kinase activity of this complex activates downstream
effectors and recruits Atg9-containing vesicles to from an
isolation membrane (or phagophore). The two ubiquitin-like
conjugation systems then work together to link Atg8 (LC3 or
LC3-I in mammals) with phosphatidylethanolamine (LC3-PE
is also called LC3-II). In parallel, a class III PI3K complex,
including vacuolar protein sorting (Vps) Vps34p-Vps15p,
produces phosphatidylinositol 3-phosphate (PI3P), which is
required for proper autophagosome formation (Mizushima et al.,
2010, 2011; Yang and Klionsky, 2010; Noda and Inagaki, 2015;
Antonioli et al., 2017; Graef, 2020). Lipidated LC3 is required for
the closure of autophagosomes and for the docking of specific
cargo receptors such as p62 and paxillin (Sharifi et al., 2016;
Mizushima, 2020).

A number of studies have shown that autophagy is involved
in the regulation of cell migration (Peng et al., 2012; Tuloup-
Minguez et al., 2013; Lock et al., 2014; Hu et al., 2015; Li et al.,
2015, 2019; Kenific et al., 2016; Sharifi et al., 2016; Petri et al.,
2017; Gstrein et al., 2018; Bressan et al., 2020). The involvement
of autophagy in cell migration has been demonstrated in cancer
cells, cell lines and, more recently, in the CNS. For example,
in HeLa cells, siRNA against Atg7 induced a migration deficit
in a wound-healing migration essay (Tuloup-Minguez et al.,
2013). In murine embryonic fibroblasts, Atg5 knock-out also
produced amigration deficit in the same wound-healing assay (Li
et al., 2015). The activation of mTOR signaling pathways in rat
pulmonary arterial smooth muscle cells inhibits autophagy and
decreases the migration of these cells in a hypoxic environment
(Zhang et al., 2014). Some studies have also shown that autophagy
activation in in vitro migration systems can have a negative
effect (Tuloup-Minguez et al., 2013). As autophagy helps cells
adapt to the extracellular environment, especially in hypoxia and
normoxia, the effect of autophagy on cellular homeostasis and
migration can be context dependent (Hu et al., 2015; Li et al.,
2015).

In the developing brain, the Vps15 mutation in mice
leads to cortical neuronal migration defects and, in humans,
causes neurodevelopmental disorders (Gstrein et al., 2018).
Similarly, suppression of Vps18, a central subunit of the Vps-
C complex which regulates the vesicles transport to lysosome,
impairs neuronal migration and induces neurodegeneration by
impacting several vesicle transport pathways to the lysosome,
including autophagy (Peng et al., 2012). In embryonic cortical
cells, the ectopic expression of an autism-related FOXP1
mutation also leads to a concomitant migratory delay and
autophagy activation (Li et al., 2019). The suppression of
autophagy regulation by the knockdown of miRNA let-7
decreases the radial migration of newborn neurons in the OB
while overexpressing beclin-1 and TFEB restores migratory
behavior (Petri et al., 2017). We recently used pharmacological,
genetic mouse model, and CRISPR-Cas9 approaches to perturb
the expression of several autophagy genes, including Atg5, Atg12,
Ulk1, and Ulk2 in tangentially migrating neuroblasts and studied
the role played by this catabolic pathway in cell migration
(Bressan et al., 2020). Autophagy impairment led to decreased
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FIGURE 2 | Intrinsic mechanisms regulating migratory and stationary phases of neuroblasts. Cell migration depends on intrinsic pathways such as Ca2+ signaling,

cytoskeleton remodeling, mitochondria dynamics, energy consumption and autophagy. Neuroblasts use their stationary periods (A) to enhance their ATP/ADP levels

and to recycle focal adhesion by autophagic process and enter into migratory phase. Once in migratory phases (B), the intracellular ATP level rapidly decreases. When

ATP level is too low cells again enter into stationary phases and start restoring the ATP/ADP levels.

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 January 2021 | Volume 14 | Article 620379183

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Bressan and Saghatelyan Neuronal Migration in the Postnatal Brain

migration of tangentially migrating neuroblasts because of the
longer duration of the stationary phases (Bressan et al., 2020).
This in turn induced an accumulation of neuroblasts in the SVZ
in vivo and fewer cells in the core of the OB (Bressan et al., 2020).

Autophagy may modify neuronal migration by affecting
several molecular cascades. Autophagy promotes cell migration
by recycling focal adhesions via the autophagy cargo receptor
NBR1 (Kenific et al., 2016). NRB1 is a signal transduction
adaptor with an LC3-interacting domain (LIR) that is able to bind
ubiquitin and LC3 to mediate selective autophagic degradation
of ubiquitinated targets (Rogov et al., 2014). LC3 is also able
to interact directly with paxillin through an LIR motif of
paxillin (Sharifi et al., 2016). In the RMS, Atg5 cKO neuroblasts
accumulate paxillin in the distal part of the leading process
(Bressan et al., 2020). In migrating cancer cells, ULK1-FIP200
controls cell tumor mobility by activating AMPK and promoting
the inhibition of the focal adhesion kinase, which immobilizes
cells under low ATP conditions (Caino et al., 2013). Autophagy
is also involved in the release of pro-migratory interleukin 6
and MMP2 (Lock et al., 2014). The Vps15 part of the class III
PI3K complex is also involved in the stabilization of cytoskeleton
dynamics by decreasing the activity of Pak1, an effector of Rac1
and Cdc42 (Gstrein et al., 2018). We recently showed that the
dynamic interplay between ATP/ADP levels and autophagy is
required to sustain neuronal migration in the postnatal and
adult brain (Bressan and Saghatelyan, 2020; Bressan et al., 2020).
A decrease in ATP levels during the migratory phase causes
cells to enter into the stationary period and activates AMPK.
This in turn induces autophagy, which is also associated with
a concomitant increase in ATP levels (Bressan et al., 2020)
(Figure 2). Blocking AMPK reduces the migration of wild-
type cells but not of autophagy-deficient cells, providing a
mechanistic link between these two processes (Bressan et al.,
2020). Interestingly, autophagy is dynamically modulated by
several migration-promoting or inhibiting molecular cues and is
required to cope with the dynamics of cell migration, indicating
that autophagy plays an important homeostatic role and adapts
the intracellular recycling system in response to different micro-
environmental cues (Bressan et al., 2020).

NEURONAL MIGRATION IN HUMAN

NEURODEGENERATIVE DISORDERS

Although adult neurogenesis occurs throughout the lifespan of
rodents, neurogenesis in humans has recently come into question
(Sorrells et al., 2018). It has been generally accepted that neuronal
production persists in the adult human DG (Eriksson et al., 1998;
Palmer et al., 2000; Spalding et al., 2013; Ernst et al., 2014), but
the paper by Sorrells et al. indicates that human neurogenesis
drops sharply after early brain development and is largely lacking
in the adult brain (Sorrells et al., 2018). At the same time, another
paper reported contradictory results (Boldrini et al., 2018),
and recent studies have confirmed the presence of newborn
cells in the adult human brain (Moreno-Jimenez et al., 2019;
Tobin et al., 2019). The possible reasons for these discrepancies
have been extensively discussed (Kempermann et al., 2018;

Paredes et al., 2018; Snyder, 2018). For example, methodological
issues related to delays in the fixation of postmortem samples
(Kempermann et al., 2018; Paredes et al., 2018), the duration
of the fixation period affecting immunohistological detection
(Moreno-Jimenez et al., 2019; Flor-García et al., 2020) and the use
of immunohistological labeling as the onlymethod to detect adult
neurogenesis (Kempermann et al., 2018; Paredes et al., 2018;
Snyder, 2018) have been discussed. However, it has also been
proposed that newborn neurons in adult primates and humans
may retain their plastic properties for a longer time and may play
a distinct functional role depending on their developmental stage
despite their low numbers (Snyder, 2019). The advent of new
imaging and gene sequencing technologies may help to address
these issues and advance our knowledge.

The existence of the RMS in human adulthood has been
also debated (Curtis et al., 2007; Sanai et al., 2007). It was
later found that the infant SVZ-RMS contains a large number
of migrating neurons, which decrease markedly with brain
development (Sanai et al., 2011). Interestingly, in humans,
migrating neuroblasts take a completely different route than in
rodents and migrate into the SVZ-adjacent striatum, a migratory
pathway that has not been observed in the injured rodent
brain (Ernst et al., 2014). These findings are in line with other
studies on non-human primates that have also shown that SVZ-
derived adult-born neurons are present in the striatum (Bédard
et al., 2002a, 2006). The recruitment of endogenous SVZ-derived
neuroblasts in the brain of stroke patients (Jin et al., 2006;
Macas et al., 2006) and in Huntington disease (Curtis et al.,
2003) is associated with increased SVZ neurogenesis (Curtis
et al., 2003, 2005; Martí-Fàbregas et al., 2010). Below we discuss
the evidence for neuronal recruitment in stroke and some
neurodegenerative disorders.

Stroke
Stroke, which is induced by a poor blood supply to the brain, is
one of the leading causes of death and disability in adulthood. In
rodents, after middle cerebral artery occlusion, SVZ neurogenesis
is enhanced, and neuroblasts are found at the site of the ischemic
damage. Interestingly, these new neurons are generated up to
a few months after the ischemic event (Thored et al., 2006).
In human post-stroke brains, newborn neuron (Ki67+, DCX+,
βtubulin+ and TUC-4+) clusters around blood vessels are found
in the ischemic penumbra (Jin et al., 2006). Ischemia of the
forebrain also leads to pyramidal hippocampal loss (Smith et al.,
1984) and induces NPC proliferation in the dentate gyrus (Liu
et al., 1998; Kee et al., 2001; Sharp et al., 2002). The new neurons
in the ischemic brain are able to integrate the pre-existing
network and form functional synapses (Yamashita et al., 2006;
Hou et al., 2008).

The new neurons migrate through a de novo migratory
route by re-activating some of the mechanisms that orchestrate
neuronal migration in the uninjured RMS. As in the RMS, the
migratory cells keep their chain structure (Zhang et al., 2004)
and migrate along blood vessels (Yamashita et al., 2006; Grade
et al., 2013). Some of the blood vessels in the ischemic striatum
also start to express BDNF, which is used by neuroblasts to
migrate from the SVZ-RMS toward the ischemic site (Grade
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et al., 2013). Treatment of stroke-induced mice with a small
molecule targeting TrkB receptors revealed that neurogenesis
increases in the SVZ and that there are greater numbers of
newly generated neurons close to the stroke region (Han et al.,
2012). This is associated with improved recovery in some motor
behavior tasks (Han et al., 2012). Hydrogel delivery of BDNF
directly to the injury site leads to both the recruitment and
the maturation of neuroblasts in the injury site (Cook et al.,
2017). It has been also shown that EGFR signaling increases
in NSCs and progenitors following neonatal hypoxia/ischemia
(Alagappan et al., 2009). The infusion of EGF and FGF-2 in
the lateral ventricle of mice with CA1 pyramidal neuron loss
increases neurogenesis and leads to the migration of neuronal
progenitors into the CA1 (Nakatomi et al., 2002). Glial cells also
play an important role in the regulation of migration. Glial cells
surrounding the stroke area release SDF-1α, a chemokine that
act on CXCR4 receptors expressed by migrating neuroblasts to
attract cells toward the ischemic site (Robin et al., 2006; Thored
et al., 2006). Migrating neuroblasts use the Slit1-Robo2 pathway
to repel astrocytic processes and maintain a migratory route in
order to pass through reactive astrocytes and infiltrate the injury
site in the post-stroke brain (Kaneko et al., 2018). The inhibition
of MMPs by GM6001, a broad spectrum inhibitor, decreases the
migration of neuroblasts toward the ischemic site, indicated that
MMPs also play an important role in controlling the migratory
environment of neuroblasts (Lee et al., 2006).

Bcl-2 is a key factor for the survival of new neurons
in the normal brain. Its overexpression leads to an increase
in the survival of immature and mature neurons following
ischemia in the hippocampus, striatum, and cortex (Sasaki et al.,
2006; Zhang et al., 2006; Lei et al., 2012). Bcl-2 is highly
expressed in the SVZ of humans (Bernier et al., 2000) and in
the RMS of non-human primates (Bédard et al., 2002b). Bcl-
2 phosphorylation promotes the activation of autophagy (Qi
et al., 2015), which is involved in neuroblast migration (Bressan
et al., 2020). Chemical manipulation of the autophagy pathway
by targeting the interaction between Bcl-2 and beclin might
be an interesting approach to increase autophagy activation.
Candidate molecules have been already identified (Chiang et al.,
2018). This approach could be used to modulate autophagy
in migrating cells without inducing cell death. Bcl-2 family
members also stimulate a large variety of signaling pathways
involved in migration, MMP expression, PI3K and MAPK
signaling, mitochondrial respiration, and ROS production (Um,
2016). The role of autophagy in stroke-induced progenitor
migration requires further investigation as this process could
act as both a pro-survival and pro-migratory pathway and as a
pro-apoptotic pathway.

Other pharmacological compounds with autophagic effects
have been studied for their positive effect on neurogenesis and
cell migration. Metformin, an FDA-approved drug, promotes
NSC proliferation and recruitment. Metformin injections in
a mouse model of neonatal hypoxia/ischemia increased NSC
proliferation in the SVZ and rescued motor deficits (Dadwal
et al., 2015; Ruddy et al., 2019). Interestingly, the impact
of metformin seems to be age- and sex-dependent in mice
(Ruddy et al., 2019). In a mouse model of MCAO, metformin

injections increase AMPK activation and promote neurogenesis
and angiogenesis (Jin et al., 2014; Liu et al., 2014; Venna et al.,
2014). However, it is important to note that AMPK activation
during stroke may be detrimental (Li et al., 2007, 2011). As
metformin interferes with cellular energy homeostasis, it would
be interesting to investigate in detail how this drug acts on
cell migration.

Neurodegenerative Disorders
Huntington Disease (HD)
HD is a neurodegenerative disorder caused by a mutation in
the huntingtin gene that leads to a polyglutamine-expansion
of the protein, resulting in toxicity for striatal and prefrontal
cortex neurons (Sassone et al., 2018). Neurogenesis increases in
the HD human brain, with levels of PCNA+ cells paralleling
the severity of HD (Curtis et al., 2003, 2005). Interestingly, in
HD patients, hippocampal neurogenesis does not seem to be
affected (Low et al., 2011). Striatal injections of quinolinic acid
that mimic the neuropathology of HD increase neurogenesis
in the rodent SVZ and lead to the appearance of newly
generated neuroblasts and neurons in the lesioned striatum
(Tattersfield et al., 2004). Quinolinic acid increases TNFα
chemokine production in astrocytes (Guillemin et al., 2003),
which promotes SVZ-derived neuroblast migration (Katakowski
et al., 2007). Interestingly, immunohistological and carbon-14
dating studies of post-mortem human tissue have shown that
SVZ-derived progenitors migrate into the striatum instead of
the OB, indicating that the migratory trajectories of immature
neurons in the human brain are redirected (Ernst et al., 2014).
However, in HD patients, these adult-born striatal neurons
become depleted over time (Ernst et al., 2014). Strategies aimed
at improving their functional integration may help recovery and
neuronal network restoration.

Parkinson’s Disease (PD)
PD is induced by the degeneration of substantia nigra
dopaminergic neurons and is associated with major motor
disabilities. Interestingly, both mouse and human post-mortem
studies have shown that the degeneration of dopaminergic
neurons in PD leads to decreased proliferation of neuronal
precursors (Hoglinger et al., 2004;Winner et al., 2009; Marxreiter
et al., 2013). This hampers the regenerative response of
endogenous neuronal progenitors and affects the integration and
longevity of grafted cells, leading to deficient cell replacement
therapies. Interestingly, in the 6-OHDA model of PD, the
infusion of TGFα into the striatum increased SVZ neurogenesis
and attracted neuroblasts to the infusion site (Fallon et al.,
2000). TGFα acts on EGFR to potentiate proliferation in the
SVZ and migration (Tropepe et al., 1997; Burrows et al.,
2000; Junier, 2000). The migration of grafted hNSCs, the
differentiation of a small number of cells into TH+ cells, and
behavioral functional recovery have been documented in an
MPTP primate model of PD (Redmond et al., 2007; Bjugstad
et al., 2008). However, a large majority of grafted hNSC-derived
cells along the nigrostriatal pathway exhibit glial markers such
neurotrophic factor GDNF (Ourednik et al., 2002; Redmond
et al., 2007; Bjugstad et al., 2008). As such, it is difficult to
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attribute recovery to the integration of the new neurons. The
functional recovery observed in these studies could be due
to a protective effect induced by hNPC graft cells (Ourednik
et al., 2002; Redmond et al., 2007). This rescue could be
due to GDNF expression by hNPC graft cells as GDNF
protects against neuronal loss in animal PD models (Choi-
Lundberg et al., 1997; Kordower et al., 2000; Redmond et al.,
2007).

Alzheimer’s Disease (AD)
While immature DCX+ cells are still present in the dentate gyrus
of aged human brains, recent studies have shown that decreased
DCX+ cell density in the DG of AD patients is correlated with
the severity of the cognitive disorders (Moreno-Jimenez et al.,
2019; Tobin et al., 2019). The decrease in the number of DCX+

cells is accompanied by a delay in cell maturation at the early
stage of the disease before the appearance of ß-amyloid plaque
(Moreno-Jimenez et al., 2019). A correlation analysis revealed
that there is an association between the cognitive score and the
number of DCX+/PCNA+ cells (Tobin et al., 2019). However,
DCX+ cells can be still found in advanced AD cases (Braak stage
V and VI) (Moreno-Jimenez et al., 2019). The decrease in the
maturation of newborn neurons seems more likely associated
with the importance of the cognitive dysfunction (Tobin et al.,
2019). The decrease in neurogenesis could be due to changes
in the expression of bone morphogenetic proteins (BMPs), a
family of proteins involved in adult neurogenesis (Colak et al.,
2008), as the decrease in neurogenesis is associated with an
increase in BMP6 and BMP4 gene expression in the AD human
brain and the AD mouse model (Li et al., 2008; Crews et al.,
2010).

AD and PD are more frequent in aged patients in whom
neurogenesis has declined significantly. The migration of
neuronal precursors is also hampered in these disorders.
Furthermore, the degeneration of dopaminergic neurons
in PD leads to a further decline in neurogenesis. These
neurodegenerative disorders are also associated with a large
number of mutations in autophagy-related genes (Levine and
Kroemer, 2019) that may, in addition to their involvement in
neurodegeneration, affect neuronal production and migration.
All these limitations are important to take into consideration

when developing new strategies for boosting neuronal migration
and regeneration in these neurodegenerative disorders.

CONCLUSIONS

Physiological and pathological cell migration is a complex
mechanism driven by several extracellular factors (molecular,
scaffolding, mechanical, and electrical) that need to be integrated
at the cellular level. These factors modulate cell behavior
and trigger intracellular processes affecting cell migration.
Cytoskeleton remodeling, mitochondria dynamics, ATP
production, autophagy, and Ca2+-dependent pathways are
important intracellular mechanisms located at the crossroads of
many processes and on which a plethora of extracellular cues
impinge to modulate cell migration. In pathologic conditions
such as stroke, HD, and PD, neuronal precursors can migrate
toward the damaged brain regions. While this endogenous
reparative response is not sufficient to lead to functional
recovery, its presence raises a lot of hope for developing new
therapeutic strategies based on the use of endogenous or grafted
NPCs. However, further progress in our understanding of the
mechanisms regulating neuronal migration under homeostatic
and pathological conditions as well as the differentiation, survival
and functional integration of neuronal precursors is required
in order to develop therapies that promote the regeneration of
neuronal networks in diseased brain regions.
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Microglia regulate neuronal development during embryogenesis, postnatal development,

and in specialized microenvironments of the adult brain. Recent evidence demonstrates

that in adulthood, microglia secrete factors which modulate adult hippocampal

neurogenesis by inhibiting cell proliferation and survival both in vitro and in vivo,

maintaining a balance between cell division and cell death in neurogenic niches. These

resident immune cells also shape the nervous system by actively pruning synapses during

critical periods of learning and engulfing excess neurons. In neurodegenerative diseases,

aberrant microglial activity can impede the proper formation and prevent the development

of appropriate functional properties of adult born granule cells. Ablating microglia has

been presented as a promising therapeutic approach to alleviate the brain of maladaptive

immune response. Here, we review key mechanisms through which the immune system

actively shapes neurogenic niches throughout the lifespan of themammalian brain in both

health and disease. We discuss how interactions between immune cells and developing

neurons may be leveraged for pharmacological intervention and as a means to preserve

adult neurogenesis.

Keywords: neurogenesis, microglia, development, inflammation, neurodegeneration, cytokine, neuroimmune,

pathology

INTRODUCTION

Neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease impair both longevity
and quality of life. Hallmarks of these diseases are distinct pathology that cause irreversible
damage or death to neurons and result in progressive cognitive and often physical decline.
The progressive nature of neurodegenerative diseases is attributed largely to immune system
dysregulation and chronic inflammation resulting in neuronal death (Glass et al., 2010; Ransohoff,
2016a; Chitnis and Weiner, 2017). Currently, there are no effective treatments to prevent and
recover from the pathology, neuronal death, and cognitive decline seen in essentially all forms of
neurodegenerative disease.

Exercise-induced neurogenesis enhances neurotrophic factor release which is felt to underlie the
beneficial effects on cognition seen in animal models of age-associated neurodegenerative diseases
and acquired brain injuries (Adlard et al., 2005; Erickson et al., 2010; Maass et al., 2016). While
enhancement of neurogenesis via growth factors is promising, the role of immunomodulation in
neurodegenerative diseases also presents challenges to neuronal maintenance and repair.
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Immune cells are an integral part of the two main
neurogenic niches in the adult brain—the subgranular zone
of the hippocampus (SGZ) and the subventricular zone (SVZ)
lining the lateral ventricles (Sierra et al., 2010; Ribeiro Xavier
et al., 2015). During adulthood, homeostatic microglia comprise
the majority of the immune population of this niche. These
resident macrophages respond rapidly to both cues in the
external physical environment, as well as changes in the
molecular environment of the central nervous system (CNS).
In neurodegenerative diseases, immune cells play an even more
active role. They are the most motile cells in the brain and as its
resident phagocytes, their role in clearing the brain of neurotoxic
elements is essential for preventing neurotoxic elements from
damaging neurons (Wolf et al., 2017; Li and Barres, 2018).
Immune signaling also affects neurogenesis as neural stem
and progenitor cells express receptors for many cytokines and
immune molecules, suggesting they are susceptible to immune
regulation in the adult brain (Ekdahl et al., 2009).

Microglia-neuronal crosstalk is a dynamic process that is
reflected in the neurogenic niche throughout mammalian life
(Butovsky and Weiner, 2018). The immune system in the brain,
much like the immune system in the periphery, is a complex
and dynamic element. This complexity affords the brain a
specialized ability to respond to its diverse and evolving needs
from development to the aged brain, adapting to change and
challenges along the way (Ransohoff and Perry, 2009; Tchessalova
et al., 2018). Dysfunction in both innate and adaptive cells have
been linked to a host of neurodegenerative diseases in the central
nervous system (Ransohoff, 2016a; Gan et al., 2018; Scheiblich
et al., 2020). Thus, the maintenance of proper immune function
is a great challenge in translational neuroscience and needs to be
understood with great precision. Here, we describe the trajectory
and development of neural stem cells in the adult brain from the
perspective of immune regulation. We will focus on the effects
of interactions between microglia and developing neurons in
both health and disease, highlighting some key molecules that
are common in various neurodegenerative disorders with known
functions in regulating adult neurogenesis.

IMMUNE REGULATION OF EMBRYONIC

AND POSTNATAL NEURONAL

DEVELOPMENT

Derived from yolk sac progenitors in the mesoderm, microglia
are the only glial cell type that does not originate from the rest
of the neuroectoderm (Ginhoux et al., 2010). After migrating,
they integrate with the CNS very early in development and
persist throughout life. This highlights their importance in
nervous system development (Reemst et al., 2016). Deficiency
of microglial development and function is deleterious for CNS
function and can lead to embryonic lethality or long-lasting
cognitive deficits (Tong and Vidyadaran, 2016).

Microglia tightly regulate neurogenesis by promoting
neuronal differentiation in dorsal forebrain progenitors
(Nandi et al., 2012). Growth factors released by microglia are
important for brain patterning. Colony Stimulating Factor 1

(CSF1) is important for tissue macrophages, and necessary
for microglial proliferation and survival (Elmore et al., 2014).
Lack of CSF1R signaling in progenitors not only results in
increased proliferation, but also increased apoptosis in these
cells. This provides evidence that CSF1R signaling via its ligands
CSF1 and Il-34 are seen to be pro-neurogenic in development
(Nandi et al., 2012). Immune activity is essential in promoting
development of young neurogenic niches in early postnatal
development, as microglia secrete cytokines required for the
formation of neurons, and oligodendrocytes in the SVZ in
a differential manner (Shigemoto-Mogami et al., 2014). As
mammals generate more neurons than are needed, microglia
presumably eliminate superfluous progenitors. They induce cell
death in developing neural progenitors in the young brain in a
Dap12/Cd11b-dependent manner as deficiencies in either Dap12
or Cd11b reduces superoxide production and apoptotic cells in
the neonatal brain (Wakselman et al., 2008).

Finally, innate immune pathways such as the complement
cascade, shape the brain during postnatal development.
Microglia function to prune exuberant synapses during critical
learning periods in a judicious manner, tagging synapses for
elimination based on activity (Schafer et al., 2012). While
phagocytic activity is high during development, as marked by
immune activation and the presence of complement cascade
proteins, they recognize and avoid synapses that should not
be pruned (Lehrman et al., 2018). When microglia fail to
prune superfluous synapses, development of normal cognitive
and social behaviors are impeded. An experimental model
of maternal immune activation illustrates the importance of
interactions between immune dysfunction and developing
neural circuits (Andoh et al., 2019). In this model, decreases
in neurogenesis pair with inability of synapse elimination via
phagocytosis to yield deficits in cognitive and social development.
The deleterious effects of this can be rescued through exercise,
which is known to enhance neurogenesis and increase beneficial
microglial activity. When microglia are stimulated in this
manner they clear excess synapses, allowing remaining synapses
to strengthen and support learning. Thus, microglial activity
instructs neurogenic development and conversely, developing
neurons guide microglial activity.

IMMUNE REGULATION OF ADULT

NEUROGENESIS IN HEALTH

In adulthood, the brain becomes less plastic and relies on
more stable connections. Microglial activity throughout the
brain is shifted primarily toward surveillance, involving highly
rapid process extension and retraction. In neurogenic niches,
however, they continue to take part in shaping neurogenesis
(Sierra et al., 2010; Ribeiro Xavier et al., 2015). Neurogenesis
becomes limited to the SGZ and SVZ. Factors such as vascular
endothelial growth factor (VEGF) secreted by neural progenitors
can stimulate microglial activity, inducing proliferation and
phagocytosis, supporting the view that reciprocal interactions
guide neuronal development (Mosher et al., 2012). These are
reflected in specialized properties that microglia maintain in
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neurogenic niches, including increased proliferation, amoeboid
morphology, and greater lysosomal content (Marshall et al., 2014;
Ribeiro Xavier et al., 2015; Kreisel et al., 2019).

Immune Regulation of Activation and

Proliferation in the Niche
Dormant stem cells arising from embryonic development reside
in both neurogenic niches (Fuentealba et al., 2015; Berg et al.,
2019). Cells from these pools are steadily activated and rapidly
proliferate across adulthood.

After proliferation, the vast majority of progenitors do not
survive to differentiate. These cells are rapidly cleared by
microglia that are closely surveying the niche for apoptotic
cells. This clearance occurs through engulfment by microglial
processes followed by phagocytosis (Sierra et al., 2010). Whether
immune cells actively trigger cell death in developing neurons or
whether stem cells autonomously regulate their own fate in the
SVZ and SGZ is subject to much debate. Microglia may actively
elicit cell death in progenitors as they do in early postnatal
development and in the cerebellum, or alternatively, they may
simply clear the remains of cells which are committed to cell
death themselves (Marin-Teva et al., 2004; Wakselman et al.,
2008; Ayata et al., 2018).

Phagocytic activity is a core aspect of microglial physiology
and function with different receptors and pathways that respond
to different stiumuli (Zagorska et al., 2014; Fourgeaud et al.,
2016). Unregulated phagocytosis may result in destruction
or clearance of healthy neurons in disease (Galloway et al.,
2019). While previously viewed as a passive mechanism to
clear apoptotic neurons, it is now known that phagocytosis is
part of a negative feedback loop which acts to regulate the
neurogenic niche (Sierra et al., 2010; Diaz-Aparicio et al., 2020).
Chronic inhibition of phagocytic pathways results in reduced
neural progenitors in the adult brain. Temporary inhibition of
phagocytosis, on the other hand, results in transiently increased
proliferation of dividing progenitors. After engulfing apoptotic
neurons, microglia undergo transcriptional reprogramming that
results in a coordinated release of cytokines-including Il-6, TNF-
α, and Il-1ß which are involved in pathways contributing to
neurogenesis (Diaz-Aparicio et al., 2020).

Microglial input during development can have long lasting
effects on the adult niche. Without CSF1R signaling, there
is a higher rate of apoptosis in progenitors from both the
SVZ and SGZ (Nandi et al., 2012). Even in adult niches,
neural progenitor cells and immature neurons are sensitive to
immune input. They express receptors for many cytokines and
other immune molecules. Leukemia Inhibitory Factor which
is transiently increased after injury promotes stem cell self-
renewal (Bauer and Patterson, 2006). Il-6, which is increased
in both systemic immune challenges and in neurodegenerative
diseases, induces proliferation and self-renewal in neural
stem cells (Storer et al., 2018). Progenitors also express
C3aR and C5aR, receptors for complement cascade proteins.
Perturbing C3aR signaling through either C3 ablation or receptor
antagonist delivery results in reduced neurogenesis, which
is worsened after ischemic injury (Rahpeymai et al., 2006).

Thus, many cytokines transiently enhance the early stages of
neurogenesis. Long-term perturbations in immune signaling
results in decreased neurogenesis, potentially due to exhaustion
of the progenitor population (Diaz-Aparicio et al., 2020). This
may be a compensatory mechanism for neurons lost with
inflammation. However, whether this increased proliferation
results in productive neurons can vary depending on the duration
and severity of the immune response.

Various stimuli including environmental enrichment and
exercise stimulate activation and proliferation of neural stem
and progenitor cells (Kempermann et al., 1997; van Praag
et al., 1999). This increase is in part mediated by immune
activity, which is required for an exercise-dependent increase in
hippocampal neurogenesis (Ziv et al., 2006; Olah et al., 2009;
Vukovic et al., 2012). Voluntary running leads to stimulation in
microglial activity- marked by proliferation and differential gene
expression (Ziv et al., 2006; Olah et al., 2009). Microglia increase
proliferation via changes in fractalkine signaling (Vukovic et al.,
2012). Thus, microglia are often mediators between peripheral
stimuli and CNS response throughout mammalian life.

Immune Regulation of Differentiation,

Neuroblast Survival, and Neuronal

Maturation
Microglia in neurogenic niches are specialized to support
neuroblast differentiation, survival, and migration (Marshall
et al., 2014; Ribeiro Xavier et al., 2015; Kreisel et al., 2019).
In the hippocampus, failure of immature neurons to survive,
migrate, and incorporate into synaptic circuits lead to deficits
in hippocampal-dependent learning and memory (Deng et al.,
2009; Vukovic et al., 2013). Therefore, survival and integration of
immature neurons is a crucial step in maintaining certain forms
of learning and memory.

Differentiation of progenitors to neuroblasts remains
unaffected in the absence of microglial signaling following
microglial depletion. Independent studies note no relative
changes in the number of cells differentiating into neuroblasts or
astrocytes, suggesting that homeostatic microglial input is not
required for the early stages of neurogenesis (Kreisel et al., 2019;
Kyle et al., 2019; Willis et al., 2020). Survival and migration,
however, require interactions between immature neurons and
microglia (Rahpeymai et al., 2006; Ribeiro Xavier et al., 2015;
Kreisel et al., 2019).

Neurogenesis is often coupled with angiogenesis as developing
neurons are in high need of growth factors and other
support molecules for their development. One signaling
molecule induced by this is VEGF, which stimulates endothelial
proliferation and survival and leads to the formation of new
blood vessels and enhances survival of doublecortin-expressing,
immature neurons. Microglia in the dentate gyrus, unlike
microglia elsewhere in the hippocampus, exclusively respond to
VEGF stimulation and are required for mediating the VEGF-
dependent increase in neurogenesis (Kreisel et al., 2019).

Healthy neurons communicate to microglia via release
of fractalkine, also known as CX3CL1. Disruption of its
receptor, CX3CR1 in microglia can also cause major deficits in
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hippocampal neurogenesis (Rogers et al., 2011). Decreased levels
of CX3CR1 are associated with premature aging in microglia
and result in elevated cytokines (Vukovic et al., 2012; Gyoneva
et al., 2019). These same cytokines also appear in niches where
neurogenesis is impaired.

In pathological states, induction of immune activation might
perturb rates of differentiation to astrocytes vs. neurons (Kernie
et al., 2001). In the dorsal SVZ, nestin-expressing neural
progenitors express the receptor for Il-10, Il-10R1. Il-10 signaling
specifically acts on this subset of progenitors and restricts their
differentiation into neuroblasts (Perez-Asensio et al., 2013).

Immune input also regulates neuronal maturation and circuit
properties of adult born neurons (Reshef et al., 2017; Wallace
et al., 2020). Microglia have been known to participate in pruning
of developing circuits, but evidence also shows they promote
dendritic development (Paolicelli et al., 2011; Schafer et al., 2012;
Parkhurst et al., 2013; Lehrman et al., 2018; Wallace et al., 2020).
Disruption of microglial input to neurons in the process of
maturing and incorporating into synapses can be deleterious to
proper circuit function (Reshef et al., 2017; Wallace et al., 2020).
Global depletion ofmicroglia impacts neuronal maturation in the
olfactory bulb by reducing response to odor stimuli, decreasing
turnover of spines and altering electrophysiological properties of
these cells when they fail to mature appropriately (Reshef et al.,
2017; Wallace et al., 2020).

Without microglial elimination of weak synapses, these
neurons have a greater density of filipodia spines, concurrent
with smaller mushroom spines, further supporting the role
of microglial input in dendritic spine development (Wallace
et al., 2020). Weaker electrophysiological properties, in this
case reduced amplitude of spontaneous excitatory post synaptic
currents in adultborn granule cells impact the circuit at large,
as mitral cell response is increased (Reshef et al., 2017; Wallace
et al., 2020). Microglia-neuronal cross talk is essential for proper
spine development, maturation, and synaptic incorporation
of adult born granule cells in the olfactory bulb. Microglia
input is necessary for every stage of neuronal development.
Therefore, neuroinflammation and aberrant microglial activity
that result in disruptions in microglial-neuronal crosstalk may
explain cognitive symptoms associated with perturbed adult
neurogenesis and neural plasticity in neurogenic niches.

IMMUNE REGULATION OF ADULT

NEUROGENESIS IN DISEASE

Chronic neuroinflammation is linked to cognitive decline in
most neurodegenerative diseases. Prolonged inflammation stems
from aberrant activation of microglia and a failure of the
immune system to resolve the inflammation. This is not only
a significant challenge to developing neurons in neurogenic
niches, but also an important target for therapeutic intervention
(Biber et al., 2016). Neurogenic niches can transiently increase
neurogenesis to compensate for loss of neurons, but this doesn’t
lead to the production of functional neurons, which can replace
lost neurons (Monsonego and Weiner, 2003). To illustrate
the relationship between neurodegeneration, inflammation, and

neurogenesis we highlight two models of neurodegeneration,
Alzheimer’s Disease (AD) and traumatic brain injury (TBI) which
have in common neuroinflammation and altered neurogenesis
(Akiyama et al., 2000; Kernie et al., 2001; Acosta et al., 2013;
Scopa et al., 2020). Additionally, TBI can predispose patients
to AD, other neurodegenerative disorders, and neuropsychiatric
disorders (Rogers and Read, 2007; Dams-O’Connor et al., 2016).
These comorbidities are associated with sustained inflammation,
providing further links between common pathologies seen in
different neurodegenerative diseases (Newcombe et al., 2018).

Microglial Activation Following

Neurodegeneration
Aging is one of the most significant risk factors in age-associated
neurodegenerative diseases (Hou et al., 2019). Age-associated
decline of neurogenesis, can in part be attributed to aberrant
immune activity (Dulken et al., 2019; Wu et al., 2020). With
aging, the neurogenic niche undergoes changes in cellular
composition. The largest population in the niche become cells
expressing high levels of Cd45, or non-microglia immune cells
(Artegiani et al., 2017). There is a decrease in neuroprotective
cytokines and an increase in neurotoxic cytokines (Vukovic et al.,
2012). Infiltration of T-cells in neurogenic niches leads to release
of If-γ which results in a neurotoxic environment, contributing
to reduced neurogenesis (Dulken et al., 2019). In the aged brain,
decline of brain derived neurotrophic factor (BDNF) correlates
to microglial activation and deleterious effects on neurogenesis
(Wu et al., 2020). This precedes the development of Alzheimer’s
Disease whose pathology can be alleviated with exercise-induced
neurogenesis through release of BDNF (Choi et al., 2018).

Neuronal death or damage creates a toxic environment for
surrounding healthy neurons (Takahashi et al., 2005). As the
resident phagocytes and first responders to cytotoxic elements,
microglia adopt a damage-associated phenotype which has the
potential to prevent further cell death (Krasemann et al., 2017).
Damage-associated microglia upregulate genes associated with
phagocytosis and lipid metabolism (Keren-Shaul et al., 2017;
Krasemann et al., 2017). In aging and neurodegenerative diseases,
microglia may lose their efficacy to remove toxic elements,
and in some cases even adopt a neurodegenerative phenotype
(Krasemann et al., 2017). Neurodegenerative microglia exhibit
transcriptional and functional phenotypes associated with
perturbed lipid metabolism in genes whose disruption are known
risk factors in AD. Breakdown of these mechanisms results in
lipid-droplet accumulation and in proinflammatory phenotypes
in disease models and in the human brain (Ransohoff, 2016a;
Marschallinger et al., 2020).

These maladaptive phenotypes comprise gene networks
largely controlled by the ApoE-Trem2 pathway- genes with
variants that are associated with a higher risk in developing
late onset AD as well as unfavorable outcomes after TBI
(Jordan, 2007; Castranio et al., 2017; Efthymiou and Goate, 2017;
Krasemann et al., 2017; Tensaouti et al., 2020).

Dysregulation of microglial and immune activity is a
consistent and prevalent theme in neurodegeneration. Microglia
activated in this aberrant manner promote inflammation,
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creating an altered environment in which developing neurons
are especially susceptible to cell death or reduced neurogenesis
(Ekdahl et al., 2003, 2009; Monje et al., 2003; Yu et al., 2008).
Chronic inflammation has also been linked to cognitive decline
(Kohman and Rhodes, 2013).

Adult Neurogenesis Following

Neuroinflammation
Inflammation is a specialized immune response to a foreign
substance or to damage. In the brain, this is characterized
by the release of cytokines, chemokines, and secondary
messenger proteins by microglia and astrocytes (Carson et al.,
2006). Secreted immune-cell molecules are categorized as
pro-inflammatory or anti-inflammatory cytokines (Jun-Ming
and Jianxiong, 2007). Cytokines that are associated with
inflammation are upregulated in neurodegenerative diseases such
as Alzheimer’s Disease, Parkinson’s Disease, ischemic stroke,
and traumatic brain injury (Alzheimer’s, 2016; Dugue and
Barone, 2016; Guzman-Martinez et al., 2019). If the inflammation
is left unresolved, there are deleterious consequences which
compromise the survival and integrity of neural circuitry in
the brain and prevent the successful incorporation of adult
born neurons (Belarbi et al., 2012). As neuroinflammation is
coincident with neurodegeneration, its link to neurogenesis
is crucial to understanding how these diseases affect adult
neurogenesis (Guzman-Martinez et al., 2019).

An example of a neurological disorder which consists
of neuroinflammation, neurodegeneration, and perturbed
neurogenesis is Alzheimer’s Disease (AD), currently the most
prevalent cause of dementia. It involves two major pathologies—
amyloid beta plaque accumulation and neurofibrillary
tangles—both of which contribute to neurodegeneration
and cognitive decline (Alzheimer’s, 2016). Most genetic risk
factors identified are genes participating in immune function,
sparking interest in targeting the immune system as a means
of therapeutic intervention (Monsonego and Weiner, 2003;
Karch and Goate, 2015; Biber et al., 2016). In fact, both forms of
pathology in AD are accompanied by inflammation. Some key
cytokines implicated in exacerbating the pathology include TNF-
α,Il-1ß, Ifn-γ, and Il-6 (Kinney et al., 2018). Along with immune
function dysregulation, adult neurogenesis is also impaired in
human patients suffering from AD (Moreno-Jimenez et al.,
2019).

Microglia adopting a pro-inflammatory phenotype were
initially believed to prevent neurogenesis, and therefore anti-
neurogenic. Upon systemic endotoxin injection, used to model
an in immune challenge resulting in microglia activation, an
inverse correlation between activatedmicroglia and neurogenesis
was observed. This decrease in neurogenesis was rescued with
anti-inflammatory drugs (Ekdahl et al., 2003; Monje et al., 2003).
Accumulating evidence demonstrates that these pro- and anti-
inflammatory phenotypes do not directly translate into anti- or
pro- neurogenic actions, for developing neurons (Ekdahl et al.,
2009; Fuster-Matanzo et al., 2013; Ransohoff, 2016b).

For example, Il-10 has been classically considered an anti-
inflammatory cytokine, yet it inhibits differentiation of neural

progenitors into neurons and is therefore anti-neurogenic (Lobo-
Silva et al., 2016). Conversely, interferon-γ (Ifn-γ) encourages
both neural progenitor proliferation and neuronal differentiation
especially in aged mice or mice with Alzheimer’s Disease-
like pathology. This suggests a neuroprotective and pro-
neurogenic role in the context of neurogenesis resulting from
aging or neurodegeneration despite its classification as a pro-
inflammatory cytokine (Baron et al., 2008). Tnf-α displays
pleiotropic effects depending on the receptor it binds to. TNFR1
signaling results in reduced proliferation in the adult dentate
gyrus while TNFR2 promotes neurogenesis (Iosif et al., 2006;
Chen and Palmer, 2013). This altered environment has significant
consequences for the neurogenic niche and does not always
align with traditional understanding of cytokine function (Ekdahl
et al., 2009; Fuster-Matanzo et al., 2013; Ransohoff, 2016b).

Therapeutic Implications
While anti-inflammatory drugs can attenuate deficits in murine
adult neurogenesis, the mechanisms mediating their effects are
not entirely understood and their application in humans less
effective or even detrimental (Wyss-Coray and Mucke, 2000;
Boehme et al., 2014; Scott et al., 2018). Instead, over the last
few years, microglial ablation via pharmacological inhibitors
of CSF1R have emerged as a potential method to rescue
the deleterious effects of aberrant microglia activation and
neuroinflammation. These inhibitors allow for the reversible
ablation of microglia from the brain (Elmore et al., 2014; Rice
et al., 2015). In a model of neuronal death, microglia exhibit
elevated cytokines, a characteristic feature of immune activation
and inflammation. Loss of neurons can be compensated by
increased synaptogenesis in surviving neurons. However, for
this to occur, microglial synaptic pruning must be inhibited
via microglial depletion. This paradigm appears to restore
cognitive function and behavior. Microglia depletion was
suggested as a potential therapeutic strategy in other forms
of neurodegeneration (Rice et al., 2015). This study raised an
interesting proposition, that microglial ablation could rescue
the deleterious effects of aberrant microglia activation and
subsequent inflammation.

In traumatic brain injury (TBI), a model of injury-induced
neurodegeneration, Willis and colleagues address the dynamics
of microglial input on neural damage and subsequent repair. TBI
itself results in deficits in learning and memory concomitantly
with decreased doublecortin (DCX)-expressing cells (Willis et al.,
2020). Microglial depletion alone in this model reduces survival
of DCX-expressing, immature neurons. However, repopulation
following depletion results in attenuation of neuronal loss
compared to TBI mice without treatment. These cellular
differences translate to functional differences in behavior as
different behavioral tests show impaired learning and memory.
These effects are time dependent as there is a limited temporal
window after injury for which microglia turnover is beneficial.
Specifically, microglia turnover needs to be coincident with the
acute insult resulting from TBI (Willis et al., 2020).

The restorative effects of microglial replenishment create
a permissive environment for survival of doublecortin cells
which are implicated in forms of learning and memory

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 January 2021 | Volume 14 | Article 571071198

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Chintamen et al. Immune Regulation of Adult Neurogenesis

attributed to spatial navigation and working memory (Blaiss
et al., 2011; Willis et al., 2020). Furthermore, inducing local
depletion followed by repopulation also achieves better cognitive
outcomes. The traditionally pro-inflammatory cytokine Il-6
mediates these effects. Il-6 exhibits pleiotropic effects on adult
neurogenesis under various contexts and levels of this cytokine
are often elevated during enhanced neurogenesis and during
postnatal development (Storer et al., 2018). In the case of
the neuroprotective effects of repopulating microglia, Il-6 trans
signaling between microglia and developing neurons is critical
(Willis et al., 2020). Similar to its effects in TBI, microglia
turnover in the aged brain using CSF1R inhibition results
in restorative effects on neuronal function and cognition.
Turnover of microglia using depletion and repopulation, in
effect, revitalizes the immune compartment of the CNS by
promoting neurogenesis and synaptogenesis (Elmore et al.,
2018).

Depletion studies have elucidated key aspects of the immune
response to brain injury. First, cognitive deficits are not
necessarily caused by aberrant microglia activity but rather
loss-of-function of microglia that would normally support
survival of neuroblasts with injury or other inflammatory
conditions (Elmore et al., 2018; Willis et al., 2020). This suggests
there is a saturation of microglial clearance that can only
be relieved with turnover of microglia (Willis et al., 2020).
Secondly, this model supports the pleiotropic effects of cytokines
traditionally associated with inflammation. Lastly, microglia
turnover localized specifically to the neurogenic niche is sufficient
to bolster survival of developing neurons upon injury (Willis
et al., 2020).

Under homeostatic conditions, the neurogenic pool is able to
regulate and self-maintain despite microglial depletion (Kreisel
et al., 2019; Kyle et al., 2019; Willis et al., 2020). These
mechanisms, however, are not selective and affect other cell
types. For instance, CSF1R antagonism affects astrocytes. Drug
treatment results in astrogliosis as marked by increased GFAP
and S100 mRNA as well as protein levels without increases in
cell number (Elmore et al., 2014, 2018). Additionally, microglial
depletion affects functional properties developing granule cells

originating in the SVZ (Reshef et al., 2017; Wallace et al., 2020).
Therefore, pharmacological replacement ofmicroglia as a form of
treatment will require more specificity in focused areas to avoid
off-target effects.

CONCLUSION

Microglia dysfunction has been implicated in most neurological
diseases which affect adult neurogenesis. Proper function of
microglial signaling is crucial during development for healthy
nervous system formation. This signaling is important for the
patterning of the stem and progenitor pools that eventually shape
the neurogenic niches in adulthood. Disruptions of appropriate
microglial signaling due to genetic defects during development
can result in long lasting effects on adult neurogenesis.
Perturbations in microglial input to cells that have committed
to a neuronal fate greatly affects neuroblast survival, ultimately
leading to decreased neurogenesis. Defects at this stage may
explain cognitive deficits associated with immune activation in
many neurodegenerative diseases. Immune activity is therefore
a potential target to modulate pathological outcomes and
ameliorate the effects of inflammation on adult neurogenesis.
Microglial turnover appears promising as a method of using
endogenous repair mechanisms to bolster adult neurogenesis.
As many immune molecules have opposing effects on different
stages of neurogenesis and different areas of the brain, the timing
and localization of microglial turnover to key timepoints in
neurogenic niches may act to preserve and potentially enhance
adult neurogenesis in health and disease.
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Estrogens and estrogen-like molecules can modify the biology of several cell types.
Estrogen receptors alpha (ERα) and beta (ERβ) belong to the so-called classical family
of estrogen receptors, while the G protein-coupled estrogen receptor 1 (GPER-1)
represents a non-classical estrogen receptor mainly located in the plasma membrane.
As estrogen receptors are ubiquitously distributed, they can modulate cell proliferation,
differentiation, and survival in several tissues and organs, including the central nervous
system (CNS). Estrogens can exert neuroprotective roles by acting as anti-oxidants,
promoting DNA repair, inducing the expression of growth factors, and modulating
cerebral blood flow. Additionally, estrogen-dependent signaling pathways are involved in
regulating the balance between proliferation and differentiation of neural stem/progenitor
cells (NSPCs), thus influencing neurogenic processes. Since several estrogen-based
therapies are used nowadays and estrogen-like molecules, including phytoestrogens
and xenoestrogens, are omnipresent in our environment, estrogen-dependent changes
in cell biology and tissue homeostasis have gained attention in human health
and disease. This article provides a comprehensive literature review on the current
knowledge of estrogen and estrogen-like molecules and their impact on cell survival and
neurodegeneration, as well as their role in NSPCs proliferation/differentiation balance
and neurogenesis.

Keywords: ERα/β, GPER1/GPR30, 17β-estradiol, bisphenol A, Alzheimer’s disease, Parkinson’s disease, hormone
replacement therapy, neural stem/progenitor cells
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INTRODUCTION

Estrogens are cholesterol-derived sex hormones that play a
fundamental role in many physiological processes (Kaludjerovic
and Ward, 2012). The three main forms of estrogens: estrone,
estradiol, and estriol, are produced endogenously by different
organs and tissues, such as ovaries, testis, adipose tissue,
and adrenal cortex. Estrogens are also used as part of
pharmacological compounds in contraceptive therapies for
pre-menopausal women and hormonal replacement therapies
for post-menopausal women. These molecules have a strong
affinity for the estrogen receptors (ERs) ERα, ERβ, and
G-protein coupled ER1 (GPER1), through which, after binding,
induce a direct or indirect genomic signaling to change the
expression pattern of several genes (Fuentes and Silveyra, 2019).
Additionally, some exogenous estrogen-like molecules, such
as phytoestrogens and xenoestrogens, also have ER-binding
capabilities (Nadal et al., 2018). By binding to these receptors,
estrogens and estrogen-like molecules modulate cell proliferation
(Gompel et al., 2004; Pisano et al., 2017; Molina et al., 2020),
differentiation (Bassler, 1970; Grubbs et al., 1985; Imanishi et al.,
2005), and survival (Weldon et al., 2004; Kishi et al., 2005;
Yu et al., 2012) processes, by different downstream pathways.
Furthermore, since estrogen receptors are ubiquitously located,
estrogen-mediated signals modulate the biology of several tissues
and organs, including the central nervous system.

Estrogens play a pivotal role in the adult and developing
brain (Brannvall et al., 2002; Morissette et al., 2008), exerting
neuroprotective effects under homeostatic and pathologic
conditions. In that sense, estrogens can enhance anti-oxidant
activity (Bellanti et al., 2013; Rekkas et al., 2014) and induce
DNA repair (Bethea et al., 2016), two processes required to
modulate the adverse effects of oxidative stress in the cell.
Moreover, estrogens increase the expression of different growth
factors and anti-apoptotic molecules, promoting cell survival
and reducing neurodegenerative processes (Singh et al., 1995;
Solum and Handa, 2002). They also positively modulate dendritic
spines and axonal growth, synaptic transmission, and plasticity,
processes required to maintain and enhance cognitive and
memory performance (Wallace et al., 2006; Luine and Frankfurt,
2013). Neurodegenerative diseases are characterized by increased
oxidative stress (Starkov, 2008), cell death, and concomitant
loss of synapses; in this context, estrogen supplementation
can prevent or reduce these negative features. Several studies
have shown the beneficial effects of estrogens in reducing the
progression and ameliorating the symptoms of Alzheimer’s and
Parkinson’s disease (Kumar et al., 2010; Vail and Roepke, 2019).

Besides, estrogens are essential in maintaining the balance
between proliferation and differentiation of embryonic and
adult neural stem/progenitor cells (NSPCs), thus modulating
neurogenic processes. Interestingly, classical (ERα and ERβ)
and non-classical (GPER-1) estrogen receptors are expressed by
cortical and hippocampal NSPCs (Brannvall et al., 2002; Waldron
et al., 2010; Zhang et al., 2019; Zhong et al., 2019), and also
by oligodendrocyte progenitor cells (OPCs) and post-mitotic
oligodendrocytes, playing a central role in oligodendrogenesis
and myelination (Kumar et al., 2010; Okada et al., 2010).

Here, we review the current knowledge on the role of estrogens
and estrogen-like molecules in the neuro/gliogenic processes and
the regulation of neuronal survival and neurodegeneration.

ESTROGENS: ENDOGENOUS,
HORMONE-BASED THERAPIES, AND
ESTROGEN-LIKE MOLECULES

Figure 1 summarizes main molecules and compounds with
estrogenic activity, including endogenous estrogens, hormone-
based therapies, and estrogen-like molecules.

Endogenous Estrogens
Estrogens are not only involved in gender-specific processes
such as development and maintenance of the female phenotype,
germ cell maturation, and pregnancy (Yasar et al., 2017). They
also play important roles in many other (non-gender-specific)
physiological processes, including cardiovascular and nervous
systems function (Auger et al., 2000; Denley et al., 2018). In
that regard, Denley et al. (2018) have recently published that
several human brain regions exhibit sexual dimorphism due
to estrogenic influence, highlighting the role of estrogens in
the differential adaptation of men and women’s brains. Thus,
estrogens appear to play a key role in brain growth and
maturation, opening novel perspectives on the effects of these
hormones in brain homeostasis.

The two major biologically active estrogens in non-pregnant
humans are estrone (E1) and estradiol (E2). E1 is considered
to be a weaker form of estrogen and is the major estrogen
found in women who are naturally menopausal. A third bioactive
estrogen, estriol (E3), is the main pregnancy estrogen, but
plays no significant role in non-pregnant women or men
(Molina et al., 2017). Estrogens are produced through metabolic
steroid pathways in ovaries, the adrenal cortex, adipose tissue,
testes and the placenta (Miettinen et al., 2000; Pentikäinen
et al., 2000; Kaludjerovic and Ward, 2012). E3 is produced
primarily from 16α-hydroxy-dehydroepiandrosterone (DHEA)
sulfate, 17β-estradiol or E2 is formed from aromatization of
testosterone, whereas E1 is derived from aromatization of
androstenedione (Yaghjyan and Colditz, 2011).

Estrogens are secreted cyclically, inducing a negative feedback
on gonadotropins and modulating the hypothalamic-pituitary-
gonadal axis (Jensen et al., 2010). Estradiol has important effects
on the female reproductive organs, including breasts, uterus, and
also the endometrium during the regulation of the menstrual
cycle, as well as in non-reproductive tissues, such as skeletal,
cardiovascular and nervous system. In men, estrogens increase
serum levels of HDL (high-density lipoprotein) cholesterol,
improving cardiovascular condition, and also contribute to
the maintenance of bone mass and the maturation of sperm
(Pentikäinen et al., 2000). Estradiol has been related to
the modulation of appetite and the balance of glycemia,
having a crucial role in the maintenance of the metabolic
homeostasis and body weight (Rubinow, 2017). On the other
hand, evidence indicates that estradiol also plays an important
role in differentiating the human brain during early prenatal
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FIGURE 1 | Molecules with estrogenic activity. Classification of the various molecules and compounds that display estrogenic activity.

stages and even after birth (Gillies and McArthur, 2010). In
fact, estrogens are fundamental in the generation of social
behaviors related to sex.

The disruption of estrogens’ homeostasis is involved in
the development or progression of a series of pathologies,
which include several types of cancer (breast, ovary, colorectal,
prostate, endometrium), osteoporosis, autoimmune diseases,
cardiovascular diseases, obesity and/or insulin resistance (Cui
et al., 2013; Patel et al., 2018), as well as neurodegenerative
diseases (Gillies and McArthur, 2010; Cui et al., 2013; Villa et al.,
2016) and mood disorders (Payne, 2003).

Combined Hormonal Contraceptives and
Hormone Replacement Therapy
Currently, the applications of sex hormone and gonadotropin
therapies are rather broad and versatile, being used in several
cases of female and male infertility (Lunenfeld et al., 2019;
Casarini et al., 2020). On the other hand, the most extensive
uses of estrogens correspond to the modulation of reproductive
capacity by hormonal contraceptives, and hormone replacement
therapy (HRT), aiming to reverse the estrogen deficit during post-
menopause.

Hormonal Contraception
In women, most contraceptive therapies are based on the release
of one or more sex hormones, usually containing a dose of
synthetic progesterone (progestin), or a combination of progestin
and synthetic estrogens (Wright et al., 2020). To improve their
efficacy and tolerance, hormonal contraceptives have suffered
many changes in their composition and dosage, reducing adverse
reactions such as nausea, vomiting, and headache (Wright et al.,
2020). In addition to avoiding unwanted pregnancies, hormonal
contraceptives are also indicated in cases of menorrhagia,

dysmenorrhea, acne, hirsutism, iron deficiency anemia, and
endometriosis (Schindler, 2010). It also significantly impacts
reducing the risk of endometrial, ovarian, and colon cancer
(Schindler, 2010; Marsden, 2017).

The general mechanism of action of combined hormonal
contraceptives (estrogens + progestogens) is based on the
negative feedback that estrogens induce on the hypothalamus,
inhibiting the secretion of gonadotropin release stimulating
hormone (GnRH) and, consequently, preventing the increase in
the secretion of gonadotrophins by the pituitary to stimulate
ovulation in the middle of the cycle. In turn, progestogens
inhibit follicular development and exert an anovulatory effect.
In addition, the endometrium thins, and the cervical mucus
becomes thicker and more impenetrable for sperm (Marsden,
2017; Regidor, 2018; Wright et al., 2020).

Hormone Replacement Therapy (HRT)
A growing number of studies indicate that estrogen therapy
has a broad spectrum of beneficial effects in post-menopausal
women (Behl and Lezoualc’h, 1998; Cacciatore et al., 1998; Zhao
and Brinton, 2006; Robb and Stuart, 2010; Engler-Chiurazzi
et al., 2017). Regarding this, menopause can be understood as
a physiological event in women characterized by the end of
menstrual cycles and the depletion of ovarian follicles (Santoro
and Randolph, 2011). Hypoestrogenism, particularly of estriol,
generates a group of symptoms known as the climacteric, which
are characterized by vasomotor alterations, urogenital atrophy,
and a series of metabolic changes, among other symptoms, which
directly affect women’s quality of life (Santoro and Randolph,
2011; Blumel and Arteaga, 2018).

The higher life expectancies in the current population
imply that more than half of women’s life passes in the
post-menopausal stage. During this period, the morbidity and
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mortality patterns change, with chronic diseases becoming
more relevant, such as malignant neoplasms, atherosclerosis,
osteoporosis, arteriopathies, and neurodegenerative diseases
(Blumel and Arteaga, 2018). Consequently, HRT aims to reduce
the climacteric symptoms and the incidence of chronic diseases
during this phase of women’s life.

The use of HRT dates back to the 1960s; however, after the
appearance of prospective randomized studies that indicated an
increase in the incidence of breast cancer, the establishment
of this therapy has been adjusted to the presence of certain
risk factors, symptoms, and the evolution of patients (Davey,
2018; Cagnacci and Venier, 2019). Nowadays, HRT supplements
women with estrogens (mainly estradiol) or estrogens and
gestagens during the menopausal transition. Although three
types of estrogens are available pharmacologically—natural,
equine, and synthetic—, natural and equine estrogens represent
the most used in HRT (Bhavnani, 2003; Zhao and Brinton, 2006).

Estrogen-Like Molecules:
Phytoestrogens and Xenoestrogens
The study of estrogen-like molecules whose structure and
effects are similar to those induced by estrogens has acquired
increasing relevance in animals and humans (Molina et al.,
2018). Phytoestrogens are plant-derived molecules with several
metabolic and endocrine effects similar to those induced by
estrogens. There are more than 4,000 phytoestrogens described,
which can be divided into two chemical groups: flavonoids
(coumestans and prenylflavonoids) and non-flavonoids
(reviewed in Molina et al., 2018). By contrast, xenoestrogens are
chemicals that act as potent endocrine disruptors by binding
with a high affinity to classical and non-classical ERs, like
bisphenol-A and bisphenol-S (reviewed in Nadal et al., 2018).
Bisphenol-A (BPA) is the principal industrial compound used in
the production of polymers of plastic polycarbonate. Bisphenol-
A molecules are joined by ester bonds, which are disrupted by
high temperatures or pH changes, generating their release into
environments that commonly include mineral water bottles and
lacquer coating in food cans (Brotons et al., 1995; Wagner and
Oehlmann, 2009). Since phytoestrogens and xenoestrogens can
be considered as omnipresent molecules in our daily diet, they
are becoming an increasingly attractive focus of research on
human health and disease (Table 1).

Estrogen-Dependent Signaling Pathways
and Cellular Effects
Classical Estrogen Receptors
In the 1960s, the group of Jensen and coworkers detected an
intracellular protein in ovarian tissue able to interact with E2:
the estrogen receptor α (ERα) (Jensen et al., 2010). A decade
later, experiments performed by Kuiper et al. (1996) on mouse
prostatic tissue showed another molecule able to link estrogen,
named estrogen receptor β (ERβ) or ERβ1. Both proteins belong
to the superfamily of nuclear receptors, which translocate from
the cytosol to the nucleus in response to estrogens, and are widely
known as “classical estrogen receptors” because they were the
first receptors discovered to coupling to estrogen. Both receptors

share a typical structure consisting of a carboxy-terminal ligand-
binding domain, a DNA-binding site located in the center
region, and an amino-terminal domain. The ligand-binding
domain and DNA-binding site regions are highly conserved
among these receptors, whereas the amino-terminal domain
region has more significant variability on its sequence and length
(Higa and Fell, 2013).

Both receptors display a differential expression in normal
tissues. The ERα is mainly expressed in female reproductive
tissues, kidney, liver, bone, and white adipose tissue (Kuiper
et al., 1996). By contrast, the ERβ is expressed in the ovary, lung,
prostate, colon, kidney, immune cells, and cardiovascular tissues.
Both receptors are also present in the nervous system, being
ERβ more abundantly expressed than ERα (Kuiper et al., 1996).
Most evidence supports that ERα regulates proliferation and
survival, whereas ERβ modulates ERα when co-expressed (Higa
and Fell, 2013). These receptors form homo- and heterodimers
that subsequently translocate into the nucleus (Figures 2, 3).
This process is known as genomic or nuclear response and
entails up- and down-regulation of diverse genes associated
with cell proliferation, survival, and migration (Musgrove and
Sutherland, 2009; Haldosen et al., 2014). On the other hand, the
concept of non-genomic or cytoplasmic response was introduced
in 1967, when Szego and Davis observed an increase in cyclic
adenosine monophosphate (cAMP) in the MCF-7 breast cancer
cell line pretreated with estrogens (Szego and Davis, 1967). More
recently, it has also been reported that several cell types and
tissues show different non-genomic responses (Molina et al.,
2017, 2018). For example, primate-derived neurons and neurons
derived from human NSPCs exhibit rapid oscillation in the
intracellular calcium concentration after being stimulated with
estrogens or ERβ selective agonists (Zhang et al., 2010; Kenealy
and Terasawa, 2011). Interestingly, the exhaustive analysis of
these responses has helped to decipher alternative pathways that
are not regulated by classical estrogen receptors and are triggered
by estrogen mimetics. In this scenario have appeared the so-called
non-classical estrogen receptors as we described next.

GPR30/GPER-1: A Non-classical Estrogen Receptor
Initially, GPR30 (G protein-coupled receptor 30) was considered
an “orphan receptor” (Filardo et al., 2000). However, once its
ability to interact with high affinity with E2 was determined,
GPR30 was renamed GPER-1 (G protein-coupled estrogen
receptor 1) (Revankar et al., 2005). GPER-1 belongs to the family
of G protein-coupled receptors, and, in humans, its gene is
located in chromosome 7p22.3, which encodes a sequence of
375 amino acids with a relative molecular mass of 41 kDa.
As with other G protein-coupled receptors, GPER-1 is a
seven-transmembrane domains receptor located at the plasma
membrane, with its amino and carboxyl groups oriented to the
extra- and intracellular environments, respectively (Figures 2,
3; Molina et al., 2017, 2018). When GPER-1 couples to
estrogen, rapid and transient activation of diverse signaling
pathways takes place. Most of these responses depend on the
transactivation of epidermal growth factor receptor (EGFR) and
its downstream targets phosphoinositide 3-kinase (PI3K)/serine-
threonine-specific protein kinase B (also known as Akt) and
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TABLE 1 | Molecular and biological effects of endogenous estrogen and estrogen-like molecules in NSPCs.

Ligands Molecular findings Biological effects Model References

(E/P)

17β-estradiol Activation of ERK1/2 and
PI3K/Akt/mTOR

Improves proliferative
activity and promotes
oligodendrogenesis

Human-derived NSPCs (E) Wang et al., 2008; Okada
et al., 2010; Kumar et al.,
2013

Rat-derived NSPCs (E)

Mouse brain tissue (P)

Tamoxifen, 4-OHTMX and
endoxifen

Via GPER-1 in a PKCα

independent-manner
Promote
oligodendrogenesis

Rat-derived NSPCs (P) Barratt et al., 2016;
Gonzalez et al., 2016

Rat brain tissue (P)

Rat glial precursor cells (P)

Diarylpropionitrile Activation of
PI3K/Akt/mTOR pathway

Promotes
oligodendrogenesis and
maturation of OLs

Mouse corpus callosum and
spinal cord (P)

Crawford et al., 2010;
Khalaj et al., 2016

Fulvestrans (ICI-182,780) N.D. Suppresses proliferative
activity

Rat-derived NSPCs (E) Okada et al., 2010; Barratt
et al., 2016

Rat glial precursor cells (P)

Hops-derived
prenylflavonoids

N.D. Promote neurogenesis and
neurite outgrowth

Rat-derived NSPCs (P) Oberbauer et al., 2013

Dorsal root

ganglion neurons (E)

Resveratrol Activation of
PKA-GSK3β-β.catenin,
PKA-ERK1/2, p38 kinases
and SIRT1 pathways

Improves proliferative
activity and promote
neurogenesis

Human cord blood-derived
mesenchymal stem cells (P)

Kumar et al., 2016; Jahan
et al., 2018

Rat brain tissue (P)

Rat-derived NSPCs (E)

Activation of AMPK
pathway

Suppresses proliferation
and neurogenesis

Mouse brain tissue (P) Tiwari et al., 2015b

Mouse-derived NSPCs (E/P)

Curcumin Activation of Wnt pathway Improves proliferative
activity and promotes
neurogenesis

Rat brain tissue (P) Tiwari et al., 2016

Rat-derived NSPCs (E)

Bisphenol-A Deregulation of Wnt
pathway

Reduced proliferative
activity and
neuro/oligodendrogenesis

Rat brain tissue (P) Tiwari et al., 2015a,b, 2016

Rat-derived NSPCs (E)

NSPCs, neural stem/progenitor cells; 4-OHTMX, 4-hydroxytamoxifen; E, embryonic; P, postnatal; N.D., non-described.

extracellular signal-regulated kinases 1/2 (ERK 1/2) signaling
pathways (Figure 2; Filardo et al., 2000). The ubiquitous
distribution of GPER-1 supports many key functions that have
been attributed to this receptor. Many tissues, including hepatic,
nervous and adipose tissues, as well as cells from the circulatory
and immune systems, express GPER-1. Furthermore, it is also
expressed in prostate stromal cells (Jia et al., 2016), breast
cancer cell lines (Ahola et al., 2002), cancer stem and germ
cells (Chieffi and Chieffi, 2013), and osteoblast progenitors
(Teplyuk et al., 2008).

Role of Estrogens in Cell Proliferation, Differentiation
and Survival
Estrogens are recognized as a significant steroidal mitogen for
epithelial cells, commonly related to oncogenesis (Anderson
et al., 1998). In this sense, experiments carried out by our
group on breast cancer cell lines support that continuous

pharmacological blockade of classical ERs leads to the
overexpression of GPER-1 (non-classical ER) as an alternative
pathway to promote proliferation (Molina et al., 2020). Also,
studies carried out in cancer-associated fibroblasts derived from
breast cancer patients show that the GPER-1/EGFR signaling
axis increases the expression of several cell cycle regulatory
genes (Pisano et al., 2017). Indeed, the mechanisms involved in
E2-mediated proliferation are associated with the inhibition of
the tumor suppressor protein, p53, which, in turn, generates the
downstream activation of cyclin-dependent kinases (CDKs) and,
consequently, the release of the retinoblastoma protein (Rb) that
promote the progression of the cell cycle by activating diverse
transcription factors (Gompel et al., 2004).

On the other hand, E2 is also involved in the differentiation
of diverse types of normal tissues, being critical to the generation
of lobular-alveolar cells and the development of galactophorous
ducts (Bassler, 1970). Similarly, E2 is essential for the terminal
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FIGURE 2 | Endogenous estrogen regulates the proliferation and differentiation of NSPCs. Endogenous estrogen binds to both classical and non-classical ERs.
Transactivation of the epidermal growth factor receptor (EGFR) via GPER-1 promotes the formation of dimers or heterodimers between nuclear receptors through (i)
the activation of protein kinase A (PKA), (ii) an increase in the intracellular Ca2+ concentration, and (iii) the subsequent activation of the non-receptor tyrosine kinase
(Src) and matrix metalloproteinases (MMP). EGFR promotes the downstream activation of the small GTPase (RAS)/phosphatidylinositol 3-kinase (PI3K) and the
extracellular-signal-related kinase (ERK)/protein kinase B (also known as Akt) signaling pathways, which, in turn, phosphorylate of nuclear receptors, denoting the
end of the non-genomic pathway. Alternatively, estrogens can directly bind to dimerized nuclear receptors (ERα/β) to activate the ERK/Akt pathways and promote
their own phosphorylation. The genomic pathway involves the translocation of phosphorylated ER dimers into the nucleus for controlling the expression of genes
associated with cell survival/proliferation, neurogenesis, and oligodendrogenesis.

differentiation of the mammary gland (Gompel et al., 2004);
while its impact on the differentiation of epithelial cells was
described early in the ’80s as a critical pathogenic mechanism
underlying the development and growth of tumors (Grubbs
et al., 1985). Additionally, it has been described that estrogens
can regulate the differentiation of endothelial progenitor cells
derived from bone marrow through mechanisms that include
an increase in Akt phosphorylation and modulation of the
telomerase activity, which consequently delays the onset of
senescence (Imanishi et al., 2005).

Finally, the pro-survival effects of estrogens have been
demonstrated in diverse cell types, including germ cells from
human testes (Pentikäinen et al., 2000), breast cancer cells
(Weldon et al., 2004; Yu et al., 2012), and neurons (Kishi
et al., 2005). In germ cells, Pentikäinen et al. (2000) reported
that classical ERs are found in early meiotic spermatocytes
and elongating spermatids. Interestingly, relatively low

concentrations of E2 are capable of robustly inhibiting germ
cell apoptosis in cultured segments of human seminiferous
tubules without survival factors (i.e., serum and hormones).
Likewise, experiments performed by Yu et al. (2012) support
that E2 regulates the expression of Bcl-2, an anti-apoptotic
protein, and survivin, which inhibits caspase activation, by
the suppression of different miRNAs, including miR-16, miR-
143 and miR-203. Furthermore, the authors reported that
the MCF-7 breast cancer cell line shows an E2-dependent
increase in its survival rate, which is abrogated by pre-treating
them with the anti-estrogenic compounds ICI-182, 780, or
raloxifene (Yu et al., 2012). In turn, the over-expression of
p-160 co-activators has been shown to enrich E2-mediated
gene expression and improve cell survival by suppressing the
tumor necrosis factor α (TNFα) activity (Yu et al., 2012),
supporting the participation of estrogens in the maintenance
of cell survival.
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The data mentioned above demonstrates that estrogen-
mediated signaling is crucial in the biology of different cell
types, modifying their proliferative capacity, differentiation, and
survival. In fact, as will be discussed in the next sections, NSPCs
and neurons are also subjected to this type of signaling.

ESTROGENS IN NEURODEGENERATION

Estrogens and Their Role in Cell
(Neuronal) Survival: Neuroprotection
Several in vitro and in vivo studies indicate that estradiol,
and metabolites derived from phytoestrogens such as trans-
resveratrol, are capable of promoting survival in neurons
subjected to diverse stress conditions (Behl and Lezoualc’h, 1998;
Robb and Stuart, 2010; Choi et al., 2020). Some conjugated equine
estrogens (i.e., Premarin) are widely used to reduce climacteric
symptoms and have also been shown to promote increased
neuronal functioning, counteracting aging-associated cognitive
decline and preventing Alzheimer’s disease (Zhao and Brinton,
2006; Engler-Chiurazzi et al., 2017). Although the mechanisms
by which HRT promotes neuroprotection are mostly unknown,
it has been proposed that signaling pathways mediated by both
classical estrogen receptors and GPER-1 are involved in the anti-
oxidant and anti-inflammatory effects of estrogens in nervous
tissue (Unfer et al., 2015; Vail and Roepke, 2019; Guo et al., 2020).

Anti-oxidant Activity
Various neurodegenerative diseases are characterized
by decreased mitochondrial activity, reduced oxidative
phosphorylation, and increased reactive oxygen species (ROS)
production in the CNS (Starkov, 2008). Oxidative stress is also
amplified by the loss of anti-oxidant capabilities and increased
production of inflammatory cytokines; both processes are
gradually extended by aging. In that sense, mitochondria are
considered the primary producer of ROS (Murphy, 2009).

Estrogens can act as pro-oxidant or anti-oxidant agents
depending on cell types and ratio of different types of estrogen
receptors. In this context, estrogens can produce reactive oxygen
species by increasing mitochondrial activity and redox cycling
of estrogen metabolites (Kumar et al., 2010). On the other
hand, estrogens’ phenolic hydroxyl group can act as an anti-
oxidant agent, being a protective factor against cardiovascular
and neurodegenerative diseases (Kumar et al., 2010). Clinical data
have shown lower oxidant stress and better anti-oxidant activity
in the brain of pre-menopausal women, when compared with
same-age men and older women, indicating the neuroprotective
role of ovarian hormones against oxidative stress (Bellanti et al.,
2013; Rekkas et al., 2014). Thus, experiments with ovariectomized
(OVX) rats have shown a reduction in the anti-oxidant activity of
superoxide dismutase (SOD) in the hippocampus, a process that
contrasts with an increase in the pro-oxidant enzyme monoamine
oxidase (MAO) in the same region (Huang and Zhang, 2010).
As expected, oxidative damage and mitochondrial dysfunction
are more evident under this condition (Navarro et al., 2008).
The effect of OVX over mitochondrial functions appears to be
related to changes in the fatty acid profile of the mitochondria

membrane, where cardiolipin is reduced and more exposed to
peroxidation (Borras et al., 2003; Baeza et al., 2008; Claypool and
Koehler, 2012). In addition, as dysfunctional mitochondrial pools
need to be removed (by processes such as mitophagy) to reduce
ROS levels, new mitochondria are required to maintain energy
levels in the cell. In that sense, estrogen positively regulates the
expression of proteins related to mitochondrial biogenesis, such
as the nuclear respiratory factor-1 (NRF-1) and the peroxisome
proliferator-activated receptor-gamma coactivator 1 (PGC-1)
(Kemper et al., 2013; Klinge, 2017).

DNA Repair
When DNA is exposed to ROS, it induces an oxidative base
modification that could result in transcriptional mutagenesis
(Bregeon et al., 2009) or in DNA single-strand breaks (SSBs)
(Lindahl, 1993), two processes that leads to genomic instability
and cell death (Rodier et al., 2009). The base excision repair (BER)
pathway is one of the principal contributors to DNA repair, as
its impairment is positively associated with brain aging and age-
associated neurodegenerative diseases (Zarate et al., 2017). BER is
initiated by DNA glycosylases, such as NTH1 and 8-oxoguanine-
DNA-glycosylase (Ogg1), which recognize and remove the
specific inappropriate base to form basic (apurinic/apyrimidinic;
AP) sites. These sites are cleaved by the AP endonuclease, APE1,
and corresponding nucleotides are then located into the gap
by a DNA polymerase through two different sub-pathways, to
finally be ligated by a DNA ligase (Krokan and Bjoras, 2013).
Interestingly, Ogg1 activity significantly decreases with age in
neuronal extracts from rat brains, and APE1 is reduced in
neurons and astrocytes from the frontal and parietal cortex of
old rats (Kisby et al., 2010; Swain and Subba Rao, 2011). In
this context, it has been shown that estrogen supplementation
positively regulate the transcription of APE1 and NTH1 in
the dorsal raphe of OVX old macaques (Bethea et al., 2016).
Additionally, estrogen appears to enhance the transcription
of DNA repair enzymes in the cerebral cortex after hypoxia,
contributing to reducing oxidative stress (Dietrich et al., 2013).

Growth Factors
Neuroprotective roles of estrogens are closely related to the
synthesis of growth factors. The brain-derived neurotrophic
factor (BDNF) is a neurotrophin necessary for brain
development, neurogenesis (Scharfman and MacLusky,
2006), neuronal survival, synaptic plasticity, and memory
formation (Heldt et al., 2007; Bekinschtein et al., 2014).
Estrogens can induce BDNF expression through direct binding
to an estrogen-sensitive response element (ERE) in the BDNF
gene (Scharfman and MacLusky, 2006). Indeed, hormone
influence over BDNF expression has been demonstrated in
gonadectomized female and male rats, showing decreased BDNF
mRNA levels in the hippocampus that can be rescued after
estradiol supplementation (Singh et al., 1995; Solum and Handa,
2002). Moreover, BDNF mRNA expression is also rescued
in the neocortex and the olfactory bulb of the OVX rats by
estrogen treatment (Sohrabji et al., 1995; Gibbs, 1999). At the
same time, estrogen supplementation and BNDF upregulation
promote the expression of other trophic factors such as the nerve
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growth factor (NGF) and the neuropeptide Y (NPY) (Barnea
and Roberts, 2001; Nakamura and McEwen, 2005; Iughetti
et al., 2018). Interestingly, NPY has been reported to increase
neurogenesis in the dentate gyrus (Malva et al., 2012).

Synaptic Plasticity
Estrogens also have a neuroprotective role favoring synaptic
formation, a process required for the survival of new neurons.
Interestingly, estrogen receptors ERα and ERβ are located in the
axons and synaptic terminals of pre-synaptic cells and also in
the dendritic spines (structures crucial for synaptic transmission)
of post-synaptic cells (McEwen and Milner, 2007), indicating a
role in local regulation of synapsis instead of exerting an effect
at nuclear transcription (Zarate et al., 2017). The importance
of ovarian hormones for dendritic spines is evident since the
number of dendritic spines in the hippocampal CA1 and medial
prefrontal cortex are reduced in OVX rats (Wallace et al., 2006).
Furthermore, this depletive process can be rescued after estrogen
supplementation, increasing the number of spines (Luine and
Frankfurt, 2013) and spine synapses in CA1 (Woolley and
McEwen, 1992). Additionally, estrogens seem to be necessary for
axonal growth and synaptic plasticity (Kretz et al., 2004; von
Schassen et al., 2006), improving the performance on different
memory and cognition tests (Wallace et al., 2006).

Cerebral Blood Flow
Another neuroprotective role of estrogens is closely related to
their function as modulators of cerebral perfusion. By binding
to ERα in endothelial cells, estrogens induce nitric oxide
(NO) release, consequently producing vasodilation (Chambliss
et al., 2000). Interestingly, post-menopausal women exhibit
a progressive reduction in blood flow (Penotti et al., 1996),
and the impedance of this flow appears to be reduced
after starting hormone (estrogen) replacement therapy (HRT)
(Cacciatore et al., 1998).

Estrogens and Neurodegenerative
Diseases
Experimental and clinical data suggest that estrogens have
protective effects against neurodegenerative diseases (Kumar
et al., 2010; Vail and Roepke, 2019). Indeed, women affected by
premature menopause under 40 years of age and who did not
receive estrogens treatment show an increased risk of developing
cardiovascular and neurodegenerative disorders, which correlate
with an increase in mortality (Shuster et al., 2010). A recent
meta-analysis that included epidemiological studies regarding the
effects of hormone replacement therapy (HRT) on Alzheimer’s
and Parkinson’s disease suggests that this type of therapy
acts as a highly beneficial factor for post-menopausal women
(Song et al., 2020).

Alzheimer’s Disease (AD)
AD is a progressive neurodegenerative pathology that leads
to irreparable loss of hippocampal cells, negatively affecting
the cognition and memory of patients (Dubois et al.,
2016). Interestingly, post-menopausal women have a higher
prevalence of this pathology than men (Li and Singh, 2014;

Zagni et al., 2016), and a faster cognition decline, indicating a
possible role of sex hormones in the evolution of AD. In line
with these findings, altered β-amyloid deposition can inhibit
aromatase, a key enzyme for converting androgens into estrogens
(McCullough et al., 2003; Overk et al., 2012). On the other hand,
HRT lowers the risk for AD and also slows the decline in
cognitive functions in patients with AD (Yaffe et al., 2000).

The positive effect of estrogens in AD can be explained
through different contexts. AD is characterized by a progressive
reduction in the num ber and maturation of adult neurons
in the dentate gyrus (DG) of the hippocampus (Moreno-
Jimenez et al., 2019), suggesting an impairment in hippocampal
neurogenesis that is closely correlated with the loss of
hippocampal functions and cognitive decline (Hollands et al.,
2017; Morello et al., 2018). As neurogenesis seems to be crucial
to maintain cognitive functions, it has been suggested that this
process enhance memory and prevent cognitive impairment.
In that sense, estrogen treatments appear to promote the
number of proliferating cells and synaptic biomarkers in the
hippocampus (Dorostkar et al., 2015), with an increment of
NSPC proliferation in the DG (Fahnestock et al., 2002; Sopova
et al., 2014). Moreover, estrogens induce NSPC proliferation
under pathological conditions, reducing the levels of oxidative
stress and apoptosis (Correia et al., 2010; Anastasio, 2013) and
improving cognitive and memory performance (Vaucher et al.,
2002; Shohayeb et al., 2018).

As in OVX or aged rats, mitochondrial dysfunction and
overproduction of ROS are two common characteristics of AD
animal models and patients with AD (Starkov, 2008). The anti-
apoptotic effects of estrogens in AD are related to the positive
modulation of the anti-apoptotic protein Bcl-2 and the negative
regulation of the pro-apoptotic protein Bax (Green et al., 1997;
Pike et al., 2009; Correia et al., 2010). In that sense, it has been
recently reported that estrogens enhance the expression of the
miR-125b, a miRNA that suppresses the expression of the pro-
apoptotic genes, Bak1 and p53 (Micheli et al., 2016; Amakiri et al.,
2019). Additionally, estrogen can enhance survival by activating
the BDNF gene and its downstream pathways (Gibbs, 1998;
Bhattacherjee et al., 2014), influencing processes such as neurite
outgrowth and spinogenesis, which can finally enhance memory
and cognitive performance.

Parkinson’s Disease (PD)
Clinical data show that women with low estrogen exposure can
develop PD earlier than women with high estrogen exposure
(Ragonese et al., 2004), indicating a role for this sex hormone
in PD’s pathogenesis. In that sense, estrogens also appear to
have a protective role in PD progression and treatment response
(Saunders-Pullman et al., 1999; Shulman, 2002; Jin, 2020).
Estrogens could positively affect dopamine neurotransmission
by reducing the expression of catechol-O-methyltransferase
(COMT), the enzyme responsible for dopamine degradation
(Jiang et al., 2003). In that sense, HRT appears to potentiate the
effect of the most common anti-parkinsonian drug, levodopa,
reducing its response threshold and enhancing its sensitivity
(Gomez-Mancilla and Bedard, 1992; Tsang et al., 2000; Yadav
et al., 2017). Additionally, the protective effects of estrogens in
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PD are also related to the activation of the mitogen-activated
protein kinase (MAPK) signaling pathway and the consequent
upregulation of Bcl-2, as demonstrated in dopaminergic cells
in mesencephalic slice cultures (Wang et al., 2011). Moreover,
estrogen can also act on the PI3K/Akt pathway to induce the
expression and upregulation of BDNF and dopamine transporter
(DAT) in dopaminergic cells of the midbrain (Yi et al., 2016). As
discussed previously, BDNF has a neuroprotective role, favoring
survival and enhancing synaptic plasticity and transmission.
Additionally, estrogen supplementation appears to have an effect
against oxidative stress in PD brains (Numakawa et al., 2011; Jin,
2020).

Brain Ischemia and Stroke
Brain ischemia is a condition in which there is insufficient blood
flow into the brain, leading to cerebral infarction and ischemic
strokes. This situation leads to neurodegeneration (cell death) in
infarcted regions and global brain inflammation (Radak et al.,
2017). In that sense, estrogens can act as anti-inflammatory
agents in the blood vessel wall, protecting it from cytokines
and free radicals. Pretreatment with estrogen prevents blood
vessel damage in animal models of brain ischemia (Rusa et al.,
1999). Interestingly, these neuroprotective features have also been
shown in humans, where post-menopausal women taking HRT,
had fewer and smaller damaged areas after an ischemic event
comparing to controls (non-HRT) (Gibson et al., 2006). These
effects are mediated, in part, by the positive activation of the
ERK/MAPK signaling pathway (Jover-Mengual et al., 2007).

ESTROGENS AND ESTROGEN-LIKE
MOLECULES IN NEUROGENESIS AND
GLIOGENESIS

Neurogenic Niches: Adult Neural
Stem/Progenitor Cells (NSPCs)
Stem cells are able to undergo proliferative divisions that produce
additional stem cells with the same properties, and divisions that
produce daughter cells that differentiate into multiple cell types
(Homem et al., 2015). Stem cells can be “pluripotent” precursor
cells that give rise to all cell types within an organism, or
“multipotent” precursor cells that have more restricted potential,
and differentiate into a subset of cell types. Neural stem cells
(NSCs) are multipotent stem cells that can also be referred to as
“progenitor” cells (Martinez-Cerdeno and Noctor, 2018). Thus,
in this article we will refer to these cells as neural stem/progenitor
cells (NSPCs), leaving the term of neural progenitor cells
(NPCs) to those cells that are descendants of NSCs and have
a restricted cell linage potential: neuronal progenitor cells,
astrocyte progenitor cells, oligodendrocyte progenitor cells, etc.

Postnatal neurogenesis has been well demonstrated in two
specific regions of the mammalian brain: the subventricular zone
(SVZ) of the lateral ventricles and the subgranular zone (SGZ) of
the dentate gyrus (DG) in the hippocampus (Gross, 2000; Kaplan,
2001). In both regions, NSPCs are immersed in a particular
microenvironment composed of diverse cellular constituents,

such as astrocytes, pericytes, ependymocytes, and vascular and
microglial cells (Batiz et al., 2015; Bjornsson et al., 2015). Besides,
it has been described other neurogenic niches able to generate
new neurons and glial cells in response to brain injury or some
other inductive stimuli. However, their magnitude and relevance
remain still under discussion (Kokoeva et al., 2005; Cameron and
Dayer, 2008; Lin and Iacovitti, 2015).

In the SVZ, type B cells—adult multipotent NSPCs— are
located below ependymal and ependymal-like cells, which line
the walls of the lateral ventricles (Mirzadeh et al., 2008).
Ultrastructural and immunolabeling studies have revealed that
type B cells display only a small fraction of apical surface
and a single basal body. These cells contact the cerebrospinal
fluid by short apical processes, and blood vessels by their
long basal processes. Thus, the organization of these cells, i.e.,
ependymal, ependymal-like, and type B cells, confers a pinwheel
architecture to the ventricular surface (Mirzadeh et al., 2008).
Also, type B cells express diverse stem and glial markers (Batiz
et al., 2015). As mentioned earlier, type B cells can divide and
differentiate into type C cells, which represent a population
of intermediate/transit-amplifying progenitor cells that, in turn,
give rise to neuroblasts or type A cells (Doetsch et al., 1997; Parras
et al., 2004; Merkle and Alvarez-Buylla, 2006). Finally, type A cells
are guided to the olfactory bulb, where they gradually differentiate
into two types of postmitotic GABAergic interneurons: the
granular neurons and the periglomerular neurons (Gage, 2000;
Kriegstein and Alvarez-Buylla, 2009; Ming and Song, 2011).
Namely, the displacement of type A cells from the SVZ of
the lateral ventricles to the olfactory bulb occurs through a
tunnel-like structure composed of vascular cells and an astrocyte
network driving the rostral flow of neuroblasts: the rostral
migratory stream (Nguyen-Ba-Charvet et al., 2004).

In the SGZ, radial glia-like or type 1 cells—adult multipotent
NSPCs— also exhibit a multistep differentiation process as
described for the SVZ niche, beginning with the expansion of
type 2a cells (transient amplifying progenitor cells) (Seri et al.,
2001; Batiz et al., 2015). Then, type 2a cells divide into type 2b
cells, which are more restricted intermediate progenitors, giving
rise to type 3 cells (neuroblasts). Finally, type 3 cells divide
into glutamatergic granule cells that are guided by astrocyte
processes that function as instructive railways for their migration
and subsequent integration into existing neuronal circuits in the
granular cell layer (Seri et al., 2001; Aimone et al., 2014; Batiz
et al., 2015). Of note, the processes of migration and integration
of neurons in the hippocampus are remarkably shorter than
through the rostral migratory stream (Shapiro et al., 2005).

Estrogen Receptors in the Neurogenic
Niches
In the two postnatal neurogenic niches described previously,
the SVZ of the lateral ventricles and in the SGZ of the DG,
multipotent NSPCs -type B and type 1 cells, respectively- express
estrogen receptors. Interestingly, different studies have shown
the expression of estrogen receptors in embryonic and adult
NSPCs. Brannvall et al. (2002) demonstrated that ERα and ERβ

are both expressed by cortical embryonic NSPCs obtained at early
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developmental stages. Interestingly, ERα levels are relatively high
at embryonic day (E) 15 and decrease in later developmental
stages. On the other hand, ERβ levels remain largely constant
during development and are higher than ERα levels in cortical
adult NSPCs (Brannvall et al., 2002).

Interestingly, Waldron et al. (2010) have shown that both ERa
and ERb increase their levels in cortical adult NSPCs isolated
from aged rats. Regarding the hippocampus, both ERα and ERβ

have been observed in hippocampal NSPCs of human post-
mortem samples and a human hippocampal progenitor cell line
(Smeeth et al., 2020). Recent studies have shown that NSPCs
obtained from Sprague Dawley rat embryos not only express
ERα and ERβ, but also GPER-1 (Zhang et al., 2019). Besides
multipotent NSPCs, Haumann et al. (2020) recently observed the
expression of GPER1 in transient amplifying progenitor cells and
neuroblasts from the SVZ of recently born and adult female rats.

Biological Implications of Estrogens in
Neurogenesis and Oligodendrogenesis
Experiments performed by Wang et al. (2008) using human-
derived NSPCs revealed a significant increase in their
proliferative activity after estrogen stimulation. In fact,
17β-estradiol (E2) induces time- and dose-dependent effects
associated with an increase in DNA replication and up-regulation
of cell cycle proteins. Remarkably, ERβ-, but not ERα-specific
ligands, lead to increased phosphorylation of ERK 1/2, which
initiates cell cycle entry (demonstrated by the up-regulation
of mitotic markers such as CDK1/cdc2 and PCNA), DNA
replication, and duplication of the centrosome -the major
microtubule-organizing center in the cell- in dividing cells
(Wang et al., 2008). Thus, in these cells, E2 effects appear to be
predominantly mediated by ERβ. Similarly, primary cultures of
embryonic rat-derived NSPCs respond to E2 increasing their
proliferation (Brannvall et al., 2002).

GPER-1 has been found to be widely expressed in NSPCs
(Zhang et al., 2019; Zhong et al., 2019). Functionally, NSPCs
isolated from Sprague-Dawley rats, and treated with 10 nM
E2 for 2 days, significantly increase their proliferative rate,
while doses of 50 nM notably inhibit this process. Additionally,
treatment with 10 nM E2, for 7 days, stimulated differentiation to
the neuronal lineage, and inhibited differentiation to astrocytes
(Zhang et al., 2019). However, the participation of GPER-1 in
these cellular responses was not specifically verified. Recently,
Zhong et al. (2019) stimulated mouse-derived NSPCs with
different concentrations of G1, a selective GPER-1 agonist,
showed a dose-dependent decreased proliferation, which was
blocked by selectively inhibiting GPER-1.

It has also been demonstrated that ERs are pivotal in the
maintenance and functioning of oligodendrocyte progenitor cells
(OPCs) and post-mitotic oligodendrocytes (OLs), respectively.
Crawford et al. (2010) showed that diarylpropionitrile (DPN), a
synthetic and non-steroidal ERβ agonist, improves the generation
of OLs and remyelination of the corpus callosum and spinal
cord of mice with experimental autoimmune encephalomyelitis
(EAE), a model for multiple sclerosis, even restoring nerve
conduction and refractoriness of callosal axons. DPN induces

a marked improvement in the number of mature OLs, myelin
density and axonal conduction, leading to functional recovery
in EAE mice (Khalaj et al., 2016). Also, the spinal cord of
EAE mice treated with DPN display increased activation of
Akt/mammalian target of rapamycin (mTOR) axis, which is not
observed in a cohort of EAE mice with conditional deletion
of ERβ (Khalaj et al., 2016). This finding correlates with those
described by Kumar et al., who demonstrated that ERβ is
crucial to enhance OLs production, myelin protein synthesis,
remyelination, and axon conduction in EAE mice through the
activation of the PI3K/Akt/mTOR signaling pathway, without
disturbing inflammation in the corpus callosum or spinal cord
(Kumar et al., 2013; Figure 2).

A growing body of evidence suggests estrogens are
relevant in oligodendrogenesis by promoting oligodendrocyte
differentiation in a GPER-1-dependent manner. In this regard,
it has been shown that the pharmacological treatment with
the classical estrogen receptor antagonist Fulvestrant (ICI-
182,780) modifies the proliferative activity of NSPCs without
affecting the differentiation toward the oligodendroglial lineage
(Okada et al., 2010). Notably, the use of a cell-impermeable
E2, a bovine serum albumin-conjugated E2 (E2-BSA), rapidly
activates ERK1/2-dependent pathways, which is not inhibited
by ICI-182,780 (Okada et al., 2010). Furthermore, E2-BSA
does not promote proliferation of NSPCs, but it does mimic
the increase in the generation of oligodendrocytes, strongly
suggesting that the oligodendroglial generation from NSPCs is
likely to be stimulated via membrane-associated ERs (Okada
et al., 2010). In this regard, it has been shown that tamoxifen, a
type of selective estrogen receptor modulator (SERM) that acts
as a competitive antagonist or as a partial agonist depending
on the cell type, favors the repair of demyelinated lesions
in the CNS by increasing the mRNA levels of myelin basic
protein (MBP) and 2′, 3′-Cyclic nucleotide 3′-phosphodiesterase
(CNP), two genes highly expressed during oligodendroglial
differentiation (Gonzalez et al., 2016). Furthermore, the
effects of tamoxifen were blocked when a pan-antagonist
was added to the media, thus supporting that tamoxifen
acts as an estrogen receptor agonist in OPC differentiation.
Interestingly, this tamoxifen-induced differentiation occurs
in a PKCα signaling independent-manner, and not only by
activation of classical estrogen receptors but also by activation
of GPER-1 (Gonzalez et al., 2016). These observations correlate
with those reported by Barrat et al., showing that tamoxifen-
derived metabolites (i.e., 4-hydroxy-tamoxifen and endoxifen)
also promote oligodendrogenesis in an estrogen receptor-
dependent manner, including non-classical ERs (Barratt et al.,
2016; Table 1).

Phytoestrogens and Neurogenesis
Phytoestrogens have been previously described by their ability
to promote the differentiation of diverse types of stem cells,
including NSPCs (Heim et al., 2004; Oberbauer et al., 2013).
In vitro experiments performed on embryonic forebrain-
derived NSPCs revealed that hops (Humulus lupulus L.)-derived
prenylflavonoids—the most potent type of phytoestrogens
reported so far—can induce neurite outgrowth of dorsal
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root ganglion neurons and neuronal differentiation of NSPCs,
measured by the activation of the promoter of neuronal
fate-specific doublecortin (DCX) gene (Oberbauer et al.,
2013). Likewise, resveratrol (3,5,4′-trihydroxy-trans-stilbene), a
polyphenolic compound found in grapes and wine that acts as a
phytoestrogen (Gehm et al., 1997), can regulate the proliferation
and neuronal differentiation of embryonic and adult NSPCs and
human bone marrow-derived mesenchymal stem cells through
the activation of protein kinase A (PKA)/glycogen synthase
kinase 3 β (GSK3β)/β-Catenin and PKA/ERK1/2 signaling
pathways, as well as p38 kinases, sirtuin-1 (SIRT1) and AMP-
activated protein kinase (AMPK) (Figure 3; Taupin and Gage,
2002; Park et al., 2012; Kumar et al., 2016; Jahan et al., 2018).

Administration of resveratrol (20 mg/kg body weight) to adult
rats significantly increases the number of proliferating and newly
generated cells in the hippocampus, with upregulation of p-CREB
and SIRT1 proteins (Kumar et al., 2016). In contrast, experiments
performed in mice showed that resveratrol (10 mg/Kg body
weight) reduced the proliferation of NSPCs in the hippocampus
(Park et al., 2012). In vitro, resveratrol exerts biphasic effects
on rat-derived NPCs; low concentrations (10 µM) stimulate
cell proliferation through increased phosphorylation of ERK1/2
and p38 kinases, whereas high concentrations (>20 µM) exhibit
inhibitory effects (Kumar et al., 2016).

Xenoestrogens (Bisphenol-A) and Neurogenesis
Xenoestrogens are considered endocrine disruptors commonly
associated with harmful effects in the CNS, affecting
several cellular functions. Growing evidence indicates that
bisphenol-A can modify the neurogenic process, affecting
the proliferation/differentiation balance of NSPCs and
neuronal maturation.

Bisphenol-A and the Proliferation/Differentiation Balance of
NSPCs
Gestational exposure to low doses of bisphenol-A (20 ng/kg)
change neuron distribution across cortical layers. A single
injection of 5-bromo-2′-deoxyuridine (BrdU) at E14.5 showed
a decrease in the number of proliferative (BrdU-positive) cells
of the IV cortical layer, whereas layers V and VI showed more
BrdU-labeled cells in bisphenol-A-treated than control mice
(Nakamura et al., 2007).

Experiments performed by Tiwari et al. (2015b) showed that
bisphenol-A has a dual role on NSPCs proliferation. Treatment
of neurospheres derived from rat hippocampus with bisphenol-
A at doses lower than 100 µM showed a significant increase
in proliferation and cell viability. However, doses of bisphenol-
A higher than 100 µM induce a substantial reduction the
viability and the number of proliferating NSPCs in neurospheres,
as well as the number of neurons and astroglial cells derived
from them (Tiwari et al., 2015b). Similar results have been
found in vivo, doses of 4 µg/kg body weight of bisphenol-A
enhanced the number of BrdU + cells in the rat hippocampus,
whereas doses of 40 and 400 µg/kg significantly reduce them
(Tiwari et al., 2015b). Interestingly, most of the bisphenol-A-
dependent detrimental effects on hippocampal neurogenesis are
ameliorated or prevented by curcumin treatment (Tiwari et al.,

2016). On the other hand, bisphenol-A decreases the number
and size of oligodendroglial-committed neurospheres. Indeed,
both in vitro and in vivo findings reveal that bisphenol-A alters
the proliferation and differentiation of OPCs, and reduces the
expression of myelination-related genes (Tiwari et al., 2015a).

High concentrations of bisphenol-A also reduce the number
of neurons and significantly increases the number of glial cells
located in the rat DG, suggesting a pro-glial differentiation
effect on proliferating NSPCs (Tiwari et al., 2015b). Bisphenol-
A treatment also reduces the number of differentiating neurons
from an immortalized human NSPC line known as ReNcell VM
(Fujiwara et al., 2018).

Recent investigations have demonstrated that bisphenol-A
affects mitochondrial biology in hippocampal NSPCs, thus
leading to increased oxidative stress and apoptosis (Agarwal
et al., 2016; Figure 3). The dynamin-related protein (Drp-1) and
its mitochondrial adaptor fission protein 1 (Fis-1) are the main
responsible for mitochondrial fission, a process positively related
to mitochondrial fragmentation and apoptosis (Frank et al.,
2001; Lee et al., 2004). On the other hand, the mitochondrial
dynamin-like GTPase (Opa-1) and mitofusin 1 and 2 (Mfn-
1/2) are the pro-fusion proteins responsible for maintaining
mitochondrial circuitry functions. Bisphenol-A treatments
upregulate the levels of Drp-1 in NSPCs in vitro and in the rat
hippocampus, leading to decreased elongated mitochondria,
abnormal cristae depletion, apoptosis, and consequently loss
of NSPCs proliferation/differentiation balance. In parallel,
bisphenol-A reduces mitochondrial membrane potential and
ATP (Agarwal et al., 2016). Bisphenol-A also decreases the levels
of superoxide dismutase (SOD) and catalase, enhancing the
cellular levels of ROS. In that sense, genetic and pharmacological
inhibition of Drp-1 reduces all these bisphenol-A-mediated
inhibitory effects, indicating that impaired mitochondrial
dynamics and cytotoxicity are Drp-1 dependent (Agarwal
et al., 2016). Additionally, bisphenol-A’s inhibitory effects
are also diminished by pharmacological treatment with the
antioxidant N-acetyl-cysteine (NAC), which similarly reduces
Drp-1 levels in treated NSPCs cultures (Agarwal et al., 2016).
Similarly, bisphenol-A provoked an accumulation of ROS levels
in HT-22 cells, an immortalized mouse hippocampal cell line
(Pang et al., 2019).

Recent investigations have shown that some of the effects of
bisphenol-A in neurogenesis are mediated by the suppression
of the Wnt/β-catenin signaling pathway (Tiwari et al., 2015b,
2016). In that sense, bisphenol-A promotes the expression of
extrinsic Wnt inhibitory molecules (Dkk-1 and Wif-1) and
decrease Wnt-3 protein levels. Bisphenol-A treatment induces
the expression of the regulator GSK-3β (glycogen synthase
kinase 3 β) in the hippocampus and SVZ, consequently
reducing the ratio of phospho-GSK-3β/GSK-3β and enhancing
the phospho-β-catenin/β-catenin one. This process prevents
β-catenin nuclear translocation and its interaction with nuclear
(TCF/LEF) transcription factors (Figure 3; Tiwari et al., 2015b).

Bisphenol-A and Neuronal Maturation
It has been demonstrated that bisphenol-A not only affects
the proliferation/differentiation balance of NSPCs but also the
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FIGURE 3 | Estrogen-like molecules activate the classical estrogen signaling cascade and alternative pathways. Phytoestrogens and xenoestrogens bind to classical
and non-classical ERs to enhance or disrupt estrogenic activity. Alternatively, xenoestrogens are capable of promoting ER dimers phosphorylation through the
Frizzled/GSK3β/β-catenin signaling axis. Question marks denote the absence of a well-established axis between phosphorylated ERs dimers and soluble
AMP-activated protein kinase (AMPK), sirtuin-1 (SIRT1), and extracellular-signal-related kinase (ERK). Once phosphorylated, ERs dimers translocate to the nucleus
to begin the genomic pathway, controlling the expression of genes associated with cell survival/proliferation, neurogenesis, and oligodendrogenesis.

maturation of newborn neurons. Bisphenol-A treatment (200
µM for 5–7 days) of primary rat neuron cultures showed an
increase of oxidative stress and impairment of neurite outgrowth
(Cho et al., 2018). This treatment also enhanced the intensity of
DCX, a characteristic immature neuronal marker, indicating an
inhibition or delay in the process of neuronal maturation (Cho
et al., 2018). Interestingly, thicker and longer neurites appear
to be formed with bisphenol-A 100 µM treatment (Kim et al.,
2009). Other studies have shown that bisphenol-A blocks steroid
induction of the dendritic spines in the hippocampus (CA1)
and in the medial prefrontal cortex (mPFC) of rats (MacLusky
et al., 2005; Bowman et al., 2015) and primates (Leranth
et al., 2008). These effects consequently inhibit synaptogenesis
(MacLusky et al., 2005; Leranth et al., 2008; Bowman et al.,
2015) and impair spatial memory in object placement tests
(Diaz Weinstein et al., 2013).

Recent studies suggest that bisphenol-A can affect the
migration and maturation of cortical inhibitory GABAergic
interneurons. In this context, it has been shown that bisphenol-A

can alter the perinatal chloride shift, a critical period during
development where the cytosolic concentration of chloride
downs from ∼100 to ∼20 mM (Fiumelli and Woodin, 2007).
A key element for the chloride shift is the upregulation of
the chloride-extruding transporter molecule (KCC2) (Rivera
et al., 1999). High neuronal chloride is essential for interneuron
precursors migration from ganglionic eminences to the dorsal
region of the telencephalon (also known as pallium). Once in
the cortex, upregulation of KCC2 is necessary for the reduction
of interneuron motility through the drop of neuronal chloride,
a process which is also a precondition for the inhibitory
effects of the neurotransmitter GABA and glycine in the
CNS (Bortone and Polleux, 2009). A recent investigation has
shown that treatments of organotypic cultures with bisphenol-
A enhanced the repression of the KCC2 transcription, inducing
an increment in the average speed and number of migrating
neurons leaving the ganglionic eminence (Djankpa et al., 2019).
In that sense, bisphenol-A exposure during a sensitive time-point
of neurodevelopment could disrupt the cytoarchitecture of the
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cortex by over-migration of interneurons (Yeo et al., 2013).
Additionally, neural repression of the KCC2 could affect synaptic
maturation, compromising the function of inhibitory cortical
neurons (Yeo et al., 2013).

CONCLUSION AND FUTURE
PERSPECTIVES

The beneficial or detrimental effects of estrogens on NSPCs
biology and neurogenesis, and their effects on neuronal function
and survival represent a challenging research field. The data
discussed here summarize some of the roles of endogenous
estrogens, estrogen-based therapies, and estrogen-like molecules
on brain homeostasis, particularly in neurogenesis, gliogenesis,
and regulation of the neuroprotection/neurodegeneration
balance. The neuroprotective role of estrogens implies a close
regulation of processes such as (i) anti-oxidant activity (Kumar
et al., 2010), (ii) DNA repair (Bethea et al., 2016), (iii) synthesis
of growth factors (Scharfman and MacLusky, 2006), (iv) synaptic
plasticity (McEwen and Milner, 2007), and (v) the blood flow to
the brain (Chambliss et al., 2000). These mechanisms are vital for
maintaining neuronal survival and counteract the increased risk
of cognitive decline and neurodegenerative disorders associated
with aging (Zhao and Brinton, 2006; Engler-Chiurazzi et al.,
2017). In fact, women with premature menopause who do not
receive estrogen treatment show an increased risk of developing
Alzheimer’s disease (Shuster et al., 2010); while epidemiological
reports support that HRT acts as a neuroprotective factor
in post-menopausal women (Song et al., 2020). The study
of molecular and cellular mechanisms underlying estrogen-
mediated neuroprotection represents a field of research with
exciting projections since its impact transcends to a series of
processes that regulate nervous tissue homeostasis. Therefore,
phytoestrogens and their metabolites, which have been shown
to replicate the benefits of endogenous estrogens, and estrogen-
based therapies, are considered promising approaches for
preventing the onset and progression of neurodegenerative
disorders. By contrast, xenoestrogens commonly found in
polymers of plastic polycarbonates, such as mineral water bottles
and lacquer coating in food cans, can act as endocrine disruptors
that significantly alter estrogen-mediated signaling pathways
(Brotons et al., 1995; Wagner and Oehlmann, 2009). This is
key since bisphenol-A molecules are joined by ester bonds,
which are disrupted by high temperatures or pH chances, and
subsequently released on water and food (Brotons et al., 1995;
Wagner and Oehlmann, 2009), thus tempting to speculate on the
consequences of chronic exposure to these molecules, especially
in post-menopausal women.

The published data show that estrogen-like molecules can
mimic or block endogenous estrogen’s biological effects through
a series of non-genomic responses (Park et al., 2012; Kumar et al.,
2016; Jahan et al., 2018). Phytoestrogens are mostly beneficial
to the processes of proliferation and differentiation of NSPCs;
however, some detrimental effects have also been reported.
A possible explanation for this dichotomy could be given by
diverse factors, such as the volume of consumption, time of

exposure, genetic background, and degree of development. It is
essential to consider that most in vitro studies have evaluated
the effects of phytoestrogens in an isolated manner, leaving
aside the fact that a set of molecules induces the effects, and
not only a single one. Also, an important part of their activity
can be attributed to the generation of diverse microbiome-
derived metabolites (Setchell et al., 2002; Branca and Lorenzetti,
2005), some of which are not generated by the entire population
(Setchell et al., 2002; Setchell and Lydeking-Olsen, 2003; Legette
et al., 2014). So, it is expected that a similar set and quantity
of phytoestrogens can induce dichotomic effects depending
on the individual’s idiosyncrasy. Besides, the short half-life
prevents bioaccumulation and may restrict their activity in a
given period (Yang et al., 2012; Legette et al., 2014), mimicking
endogenous estrogens.

Endocrine-disrupting chemicals such as bisphenol-A mostly
induce detrimental effects in NSPCs, reducing their self-renewal
ability and cell potency. Although the potential human health
risks associated with these chemicals represent a significant
public health concern, some controversy has been generated by
their relatively low biological potency and affinity for classical
and non-classical ERs (Rider et al., 2010). In contrast to
phytoestrogens, these chemicals tend to bioaccumulate and
induce persistent and refractory effects, even though their
environmental concentrations oscillate in a relatively low range
(Liu et al., 2012). Clinical and preclinical evidence supports the
fact that the maternal transfer of bisphenol-A can induce long-
term effects in diverse systems, including the CNS. Actually,
exposure to bisphenol-A during gestation has been shown to
produce glucose intolerance, insulin resistance, and a reduction
in the number of pancreatic β-cells (Alonso-Magdalena et al.,
2010). In the same direction, it has been reported that bisphenol-
A generates apoptosis in some cerebral nuclei and variations in
the expression of ERs in others (Kubo et al., 2001; Rebuli et al.,
2014), leading to consider its potential for inducing changes in
the cellularity and/or functionality of diverse areas of the brain
or even reduce the sensitivity of others to endogenous estrogen.
Both in vitro and in vivo studies reveal that bisphenol-A exposure
during postnatal development alters ER phosphorylation and its
translocation to the nucleus in the hippocampus (Xu et al., 2014).
Additional studies indicate that bisphenol-A affects estrogen
signaling and induces severe alterations in the proliferation and
differentiation processes of NSPCs (Tiwari et al., 2016). These
chemicals can induce modifications in the brain’s function by
disrupting molecular and cellular mechanisms associated with
neurogenesis, gliogenesis, neuronal survival, and brain repair.

The data mentioned above consider several findings in
both embryonic and adult NSPCs, as well as OPCs. It
is noteworthy that the CNS-residing NSPCs show many
biochemical and morphological differences throughout life, but
the origin of adult NSPCs -type B cells- has been traced from
early neurodevelopmental stages (Merkle et al., 2004). Elegant
imaging studies have proven that radial glial cells can divide
asymmetrically to generate type B cells that remain quiescent
until they are reactivated in adulthood, without affecting the
prenatal neurogenesis; a process that highlights the efficiency
of the mechanisms of cellular specification (Merkle et al., 2004;
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Kriegstein and Alvarez-Buylla, 2009; Kheirbek, 2015). Also,
the origin of OPCs is traced early in the formation of
the mammalian CNS and comprises multiple and sequential
waves of production of OPCs that end in colonization and
positioning in the cortex and spinal cord (Kessaris et al., 2006;
Kriegstein and Alvarez-Buylla, 2009). Exposure to these types
of endocrine chemical disruptors during pregnancy could alter
the proliferative activity and cell potency in both populations
of NSPCs, but their effects could be reflected only later in
life. Future research focusing on the importance of these
chemicals as factors that predispose to developing diverse
neurological conditions or even their impact on ongoing
illness is needed.
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Manipulation of EGFR-Induced
Signaling for the Recruitment of
Quiescent Neural Stem Cells in the
Adult Mouse Forebrain
Loïc M. Cochard1,2, Louis-Charles Levros Jr.1,2, Sandra E. Joppé1,2, Federico Pratesi1,2,
Anne Aumont1,2† and Karl J. L. Fernandes1,2*†

1 University of Montreal Hospital Research Centre (CRCHUM), Montreal, QC, Canada, 2 Department of Neurosciences,
Faculty of Medicine, Université de Montreal, Montreal, QC, Canada

The ventricular-subventricular zone (V-SVZ) is the principal neurogenic niche in the
adult mammalian forebrain. Neural stem/progenitor cell (NSPC) activity within the
V-SVZ is controlled by numerous of extrinsic factors, whose downstream effects on
NSPC proliferation, survival and differentiation are transduced via a limited number
of intracellular signaling pathways. Here, we investigated the relationship between
age-related changes in NSPC output and activity of signaling pathways downstream
of the epidermal growth factor receptor (EGFR), a major regulator of NSPC activity.
Biochemical experiments indicated that age-related decline of NSPC activity in vivo
is accompanied by selective deficits amongst various EGFR-induced signal pathways
within the V-SVZ niche. Pharmacological loss-of-function signaling experiments with
cultured NSPCs revealed both overlap and selectivity in the biological functions
modulated by the EGFR-induced PI3K/AKT, MEK/ERK and mTOR signaling modules.
Specifically, while all three modules promoted EGFR-mediated NSPC proliferation, only
mTOR contributed to NSPC survival and only MEK/ERK repressed NSPC differentiation.
Using a gain-of-function in vivo genetic approach, we electroporated a constitutively
active EGFR construct into a subpopulation of quiescent, EGFR-negative neural stem
cells (qNSCs); this ectopic activation of EGFR signaling enabled qNSCs to divide
in 3-month-old early adult mice, but not in mice at middle-age or carrying familial
Alzheimer disease mutations. Thus, (i) individual EGFR-induced signaling pathways have
dissociable effects on NSPC proliferation, survival, and differentiation, (ii) activation of
EGFR signaling is sufficient to stimulate qNSC cell cycle entry during early adulthood,
and (iii) the proliferative effects of EGFR-induced signaling are dominantly overridden by
anti-proliferative signals associated with aging and Alzheimer’s disease.

Keywords: epidermal growth factor, neural stem cell, aging, Alzheimer’s disease, neurogenesis, quiescence,
electroporation, ventricular-subventricular zone

INTRODUCTION

The ventricular-subventricular zone (V-SVZ) of the forebrain lateral ventricles is a highly
organized and tightly regulated environment that is permissive for adult neurogenesis (Lim and
Alvarez-Buylla, 2016). Resident neural stem cells (NSCs) generate transit amplifying progenitors
(TAPs) that undergo several rounds of rapid divisions before in turn giving rise to neuroblasts
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(Doetsch et al., 1999; Ponti et al., 2013). In the adult rodent brain,
thousands of neuroblasts migrate via the rostral migratory stream
each day to terminally differentiate into olfactory bulbs neurons
(Lois et al., 1996; Doetsch et al., 1999; Alvarez-Buylla and Garcia-
Verdugo, 2002; Lim and Alvarez-Buylla, 2016; Obernier and
Alvarez-Buylla, 2019). Importantly, neurogenesis in the V-SVZ
is responsive to microenvironmental signals (Faigle and Song,
2013; Lim and Alvarez-Buylla, 2016). For example, V-SVZ output
can be biased toward oligodendrogenesis under demyelinating
conditions (Menn et al., 2006; Xing et al., 2014; Kang et al.,
2019) or astrogenesis following traumatic injury (Goings et al.,
2004; Benner et al., 2013; Saha et al., 2013), exhibits age-related
declines (Enwere et al., 2004; Luo et al., 2006; Ahlenius et al.,
2009; Bouab et al., 2011; Paliouras et al., 2012; Shook et al.,
2012; Hamilton et al., 2013; Daynac et al., 2016), and can be
rejuvenated by circulating systemic factors (Villeda et al., 2011;
Katsimpardi et al., 2014).

Integration of the microenvironmental signals that regulate
activity of NSCs and TAPs (herein, referred to collectively
as neural stem/progenitor cells, NSPCs) is mediated by a
limited number of intracellular signaling pathways (Lennington
et al., 2003; Faigle and Song, 2013). It is modulation of these
intracellular signaling pathways that ultimately controls NSPC
survival, proliferation and differentiation (Lim and Alvarez-
Buylla, 2016; Cutler and Kokovay, 2020). In particular, signaling
pathways modulated via activation of the epidermal growth factor
receptor (EGFR) have been particularly implicated in NSPC
control (Craig et al., 1996; Kuhn et al., 1997; Doetsch et al.,
2002; Faigle and Song, 2013). EGF, the first mitogen identified
for NSPCs, enabled NSPCs to be isolated from the rodent brain
using neurosphere cultures (Reynolds and Weiss, 1992; Reynolds
et al., 1992). RNA sequencing studies revealed that expression
of the EGFR is found in rapidly dividing TAPs and in the
subpopulation of NSCs that are activated (aNSCs), but not in
the upstream quiescent NSCs (qNSCs) (Codega et al., 2014;
Llorens-Bobadilla et al., 2015; Dulken et al., 2017). Upon ligand-
induced activation, EGFR triggers several signaling cascades that
are common to receptor tyrosine kinases (RTKs), such as the
PI3K/Akt and Ras/Raf/MEK/ERK MAP kinase pathways, and
results in promotion of NSPC survival and proliferation while
repressing NSPC differentiation (Reynolds and Weiss, 1992;
Annenkov, 2014). Previous studies have shown that mTOR, a
downstream target of the PI3K/Akt pathway, is essential during
EGFR-mediated NSPC proliferation; mTOR inhibition blocked

Abbreviations: AD, Alzheimer’s disease; AKT, protein kinase B; DCX,
doublecortin; DMSO, dimethyl sulfoxide; EdU, 5-Ethynyl-2′-deoxyuridine; EGF,
epidermal growth factor; EGFR, epidermal growth factor receptor; ERK,
extracellular signal-regulated kinase; 4EBP1, eukaryotic translation initiation
factor 4E-binding protein 1; FGF, fibroblast growth factor; FGFR, fibroblast growth
factor receptor; GFAP, glial fibrillary acidic protein; MAPK (MEK), mitogen-
activated protein kinase; Mash1, Mammalian achaete-scute homolog-1; mTOR,
Mammalian target of rapamycin; NSC, neural stem cell; aNSC, activated neural
stem cell; qNSC, quiescent neural stem cell; NSPC, neural stem/progenitor cell;
PCNA, proliferating cell nuclear antigen; PI3K, phosphoinositide 3-kinase; RMS,
rostral migratory stream; RTK, receptor tyrosine kinase; Sox2, sex determining
region Y-box 2; S6, rpS6 for ribosomal protein S6; TAP, transit amplifying
progenitor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling; V-SVZ, ventricular-subventricular zone; VEGF, vascular endothelial
growth factor; YFP, yellow fluorescent protein.

EGF-induced NSPC proliferation in vitro and in vivo, and mTOR
signaling was necessary for EGF administration to rescue NSPC
proliferation in the aging brain (Paliouras et al., 2012; Hartman
et al., 2013). However, whether individual downstream branches
of EGFR-induced signaling pathways mediate specific aspects
of adult NSPC survival, proliferation, and/or differentiation
remains unknown.

In the present study, we investigated the contributions and
potential of EGFR-triggered signaling pathways for the control of
adult NSPC activity in the adult and aging brain. Specifically, we
hypothesized that EGFR signaling represents a potential avenue
for enhancing NSPC activity in the context of the declining
neurogenesis that occurs during normal aging (Eriksson et al.,
1998; Curtis et al., 2003; Luo et al., 2006; Shook et al., 2012;
Ernst and Frisen, 2015; Daynac et al., 2016) and that is further
accelerated in Alzheimer’s disease (AD) (Ziabreva et al., 2006;
Hamilton et al., 2010, 2015; Moreno-Jimenez et al., 2019;
Scopa et al., 2020). First, we used in vitro pharmacological
approaches to better understand how the EGFR-triggered AKT,
ERK and mTOR signaling cascades coordinate the processes
of NSPC survival, proliferation and/or differentiation. We then
used an in vivo electroporation approach to ectopically express
and activate EGFR signaling in a subpopulation of ventricle-
contacting qNSCs (Joppe et al., 2020) in models of the early adult,
middle-aged, and Alzheimer V-SVZ niche. Altogether, this work
provides us with a clearer understanding of the potential for
manipulating EGFR-induced signaling pathways for enhancing
V-SVZ neurogenesis.

RESULTS

Age-Related Modulations of
RTK-Induced Signaling Pathways in vivo
Previous studies have shown that a large component of age-
related decreases in V-SVZ neurogenesis actually takes place
during the early adulthood to middle-aged period (Bouab et al.,
2011; Hamilton et al., 2013; Kalamakis et al., 2019). To more
precisely describe the proliferative and neurogenic changes
occurring during this period, we used immunohistochemistry
to quantify the numbers of Ki67 + proliferating cells,
Mammalian achaete-scute homolog-1 (Mash1) + TAPs and
Doublecortin (DCX) + neuroblasts in the V-SVZ at multiple
ages between juvenile (1-month-old) and middle-aged (11-
month-old) timepoints. Overall numbers of Ki67 + proliferating
cells declined by 75% over this period (1 month, 938.7 ± 71
Ki67 + cells/SVZ, n = 4 versus 11 months, 226 ± 25.2
Ki67 + cells/SVZ, n = 4) (Figure 1A), with the sharpest
decline occurring between 2 and 3 months of age (40% decline:
2 months, 883.2 ± 59 Ki67 + cells/SVZ, n = 4 versus 3 months,
529.5 ± 32.3 Ki67 + cells/SVZ, n = 4, p < 0.0002, one-way
ANOVA). Cell proliferation continued steadily declining at a
less pronounced rate between 3 and 11 months (an additional
57.3% decline: 3 months, 529.5 ± 32.3 Ki67 + cells/SVZ,
n = 4 versus 11 months, 226 ± 25.2 Ki67 + cells/SVZ, n = 4,
p = 0.0015, one-way ANOVA). The changes in cell proliferation
were paralleled by similar changes in the Mash1 + progenitor
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FIGURE 1 | Age-related modulations of neurogenesis and receptor tyrosine kinase-induced signaling pathways. (A–C) Kinetics of declining V-SVZ neurogenesis
during early- and mid- adulthood. Time course analysis of (A) proliferating cells (Ki67 + cells), (B) TAPs (Mash1 + cells), and (C) Neuroblasts (DCX + cells), with
representative pictures and quantifications for each. These cell populations decline sharply between 2 and 3 months of age and then more gradually until 11 months
of age (n = 4/group). One-way ANOVA with Tukey’s post hoc test. (D) Paradigm for Western blot analyses. (E) Western blots using lysates of primary neurospheres
from the V-SVZ of 2- and 11-month-old mice (left) with densitometric quantification (right) (n = 3/group). Unpaired t-tests. (F) Western blots using lysates of
microdissected V-SVZ from 1- and 4-month-old mice (left) with densitometric quantification (right) (n = 4/group). Unpaired t-tests. Scale bar represents 50 µm in
(A–C). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

and DCX + neuroblast subpopulations, which likewise showed
their sharpest drops between 2 and 3 months of age (Mash1:
42.5% decline between 2 months, 383.1 ± 35.3 cells/SVZ and
3 months, 220.1 ± 17.3 cells/SVZ; DCX: 30% decline between
2 months, 500.5 ± 40.8 cells/SVZ and 3 months, 350.3 ± 14
cells/SVZ; p = 0.0018 and p = 0.021 respectively, one-way
ANOVA, n = 4/timepoint) (Figures 1B,C).

Although V-SVZ neurogenesis declined markedly in vivo
over these timepoints, the intrinsic capacity for NSPCs
to activate EGFR-associated signaling pathways remained
unchanged. NSPCs cultures were generated from 2- and 11-
month-old V-SVZs using EGF-dependent neurosphere cultures
(Figure 1D). Analysis of the neurosphere lysates by Western
blotting showed equal expression of proliferating cell nuclear
antigen (PCNA) and no significant differences in activation levels
of multiple downstream components of EGF-induced signaling
pathways, including pAKT, pERK, phospho(p)-mTOR, pS6 or
p4EBP1 (Figure 1E). Hence, in the presence of exogenous
mitogen, NSPCs from the young adult and middle-aged V-SVZ
have the same intrinsic capacity to activate EGF-induced AKT,
ERK, and mTOR signaling pathways.

We then microdissected the V-SVZ of 1- and 4-month-old
animals (C57BL/6, n = 4 per age group), bracketing the sharpest
period of neurogenesis decline, in order to assess activation of
these same signaling molecules in vivo. Western blots showed
that the V-SVZ of 4-month-old animals had a 55.5% decrease in
PCNA expression (1 month, 0.18 ± 0,02 AU versus 4 months,
0.08 ± 0.01 AU, n = 4, p = 0.007, Unpaired t-test) that
was accompanied by statistically significant downregulations of
pAKT (27.4% decrease between 1 month, 0.51 ± 0.04 AU and
4 months, 0.37 ± 0.03 AU, n = 4 per age group, p = 0.03,

Unpaired t-test) and p4EBP1 (51.5% decrease between 1 month,
0.68 ± 0.13 AU and 4 months, 0.33 ± 0.04 AU, n = 4 per age
group, p = 0.03, Unpaired t-test) and a strong trend for pS6
(47.4% decrease between 1 month, 0.5731 ± 0.1223 AU and
4 months, 0.30± 0.05 AU, n = 4 per age group, p = 0.07, Unpaired
t-test) (Figure 1F).

Thus, there is a sharp drop in V-SVZ neurogenesis during the
early adulthood period that is accompanied by selective decreases
in certain EGF-induced signaling pathways in vivo.

NSPC Activity Is Differentially Regulated
by EGF-Induced Signaling Modules
We performed pharmacological loss-of-function experiments
to better understand how modulations of sub-branches of
EGFR-induced signaling might impact NSPC proliferation,
survival, and differentiation. For these experiments, we focused
on two receptor-proximal pathways, the phosphatidylinositol-
3-kinase/protein kinase B (PI3K/AKT) and mitogen-activated
protein kinase/extracellular-regulated kinase (MAPK/ERK)
cascades, and the more downstream mammalian target of
rapamycin (mTOR) complexes, mTORC1 and mTORC2
(Figure 2A).

Several widely used pharmacological inhibitors were first
assessed for their effects on these individual EGFR signaling
modules in NSPCs. Neurospheres were grown the adult V-SVZ
and used to generate adherent cultures of adult NSPCs. Based
on previous publications and our own pilot studies, NSPC
cultures were treated with the PI3K inhibitor LY294002 (25 µM),
the MEK1/2 inhibitor PD184352 (10 µM), the mTORC1
inhibitor Rapamycin (40 nM) or the mTORC1/2 inhibitor
KU0063794 (10 µM) (Figures 2B,H) (Paliouras et al., 2012;
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FIGURE 2 | Signaling modules influenced in cultured NSPCs by the pharmacological inhibitors PD184352, LY294002, KU0063794 and Rapamycin. (A) Schematic
representation of the RTK-induced PI3K/AKT, MEK/ERK, mTORC1, and mTORC2 signaling modules. In NSPCs, activation of these pathways downstream of EGFR
result in stimulation of NSPC proliferation and survival and inhibition of NSPC differentiation. (B–H) Effect of inhibitors on components of EGF-induced signaling
pathways. (B) Paradigm. (C–G) Densitometric quantifications of the phosphorylated (p) proteins (C) pmTOR, (D) pAKT, (E) pERK, (F) pS6, and (G) p4EBP1, with (H)
representative Western blots (n = 3/group). One-way ANOVA with Dunnett’s post hoc test. (I) Summary of signaling modulations induced by each inhibitor. Signaling
components with reduced phosphorylation are shown in red. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001.
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Chen et al., 2015). Western blot analysis showed that (i)
LY294002 suppressed the activation of its target PI3K/AKT
module (55.88 ± 6.78% decrease of pAKT, DMSO; n = 3
per condition) as well as its downstream mTORC1 module
(95.49 ± 1.16% decrease of pmTOR, 99 ± 0.15% decrease of
pS6 and 97.9 ± 0.47% decrease of p4EBP1; n = 3 per condition)
(Figures 2C,D,F–H); (ii) PD184352 suppressed activation of its
target MEK/ERK module (58.37 ± 6.96% decrease of pERK,
DMSO; n = 3 per condition) as well as its downstream mTORC1
module (47.83 ± 13.07% decrease of pS6 and 57.16 ± 6.62%
decrease of p4EBP1; n = 3 per condition) (Figures 2E–H); (iii)
Rapamycin suppressed activation of its target mTORC1 module
(82.36 ± 13.01% decrease of pmTOR, 99 ± 0.05% decrease of
pS6, and 78.96± 6.54% decrease of p4EBP1; n = 3 per condition)
(Figures 2C,F–H); and (iv) KU0063794 suppressed activation
of both the mTORC1 and mTORC2 modules (78.46 ± 21.5%
decrease of pAKT, 53.16 ± 23.28% decrease of pmTOR,
93.11 ± 3.22% decrease of pS6 and 86.39 ± 3.14% decrease of
p4EBP1; n = 3 per condition) (Figures 2C,D,F–H). Notably,
we observed that phosphorylation of the mTORC1 targets,
pS6 and p4EBP1, was more strongly suppressed by the PI3K
inhibitor LY294002 than by the MEK inhibitor PD184352
(99 ± 0.15% decrease of pS6 and 97.9 ± 0.47% decrease
of p4EBP1 by LY294002 versus 47.83 ± 13.07% decrease of
pS6 and 57.16 ± 6.62% decrease of p4EBP1 by PD184352;
n = 3 per condition), indicating a more important contribution
of the PI3K/AKT module than the MEK/ERK module to
mTORC1 activity (Figures 2E,F,H). In fact, activation of the
mTORC1 module was suppressed at least as much by the PI3K
inhibitor LY294002 as by the mTORC1 inhibitor Rapamycin
and mTORC1/2 inhibitor KU0063794, highlighting that the
PI3K/AKT module is the major driver of EGFR-induced
mTOR activity in NSPCs (95.49 ± 1.16%, 82.36 ± 13.01,
53.16 ± 23.28% reductions of pmTOR; 99 ± 0.15%, 99 ± 0.05%,
and 93.11± 3.22% decreases of pS6; 97.9± 0.47%, 78.96± 6.54%,
and 86.39 ± 3.14% decreases of p4EBP1, induced by LY294002,
Rapamycin and KU0063794, respectively; n = 3 per condition)
(Figures 2C,H). Interestingly, AKT phosphorylation was reduced
at least as well by the mTORC1/2 inhibitor KU0063794 as by the
PI3K inhibitor LY294002, highlighting the importance of AKT
as a target during negative feedback regulation (55.88 ± 6.78%
and 78.46± 21.5% decreases of pAKT induced by LY294002 and
KU0063794, respectively; n = 3 per condition) (Figures 2D,H).
These findings are summarized in Figure 2I.

We first examined the effects of these inhibitors on
growth of neurosphere cultures of NSPCs (Figure 3A). When
established secondary cultures of neurospheres were dissociated,
replated and then treated with the inhibitors from days 4–10
in vitro (4DIV–10DIV), formation of tertiary neurospheres was
statistically significantly diminished by all inhibitors (Figure 3B).
Compared to DMSO treatment (38.63 ± 2 neurosphere/well),
the percentage of neurospheres reaching at least 70 microns in
diameter was zero with the PI3K inhibitor LY294002, 8.1% with
the MEK inhibitor PD184352 (3.16 ± 0.35 neurosphere/well;
n = 3 per condition), 29.6% with the mTORC1/2 inhibitor
KU006394 (11.46 ± 0.27 neurosphere/well; n = 3 per condition)
and 47.3% with the mTORC1 inhibitor Rapamycin (18.27± 1.74

neurosphere/well; n = 3 per condition). Although the number
of full-size 70 µm neurospheres was reduced by all inhibitors,
analysis of the neurosphere size distributions suggested the
effects of mTOR inhibition on neurosphere growth involve
a different mechanism than the PI3K/AKT and MEK/ERK
modules. Treatment of the 4 DIV neurosphere colonies with the
PI3K inhibitor LY294002 and MEK inhibitor PD184352 both
immediately arrested neurosphere growth at their 4DIV size;
in contrast, the average size of neurosphere colonies grown in
the presence of the mTOR inhibitors approached the size of the
10DIV DMSO control, with the distribution shifted to a slightly
smaller average diameter (DMSO 4D, 32.79 ± 0.61 µm; DMSO
10D, 72.28 ± 2.29 µm; PD184352, 34.7 ± 0.86 µm; LY294002,
29.07 ± 0.64 µm; KU0063794, 56.55 ± 1.50 µm; Rapamycin,
64.15± 1.48 µm; n = 3 per condition) (Figure 3C).

To explore these observations in greater detail, we used
adherent cultures to specifically examine the effects of the
inhibitors on NSPC proliferation, survival and differentiation
(Figure 3D). Immunocytochemistry for Ki67 expression in
inhibitor-treated NSPC cultures showed that MEK inhibition
reduced the number of proliferating NSPCs by 39% (from
22.8 ± 3.8% to 13.9 ± 1.6%, p = 0.03, one-way ANOVA),
while the PI3K, mTORC1, and mTORC1/2 inhibitors reduced
NSPC proliferation by 67% (to 7.4 ± 1.1%, p = 0.0009, one-
way ANOVA), 82% (to 4.04 ± 0.5%, p = 0.0002, one-way
ANOVA) and 71% (to 6.5± 0.3%, p = 0.0006, one-way ANOVA),
respectively (Figure 3E). The effects of mTORC1 and mTORC1/2
inhibition did not significantly differ. Thus, proliferation of
NSPCs is positively regulated by all the PI3K/AKT, MEK/ERK,
and mTORC1 modules, with the PI3K/AKT and mTORC1
modules having the stronger contributions. The contribution of
all these modules to NSPC proliferation was further supported
by Western blotting of culture lysates (Figures 3G,K), which
confirms that EGF-induced PCNA expression is significantly
reduced in the absence of EGF by 44.93± 18.37% (DMSO+ EGF,
0.54 ± 0.09 AU versus DMSO-EGF, 0.29 ± 0.06 AU; n = 4), and
decreases to an even greater extent if EGF-treated NSPCs are with
PD184352 (by 77.67± 11.57% to 0.12± 0.02 AU), LY294002 (by
63.25± 4.83% to 0.19± 0.03 AU), KU0063794 (by 75.1± 5.73%
to 0.13 ± 0.03 AU), or Rapamycin (by 84.73 ± 5.88% to
0.08± 0.01 AU).

We performed TUNEL assays to determine whether the effects
of these inhibitors on NSPC proliferation were secondary to
cell death. In contrast to their roles in NSPC proliferation,
the PI3K/AKT and MEK/ERK modules did not appear to be
key mediators of NSPC survival: 1.2 ± 0.3% of NSPCs were
TUNEL + when treated with DMSO control, and this was
not statistically affected by treatment with LY294002, PD184352
or KU0063794 (Figure 3F). In contrast, the proportion of
TUNEL + cells increased to 9.1 ± 2.7% with the mTORC1
inhibitor Rapamycin (p = 0.01, one-way ANOVA), indicating that
mTORC1 inhibition, but not PI3K or MEK inhibition, increases
sensitivity to cell death.

EGF-treated NSPCs typically fail to exhibit significant
differentiation, but it is unclear whether this is due to a
direct suppression of differentiation or is simply secondary
to the promotion of proliferation. Interestingly, EGF-treated
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FIGURE 3 | EGF-induced signaling modules show both overlap and selectivity in their regulation of NSPC proliferation, survival, and differentiation. (A–C) Effects of
inhibitors on neurosphere growth. (A) Paradigm for neurosphere formation assay. (B) Numbers of neurospheres > 70 microns in size (n = 3/group). (C) Average size
of colonies at the start of treatment (4 DIV) and after 6 days of treatment (10 DIV) (n = 3/group). One-way ANOVA with Dunnett’s post hoc test for (B,C). (D–K)
Effects of inhibitors on NSPC proliferation, survival and differentiation. (D) Paradigm for adherent NSPC culture assays. (E) Representative micrograph of proliferating
cells (Ki67, pink) counterstained for total nuclei (Hoechst, blue) with quantification at right (n = 3/group). (F) Representative micrograph of dying cells (TUNEL, green)
counterstained for total nuclei (Hoechst, blue) with quantification at right (n = 3/group). One-way ANOVA with Dunnett’s post hoc test. (G) Representative Western
blot of inhibitor-treated NSPCs probed for the astrocytic marker GFAP, neuronal marker βIII-tubulin, oligodendrocytic marker CNPase, proliferation marker PCNA,
and loading control Actin, with (H–K) their respective densitometric quantifications normalized to Actin (n = 4/group). One-way ANOVA with Dunnett’s post hoc test.
Scale bar represents 80 µm in (E,F). ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001.
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NSPCs treated with the MEK inhibitor PD184352 showed
strong increases in both the astrocyte marker GFAP and the
neuronal marker βIII-tubulin (Figures 3G–I). This was not
observed with LY290042, KU0063794 or Rapamycin, which
instead reduced expression of βIII-tubulin, GFAP and the
oligodendroglial marker CNPase (Figures 3G–J). We performed
immunocytochemistry on NSPCs treated under the same
conditions to test whether the changes observed by Western
blotting reflected changes in the numbers of cells expressing these
markers. Immunocytochemistry confirmed that NSPC cultures
yielded tri-lineage differentiation into GFAP + astrocytes,
βIII-tubulin + neurons, and CNPase + oligodendrocytes
(Supplementary Figure 1A). Upon PD184352 treatment,
quantifications revealed a twofold increase of GFAP + cells
(DMSO, 35.56 ± 2.70% of Hoechst; PD184352, 73.46 ± 2,87%
of Hoechst; n = 4 per condition) and fourfold increase of βIII
tubulin + cells (DMSO, 14.93 ± 1.62% of Hoechst + cells;
PD184352, 62.45 ± 9.59% of Hoechst + cells; n = 4 per
condition), consistent with the Western blot observations
(Supplementary Figures 1B,C). Interestingly, induction of βIII
tubulin + cells in the PD184352 condition occurred mainly
within the expanded population of GFAP + cells, highlighting
transition from a GFAP + precursor at this early 3-day
differentiation timepoint. Since NSPC proliferation was reduced
by all inhibitors (Figures 3E,K) but differentiation markers were
stimulated only by PD184352, only the MEK/ERK module acts as
an EGF-induced repressor of NSPC differentiation. Conversely,
activity of the PI3K/AKT and mTORC1 modules is necessary for
appropriate NSPC differentiation.

These data indicate that the PI3K/AKT, MEK/ERK, and
mTOR1/2 modules have both overlap and selectivity in the
biological functions of NSPCs that they regulate: all three
modules are implicated in NSPC proliferation, the mTORC1
module contributes to NSPC survival and the MEK/ERK module
represses NSPC differentiation.

EGFR-CA Can Promote Neurogenic
Activity of qNSCs in vivo
Recently, we showed that adult brain electroporation can be
used to genetically target a subpopulation of ventricle-contacting,
GFAP-expressing cells within the qNSC population (Joppe et al.,
2020). In that study, lineage-tracing showed these electroporated
precursors produced small numbers of olfactory bulb neurons
in vivo and did so independently of the neurosphere-forming
aNSC lineage. Here, we used this adult electroporation strategy
to test whether this highly quiescent qNSC population can be
recruited via activation of EGFR-induced signaling.

Since qNSCs are reportedly EGFR-negative, we first confirmed
that the electroporated subpopulation of qNSCs is not responsive
to exogenous EGF. When we implanted 3-day intraventricular
osmotic pumps containing EGF, total EdU incorporation in the
V-SVZ markedly increased (Figure 4B) but the electroporated
cells did not increase in number or show an increase in EdU
incorporation (Figures 4C–E).

We then electroporated 3-month-old Rosa26-stop-EYFP
reporter mice with hGFAP-cre plasmids that had been mixed

with either an empty vector (EV) control or a constitutively
active form of EGFR (EGFR-CA) (Figure 4F). To assess
the responses of the electroporated qNSCs, we performed
fluorescent immunostaining and quantified YFP + cells that
were positive for EGFR, pS6 and EdU. At 1 week post-
electroporation, the electroporation of EGFR-CA led to a 35-
fold increase of electroporated qNSCs expressing the EGFR
receptor (EV, 0.5 ± 0.2% of YFP + cells versus EGFR-CA,
18.1 ± 1.9% of YFP+ cells; Mann–Whitney, p = 0.0079;
n = 5 per group) (Figures 4G,H). Levels of pS6, which is a
downstream readout of EGFR-induced mTOR signaling and a
marker of quiescent stem cells that are “primed” for division
(Rodgers et al., 2014), was likewise increased (EV, 2.1 ± 0.6%
of YFP + cells versus EGFR-CA, 22.8 ± 1.4% of YFP+ cells;
Mann–Whitney, p = 0.0079; n = 5 per group) (Figures 4I,J).
Notably, EdU incorporation was significantly increased upon
EGFR-CA electroporation (EV, 2.9 ± 0.2% of YFP + cells
versus EGFR-CA, 5.0 ± 0.3% of YFP + cells; Mann–Whitney,
p = 0.0079; n = 5 per group) (Figure 4K). It is highly unlikely
these YFP + EdU + cells incorporated EdU during DNA repair
in the absence of division, as control experiments with the
DNA repair marker, p-γH2AX, showed that the vast majority
of EdU + p-γH2AX + cells in the V-SVZ indeed express
the proliferation marker PCNA (98.33 ± 0.65% of EdU + p-
γH2AX + cells are PCNA +, n = 3) (Supplementary Figure 2).
Interestingly, and despite only transient expression of the EGFR-
CA plasmid, analysis of a cohort of electroporated mice at
4 weeks post-electroporation revealed trends for EGFR-CA to
eventually decrease YFP+ cells within the V-SVZ and increase
YFP+ cells in the OB (Figures 4L–P). In line with this, when
we processed electroporated V-SVZs for neurosphere cultures,
we found that EGFR-CA-induced activation of qNSCs did not
lead to generation of labeled neurospheres (Figures 4Q,R);
this is consistent with the electroporated qNSCs being separate
from the self-renewing, neurosphere-forming aNSC lineage
(Joppe et al., 2020).

These data reveal that genetic activation of EGFR signaling
pathways in 3-month-old mice is sufficient to prime
qNSCs and shift them into the dividing subpopulation,
but these electroporated qNSCs remain distinct from
neurosphere-forming aNSCs.

The Ability of EGFR-CA to Recruit qNSCs
Is Overridden by the Contexts of Aging
and Alzheimer’s Disease
Lastly, we asked whether EGFR-CA expression in electroporated
qNSCs would enable them to overcome the anti-proliferative
influences of aging and/or AD on the V-SVZ. When EGFR-CA
was overexpressed in 3- versus 6-month-old mice (Figure 5A),
electroporated qNSCs showed an equal ability to upregulate
EGFR-CA-induced pS6 signaling (3 m EV, 22.8 ± 1.4% versus
6 m EV, 21.7 ± 1.9%, pS6 + YFP + /YFP + cells) (Figure 5B).
Interestingly, however, when we examined EdU incorporation,
we found that 6-month-old mice had a significantly lower
baseline EdU incorporation (3 m EV, 2.9 ± 0.2% versus
6 m EV, 0.4 ± 0.2%, EdU+YFP+/YFP+ cells, p < 0.0001,
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FIGURE 4 | Genetic activation of EGFR signaling can promote qNSC division in vivo. (A–E) Electroporated GFAP + qNSCs do not divide in response to EGF
infusion. (A) Paradigm for adult brain electroporation with hGFAP-cre plasmids in Rosa26-stop-EYFP reporter mice followed by 3 days infusion of EdU with either
EGF or BSA via intracerebroventricular osmotic pump. (B) Representative micrographs of EdU incorporation in the V-SVZ following 3 days infusion of EGF (n = 3) or
BSA (n = 3). (C) Representative micrograph and quantifications of (D) total YFP + cells and (E) YFP + EdU + cells in the V-SVZ. Neither YFP + cells nor
YFP + EdU + dividing cells increased in response to EGF infusion. (F–Q) EGFR-CA electroporation in 3-month-old mice Rosa26-stop-EYFP mice and tissue analysis
after 1-week (F–K), 4-weeks (L–O), or by neurosphere analysis (P,Q). (F) 1-week paradigm for adult brain electroporation with hGFAP-cre plasmids, mixed with
either EV or EGFR-CA plasmids, in Rosa26-stop-EYFP reporter mice. (G–K) Quantifications of the proportions of recombined (YFP+) cells that (G) express EGFR
protein, (I) activate downstream pS6 signaling, and (K) incorporate EdU (n = 5/group). Shown are representative micrographs of (H) YFP/EdU/EGFR and
(J) YFP/EdU/pS6 immunostainings. (L) 4-week paradigm for adult brain electroporation with hGFAP-cre plasmids, mixed with either EV or EGFR-CA plasmids, in
Rosa26-stop-EYFP reporter mice. (M–O) 4 weeks post-electroporation, quantifications show trends for (M) a depletion of YFP + cells in the V-SVZ, (N) an increase
in YFP + cells in the OB, and (O) a consequent increase in the OB/V-SVZ ratio (n = 4/group), and (P) a representative micrograph of YFP + cell in the OB.
(Q) Neurosphere formation paradigm for adult brain electroporation with hGFAP-cre plasmids, mixed with either EV or EGFR-CA plasmids, in Rosa26-stop-EYFP
reporter mice. (R) Quantification of the number of YFP + and YFP- neurospheres produced after 1 month of neurosphere culturing. Note that EGFR-CA
electroporation increased qNSC division but did not yield any aNSC-associated recombined neurospheres. Scale bars represent 50 µm in (B,C), and 20 µm in (H,J)
and 30 µm in (P). Mann–Whitney test, ∗∗p = 0.0079.
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FIGURE 5 | Age and Alzheimer’s disease mutations prevent EGFR-induced qNSCs division. (A–D) Baseline and EGFR-CA-induced proliferation of electroporated
GFAP + qNSCs cells in 3- versus 6-month-old ROSA26-stop-EYFP mice. (A) Paradigm for adult brain electroporation with hGFAP-cre plasmids, mixed with either
EV or EGFR-CA plasmids, in Rosa26-stop-EYFP reporter mice. (B–D) 1 week post-electroporation, quantification of the percentage of YFP + recombined cells that
are (B) primed (YFP + pS6+) or (C) dividing (YFP + EdU+). Note that YFP + cells in 3- and 6-month-old mice equally upregulated EGFR-induced pS6 but their
division significantly increased only in the 3-month-old mice [two way ANOVA: age factor, F (1,16) = 141.1, p < 0.0001; EGFR-CA factor, F (1,16) = 19.62,
p < 0.0083; interaction, F (1,16) = 9.072, p = 0.0083]. In (D), the proportion of primed hGFAP + cells that incorporate EdU decreases between 3 and 6 months of
age (p = 0.0317, Mann–Whitney test). N = 5 per condition and age. Three month data is from Figure 4. (E–H) Baseline and EGFR-CA-induced proliferation of
GFAP + qNSCs in 3xTg-AD mice and their WT control strain. (E) Paradigm for adult brain electroporation with hGFAP-GFP plasmids, mixed with either EV or
EGFR-CA plasmids, in WT or 3xTg mice. (F–H) 1-week post-electroporation, quantification of the percentage of YFP+ recombined cells that are (F) primed
(GFP + pS6+) or (G) dividing (GFP + EdU+). Note that GFP + cells in WT and 3xTg mice were equally primed by EGFR-CA but only showed a significant increase in
EdU incorporation in the WT mice [two way ANOVA: strain factor, F (1,16) = 16.82, p = 0.0008; EGFR-CA factor, F (1,16) = 16.52, p < 0.0009; interaction,
F (1,16) = 9.245, p = 0.0078]. In (H), the proportion of primed GFP + cells that incorporate EdU shows a tendency to decrease in the 3xTg model of Alzheimer’s
disease (p = 0.12, Mann–Whitney test). N = 5 per condition and age. On graphs, white bars represent EV electroporations, gray bars represent EGFR-CA
electroporations. In (C,G) striped bars represent EdU + pS6+. Two-way ANOVA, ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. Mann–Whitney test, ∗p = 0.0317.

two-way ANOVA) and that, unlike their younger counterparts,
the 6-month-old animals failed to show an increase in EdU
incorporation in response to EGFR-CA (Figure 5C). Triple co-
localization of YFP, EdU, and pS6 confirmed that the increased
cell cycle entry observed in 3-month-old mice was restricted
to the pS6 + population (Figure 5C) and showed that the
propensity of pS6 + cells to incorporate EdU in response to
EGFR-CA was decreased at 6 months of age (Figure 5D). Thus,
despite retaining the ability to overexpress EGFR and activate
downstream signaling, the proportion of hGFAP + qNSCs that
enters the cell cycle declines between 3 and 6 months of age and
is not rescued by genetic activation of EGFR signaling.

We also analyzed the effects of EGFR-CA overexpression in
the 3xTg transgenic mouse model of familial AD, which was
developed by Oddo et al. (2003) and carries human familial
AD mutations in Presenilin 1, Amyloid Precursor Protein, and
Tau. Since 3xTg mice and their WT control strain (B6;129)
do not permit Cre-mediated lineage tracing, we used hGFAP-
myrGFP reporter plasmids to identify hGFAP + qNSCS cells
(Figure 5E). GFP + qNSCs cells of WT and 3xTg mice
showed no difference in baseline expression of pS6, and EGFR-
CA increased GFP + pS6 + cells equally in both WT and
3xTg mice (Figure 5F). However, an EGFR-CA increase in
EdU incorporation was only stimulated in the WT strain
(WT EV, 0.1 ± 0.1% versus WT EGFR-CA, 1.1 ± 0.2%,

EdU + GFP + /GFP + cells, p = 0.0006, two-way ANOVA)
(Figure 5G). Consistent with this, the proportion of pS6 + cells
that incorporated EdU showed a trend toward a decrease
(Figure 5H). Thus, while EGFR-CA can stimulate downstream
signaling in qNSCs cells of 3xTg mice, AD-associated signals
prevent these cells from undergoing division (Figure 5H).

Together these finding reveal that anti-proliferative signals in
the middle-aged and familial AD contexts are dominant over the
ability of EGFR-CA to promote qNSC division.

DISCUSSION

Neural stem/progenitor cells in the adult V-SVZ are continuously
exposed to a variety of niche signals, which modulate neurogenic
output by regulating proliferation, differentiation, and survival
of these precursor cells (Lim and Alvarez-Buylla, 2016).
Transduction of niche signals occurs via multiple families of
receptors, such as RTKs, Eph receptors, interleukin receptors
and G-protein coupled receptors for example, which ultimately
converge onto a relatively limited number of intracellular
signaling pathways (Obernier and Alvarez-Buylla, 2019).
Here, we focused on EGFR and three of its downstream
signaling pathways that are shared with other RTKs: the
PI3K/AKT, MEK/ERK and mTOR cascades (Oda et al., 2005;
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Lemmon and Schlessinger, 2010; Annenkov, 2014). Our findings
support 3 main conclusions. First, NSPCs from the young
adult and middle-aged V-SVZ are equally able to activate these
pathways in culture but show differences in vivo. Second,
the PI3K/AKT, MEK/ERK and mTOR signaling cascades
exhibit differential impacts on NSPC proliferation, survival and
differentiation. Third, ectopic expression of an activated EGFR
receptor in qNSCs stimulates their activation and division in
the young adult brain, but aging and AD mutations dominantly
suppress EGFR-triggered qNSC division (Figures 6A,B).

Activation of RTK-Induced Signaling
Pathways in NSPCs During Early- and
Mid-Adulthood
Age-related declines in adult neurogenesis occur in virtually all
mammals examined, including humans (Maslov et al., 2004;
Luo et al., 2006; Bouab et al., 2011; Ernst et al., 2014; Boldrini
et al., 2018). Our time-course analysis revealed a biphasic

decline of neurogenesis within the V-SVZ of C57Bl6 mice: a
steep slope of decline in proliferation, TAPs and neuroblasts
until approximately 3 months of age followed by a more
gradual rate of decline until the latest 11-month timepoint.
Declining neurogenesis is likely to result from changes to
both the intrinsic properties of aging NSPCs and extrinsic
properties of the aging niche (Hamilton et al., 2013; Capilla-
Gonzalez et al., 2015; Lupo et al., 2019). Our comparison of
the response of NSPCs from 2- and 11- month-old mice to
EGF supports the idea that the intrinsic proliferative ability of
NSPCs is maintained over this period (Ahlenius et al., 2009;
Bouab et al., 2011; Shook et al., 2012; Apostolopoulou et al.,
2017). Notably, however, multiple downstream components of
the mTORC1 and mTORC2 pathways were selectively decreased
in the V-SVZ niche between 1 and 4 months of age (pAKT
and p4EBP1, with a strong trend toward decrease of pS6).
Interestingly, recent studies have implicated mTOR in the
regulation of lysosome function in NSPCs, with lysosome-
mediated elimination of protein aggregates being necessary

FIGURE 6 | Summary of findings. (A) Schematic showing the findings from our pharmacological loss-of-function experiments. In vitro, the PI3K/AKT, mTORC1/2
and, to a lesser extent, MEK/ERK, modules all contribute to EGF-induced NSPC proliferation. Only the mTORC1/2 modules showed evidence of contributing to
NSPC survival, while only the MEK/ERK module mediated EGF-induced repression of NSPC differentiation. The effect of mTORC1 and mTORC1/2 modules did not
significantly differ for these parameters, so we present only mTORC1. In each table, the main effect of each module is represented in red. (B) Effect of ectopic
activation of EGFR-induced signaling in electroporated qNSCs. In young adult mice (left side of diagram), electroporation with EGFR-CA upregulates levels of pS6, a
downstream marker of EGFR signaling and of “primed” qNSCs (Rodgers et al., 2014) and promotes their cell cycle entry. EGFR-CA electroporation in qNSCs of
mice at middle age or in mice carrying familial Alzheimer’s disease (AD) mutations (right side of diagram) remains sufficient to activate EGFR-induced pS6, but these
qNSCs do not undergo cell division. Thus, the antiproliferative signals associated with aging and AD are dominant to the pro-proliferative effects of EGFR-induced
signaling pathways.

Frontiers in Neuroscience | www.frontiersin.org 10 March 2021 | Volume 15 | Article 621076231

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-621076 March 20, 2021 Time: 18:15 # 11

Cochard et al. EGF Signaling Regulates NSPC Functions

and sufficient for NSCs to transition from the quiescent to
activated state (Leeman et al., 2018; Morrow et al., 2020). It
remains to be demonstrated whether the observed impairments
in mTOR signaling are causally related to age-related reductions
in proteostasis (Leeman et al., 2018).

PI3K/AKT, MEK/ERK, and mTOR
Signaling Cascades Differentially
Regulate NSPC Proliferation, Survival,
and Differentiation
We used a pharmacological loss-of-function approach to study
the individual contributions of the PI3K/AKT, MEK/ERK, and
mTOR pathways to proliferation, survival, and differentiation
in NSPC cultures. In control experiments, we verified that
there was no cross inhibition between the PI3K inhibitor,
LY294002, and the MEK inhibitor, PD184352. Besides their
own signaling modules, these inhibitors also both inhibited
the downstream mTOR pathway, but to different extents:
MEK inhibited partially and PI3K inhibited completely the
phosphorylation of mTORC1 targets. NSPC proliferation in
response to EGF, as measured by Ki67 staining, was compromised
by all four of the inhibitors, indicating that the PI3K/AKT,
MEK/ERK, and mTORC1 signaling modules are all important in
this process. Rapamycin and KU0063794 had equivalent effects,
suggesting that mTORC2 signaling is not involved. Previous
studies have also found that NSPC proliferation was inhibited
by Rapamycin (Paliouras et al., 2012; Wang et al., 2016),
LY294002, or U0126, another inhibitor of MEK/ERK signaling
(Yuan et al., 2015).

Interestingly, when the inhibitors were used in neurosphere
cultures, neurosphere growth was completely arrested by the
PI3K inhibitor, LY294002, and the MEK inhibitor, PD184352,
and only partially affected by the mTOR inhibitors, suggesting
different modes of action. This may be related to our
finding that only the mTOR inhibitors promoted cell death.
This was surprisingly, given that mTOR signaling was also
repressed upon PI3K inhibition, and may be due to the fact
that the PI3K/AKT module has other targets besides mTOR.
MEK/ERK inhibition did not increase cell death and, thus,
is dispensable for NSPC survival. Our data indicate that
only the mTOR pathway is involved in the process of EGF-
mediated NSPC survival.

Differentiation in NSPC cultures is normally blocked in
the presence of EGF. However, treatment with PD184352
significantly increased the expression of the differentiation
markers GFAP and βIII tubulin. This effect was not
observed by inhibiting either the PI3K/AKT or mTOR
modules, suggesting that EGF-induced repression of NSPC
differentiation is mediated specifically by the MEK/ERK
signaling module. A previous study reported a similar
observation with embryonic NSPCs cultured from the E15
telencephalon, where NSPCs treated with U126 showed
reduced proliferation and increased neuronal differentiation
(Wang et al., 2009); however, in that study, MEK/ERK
inhibition reduced astrocytic differentiation, which was
strongly increased here.

We conclude that the PI3K/AKT, MEK/ERK and mTOR1/2
modules play overlapping but dissociable roles in the biological
effects of EGF on NSPCs: all 3 modules are implicated in
NSPC proliferation (with the PI3K/AKT and mTOR modules
being prominent), only the mTORC1 module contributes to
NSPC survival and only the MEK/ERK module represses
NSPC differentiation.

Activation of EGFR Signaling Pathways
to Promote qNSC Activation
Since NSPC proliferation required activity of all three
branches of EGFR signaling that we examined, we tested
whether upregulation of EGFR signaling would be sufficient
to trigger proliferation of qNSCs in vivo. We recently
found that a population of quiescent, ventricle-contacting
neural precursors that produces small numbers of olfactory
bulb neurons can be genetically targeted by adult brain
electroporation (Joppe et al., 2020). We therefore used
this approach to transfect these quiescent precursors in
3-month-old adult male mice with a constitutively active
EGFR construct (EGFR-CA). This led to detectable EGFR
protein expression, and downstream mTOR expression in
20–25% of the electroporated qNSCs. After 1 week, their
proliferation was increased, and after 1 month, they showed
a trend for an increase in labeled cells within the OB. Thus,
EGFR-CA is sufficient to recruit these quiescent precursors
and potentially increase their neurogenic output in the young
adult V-SVZ.

V-SVZ neurogenesis declines with age and this is further
reduced in models of AD, including 3xTg mice (Hamilton
et al., 2010, 2015). We therefore tested whether forced intrinsic
expression of EGFR-CA would be sufficient to enable NSPCs
to overcome the inhibitory influence of age and/or AD. Since
neurogenesis in the V-SVZ is markedly decreased between 3
and 6 months of age, we first electroporated 3- versus 6-month-
old wildtype mice with EGFR-CA. While electroporated mice of
both ages increased expression of the mTORC1 readout, pS6,
only electroporated cells in the 3-month-old mice increased their
proliferation. Similarly, when we electroporated 3xTg mice and
their strain controls, both increased pS6 expression but only
the strain controls increased proliferation. Thus, activation of
EGFR-induced signaling pathways promotes the activation and
proliferation of qNSCs, but this is insufficient to allow qNSCs to
overcome the inhibitory effects of age or AD on proliferation.

Previous studies have reported that aging in the V-SVZ
is associated with a reduced expression of pro-mitotic factors
such as FGF-2 and VEGF (Shetty et al., 2005; Bernal and
Peterson, 2011). Conversely, there is also an increase of anti-
proliferative factors from microglia (Solano Fonseca et al., 2016),
astrocytes (Clarke et al., 2018), and the blood (Villeda et al.,
2011; Katsimpardi et al., 2014). Our findings suggest declining
neurogenesis during normal or pathological aging is primarily
due to the presence of anti-proliferative factors present in the
microenvironment rather than a loss of mitogens and indicate
that such anti-proliferative factors are dominant over the effects
of EGFR-induced signaling pathways.
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Conclusion
In order to utilize the neurogenic capacity of adult NSPCs
to prevent and/or reverse the age-related defects in the
brain, it is essential to better understand the relationship
between intrinsic and environmental mechanisms that control
their activity. In this work, we show that EGFR-mediated
activation of the PI3K/AKT, MEK/ERK, and mTOR cascades
play dissociable roles in the control of NSPC proliferation,
differentiation and survival in vitro. Forced activation of
EGFR signaling can recruit quiescent NSPCs into division
in vivo but is not by itself able to overcome dominant
antiproliferative signals associated with normal or Alzheimer-
type aging. This suggests that optimal NSPC recruitment
during aging is likely to be achieved only through combined
NSPC stimulation and neutralization of antiproliferative
extrinsic factors.

MATERIALS AND METHODS

Contact for Reagent and Resource
Sharing
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact,
KF (karl.fernandes@usherbrooke.ca).

Experimental Model and Subject Details
Animal work was conducted in accordance with the guidelines
of the Canadian Council of Animal Care and were approved
by the animal care committees of the University of Montreal
and the Research Center of the University of Montreal
Hospital (CRCHUM) (protocol N16002KFs, approval from
January 2016). We used 42 male C57BL/6 (C57BL/6NTac,
obtained from Taconic) for the time course experiment
cultures and microdissections, 45 male Rosa26-stop-EYFP
[B6.19× 1-Gt(ROSA)26Sortm1(EYFP)Cos/J, stock number: 006148,
obtained from the Jackson Laboratory] for the infusion,
electroporation and culture experiments, 10 female 3xTg-AD
[B6;129-Psen1tm1Mpm Tg(APPSwe,tauP301L)1Lfa/Mmjax; stock
number: 034830-JAX, obtained from the Jackson Laboratory]
and 10 female of their wildtype control strain (B6129SF2/J;
stock number: 101045, obtained from the Jackson Laboratory)
for electroporation experiments. Mice were socially housed (up
to 5 mice/cage) on a 12 h light-dark cycle with free access
to water and food.

Method Details
Surgical Procedures
Mice were provided with water supplemented with
acetaminophen as an analgesic (1.34 mg/ml, Tylenol) for
4 days, starting 1 day prior to surgery (Foley et al., 2019), in
accordance with the animal committee requirements (protocol
N16002KFs, approval from January 2016). Surgeries were
performed under isoflurane general anesthesia (Baxter) and
Bupivacaine local anesthesia (1 mg/kg, Hospira).

Electroporation
For the electroporations in young adults, we used 3-month old
male Rosa26-stop-EYFP mice (n = 5 per condition). For the
electroporations followed by neurosphere cultures experiment,
we used 3-month old male Rosa26-stop-EYFP mice (n = 4 per
group). For the electroporation in early middle-aged animals,
we used 6-month old male Rosa26-stop-EYFP mice (n = 5 per
condition). For the electroporation in an Alzheimer model, we
used 6-month old female 3xTg mice and their WT control strain
(n = 5 per group). Adult brain electroporation was conducted as
described previously (Barnabe-Heider et al., 2008; Joppe et al.,
2015; Joppe et al., 2020). Plasmids (Supplementary Table 1)
were amplified by using an endotoxin-free 40 min Fast Plasmid
Maxiprep Kit (Biotool), then purified and concentrated by
ethanol precipitation. Intracerebroventricular plasmid injections
were performed using a 10 µl Hamilton syringe into the left
ventricle at coordinates: 0 mm anteroposterior (AP), +0.9 mm
mediolateral (ML), –1.5 mm dorsoventral (DV) to Bregma, using
a stereotaxic apparatus (Stoelting Co.), based on The Mouse Brain
in Stereotaxic Coordinates, Compact 3rd Edition (Academic
Press). Animals received an ICV injection of 10 µg of total DNA
in 2 µl, delivered over 2 min, following by five pulses at 50 ms
intervals at 200 V applied with 7 mm platinum Tweezertrodes
(Havard Apparatus) and an electroporator (ECM 830, Havard
Apparatus). Plasmids are listed in Supplementary Table 1.

Osmotic pump infusions
For the electroporation followed by osmotic pump infusion
experiment, we used 3-month old male Rosa26-stop-EYFP (n = 5
per condition). Mice were under isoflurane general anesthesia
(1% oxygen, 2% isoflurane) during the whole procedure. For
electroporations, intracerebroventricular plasmid injections were
performed using a 10 µl Hamilton syringe into the left
ventricle at coordinates: 0 mm anteroposterior (AP), +0.9 mm
mediolateral (ML), –1.5 mm dorsoventral (DV) to Bregma using
a stereotaxic apparatus (Stoelting Co.), based on The Mouse Brain
in Stereotaxic Coordinates, Compact 3rd Edition (Academic
Press). Immediately after the electroporation, we proceeded
with the ICV infusions. The ICV infusions were performed
using 3-day osmotic pumps (Alzet, model 1003D, Durect)
attached to brain infusion cannulae (Alzet, Brain infusion kit
3, Durect). Pump cannulae were implanted contralateral to the
electroporation (right ventricle) procedure using a stereotaxic
apparatus (Stoelting Co.) at coordinates: 0 mm anteroposterior
(AP), –0.9 mm mediolateral (ML), –1.5 mm dorsoventral (DV) to
Bregma, based on The Mouse Brain in Stereotaxic Coordinates,
Compact 3rd Edition (Academic Press). Cannulae were fixed
to the skull using dental cement (Co-oral-ite Dental Mfg).
Osmotic pumps were filled with EGF diluted in a vehicle
solution (0.1% BSA in PBS) and infused at 400 ng/day for
3 days, then animals were euthanized by intraperitoneal injection
of ketamine/xylazine (347/44 mg/kg, Bimeda-MTC/Boehringer
Ingelheim Canada Ltd) for immediate analysis.

Tissue Analysis
Mice were euthanized by intraperitoneal injection of
ketamine/xylazine (347/44 mg/kg, Bimeda-MTC/Boehringer
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Ingelheim Canada Ltd). For immunostaining in the time-
course (Figure 1), we used C57BL/6 mice (n = 28) and for
electroporation experiments (Figures 4, 5) we used Rosa26-
stop-EYFP (n = 36), WT (n = 10), and 3xTg (n = 10) mice. For
these experiments, mice were intracardially perfused with PBS
(Wisent) followed by freshly prepared 4% paraformaldehyde
(Acros). Brains were removed, post-fixed overnight, and then
cut into 40 µm sections using a Leica VT1000S vibrating
microtome. Tissue sections were stored in antifreeze at –20◦C
(Bouab et al., 2011). For neurosphere assays (Rosa26-stop-
EYFP, n = 3/condition) and V-SVZ microdissections (C57BL/6,
n = 4/age group), brains were instead dissected from freshly
euthanized mice.

For the biochemical analysis of 1- vs. 4- month old V-SVZ,
we used microdissections from C57BL/6 (n = 4/age group)
(Figure 1), microdissected V-SVZ and striatal samples were
obtained from freshly dissected mouse brains as follows. Brains
were placed in a brain mold and straight-edge razor blades
were used to cut a 2-mm-thick coronal section through the
forebrain (corresponding to the region between 3- and 5-mm
posterior to the anterior edge of the olfactory bulbs). Using a
dissecting microscope, fine-tipped tungsten needles were then
used to dissect out a block of V-SVZ tissue, by first making
lateral cuts through the corpus callosum (dorsally) and above
the anterior commissures (ventrally), and then tracing the gray-
white boundaries at the V-SVZ/striatum and V-SVZ/septum
borders. The V-SVZ region was defined by the cell-dense
tissue directly located around the ventricle. The Striatum region
was defined by its location adjacent to the ventricle and its
fibrous aspect. A block of striatal tissue of similar size was
cut from the center of the adjacent striatum for biochemical
comparison and to provide a control for SVZ microdissection
purity. A schematic of the microdissection procedure is presented
in Supplementary Figure 3.

Immunostaining
Antibodies are listed in Supplementary Table 2. Immunostaining
was performed as described previously (Bouab et al., 2011;
Gregoire et al., 2014) on 40 µm-thick sections. 5–6 sections
taken every 240 µm, along the AP axis of the brains were
used for the stainings. For immunohistochemical labeling, free-
floating sections were washed in PBS, and blocked for 2 h
with 0.1% Triton X-100 (Fisher Scientific) in PBS supplemented
with 4% bovine serine albumin (BSA, Jackson ImmunoResearch,
West Grove, PA, United States). Primary antibodies were
applied at room temperature overnight in 0.1% Triton X-100
in PBS containing 2% BSA. For fluorescence detection, we
used secondary antibodies conjugated to either CY3 (1:1000,
Jackson ImmunoResearch) or Alexa 488, 555, or 647 (1:1000,
Invitrogen, Burlington, ON, Canada) diluted in PBS for 45 min
at room temperature, and nuclei were counterstained with
Hoechst 33342 (0.2 µM, Sigma) for 2 min. Citrate-EDTA antigen
retrieval was used for immunostaining with DCX and Ki67
antibodies. This method was used for sections from time-course
and electroporation experiments, using C57BL/6 (n = 28) or
Rosa26-stop-EYFP (n = 36), WT (n = 10), and 3xTg (n = 10)
mice, respectively.

EdU (5-ethynyl-2′-deoxyuridine) staining was performed as
described by Salic and Mitchison (2008). Briefly, sections were
incubated in EdU reaction solution (100 mM Tris-buffered saline,
2 mM CuSO4, 4 µM Sulfo-Cyanine 3 Azide, and 100 mM Sodium
Ascorbate) for 5 min, then washed with two quick wash before
to be incubated 5 min in copper blocking reaction (10 mM
THPTA in PBS). When EdU staining was coupled with another
antibody staining, EdU was performed first. This method was
used for the sections from the electroporation experiments using
Rosa26-stop-EYFP (n = 36), WT (n = 10), and 3xTg mice (n = 10).

Western blotting
Cultures analyzed by Western blotting were lysed in Ripa Buffer
as previously described (Bouab et al., 2011). Protein samples
for Western blotting were prepared as described previously
(Bouab et al., 2011; Paliouras et al., 2012), and primary
antibody information is provided in Supplementary Table 2.
Ten micrograms of protein from each sample were run per lane.
Membranes were blocked for 2 h with 5% milk in TBST. Primary
antibodies diluted in TBST were applied at 4◦C overnight.
Secondary antibodies were applied at room temperature for
45 min and washed in TBST. Signals were revealed using
the Clarity kit (Bio-Rad), detected using ChemiDoc (Bio-
Rad). Membranes were subsequently stripped with Re-Blot
Plus Mild (Millipore), reblocked, and reprobed appropriately.
Quantifications were performed using Image Lab 4.1 software
(Bio-Rad). Normalized densities were obtained by taking the
ratio of the optical density of the protein of interest and dividing
by the optical density of Actin. This method was used for
the 1 vs. 4 months experiments using C57BL/6 (n = 4/age
group), 2 vs. 11 months experiments using Rosa26-stop-EYFP
(n = 3/group) and cell culture experiments using Rosa26-stop-
EYFP (n = 3–4/group).

Cell culture experiments
For the neurosphere treated with inhibitors, we used 3-month
old male Rosa26-stop-EYFP mice, n = 3/4 per condition.
Neurosphere cultures were generated from adult mouse striatum
using 20 ng/ml EGF (Sigma) and a protocol based on Reynolds
and Weiss (Reynolds and Weiss, 1992) as detailed previously
(Gregoire et al., 2014; Hamilton et al., 2015; Joppe et al.,
2015). Briefly, both striata, including their associated SVZs, were
dissected into ice cold HBSS (Wisent), dissociated to single
cells using papain (Worthington, Lakewood, NJ, United States),
diluted to 30 ml in a neural stem cell proliferation medium,
and then seeded into 75 cm2 flasks (BD Bioscience, Mississauga,
ON, Canada). Neural stem cell proliferation medium consisted
of Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (3:1) (both
from Invitrogen) supplemented with 1% Penicillin/Streptomycin
(Wisent), 1 µg/ml Fungizone (Invitrogen), 2% B27 (Invitrogen),
20 ng/ml epidermal growth factor (EGF) (Sigma). For
the signaling experiments, we used additional inhibitors that
included PD184352 (Sigma), LY294002 (Tocris Bioscience),
Rapamycin (Invitrogen), KU0063794 (Tocris Bioscience), as
indicated. Cultures of primary neurospheres were passaged by
mechanical dissociation and were expanded at a clonal plating
density of 2000 cells/cm2. Secondary/tertiary neurospheres were
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used when it was necessary to amplify neural precursor numbers
for high-density adherent cultures for biochemical analysis.

For Ki67/TUNEL and GFAP/(II-tubulin/CNPase
immunostainings, secondary neurospheres were dissociated and
plated in 8-well chamber slides, at 25,000 cells/cm2 in medium
containing 20 ng/ml EGF. After 24 h (1 DIV), cells were washed
twice with DMEM/F12 and then placed in medium containing
20 ng/ml EGF supplemented with either LY294002 (25 µM),
PD184352 (10 µM), KU0063794 (10 µM) or Rapamycin (40 nM)
for an additional 3 days. Cells were processed for immunolabeling
after 3 days of treatment (4DIV). For this method, we used
Rosa26-stop-EYFP mice (n = 3–4/group).

For differentiation experiments, secondary neurospheres were
dissociated and plated at 25,000 cells/cm2 in medium containing
20 ng/ml EGF. After 24 h (1 DIV), cells were washed twice with
DMEM/F12 and then placed in medium containing 20 ng/ml
EGF supplemented with either LY294002 (25 µM), PD184352
(10 µM), KU0063794 (10 µM) or Rapamycin (40 nM) for an
additional 3 days. Cells were lysed after 3 days of treatment
(4DIV) for Western blotting. For this method, we used Rosa26-
stop-EYFP mice (n = 3/group).

For the experiments comparing the effects of treatment
with PD184352, LY294002, KU0063497 and Rapamycin on
neurosphere number and size, secondary neurospheres were
dissociated and plated at 1,500 cells/ml in medium containing
20 ng/ml EGF. The inhibitors LY294002 (25 µM), PD184352
(10 µM), KU0063794 (10 µM), or Rapamycin (40 nM) were
added on the day of plating (0 DIV) or 4 days after plating (4
DIV). Neurospheres were counted and measured after 10 DIV.
For this method, we used Rosa26-stop-EYFP mice (n = 3/group).

Neurosphere numbers were quantified by plating cells
in 24-well plates at the clonal densities indicated above
(minimum of 8 wells/treatment/N). Neurosphere sizes were
quantified by measuring the diameter of at least 100
neurospheres/condition using Fiji software (version 1.52p v, NIH,
United States) and graphed using GraphPad Prism, Version 8.4
(GraphPad Software, Inc).

Quantification and Statistical Analyses
Immunostained tissue sections were examined using a motorized
Olympus IX81 fluorescence microscope, an Olympus BX43F
light microscope, or a TCS-SP5 inverted microscope (Leica
Microsystems, Exton, United States). All quantifications were
performed by a blinded observer using coded slides and 40X
or 60X objectives. For quantification of total Ki67, Mash1,
DCX, EGFR, or p-S6 cells, 3–6 V-SVZ sections/animal were
analyzed. For quantification of electroporated cells and their
progeny, 6–12 sections/animal were used for the V-SVZ and
5–15 sections/animal for the OB. Counts in the V-SVZ were
limited to the DAPI-defined subventricular zone. Counts in the
OB (Figures 4N,O) were performed by scanning the OB sections
for positive cells at 32x objective magnification. All YFP positive
cells in the V-SVZ or OB were confirmed for the presence of a
DAPI-stained nucleus. No electroporated animals were excluded
from this study.

All statistical analyses were achieved using GraphPad
Prism, Version 8.4.3 (GraphPad Software, Inc). The statistical
analyses that were performed are indicated in the respective

figure legends and included either parametric tests (two-
tailed unpaired Student’s t-test, one-way or two-way
ANOVA with Tukey’s or Dunnett’s post-test) or the non-
parametric Mann–Whitney test (the latter in the case of
numbers of electroporated cells, which might follow a non-
normal distribution). Error bars represent mean ± standard
error of the mean (SEM). Significance level was set at
p ≤ 0.05.
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Supplementary Figure 1 | (A) Representative micrograph of a triple-labeled
NSPC culture co-stained for GFAP (first micrograph), βIII tubulin (second
micrograph), CNPase + (third micrograph) and merged (fourth micrograph). (B)
Representative micrographs of NSPC cultures stained with GFAP (astrocytes), βIII
tubulin (neurons) and CNPase (oligodendrocytes) upon different treatments. (C–E)
Quantification of the proportion of Hoechst-labeled cells that are positive for (C)
GFAP, (D) βIII tubulin, and (E) CNPase. Scale bars represent 50 µm in (A,B).

Supplementary Figure 2 | (A) Representative micrograph of
EdU/p-γH2AX/PCNA staining in the V-SVZ. (B) Quantifications of the p-γH2AX
cells labelled with EdU. (C) Quantification of the p-γH2AX + EdU + cells that
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express PCNA + (actively dividing). Note that virtually all EdU + p-γH2AX + cells
are PCNA+. Scale bar represents 50 µm in (A).

Supplementary Figure 3 | (A) Schematic view of the brain slice used for SVZ
and striatum microdissections. The outer rectangle represents the brain mold and
the lines with arrows represent the site of sectioning with razor blades. (B)
Representative micrographs of the slice obtained as seen from the rostral side (left

micrograph) and caudal side (right micrograph). The blue dotted square (a)
represents region collected for the striatum and the green dotted shape (b)
represents the region collected for the V-SVZ.

Supplementary Table 1 | Plasmid list.

Supplementary Table 2 | Antibody list.
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The adult mammalian brain contains distinct neurogenic niches harboring populations of
neural stem cells (NSCs) with the capacity to sustain the generation of specific subtypes
of neurons during the lifetime. However, their ability to produce new progeny declines
with age. The microenvironment of these specialized niches provides multiple cellular
and molecular signals that condition NSC behavior and potential. Among the different
niche components, vasculature has gained increasing interest over the years due to
its undeniable role in NSC regulation and its therapeutic potential for neurogenesis
enhancement. NSCs are uniquely positioned to receive both locally secreted factors
and adhesion-mediated signals derived from vascular elements. Furthermore, studies
of parabiosis indicate that NSCs are also exposed to blood-borne factors, sensing and
responding to the systemic circulation. Both structural and functional alterations occur
in vasculature with age at the cellular level that can affect the proper extrinsic regulation
of NSCs. Additionally, blood exchange experiments in heterochronic parabionts have
revealed that age-associated changes in blood composition also contribute to adult
neurogenesis impairment in the elderly. Although the mechanisms of vascular- or blood-
derived signaling in aging are still not fully understood, a general feature of organismal
aging is the accumulation of senescent cells, which act as sources of inflammatory
and other detrimental signals that can negatively impact on neighboring cells. This
review focuses on the interactions between vascular senescence, circulating pro-
senescence factors and the decrease in NSC potential during aging. Understanding
the mechanisms of NSC dynamics in the aging brain could lead to new therapeutic
approaches, potentially include senolysis, to target age-dependent brain decline.

Keywords: adult neural stem cell, neurogenic niche, endothelial cell senescence, senescence-associated
secretory phenotype, parabiosis
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INTRODUCTION

Aging is envisioned as a progressive decline in the function
of multiple tissues and organs that leads to disruption of
homeostasis and increased frailty (López-Otín et al., 2013).
One of the hallmarks of aging is a rise in the frequency of
senescent cells in most organs (Childs et al., 2017). Cells undergo
senescence in response to several stressors, including telomere
attrition and other forms of DNA damage, oncogene activation,
epigenetic remodeling, hypoxia, oxidative stress or mitochondrial
dysfunction (Hernández-Segura et al., 2018). Cell senescence is
an irreversible arrest of the cell cycle that is accompanied by
an increase in heterochromatin and in foci of DNA damage-
responsive proteins, or DNA scars, and increased levels of cyclin-
dependent kinase inhibitor (CKI) proteins p16INK 4a and/or
p21CIP1. Senescent cells also exhibit larger cell size and an
augmented lysosomal compartment, with increased levels of the
lysosomal enzyme β-galactosidase (β-gal) (Kurz et al., 2000;
Childs et al., 2017; Herranz and Gil, 2018). Although these cells
do not proliferate, they persist in the tissues and exhibit an
intense secretory activity named senescence-associated secretory
phenotype (SASP). Their secretome is composed of a complex
mixture of molecules, including pro-inflammatory cytokines and
chemokines as well as proteases, which are released to the
extracellular space creating a pro-inflammatory environment that
can negatively influence neighboring cells and overall tissue
biology (Table 1 and Figure 1; Van Deursen, 2014; Muñoz-
Espín and Serrano, 2014; Childs et al., 2017). The accumulation
of senescent cells with advancing age in the tissues reflects
the decline in cell repair mechanisms and in the capacity of
the immune system to clear both damaged and senescent cells
(Childs et al., 2017). This is in part due to the fact that these cells
develop pro-survival pathways to avoid the recognition that lead
to immune clearance (Yosef et al., 2016). An increased burden of
senescent cells results in functional cell loss and a wide variety of
non-autonomous disturbances that correlate with a deterioration
of tissue renewal and performance, favoring organ dysfunction.
Therefore, senescence has emerged in the recent years as a driver
of aging and age-related diseases (Childs et al., 2017).

Populations of resident stem cells (SCs) in adult tissues
are characterized by their ability to self-renew while
producing specialized cell progeny, thereby sustaining life-
long physiological cell turnover and recovery from injury.
Despite their lasting activity, aging also has a negative impact on
SC maintenance and potential to produce descendants (Schultz
and Sinclair, 2016). Because SCs are at the top of the cell lineage
hierarchy of mature cell production in many tissues, it has
become widely recognized that SC dysfunction could be at the
base of the age-related overall deterioration in tissue and organ
functionality (López-Otín et al., 2013; Schultz and Sinclair, 2016).
In this regard, one of the main points of current research to
improve a healthy lifespan focuses on enhancing the regenerative
and repair capacity of adult tissue SCs.

It is unclear why SCs age. Although particular features differ
among SCs in different organs, all SCs appear capable of self-
renewing through asymmetric division and to move in and out
of a tightly regulated quiescent state that likely preserves them

from replication-related DNA damage (Schultz and Sinclair,
2016). In contrast to other somatic cells, telomerase expression
is maintained in tissue-specific SCs after birth, but nonetheless
telomeres exhibit attrition in SC populations at advanced ages
(Martínez and Blasco, 2017). Furthermore, increased levels of
p16INK 4a or p21CIP1 are found in some SCs in the elderly (Schultz
and Sinclair, 2016; Herranz and Gil, 2018). Independently of
whether SCs undergo cell senescence or not with age, they
could sense the consequences of the gradual accumulation of
senescent cells in tissues. In fact, certain SASP factors are able to
induce senescence in adjacent cells in a paracrine manner (Coppé
et al., 2010; Muñoz-Espín and Serrano, 2014). The secretome
composition varies according to the cell origin, tissue location,
or even the senescence inducer. Moreover, while some of these
secreted factors could be restricted to particular tissues, others
circulate in the systemic milieu (Coppé et al., 2010).

The adult mammalian brain contains neurogenic niches
harboring neural SCs (NSCs) that sustain continual production
of neurons for specific circuits throughout life. Despite their
persistence, the rate of adult neurogenesis decays over time
for reasons that are only partially understood. Although both
intrinsic and extrinsic factors may likely underlie the reduction
in adult neurogenesis observed with age, NSCs in the elderly
can be re-activated to some extent, for example by physical
exercise (Lugert et al., 2010), suggesting that cell-extrinsic
factors play an important role in the age-related neurogenic
decline. Here, we will propose the possibility that circulating
and/or regional factors secreted by senescent endothelial cells
(ECs) could account, at least in part, for the loss of NSC
potential. To do so, we will first review the disturbances that
occur in brain SC neurogenic activity with age. Then, we
will focus on the vascular regulation of SC behavior in the
young and aged neurogenic niches, paying special attention to
vascular senescence and the effect of specific changes in the
systemic composition of the blood. Finally, we will explore
new perspectives regarding therapies for brain rejuvenation by
targeting vascular aging.

ADULT MAMMALIAN NEUROGENESIS
AND ITS DECLINE WITH AGE

Self-renewing life-long NSCs reside in two distinct regions of
the adult mammalian brain. In the subependymal zone (SEZ;
also called ventricular-subventricular zone, or V-SVZ), NSCs
give rise to neurons destined to integrate into olfactory bulb
(OB) circuits whereas those in the subgranular zone (SGZ)
of the dentate gyrus (DG) generate granule cells for the DG
itself (Silva-Vargas et al., 2013; Ruddy and Morshead, 2018).
The SEZ is by large the most active neurogenic niche in the
murine brain, producing thousands of new neurons per day
(Figure 2A; Obernier and Alvarez-Buylla, 2019). Subependymal
NSCs derive from fetal radial glial cells from which they inherit an
elongated morphology and biochemical features of the astrocytic
lineage, such as expression of glial fibrillary acidic protein
(GFAP), brain lipid binding protein (BLBP), or glutamate and
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TABLE 1 | Compilation of the main phenotypic features of senescent cells and consequences of their age-related accumulation.

Cellular
phenotypic
changes

Cell senescence Senescence-associated
markers

Consequences in aging References

Structural
disturbances

Large flattened morphology. In vitro cultures: large size,
flattened shape, various
processes, multi-nuclei
(sometimes), numerous
citoplasmatic vacuoles. These
features may change
depending on the cell type and
the inductor agent.

Changes in the shape and
morphology of senescent cells
in vivo are not yet well
documented. However, if these
cells undergo structural
alterations in vivo, their function
is also compromised. For
example, the ECs’ tight
junctions could be altered by
changes in cell structure, which
could impair the integrity of
the BBB.

Muñoz-Espín and Serrano,
2014; Yamazaki et al., 2016;
Hernández-Segura et al., 2018

Cell-cycle arrest Irreversible cell-cycle arrest
impedes senescent cell
proliferation.

p21, p16, p19, p53, pRB. CDKi induce cell growth arrest
permanently in response to
different stressors or DNA
damage. With age, the
incidence of non-pro-liferative
senescent cells increases and
stem cells undergo exhaustion
in the attempt to regenerate
tissue, which can lead to tissue
fibrosis.

Childs et al., 2017; Herranz and
Gil, 2018

Nuclear changes Telomere attrition and DNA
damage response: chromatine
modifications and nuclear
lamina disturbances.

Telomere-associated foci (TAF),
γH2AX, 53BP1, loss of lamin
B1.

The accumulation of DNA
alterations triggers a DNA
damage cell response that
induces cell-cycle arrest and
promotes changes at the
transcriptional level defining the
senescent phenotype.

Van Deursen, 2014;
Hernández-Segura et al., 2018

Altered metabolism - Increased lysosomal cell
compartment.
- Senescence-associated
secretory
phenotype (SASP): cytokines,
chemokines, proteases, growth
factors, insoluble proteins
(ECM).
- Altered autophagy.

- Senescence-associated
β-galactosidase
activity (SA-p-gal).
- SASP mediators: p38MAPK,
mTOR, NFκβ,
CGAS/STING.
- SASP secreted factors: IL-6,
IL-1a, IL-1b,
IL-8, IL-11, CCL2, CCL5,
CXCL1, CXCL2, CXCL5,
TNF-α, TGF-β, MCP-1, PAI-1.
- Decreased autophagy
markers: Atg5, LC3I,
LC3II.

- Senescent cells overexpress
the lysosomal enzyme β-gal.
The high lysosomal content of
senescent cells may also
contribute to their potent SASP.
- SASP promotes inflammation
and oxidative stress, mediates
transcriptional changes in
adjacent cells with deleterious
effects on tissue function and
induces cell senescence via
paracrine manner.
- Senescence is associated
with decreased cellular
autophagy, for example, in
immune cells have been
reported an impaired
autophagy with aging.

Kurz et al., 2000; Coppé et al.,
2010; Zhang et al., 2017

aspartate transporter (GLAST, also known as SLC1A3) (Silva-
Vargas et al., 2013). These NSCs (also known as B1 cells)
are adjacent to the ependymal cell layer that lines the lateral
ventricles (LV). They exhibit a thin apical cytoplasmic process
that intercalates among ependymocytes ending in a primary
cilium immersed into the ventricle cerebrospinal fluid (CSF)
and a basal extension that moves away from the ventricle
to end up at the basal lamina of the capillaries that irrigate
the SEZ (Figure 2A; Silva-Vargas et al., 2013; Obernier and
Alvarez-Buylla, 2019). Adult subependymal NSCs are specified
during mid fetal development and most remain quiescent

until adulthood (Fuentealba et al., 2015; Furutachi et al.,
2015). When activated, NSCs divide symmetrically. While a
20% fraction of these divisions are self-renewing, most are
consuming and produce transit-amplifying neural progenitor
cells (NPCs, also known as C cells) which proliferate 3-4 times
before they commit to differentiate, mostly into neuroblasts
(Figure 2A; Ponti et al., 2013; Obernier and Alvarez-Buylla,
2019). Newly generated neuroblasts themselves can divide
once or twice and then move anteriorly forming the rostral
migratory stream toward the distant OB, where they terminally
differentiate into interneurons involved in odor discrimination
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FIGURE 1 | Schematic representation of the cellular senescence process and
its impact on tissues.

(Katsimpardi and Lledo, 2018). NPCs can also progress into
oligodendroblasts destined to the corpus callosum to a lesser
extent (Silva-Vargas et al., 2013).

Many subependymal NSCs were regarded as quiescent as
they could retain traceable nucleosides and survived anti-mitotic
treatments (Doetsch et al., 1999; Maslov et al., 2004; Mich et al.,
2014). However, nucleoside-based cumulative labeling indicated
that a fraction of these cells is fast-dividing, suggesting cycling
heterogeneity (Ponti et al., 2013). Labeling with antibodies
to different surface antigens and/or expression of a GFAP-
driven GFP reporter, together with binding of fluorescent
epidermal growth factor (EGF), indeed allowed the isolation
of subsets of EGFRlow/− quiescent (q) and EGFR+ activated
(a) subependymal NSCs by fluorescence-activated cell sorting
(FACS) (Pastrana et al., 2009; Beckervordersandforth et al.,
2010; Codega et al., 2014; Mich et al., 2014). In parallel, new
technologies of deep RNA sequencing at the single-cell level of
GLAST+ cells indicated the existence of an ordered progression
from a ‘dormant’ deeply quiescent state (q), through one that
is ‘primed’ (p) for activation, to an active (a) state (Llorens-
Bobadilla et al., 2015). This information has led to optimization
of the isolation procedure to obtain populations of aNSCs,
pNSCs and qNSCs from the SEZ for functional analysis and
to the realization that only aNSCs, with high levels of EGFR,
and pNSCs, with a quiescent molecular signature and very
low levels of EGFR, grow and generate neurospheres in vitro
(Belenguer et al., 2020).

Onset of neurogenesis in the SGZ takes place when quiescent
radial glia-like cells (RGL or type-1 cells) generate proliferative
intermediate progenitors (IPCs, also known as type-2 cells or
D cells). These cells are more differentiated and less frequently
dividing than NPCs in the SEZ, but ultimately generate
neuroblasts that migrate very short distances into the overlying

DG granule cell layer and mature into granule interneurons
(Figure 2B; Ruddy and Morshead, 2018). Hippocampal NSCs
also exhibit molecular heterogeneity with dynamic expression
profiles delineating a progression from quiescence to neuronal
maturation (Shin et al., 2015; Artegiani et al., 2017).

It is widely accepted that advancing age correlates with
a progressive reduction in the neurogenic output of both
SGZ and SEZ niches (Kuhn et al., 1996; Luo et al., 2006;
Ahlenius et al., 2009; Ben Abdallah et al., 2010; Lugert et al.,
2010; Encinas et al., 2011; Conover and Shook, 2011; Shook
et al., 2012). Traditional analyses had shown a decrease in the
number of proliferative cells with increasing age, suggesting
that the reduced level of neurogenesis in the elderly was
primarily due to reduced numbers of NSCs (Maslov et al.,
2004; Molofsky et al., 2006; Luo et al., 2006; Ahlenius et al.,
2009). Those remaining in the aged SEZ were described as
primarily quiescent as they appeared less likely to undergo
cell division than NSCs in the young adult brain. Cycling
NSCs, however, appeared more proliferative than their young
counterparts, showing increased rates of cell cycle re-entry and
transient expansion before lineage progression (Stoll et al., 2011),
suggesting potentially complex modifications of cycle dynamics
and gene expression (Daynac et al., 2016; Ziebell et al., 2018; Shi
et al., 2018).

Intrinsic mechanisms underlying the neurogenic decline are
still not fully understood. Reduced levels of specific growth
factors and their signaling receptors are found in the aged
SEZ (Tropepe et al., 1997; Enwere et al., 2004) whereas
the expression of p16INK 4a and p19ARF tumor suppressors
increases with age in dividing cells, reducing cell proliferation
(Molofsky et al., 2006; Bruggeman et al., 2005; Nishino et al.,
2008). In this line, primary culture of neurospheres from
a mouse model prone to accelerated senescence (SAMP8)
has revealed that p19 and p53 are prematurely up-regulated
and that both cooperate in cell cycle detention resulting in
precocious senescence in the cultures (Soriano-Cantón et al.,
2015). Some neurosphere cells exhibit telomere shortening
and increased p53 levels after a number of passages. Indeed,
telomerase activity decreases with age both in expression and
activity leading to a decrease in NSC proliferation and p53
activation (Ferrón et al., 2004, 2009). However, although an
increase in p21 following activation of p53 appears to be a
trigger of senescence in many cells (Herranz and Gil, 2018),
NSCs exhibit p53-independent high levels of p21 that are
essential for the maintenance of their stem properties (Marqués-
Torrejón et al., 2013; Porlan et al., 2013). Deficient asymmetric
segregation of damaged proteins during NSC division and
impaired proteostasis also correlate with NSC aging (Moore
et al., 2015; Leeman et al., 2018). Recent deep-sequencing
analyses of cardinal stem cell features over time has indicated
an increase in the proportion of NSCs with a quiescence-
related molecular signature in the elderly (Apostolopoulou
et al., 2017; Ziebell et al., 2018; Kalamakis et al., 2019).
Besides, Kalamakis and collegues have shown that this change
is accompanied by an increase in the resistance of old quiescent
NSCs to enter activation. Once the resistance to activation
is overcomed, young and old NSCs show similar levels of
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FIGURE 2 | NSCs in adult brain neurogenic niches. (A) Representation of the location and organization of the SEZ neurogenic niche. NSCs contact the ependymal
cell layer apically and the blood vessels through a basal process. Due to their specific position, NSCs receive signals from the choroid plexus (CP) through their
access to the CSF (domain I), from other cell components of the niche (domain II) and from the vasculature (domain III). The box below identifies the components of
the niche and provides an overview of the NSC lineage within the SEZ, from quiescent (q) to activated (a) NSCs to neural progenitor cells (NPCs) to neuroblasts.
(B) Illustration of the location and organization of the hippocampal neurogenic niche. In the SGZ, NSCs or RGLs contact blood vessels and give rise to intermediate
progenitor cells (IPCs) that progress into type 3 neuroblasts or intermediate granule cells (IGCs), to finally differentiate into granule cells (GC) that are located in the
granule cell layer (GLC) and the inner molecular layer (IML). Mature granule cells constitute the neuronal circuitry of the DG. The box below includes an overview of
the RGL lineage.

proliferation and differentiation potential (Kalamakis et al.,
2019). This correlates with observations of reactivation by
external stimulation, i.e., exercise (Lugert et al., 2010). The data
together suggests that NSCs are less likely to become activated
in the context of an aged environment. Therefore, studying
the extrinsic signaling involved in this phenomenon could be
key to understand the age-related decline in neurogenesis. In
this review we specifically consider those signals released by
vascular cells and/or those that can reach neurogeneic niches
through circulation.

THE NEUROGENIC VASCULAR
MICROENVIRONMENT AND ITS
TRANSFORMATION OVER TIME

Adult NSCs co-exist with multiple cellular components that
condition their state and behavior through diverse mechanisms,

including soluble factors and cell-cell interactions (Silva-Vargas
et al., 2013). A unique feature of the SEZ is its proximity to
the LV, which allows NSCs to receive signals from the CSF,
through receptors at the membrane of their primary cilium,
and from neighboring ependymal cells through cell adhesive
interactions (Lehtinen et al., 2013; Silva-Vargas et al., 2016;
Morante-Redolat and Porlan, 2019). In the distal or basal
domain, at a distance from the ventricle lumen, the close
contact with blood vessels enables NSCs to access both local
factors (derived from vascular cells) and distant (blood-borne)
molecules that permeate the SEZ parenchyma (Tavazoie et al.,
2008; Shen et al., 2008; Mirzadeh et al., 2008; Rafii et al.,
2016; Smith et al., 2018). Although NSCs in the SGZ are
deeper in the brain parenchyma without direct access to the
CSF compartment, they have a unique radial process that
extends through the granular layer and an intimate contact
with blood vessels beneath the DG (Palmer et al., 2000;
Vicidomini et al., 2020).
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Blood vessels that irrigate the central nervous system
have a specialized structure that is essential for homeostasis
maintenance: the blood-brain-barrier (BBB). Differently from
other organs, ECs are firmly sealed by tight junctions at
the luminal face, lack fenestrations, and exhibit very low
transcellular transport. This flat epithelium is enveloped by
mural cells with contractile properties, such as vascular smooth
muscle cells in large vessels and pericytes in capillaries, and
astrocytic end-feet that also participate in flux regulation
and vascular-to-neuronal communication (Obermeier et al.,
2013). A basement membrane rich in different extracellular
matrix (ECM) components ensheath all these cellular elements
(Morante-Redolat and Porlan, 2019). This unique multicellular
assembly constitutes an interface between the blood and the
neural parenchyma and tightly regulates the trespass of blood-
borne molecules and immune cells to the brain (Obermeier
et al., 2013). The vasculature of neurogenic niches has, however,
distinguishing features and a unique architecture. Unlike the
tortuous morphology of blood vessels in non-neurogenic regions,
an extensive planar vascular plexus runs parallel to the SEZ
and NSCs and NPCs localize adjacent to this vascular plexus
and directly contact blood vessels at specialized sites that
lack astrocytic end-feet and pericyte coverage (Figure 3A;
Shen et al., 2008; Tavazoie et al., 2008). Remarkably, the
specialized BBB makes this neurogenic region more permeable
to the trespass of systemic signals from the blood that,
therefore, will be accessible to NSCs (Tavazoie et al., 2008).
The DG vascular plexus also differs in its structure from
the rest of the hippocampus and the pattern appears to be
regulated by NPCs (Pombero et al., 2018). Activity of pre-
existing DG neurons increases blood flow and permeability to
growth factors that promote survival of newly born neurons
(Shen et al., 2019).

The vascular niche in germinal centers provides a very
rich source of regulatory signals that include locally secreted
and systemically delivered factors, as well as cell-cell and
cell-ECM interactions. Diffusible signals from ECs, known as
angiocrine factors, appear important for homing, self-renewal,
proliferation, and differentiation of NSCs and their progeny
(Figure 3A). Among these, pigmented epithelium-derived factor
(PEDF) was the first EC-derived soluble factor described to be
involved in NSC regulation in the SEZ, causing an increase in
self-renewal by enhancing Notch signaling (Ramírez-Castillejo
et al., 2006; Andreu-Agulló et al., 2009). Thereafter, β-cellulin
(Gómez-Gaviro et al., 2012), placental growth factor 2 (PIGF-
2) (Crouch et al., 2015), or the chemokine stromal-derived factor
SDF1 (Kokovay et al., 2010; Zhu et al., 2019) released by the
vascular endothelium have been described to promote NSC
proliferation. Contrary, other soluble factors, as for example
neurotrophin-3, appear involved in quiescence maintenance
(Delgado et al., 2014). NSC-vascular signaling mediated by cell
adhesion has been considerably less studied (Kazanis et al.,
2010; Morante-Redolat and Porlan, 2019). A pioneer study
determined that NSC binding to ECM components of blood
vessels through α6β1 integrins was essential for quiescence (Shen
et al., 2008). Since then, a few more studies have associated
quiescence with physical contact with vasculature, including

laminin-binding through integrins (Kazanis et al., 2010) or cell-
to-cell signaling involving Ephrin-Ephs and Notch-Notch ligands
(Ottone et al., 2014).

With aging, the neurogenic niches are remodeled both
structurally and functionally (Luo et al., 2006; Conover and
Shook, 2011). Aging drives LV stenosis and progressive loss
of ependymal cells, with a notable increase in the number
of astrocytes that are interposed into the ependymal layer
(Luo et al., 2008; Capilla-Gonzalez et al., 2014). Moreover,
the remaining ependymal cells display altered morphology and
protein expression and exhibit numerous lipid droplets, which
reflect an altered cellular metabolism that has been associated
with an increase in pro-inflammatory cytokine secretion
(Capilla-Gonzalez et al., 2014; Ogrodnik et al., 2019). Astrocytes
and microglia have been shown to suffer functional loss with
age and even manifest a senescent profile in vitro in response
to different stressors and in vivo (Conover and Shook, 2011;
Capilla-Gonzalez et al., 2014; Cohen and Torres, 2019; Ogrodnik
et al., 2021). Importantly, one of the most affected components
with aging is the vasculature. Different vascular elements
become dysfunctional during natural aging and alterations
include increased permeability, ECM remodeling, altered BBB
transport, endothelial and pericyte degeneration, and astrocyte
malfunctioning. Hence, barrier integrity appears compromised in
aged individuals, leading to abnormal trespassing of blood-borne
proteins and impairment of blood flow regulation (Obermeier
et al., 2013; Segarra et al., 2021). The described changes during
aging, not only alter signaling interactions between vascular
elements and NSCs, but also limit the supply of nutrients and
oxygen and expose the niche to pro-aging circulating factors
(Figure 3B; Silva-Vargas et al., 2013; Apple and Kokovay, 2017;
Smith et al., 2018).

ENDOTHELIAL CELL SENESCENCE AND
ITS ASSOCIATED EFFECTS

Different types of glial cells and neurons have been shown
to exhibit cell senescence traits in the aged rodent brain and
to contribute to cognitive and neurogenic impairment as well
as neurodegeneration (Jurk et al., 2012; Bussian et al., 2018;
Ogrodnik et al., 2019; Zhang et al., 2019; Ogrodnik et al., 2021).
However, functional studies of age-related EC senescence are
still missing. The senescence associated β-galactosidase (SA-
β-gal) histochemical reaction commonly used to discriminate
senescent cells, which have increased levels of this lysosomal
enzyme (Debacq-Chainiaux et al., 2009), usually correlates with
other senescence-related traits in cultured ECs (i.e., primary
human umbilical venous ECs, hUVECs) under pro-senescence
pharmacological conditions (Kurz et al., 2000; Romero et al.,
2019). However, a systematic description of whether SA-β-gal
staining can be used to reliably monitor and measure EC
senescence in vivo is still lacking, with very limited examples
reported (Minamino et al., 2002). Nonetheless, with increasing
age, ECs exhibit a number of phenotypic changes, including
enlarged size, reduced proliferation, increased secretory activity,
signs of DNA damage as well as higher levels of p21CIP1 and
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FIGURE 3 | Schematic representation depicting the impact of aging on the vascular niche.

p16INK 4a or p53 (Zhan et al., 2010; Bhayadia et al., 2016; Regina
et al., 2016; Jia et al., 2019; Grosse et al., 2020; Mühleder et al.,
2020). In humans, the age-related increase in ECs with these
characteristics correlates with vascular dysfunction (Table 1) (see
Katsuumi et al., 2018 for a review).

ECs in aged mice exhibit transcriptomes that differ
from those of young ECs (Leeman et al., 2018; Kalamakis
et al., 2019; Kiss et al., 2020). Changes in secreted soluble
factors by ECs can lead to altered signaling in the vascular
neurogenic niche (Apple and Kokovay, 2017). Many of the
upregulated genes are closely related to the molecular profile
of senescent cells and to biological programs of response
to cell damage, release of pro-inflammatory factors and
generation reactive oxygen species (ROS), among others
(Zhang et al., 2019; Kalamakis et al., 2019; Kiss et al., 2020).
In particular, bulk RNA-Seq analysis of subependymal
NSCs, microglia and ECs obtained from 2 and 19 month
old mice revealed that ECs exhibit the most dramatic
changes in transcripts related to inflammatory cytokines
that promote NSC quiescence in the elderly (Kalamakis et al.,
2019). Furthermore, senescent hUVECs secrete increased
numbers of small extracellular vesicles (Riquelme et al., 2020)
and EVs can induce paracrine senescence in healthy cells
(Fafián-Labora et al., 2020).

From a metabolic perspective, p53 activation following DNA
damage in senescent ECs affects glucose homeostasis and
reduces the activity of nitric oxide synthase (eNOS) (Yokoyama
et al., 2014), leading to a reduction in the expression of

proliferator-activated receptor-gamma coactivator-1a (PGC-1a),
with the subsequent impairment in mitochondrial biogenesis
(Yokoyama et al., 2014). Senescence-associated mitochondrial
impairment (Chapman et al., 2019) affects ECs considerably as
these cells heavily rely on mitochondria to maintain normal
function of ATP-dependent transporters for the regulation of
vascular exchange. Their energy shift toward a more glycolytic
profile is likely to sustain the high metabolic demands of the
SASP (Sabbatinelli et al., 2019). Furthermore, NO controls
vasodilatation and, therefore, the reduced amounts resulting
from the reduced expression and/or activity of eNOS (Van Der
Loo et al., 2000; Matsushita et al., 2001) could be causing a
hypoperfusion of brain cells, lowering the biodisponibility of
nutrients and oxygen at brain (Graves and Baker, 2020). In this
sense, aging also entails a decrease in the expression of GLUT1
in ECs, leading to a reduced transport of glucose across the
BBB that interferes with the metabolism of surrounding cells
(Lee et al., 2018).

Given the close proximity of NSCs to the blood vessels, the
metabolic rewiring associated to vascular senescence could have
important consequences for tissue renewal. Indeed, the metabolic
changes promoted by EC senescence could influence the
metabolic transition from glycolysis to oxidative phosphorylation
that occurs when qNSCs become activated (Llorens-Bobadilla
et al., 2015), acting as a contributing factor to the diminished
propensity of NSCs to activate as age advances. Furthermore,
EC senescence induces a systemic metabolic dysfunction through
actions in the white adipose tissue, increasing insulin resistance
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in the organism as part of the metabolic syndrome (Barinda
et al., 2020). Paracrine induction of a senescence-associated
phenotype is, therefore, accompanied by a reduced expression
of insulin receptor substrate (IRS) and insulin resistance. This
systemic effect could be detrimental for NSC maintenance, as the
insulin signaling pathway is key to NSC proliferation (Chirivella
et al., 2017). Moreover, high levels of circulating glucose, as
a consequence of metabolic syndrome, downregulate eNOS
activity, as well as the activity of telomerase (Hayashi et al., 2006),
leading to the spread of senescence.

Dysfunctional mitochondria produce high levels of reactive
oxygen species (ROS) which act as spreaders of senescence in
a paracrine way. ROS promote DNA damage (Srinivas et al.,
2019) and also act as scavengers for NO, generating peroxinitrite,
that inhibits mitochondrial superoxide dismutase (SOD2) thus
increasing O2

− (Van Der Loo et al., 2000). The excess of O2
−

can damage mitochondrial complexes generating a positive loop
for enhanced mitochondrial ROS generation (Maranzana et al.,
2013). In addition, SOD1 (cytosolic) or SOD2 deficiency has been
also associated with the senescent phenotype (Treiber et al., 2012;
Zhang et al., 2017), as well as the increased activity of NADPH
oxidase (NOX), specially NOX1, both factors contributing to the
high levels of ROS (Salazar, 2018). The increase in oxidative
stress that occurs in aging is also partially related to pericyte
alterations. These cells increase the expression of inducible NOS
(iNOS), leading to increased NO that may derive in increased
peroxynitrite when reacting with O2

− anions (Van Der Loo
et al., 2000). However, determining the exact role of ROS in
senescence, as inductors or byproducts, is difficult. Overall, EC
senescence displays an altered metabolism and promotes pro-
oxidant and pro-inflammatory stimuli which correlates with a
dysfunctional vascular profile (Regina et al., 2016; Katsuumi et al.,
2018). Therefore, it could contribute to the deterioration of the
neurogenic activity in the aged niches.

THE AGING SYSTEMIC MILIEU:
BLOOD-BORNE EFFECTS ON
NEUROGENESIS

The composition of plasma varies with age and the idea of blood-
borne factors as systemic inducers of age-associated features has
strongly emerged from observations in heterochronic parabionts.
In parabiosis, a young and an old mouse share their circulatory
system following a surgical joining of their belly skin that results
in a long-lasting anastomosis of capillaries (Villeda et al., 2011).
Because effects in parabionts could be related to a prolonged
sharing of blood circulation, the effects of a transient blood
exchange through a jugular venous catheter connection have also
been investigated (Rebo et al., 2016). These types of studies have
revealed that, similarly to SCs in other organs, old blood reduces
neurogenesis in young mice while young blood rejuvenates
the neurogenic potential of elderly mice (Villeda et al., 2011;
Katsimpardi et al., 2014; Smith et al., 2015; Rebo et al., 2016;
Smith et al., 2018; Yousef et al., 2019). Intringuely, short-term
exposure of old mice to young blood does not recapitulate
the brain rejuvenating effects of the heterochronic parabiosis,

suggesting that old blood has a very potent anti-neurogenic
function (Rebo et al., 2016). Studies using either heterochronic
parabiosis or transient blood exchange have identified specific
blood-borne factors that increase with age and can negatively
influence adult neurogenesis. Reported pro-aging factors that
impair adult neurogenesis include β2-microglobulin (B2M),
transforming growth factor beta 1 (TGFβ1), chemokine (C-C
motif) ligand 11 and 2 (CCL11 and CCL2), interleukin 6 (IL-
6), and tumor necrosis factor α (TNF-α) (Villeda et al., 2011;
Smith et al., 2015; Rebo et al., 2016; Smith et al., 2018). In
contrast, certain factors detected in young blood are notably
reduced in circulation during aging. Some of the reported pro-
youthful factors with neurogenesis enhancing effects are growth
differentiation factor 11 (GDF11) and the hormone oxytocin
(Leuner et al., 2012; Katsimpardi et al., 2014). Other hormones
appear to improve neuroblast survival (Kase et al., 2020) and
young blood restores levels of IGF-I, growth hormone, Wnt3,
TGF -β and GDF11 in old mice (Schultz and Sinclair, 2016).

Considering the protein nature of some of these factors and
the existence of the BBB, it is surprising that they can have
an impact on the neurogenic niches. Direct actions on NSCs
and/or surrounding niche cells (i.e., microglia, astrocytes, or
pericytes) couls indicate unforeseen BBB trespassing (Erickson
et al., 2014). However, the potential mechanisms involved
in these effects remain largely unexplored, waiting for the
characterization of receptors and signaling mechanisms involved.
Indirect mechanisms have also been considered, as vascular
function and blood flow can affect neurogenesis. For example,
blood vessel angiograms and volumetric analyses in the SEZ
have revealed the benefits of young blood for the restoration
of vascular architecture in aged mice. GDF11 pro-youth
effects in SEZ-dependent neurogenesis are accompanied by
vessel remodeling, blood flow improvement, and enhanced
angiogenesis (Katsimpardi et al., 2014). More research will
be needed to characterize the mechanistic underpinnings
of these effects.

The chemoquine CCL11/Eotaxin-1 was the first reported pro-
aging plasma factor with detrimental effects on DG neurogenesis.
CCL11 levels in blood increase significantly with aging and both
systemic and intracerebral administration of CCL11 to young
mice result in decreased hippocampal neurogenesis, an effect that
can be rescued with neutralizing anti-CCL11 antibodies (Villeda
et al., 2011). Reduced neurogenesis is also observed when B2M is
systemically injected in young mice whereas aged B2M-deficient
mice exhibit increased learning and memory skills relative to
controls, as well as a notably increased neurogenic activity (Smith
et al., 2015). However, it is still unknown if B2M crosses the BBB,
and recent studies suggest that B2M increases only in certain
tissues, likely in response to other pro-aging stimuli (Yousef et al.,
2015). Although the specific mechanism by which B2M mediates
neurogenesis dysfunction is not yet clear, the inflammation-
related increase in B2M suggests that a process of cell senescence
could mediate its expression in the DG (Smith et al., 2015).
Furthermore, several studies have identified B2M as a marker
of senescence and even some nanodevices have been reported to
detect senescent cells based on the recognition of B2M (Althubiti
et al., 2014; Paez-Ribes et al., 2019).
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TGF-β1 is a pleiotropic cytokine which is up-regulated with
age both in the blood and in the hippocampus. Apart from
its multi-faced role in the immune response, it is also one of
the SASP cytokines and can induce cell senescence (Rea et al.,
2018). Its depletion enhances DG neurogenesis in aged mice
(Yousef et al., 2015). Furthermore, as it mediates inflammation,
its attenuation leads to reduced B2M levels (Yousef et al., 2015;
Rebo et al., 2016), revealing a possible link between both pro-
aging factors. The age-related burden of senescent cells in concert
with the growing levels of TGF-β1 promotes inflammation and
oxidative stress that have been related to serious pathological
effects within the brain (Tominaga and Suzuki, 2019), including
vascular disturbances and the disruption of the BBB (Rebo
et al., 2016; Rea et al., 2018). The SASP component CCL2, has
also been proposed as a potential negative regulator of adult
neurogenesis (Lee et al., 2013). IL-6 and TNF-α, also identified
as components of the SASP are associated with premature
vascular senescence, disruption of endothelial tight junctions,
and vascular hypertrophy and dysfunction (Schrader et al.,
2007; Kojima et al., 2013; Khan et al., 2017; Didion, 2017;
Jia et al., 2019; Basisty et al., 2020). During aging there is an
increase in the blood circulation of IL-6 and TNF-α, which
also corresponds to a higher expression of these factors in the
choroid plexus (CP) (Smith et al., 2018). Likewise, heterochronic
reconstitution experiments have also recently indicated that old
hematopoietic cells reduce hippocampal neurogenesis through
increased levels of cyclophilin A, a SASP factor (Smith et al.,
2020). Together, these changes may account for the accumulation
of pro-aging SASP factors in the old blood, which are also likely
to promote senescence induction at the vascular level, ultimately
contributing to the deterioration of adult neurogenesis.

The CSF constitutes an important nexus of signaling between
the blood stream and the SEZ (Lehtinen et al., 2013). This
enriched fluid is mainly produced by the CP, which consist of
a highly vascularized structure floating in the brain ventricles
(Lehtinen et al., 2013) making it likely sensitive to changes in
soluble factors present in the blood. Indeed, the CP acquires
an inflammatory transcriptional profile over time (Silva-Vargas
et al., 2016) and elevated levels of different cytokines, such as IL-6
and CCL11, have been reported in the CSF when young animals
are exposed to an old bloodstream (Smith et al., 2018). Therefore,
changes in the blood vessels during aging may ultimately be
responsible for altering the secretory activity of the CP and the
composition of the CSF, which disrupts its normal function,
affecting NSC behavior in the SEZ.

Studies that establish a direct relation between old-blood
effects and cell senescence are scarce. However, some recent
investigations using heterochronic parabiosis have analyzed
the effects of the young blood on aged kidneys and visceral
adipose tissue (VAT), in which cell senescence, accompanied by
decreased autophagy and elevated inflammation levels, becomes
prominent with increasing age. The results demonstrated that
a young blood environment significantly reduces kidney and
VAT cell senescence, reduces pro-inflammatory cytokines and
SASP precursors, lowers the levels of p16INK 4a and p21CIP1

and restores some indicators of autophagy (Huang et al., 2018;
Ghosh et al., 2019). These studies suggest that circulating

factors in the young plasma disrupt senescence phenotypes and
reverse the inflammatory status in tissues. Therefore, preventing
age-related accumulation of these factors could potentially boost
neurogenesis in the aging brain.

BRAIN REJUVENATION: SCIENCE OR
SCIENCE FICTION?

Although the underlying mechanisms involved in the loss of
NSC neurogenic potential with age have not yet been clarified,
cell senescence arises as an important driver of age-related
alterations and chronic inflammation in brain (Apple and
Kokovay, 2017). Aging drives the accumulation of senescent
cells at the systemic level affecting multiple tissues and leading
to pathological consequences in both tissue function and
architecture (Van Deursen, 2014; Yousefzadeh et al., 2020).
A weakened immune phagocytic response and anti-apoptotic
pathways (SCAP) selectively activated by senescent cells are
also likely to significantly contribute to the increasing burden
of senescent cells with age (Zhu et al., 2015; Ovadya et al.,
2018). Senescence in the aged brain affects different niche
components, especially vasculature. Therefore, cell senescence
has been introduced herein as a potential candidate for triggering
the deleterious effects of aging observed in the neurogenic niches.
In this regard, vascular cell senolysis could represent a promising
target to rejuvenate neurogenic regions and to promote brain
health, either alone or combined with interventions that target
metabolism, such as caloric restriction or type 2 diabetes-treating
drug metformin (Cutler and Kokovay, 2020; Zhu et al., 2020).

The most promising senolytic drugs mediate the selective
elimination of these cells through the inhibition of their pro-
survival mechanisms (Zhu et al., 2016). Because the SCAP
network can vary in different senescent cells, senolytic drugs that
target a specific SCAP only remove a subset of cells (Zhu et al.,
2016; Hickson et al., 2019). For example, Navitoclax (ABT-263)
inhibits the anti-apoptotic proteins BCL-2, BCL-W and BCL-
X1, upregulated in senescent cells, and induces apoptosis on
hUVECs and fibroblasts of the IMR90 cell line in vitro (Zhu
et al., 2016; Yosef et al., 2016). In addition, its oral administration
in elderly mice has been shown to promote the elimination
of senescent SCs in the bone marrow and muscle leading to
the rejuvenation of these tissues (Chang et al., 2016). One of
the most widely used strategies to clear senescent cells has
been the combination of two senolytic drugs, dasatinib (D) and
quercetin (Q). D inhibits tyrosine kinases related to antiapoptotic
pathways. Instead, Q is a flavonoid that targets BCL-2 family
members, HIF-1α and specific nodes in PI3-kinase and p21
that are involved in SCAPs and leads to the removal especially
of senescent ECs (Zhu et al., 2016; Hickson et al., 2019). The
mixed use of D + Q orally decreases senescent cell incidence
in vivo with beneficial effects on mouse tissue renewal and health
span (Xu et al., 2018; Ogrodnik et al., 2019; Ogrodnik et al.,
2021). Furthermore, clinical trials are being performed using
D + Q to effectively eliminate senescent cells in humans with
different pathologies (e.g., Hickson et al., 2019). Interestingly,
these drugs are able to cross the BBB and have been described to
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eliminate senescent periventricular cells in the SEZ of obese mice,
improving neurogenesis (Ogrodnik et al., 2019). Importantly,
D + Q exerts beneficial effects at the vascular level in elderly
mice, improving carotid artery relaxation, which leads to an
enhancement of the vasomotor function due to the re-activation
of the signaling pathways involved in hemodynamic responses
(Roos et al., 2016). This promising result suggests that senolysis
may lead to the reversal of age-related vessel remodeling with
consequences on adult neurogenesis. This could be essential
for the development of new therapies aimed at recovering
the neurogenic function of NSCs and extending brain health
longevity. Therefore, although there is still a lot to be done in the
field, rejuvenating brain tissue through neuronal regeneration,
is increasingly far from science fiction. However, further studies
should be done to transform it to a scientific reality.

CONCLUSION AND FUTURE
PERSPECTIVES

Aging is a negative regulator of adult neurogenesis. The
proportion of deeply quiescent NSCs increases with age and the
capacity of self-renewal and regeneration is reduced, resulting
in a loss of the neurogenic function in the aged neurogenic
niches (Conover and Shook, 2011; Kalamakis et al., 2019).
NSC activity is tightly regulated by multiple intrinsic and
extrinsic signals especially from blood vessels. Senescent cells
progressively accumulate in tissues with increasing age and,
through the SASP, contribute to chronic inflammation and
lead to profound tissue deterioration. In this sense, vascular
cells acquire a senescent phenotype with age at the brain
level, which have been reported to actively contribute to
neuroinflammation (Kalamakis et al., 2019; Kiss et al., 2020).
Regarding the neurogenic niches, this could account for the
age-related loss of neurogenesis, since senescence impairs
the role of ECs. Importantly, the studies reviewed herein
add to the link between senescence and aging, but also
support our view of endothelial senescence as a potential anti-
neurogenic target.

Endothelial cells senescence also contributes to the disruption
of the BBB integrity (Yamazaki et al., 2016; Jia et al., 2019). The
age-related alteration of the BBB leads to an abnormal exposure
of the NSCs to blood circulating factors that may mediate anti-
neurogenic effects and parabiosis studies highlight the role of
the systemic milieu in neurogenesis modulation (Smith et al.,
2018). Heterochronic parabiosis studies have demonstrated that
young blood reduces the inflammatory profile of tissues in older
mice leading to the reduction of senescent markers (Ghosh et al.,
2019; Huang et al., 2018) and highlight the significance of the
deterioration of blood vessels and/or milieu to the age-related
neurogenesis decline (Smith et al., 2018).

In addition, it is likely that blood-derived factors may trigger
pro-aging effects in the blood vessels themselves, which in
turn also affects neurogenesis. Nevertheless, the mechanisms
by which extrinsic factors, either from the vascular niche or
the systemic environment, disrupt NSC activity during aging
still needs to be completely defined (Villeda et al., 2011; Smith

et al., 2015; Rebo et al., 2016). Indeed, whether aged blood
and the factors contained therein are able to induce senescence
in young mice remains yet to be established. In this sense,
the identification of endogenous factors that can promote the
spread of senescence could be interesting targets to delay the
age-related accumulation of senescent cells and their adverse
consequences. For instance, the chemokine CCL11 has been
described to increase in blood plasma and in the CSF with age,
and has been shown to impair adult neurogenesis within the
SGZ (Villeda et al., 2011). It is possible that certain senescent
cells secrete CCL11 (locally or/and systemically), or perhaps
some SASP factors stimulate the expression of this chemokine
with age in blood.

Regarding the design of therapies aimed at restoring
neurogenesis, the inhibition of pro-aging or senescence-
associated factors can be a strategy to consider. However, it
could be more efficient to target the senescent cells themselves
in order to have more promising and lasting results. Although,
this line of research has yet to be fully attained, this approach
could be useful to stablish a relationship between old blood
components and senescence in a vascular context, as well as to
stablish a therapeutic pathway of action. In the recent years,
senolysis has emerged as a potentially promising intervention
for tissue rejuvenation. The removal of senescent cells helps
to reduce inflammation and promotes tissue renewal (Xu
et al., 2018; Ogrodnik et al., 2019). Therefore, the proper
detection and elimination of senescent cells become reasonable
targets for establishing a therapeutic approach to prevent brain
decline. However, the specific effects of senolytic drugs on
the deteriorated neurogenic function of elderly mice deserve
more investigation. Furthermore, the long-term use of these
drugs may be limited by their off-target and adverse side
effects (Ghosh et al., 2019; Ogrodnik et al., 2019). Indeed,
recent analyses in a mouse line genetically modified to
selectively expressed the diphtheria toxin receptor in p16-
expressing senescent cells found that senescent ECs in the
liver selectively ablated upon treatment with diphtheria toxin
were not replaced by new ones, creating important endothelial
disruptions (Grosse et al., 2020). Therefore, many more studies
are needed to understand potentially distinct responses of ECs in
different organs.

In this sense, it may also be interesting to look for therapies
that not only remove senescent cells, but also promote tissue
regeneration. In line with this idea, combined therapies including
senolytic treatment and the administration of pro-youthful
factors, could represent a promising strategy. For instance, the
GDF11 factor stimulates SEZ vascular rejuvenation, which may
contribute to the restoration of the proper extrinsic regulation
that ECs exert on NSC behavior, and to improve neurogenesis
(Katsimpardi et al., 2014). Accordingly, this review proposes
endothelial senescence as a driver of the decreased neurogenic
potential observed with age, and as a target for the design
of therapies aimed at restoring adult neurogenesis. Ultimately,
the objective is to repair damaged neural circuits and reduce
the impact of age-associated neurodegenerative disorders, or at
least delay their development, by rejuvenating brain tissue and
extending brain health.
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Intermediate progenitors of both excitatory and inhibitory neurons, which can replenish
neurons in the adult brain, were recently identified. However, the generation of
intermediate progenitors of GABAergic inhibitory neurons (IPGNs) has not been studied
in detail. Here, we characterized the spatiotemporal distribution of IPGNs in mouse
cerebral cortex. IPGNs generated neurons during both embryonic and postnatal stages,
but the embryonic IPGNs were more proliferative. Our lineage tracing analyses showed
that the embryonically proliferating IPGNs tended to localize to the superficial layers
rather than the deep cortical layers at 3 weeks after birth. We also found that embryonic
IPGNs derived from the medial and caudal ganglionic eminence (CGE) but more than
half of the embryonic IPGNs were derived from the CGE and broadly distributed in
the cerebral cortex. Taken together, our data indicate that the broadly located IPGNs
during embryonic and postnatal stages exhibit a different proliferative property and
layer distribution.

Keywords: GABAergic neuron progenitors, lineage, cortical development, fate analysis, laminar distribution

INTRODUCTION

Brain function relies on the concordance between excitatory and inhibitory neuron activities,
and excitatory–inhibitory imbalances are associated with many psychiatric disorders (Bozzi et al.,
2012; Marín, 2012; Lim et al., 2018; Sohal and Rubenstein, 2019). Excitatory and inhibitory
neurons are generated in different brain regions. In the developing cerebral cortex, glutamatergic
excitatory neurons originate from the dorsal ventricular zone (VZ) of the cerebral cortex, whereas
GABAergic inhibitory neurons (IPGNs) arise from the medial ganglionic eminence (MGE), caudal
ganglionic eminence (CGE), or preoptic area (POA) and migrate tangentially to the cerebral cortex
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(Anderson et al., 1997, Anderson et al., 2001; Tamamaki et al.,
1997, 2001; Lavdas et al., 1999; Wichterle et al., 1999;
Miyata et al., 2001; Noctor et al., 2001; Nery et al., 2002).
GABAergic neuron progenitors change from tangential to
radial migration after they enter the pallium and move to
their final location (Tanaka et al., 2006, 2009; Miyoshi and
Fishell, 2011; Bartolini et al., 2013). A majority of cortical
GABAergic neuron progenitors in the MGE and POA express
Nkx2-1 (Xu et al., 2004; Butt et al., 2005; Wonders and
Anderson, 2006; Lim et al., 2018). Fate mapping analyses
have shown that the MGE- and POA-derived progenitors are
distributed to broad areas of the forebrain (Harwell et al.,
2015; García et al., 2016; Mayer et al., 2016; Sultan et al.,
2016). Meanwhile, approximately 30% of all cortical GABAergic
neuron progenitors are derived from the CGE, and they are
preferentially distributed to the superficial layers (Miyoshi et al.,
2010; Miyoshi and Fishell, 2011).

Neural progenitors (also referred to as apical progenitors or
radial glia) are located along the ventricles, and apical progenitors
of the excitatory neurons produce intermediate progenitors,
which divide at the subventricular zone (SVZ) of the dorsal
telencephalon to generate two neurons (Noctor et al., 2004;
Wu et al., 2005; Pilz et al., 2013). Recently, it was reported
that apical progenitors of the inhibitory neurons also produce
intermediate progenitors (Wu et al., 2011; Hansen et al., 2013;
Petros et al., 2015). Lineage tracing studies have revealed that
the Nkx2-1-lineage progenitor cells undergo symmetric and
asymmetric division in the SVZ of the MGE (Brown et al.,
2011; Ciceri et al., 2013; Sultan et al., 2014). However, the
intermediate progenitors of IPGNs have not yet been well
characterized. In primates, including humans, many IPGNs are
observed at the cortical SVZ as well as the SVZ of the ganglionic
eminence at embryonic stages (Letinic et al., 2002; Zecevic
et al., 2005, 2011; Petanjek et al., 2009; Jakovcevski et al., 2011;
Yu and Zecevic, 2011), suggesting broad expansion of IPGNs
in primates. These IPGNs in the cortical SVZ derive mainly
from the outer SVZ of the ganglionic eminence (Hansen et al.,
2013; Ma et al., 2013). The CGE, in particular, contributes to
a large number of the cortical GABAergic neurons in humans
(Hansen et al., 2013).

By contrast, we and others have observed a small number
of IPGNs in the cortical-SVZ in embryonic and postnatal
mouse brains (Inta et al., 2008; Wu et al., 2011). These
IPGNs express neuronal and proliferative markers at the
perinatal stage in glutamic acid decarboxylase 67 (GAD67)-GFP
knock-in mice, which are widely used to visualize GABAergic
neurons and IPGNs. Our previous study revealed that ∼1.5%
of the perinatal cortical GAD67-GFP-positive cells self-renew
and produce a small number of cortical GABAergic neurons
(Wu et al., 2011). Furthermore, a small number of cortical
GABAergic neurons are generated in the cortical-SVZ (Inta
et al., 2008) and early postnatal dorsal white matter (Riccio
et al., 2012). Thus, unlike the intermediate progenitors of
the excitatory neurons, IPGNs are widely dispersed from the
subpallium to the cerebral cortex. However, the distribution
patterns of IPGNs and their fates in adult cerebral cortex are
poorly understood.

In this study, we performed systematic analyses of
spatiotemporal distribution patterns of IPGNs in mice.
Our lineage tracing analyses indicated that the laminar
distributions of the embryonic and postnatal IPGNs differ.
Late embryonic IPGNs tended to differentiate into reelin-
positive (Reln+) or vasoactive intestinal peptide positive (Vip+)
GABAergic interneurons but were also able to differentiate
into parvalbumin-positive (Pvalb+) or somatostatin-positive
(Sst+) neurons, suggesting that the IPGNs observed at the
late embryonic stage are mainly derived from the CGE,
rather than the MGE. Consistently, IPGNs were found
primarily in the CGE-SVZ but also the MGE-SVZ and, to
lesser extent, in the mantle zone of the ganglionic eminence
and cortical-SVZ/intermediate zone (IZ) at embryonic
stages. These findings indicate that IPGNs exhibit a unique
spatiotemporal distribution and significantly contribute
to several subtypes of GABAergic interneurons in adult
cerebral cortex.

MATERIALS AND METHODS

Production of GAD67-CrePR Knock-in
Mouse
Progesterone inducible Cre recombinase (CrePR) was generated
to fuse CrePR and progesterone receptor ligand binding
motif genes (Kellendonk et al., 1996; Kitayama et al., 2001).
To produce GAD67-knock-in CrePR mice, we designed a
targeting vector in which a CrePR recombinase gene was
inserted into the translational initiation site of the GAD67
gene in frame (Supplementary Figure 1). A knock-in vector
pGAD67CrePRTV contained a 3 kb fragment at the 5′ side,
a CrePR gene placed behind the GAD67 translational start,
a Pgk-neo-p(A) cassette flanked by two Flp recognition target
(frt) sites, a 7 kb fragment at the 3′ side, and an MC1
promoter-driven diphtheria toxin gene. Culture of embryonic
stem (ES) cells and generation of chimeric mice were performed
as described previously (Kitayama et al., 2001; Higo et al.,
2009). Briefly, a linearized pGAD67CrePRTV was introduced
into C57BL/6 mouse ES cells (RENKA) and then, G418-
resistant clones were picked up. Homologous recombined
ES clone was identified by Southern blotting. To produce
germline chimera, the selected ES cells were microinjected
into eight cell-stage embryos of the CD-1 mouse strain.
The germline chimeras of GAD67-CrePR mice were crossed
with C57BL/6 mice to generate the GAD67-CrePR mouse
line. Because the knock-out of both GAD67 alleles is lethal
at birth (Asada et al., 1997), mice heterozygous for the
altered GAD67 allele were used for all the observations
in this study. Genotypes were identified by Southern blot
hybridization or PCR. Tail genomic DNA was digested
with Spe-I or Afl-II and hybridized with a 5′ probe or
a 3′ probe, respectively. PCR was performed with specific
3′. The sequence of each primer and the approximate
length of the amplified DNA fragments are described as
follows: Gad1CrePR, g67-2 (5′-TTCCGGAGGTACCACACCTT-
3′), g67-5 (5′-TAAGTCGACGCTAGCGAGCGCCTCCCCA-3′),
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and CreR1 (5′-TTGCCCCTGTTTCACTATCC-3′); wild type,
1.8 kbp; mutant: 1.4 kbp.

Animals
Mice were housed and treated in strict accordance with the
rules for animal care and use for research and education of
Kumamoto University. They were kept in cages and exposed
to a 12 h light/dark cycle with food and water provided
ad libitum. GAD67-CrePR mice express a mifepristone-inducible
CrePR under the control of the GAD67 gene. To label
GAD67+ cells, 0.05 mg/g body weight of mifepristone (Sigma-
Aldrich, St. Louis, MO, United States) was administered to
pregnant GAD67-CrePR mice, or 0.05 mg/g body weight
mifepristone was administered to postnatal day 0 pups by
intraperitoneal (i.p.) injection. Mifepristone was dissolved in
100% ethanol to 50 mg/mL and then diluted in corn oil (Wako,
Japan) to 5 mg/mL. To prevent abortions in the pregnant
mice, progesterone dissolved in corn oil (20 mg/mL, stored
at 4◦C; Sigma-Aldrich, St. Louis, MO, United States) was
administered at 0.15 mg/g body weight once a day between
E12 and E18 (Rose et al., 2009). To detect Cre-mediated
recombination in GAD67-CrePR knock-in mice, mice that
express TdTomato reporter upon Cre-mediated recombination
were used (Jackson stock no. 007909 with an ICR background)
(Madisen et al., 2010). GAD67-CrePR knock-in male mice
were mated with R26-TdTomato (Ai9) reporter female mice
or ICR mice (Oriental Yeast, Japan). As a previous study
showed that CreER-mediated reporter recombination is initiated
6 h after tamoxifen administration, intermediate progenitors
of IPGNs and GABAergic neurons are sufficiently labeled with
TdTomato 24 h after the injection (Zervas et al., 2004). RFP
antibody were utilized for enhanced visualization of TdTomato
expression. Newborn pups were allowed to develop up to
3 weeks. Pregnant mice and juvenile mice (3 weeks) were
anesthetized as described below and perfused with a fixative for
immunohistochemistry.

Fixation
The mice were anesthetized with sodium pentobarbital (50 mg/kg
body weight, i.p.) and perfused transcardially with 10 mL PBS
[0.9% (w/v) saline buffered with 5 mM sodium phosphate, pH
7.4], followed by 50 mL PBS containing 4% (w/v) formaldehyde.
The brains were removed, postfixed with the same fixative
for 12 h, and then cryoprotected in 25% sucrose in PBS
overnight. The brains were sliced into 50 µm-thick coronal
sections on a cryostat.

Immunohistochemistry
Immunohistochemistry was performed on the brains of male
and/or female mice. Immunohistochemistry was performed as
described previously (Tamamaki et al., 2003; Miyamoto and
Fukuda, 2015). Briefly, brain sections were rinsed in PBS
several times and incubated overnight at room temperature
with primary antibody diluted in incubation buffer (0.3% Triton
X-100, 5% donkey serum, and 0.01% sodium azide in PBS).
The primary antibodies used in this experiment are listed in

Table 1. Secondary antibodies were goat anti-rabbit or anti-
rat IgG conjugated with Alexa Fluor 488 and donkey anti-
rabbit IgG conjugated with Alexa Fluor 594 (1:500; Molecular
Probes, Eugene, OR, United States), or goat anti-mouse IgM
conjugated with Alexa Fluor 594 (1:500; Chemicon, Temecula,
CA, United States). The sections were mounted onto MAS-coated
glass slides after staining.

EdU Labeling
To detect proliferative IPGNs, EdU, an analog of the nucleoside
thymidine that incorporates into replicating DNA was injected
to the GAD67-CrePR;Ai9 mice 24 h after the mifepristone
administration. This inducible genetic fate mapping method
enables labeling of postnatally proliferative GAD67+ IPGNs and
tracing of their lineage in the mature brain. Direct labeling of
EdU was performed after incubations with primary antibody.
Tissue sections were incubated with 1% bovine serum albumin
in PBS for 1 h and then with a freshly prepared cocktail
containing 50 mM Tris (pH 7.4), 150 mM NaCl2, 2 mM
CuSO4, 10 µM Alexa Fluor 647-azide (from 1 mM stock in
dimethyl sulfoxide, A10277; Thermo Fisher, Waltham, MA,
United States), and 10 mM sodium ascorbate (added last from
0.1 M stock) in the dark for 2 h. Sections were washed in
PBS three times (protocol modified from that described by
Hua and Kearsey (2011)]. Then, sections were incubated with
secondary antibodies.

Quantifications and Statistical Analysis
EdU-labeled and immunoreactive cells were counted under a
confocal microscope (Nikon C2) individually by capturing three-
dimensional images at a 1–2 µm thickness. Total thickness of
three-dimensional images in the depth direction were more than
15 µm. More than 8 hemisphere of cortical slices and more
than 50 cells were analyzed from a brain in each experiment,
respectively. Data are presented as means ± standard errors
(SEs). Statistical significance was determined by two-sided
unpaired Student’s t-tests, with a P-value of <0.05 considered
statistically significant.

TABLE 1 | Primary antibodies used in this study.

Antibody Dilution Source or reference Animal

Anti-BrdU 1:200 Abcam Rat

Anti-GABA 1:5,000 Sigma Rabbit

Anti-GFP 1:500 Nacalai Tesque Rat

Anti-Ki67 1:500 Epitomics Rabbit

Anti-NeuN 1:1,000 Chemicon Mouse

Anti-nestin 1:200 BD Bioscience Mouse

Anti-parvalbumin 1:2,000 Sigma Mouse

Anti-PCNA 1:50 Novocastra Mouse

Anti-pHH3 1:200 Millipore Rabbit

Anti-somatostatin 1:200 Millipore Rabbit

Anti-Tuj1 1:500 Covance Mouse

Anti-RFP 1:500 Tomioka et al., 2015 Rabbit

Anti-Vip 1:500 ImmunoStar Rabbit
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RESULTS

A Small Proportion of GAD67+

Intermediate Progenitors of GABAergic
Inhibitory Neurons (IPGNs) Proliferate in
Perinatal Cerebral Cortex
We previously reported the presence of a small number of
IPGNs in the SVZ and even in the IZ of the cerebral cortices
of GAD67-GFP knock-in mice at the perinatal stage (Wu
et al., 2011). However, the number of postnatally generated
IPGNs in the cortical-SVZ (or cortical-IZ) in rodents is
much lower than that in primates, and it is not known
whether IPGNs survive and mature in adult rodent cortex.
To assess the distribution of cortical GABAergic neurons
generated postnatally from IPGNs, we utilized GAD67-CrePR
mice, which expressed CrePR, a mifepristone-inducible Cre,
in GABAergic neurons and IPGNs (Figure 1A). To detect
the initial population of postnatally proliferating IPGNs in the
cortex, we performed immunohistochemistry using GAD67-
CrePR;Rosa26-floxed-TdTomato (Ai9 line) mice at postnatal day
1 (P1) that had been administered mifepristone at P0 and EdU
30 min before fixation (Figure 1B). GAD67+ TdTomato+ cells
were broadly distributed throughout the brain, including the
cerebral cortex. Although EdU+ cells were mainly located in the
neurogenic niches, they could be found throughout the brain,
including the superficial layers of the cortex (Figures 1C–E).

A very small number of GAD67+ TdTomato+ cells colabeled
with EdU, and these double-positive cells were observed in the
cortical SVZ/IZ and cortical marginal zone (Figure 1E). At P1,
0.4 ± 0.4% (3/615 cells from three brains) of the GAD67+
TdTomato+ cells were EdU+, consistent with our previous
analyses showing GAD67+ perinatal IPGNs in the cortex (Wu
et al., 2011). Therefore, we defined GAD67+ TdTomato+
EdU+ double-positive cells as IPGNs. Thus, approximately
<0.5% of labeled cells were postnatally proliferative IPGNs in
mouse cortex at P1.

A Small Proportion of GAD67+

Intermediate Progenitors of GABAergic
Inhibitory Neurons (IPGNs) Proliferate
and Survive in Cerebral Cortex During
Perinatal Development
To compare the fates of proliferative GABAergic neuron
progenitors between late embryonic stage and the perinatal
stage, we performed a fate mapping analysis. To detect
the proliferative GABAergic neuron progenitors during late
embryonic stages, EdU was injected into GAD67-CrePR;Ai9
mice from E14.5 to E18.5 (late embryonic stage) or from
P1 to P5 (perinatal stage) with mifepristone administered
at P0 to label embryonically or postnatally proliferative
IPGNs, respectively (Figure 2A). At 3 weeks after birth,
TdTomato+ cells were broadly distributed throughout the brain,
including the cerebral cortex (Figures 2B,C), hippocampus,
striatum, thalamus, hypothalamus, midbrain, and cerebellar
cortex (Supplementary Figure 2). TdTomato+ cells were

observed in each cortical layer but tended to distribute in the
superficial layers (i.e., layers I and II/III) (Figures 2B–D).

To further characterize these EdU+ and TdTomato+ double-
positive GAD67-lineage cells in each layer, we performed
immunohistochemical analyses with EdU. When labeled from P1
to P5, EdU+ cells were broadly distributed throughout the cortex.
By contrast, when labeled at the late embryonic stages (from
E14.5 to E18.5), EdU+ cells tended to populate the superficial
layers (i.e., layers I and II/III) (Figure 2C). Approximately 51%
[51.2 ± 2.8% (total 336/657 cells from three brains)] of the
TdTomato+ GAD67-lineage cells (labeled at P0) were colabeled
with EdU that was injected from E14.5 to E18.5 (Figures 2F–
H). By contrast, approximately 1.5% [1.5 ± 1.2% (13/1,046
cells from six brains)] of the TdTomato+ GAD67-lineage cells
(labeled at P0) were colabeled with EdU that was injected at
P1–P5 (Figures 2F–H and Table 2). These results demonstrate
that a very small number of postnatal proliferative IPGNs were
represented in perinatal cortex by our fate mapping study. Thus,
the proliferative rates of the GABAergic neuron progenitors
during late embryonic stage were nearly 34-fold higher than
that of the postnatally proliferative IPGNs (labeled at P1–
P5), indicating that significantly more GABAergic neurons are
produced during embryonic stages. Moreover, these GAD67+
embryonic proliferating cells (EdU labeled at E14.5–E18.5) were
more abundant in the superficial cortical layers (i.e., layers II/III)
than in the deep layers (Figures 2F,G and Table 2). These results
delineate the fate of later-born embryonic GABAergic neurons
and postnatally proliferative IPGNs.

Subtype Specification of Proliferative
GAD67-Lineage Cells Derived From
Postnatal GAD67+ Intermediate
Progenitors of GABAergic Inhibitory
Neurons (IPGNs)
To investigate subtypes of GAD67-lineage cortical GABAergic
neurons that were produced during late embryonic stages
(EdU administration at E14.5–E18.5) or perinatal stages (EdU
administration at P1–P5), we performed immunohistochemistry
with subtype markers for Pvalb+, Sst+, Reln+, and Vip+
interneurons in conjunction with EdU staining in the GAD67-
CrePR;Ai9 mice administered mifepristone at P0 to label
GAD67+ cells (Figure 3A). Among the TdTomato+ GAD67-
lineage cells, 11.5 ± 3.8% were Pvalb+ (38/329 cells from six
brains), 8.9 ± 4.6% were Sst+ (29/341 cells from six brains),
39.7 ± 5.6% were Reln+ (126/313 cells from six brains), and
16.6 ± 7.0% were Vip+ (56/338 cells from six brains) (Figure 3B
and Table 3), suggesting that more than 40% of the GAD67-
lineage cells labeled at P0 were Reln+ or Vip+ GABAergic
neurons. These results indicate that our fate mapping strategy
tends to label later-born CGE-derived GABAergic neurons rather
than MGE-derived neurons. Next, we estimated the ratio of the
GAD67-lineage cortical GABAergic neurons that were produced
during late embryonic stages (EdU labeling at E14.5–E18.5) in
each subtype. Among the TdTomato+ GAD67-lineage cells that
were labeled with EdU at E14.5–E18.5, 3.5 ± 1.7% (6/172 cells
from three brains) were double positive for Pvalb and EdU,
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FIGURE 1 | Fate mapping analysis of postnatal GAD67+ intermediate progenitors of GABAergic inhibitory neurons (IPGNs) using GAD67-CrePR mouse.
(A) Strategy for labeling GAD67-lineage cells by mifepristone-dependent recombination. Cre recombinase is restricted to GAD67-expressing cells after mifepristone
treatment. The Rosa26 (R26)-floxed-TdTomato (Ai9) allele expresses TdTomato following Cre-mediated recombination. (B) Experimental design for labeling
GAD67-lineage cells at the perinatal stage. Mifepristone was injected i.p. into GAD67-CrePR;Ai9 mice at P0, and EdU was injected at P1. Mifepristone- and
EdU-treated mice were analyzed 30 min after EdU injection. (C) Immunohistochemistry for TdTomato (red) expression and EdU (green) at P1. An anti-RFP antibody
was utilized to enhance TdTomato fluorescence. (D) Percentages of TdTomato+ GAD67-lineage cells labeled at P0 in each cortical layer. Ctx, cortex; MZ, marginal
zone; CP, cortical plate; SVZ/IZ, subventricular zone/intermediate zone. Error bars represent SDs (n = 3 brains). (E) Representative images of TdTomato+

GAD67-lineage cells (red) with EdU (green) in perinatal subventricular zone/intermediate zone (left) and marginal zone (right). Lower images show higher
magnification of regions outlined with white boxes. White arrowheads indicate the double-positive cells.

5.6 ± 1.6% (9/158 cells from three brains) were double positive
for Sst and EdU, 20.6 ± 2.3% (32/155 cells from three brains)
were double positive for Reln and EdU, and 11.8 ± 3.0% (20/172
cells from three brains) were double positive for Vip and EdU
(Figure 3D). These double-positive cells were produced during
late embryonic stages and later differentiated into GAD67+

GABAergic neurons at P0. We next investigated the ratio of
postnatally proliferative GAD67+ IPGNs (EdU labeling at P1–
P5). However, no double-positive cells were found for Pvalb
(total 0/157 cells from three brains), Sst (0/183 cells from three
brains), or Reln (0/164 cells from three brains) among the
TdTomato+ GAD67-lineage cells that were labeled with EdU
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FIGURE 2 | Fate mapping analysis of GAD67+ IPGNs using GAD67-CrePR mouse labeled at P0. (A) Experimental design for labeling IPGNs at the perinatal stage.
Mifepristone was administered to pregnant GAD67-CrePR;Ai9 mice at P0, and EdU was injected i.p. from E14.5 to E18.5 or P1 to P5. Mifepristone- and
EdU-treated mice were analyzed at 3 weeks of age. IPGNs, intermediate GABAergic neuron progenitors. (B) Percentages of TdTomato+ GAD67-lineage cells in
each cortical layer labeled at P0. Error bars represent SDs (n = 9 brains). (C) Coronal section of GAD67-CrePR;Ai9 mice brain at 3 weeks with EdU staining (green).
EdU was injected E14.5–E18.5 (left) P1–P5 (right) by dual-fluorescence immunohistochemistry. Immunocytochemical analyses were performed with confocal laser
microscopy. (D) Representative images of TdTomato+ GAD67-lineage cells labeled at P0 (red) with EdU (E14–18) (green) in each cortical layer at 3 weeks of age.
(E) Representative image of TdTomato+ GAD67-lineage cells labeled at P0 (red) with EdU (P1–P5) (green) in cortical layer II/III at 3 weeks of age. (F) Percentages of
TdTomato+ cells (GAD67 lineage labeled at P0) labeled with EdU (E14–E18) in each cortical layer. Error bars represent SDs (n = 3 brains). (G) Percentages of
TdTomato+ cells (GAD67 lineage labeled at P0) labeled with EdU (P1–P5) in each cortical layer. Error bars represent SDs (n = 6 brains). (H) Percentages of
TdTomato+ EdU+ GAD67-lineage cells labeled at P0 and EdU injected from E14.5 to E18.5 (n = 3 brains) or P1 to P5 (n = 6 brains). ∗∗P < 0.01. Error bars
represent SDs.

injected at the perinatal stage (P1–P5), whereas only 1.6 ± 1.4%
(2/166 cells from three brains) were double positive for Vip
and EdU (Figure 3C). The proportion of cortical GABAergic

neurons produced during the late embryonic stage (E14.5–
E18.5) was significantly higher than that during the perinatal
stage (P < 0.01) for Reln+ and Vip+ GABAergic neuron
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TABLE 2 | Localization of GAD67-lineage and EdU+ cells in 3 weeks mice treated with mifepristone at P0 and E13.5.

Mifepristone EdU No. or % RFP+ cells in cortical layer

I II/III IV V VI Total

No. RFP+ (RFP+ EdU+)

E13.5 (n = 6 brains) E14–E18 219 (86) 291 (133) 122 (20) 309 (35) 111 (12) 1,052 (286)

E13.5 (n = 3 brains) P1–P5 115 (2) 139 (3) 75 (0) 91 (1) 60 (0) 480 (6)

P0 (n = 6 brains) E14–E18 240 (118) 283 (167) 74 (27) 31 (4) 22 (9) 650 (325)

P0 (n = 3 brains) P1–P5 294 (5) 438 (7) 60 (1) 80 (1) 48 (0) 920 (14)

% RFP+

E13.5 (n = 9 brains) 21.9 ± 5.4% 28.2 ± 5.0% 12.7 ± 4.9% 25.9 ± 8.5% 11.2 ± 3.3%

P0 (n = 9 brains) 31.9 ± 7.3% 45.6 ± 4.2% 8.4 ± 3.5% 9.2 ± 7.2% 4.9 ± 2.1%

% RFP+ EdU+

E13.5 (n = 6 brains) E14–E18 8.3 ± 2.4% 13.2 ± 4.9% 1.9 ± 1.1% 3.4 ± 3.5% 1.1 ± 1.1% 27.8 ± 7.5%

E13.5 (n = 3 brains) P1–P5 0.4 ± 0.6% 0.6 ± 0.7% 0% 0.2 ± 0.3% 0% 1.2 ± 1.1%

P0 (n = 3 brains) E14–E18 18.2 ± 1.2% 25.7 ± 2.8% 4.1 ± 0.9% 0.6 ± 0.5% 1.4 ± 0.8% 50.0 ± 2.1%

P0 (n = 6 brains) P1–P5 0.8 ± 1.0% 1.1 ± 1.0% 0.1 ± 0.2% 0.2 ± 0.4% 0% 2.1 ± 1.8%

subtypes. Interestingly, a small number of GAD67+ postnatally
proliferative cells colabeled with Vip, a marker for CGE-derived
GABAergic neurons (Figure 3D).

Embryonic Proliferation of GAD67+

Intermediate Progenitors of GABAergic
Inhibitory Neurons (IPGNs)
Our data revealed a small number of postnatally proliferative
IPGNs (Figures 2, 3). Moreover, the cortical GABAergic neurons
that derived from postnatally proliferative IPGNs survived into
later postnatal development. On the other hand, significantly
more GABAergic neurons that were derived from the GABAergic
neuron progenitors were produced during embryonic stages.
However, the proportion of the GABAergic neurons derived from
the IPGNs in each embryonic stage was unclear. To define the
distribution patterns of embryonically proliferating IPGNs, we
analyzed E14.5, E16.5, and E18.5 GAD67-CrePR;Ai9 mice that
were administered mifepristone at E13.5 to label GAD67+ cells,
which were sacrificed 30 min after EdU injection (Figure 4).
At E14.5, 3.5 ± 0.4% of the TdTomato+ cells were EdU+
(27/793 cells from three brains). At E16.5, 0.6 ± 0.3% of the
TdTomato+ cells were EdU+ (4/672 cells from three brains).
At E18.5, 0.8 ± 0.2% of the TdTomato+ cells were EdU+
(5/584 cells from three brains). We found that approximately
half of the GAD67-lineage TdTomato+ cells migrated to the
cortex and the other half were in the M/CGE-mantle zone
and M/CGE-SVZ at E14.5 (Figures 4A,B). These cells migrated
tangentially toward the cerebral cortex via two major migratory
streams, a superficial route through the cortical-marginal zone
and a deeper route through the cortical-SVZ/IZ, consistent
with previous reports (Lavdas et al., 1999; Wichterle et al.,
2001; Tanaka et al., 2006, 2009; Miyoshi and Fishell, 2011;
Lim et al., 2018). Furthermore, 3.5% of EdU+ GAD67-lineage
TdTomato+ double-positive cells were observed in the MGE-
SVZ/IZ or M/CGE-mantle zone at E14.5 (Figures 4A,B). These
results suggest that ∼3.5% of the embryonic proliferating IPGNs
mainly populated the M/CGE-SVZ/IZ or M/CGE-mantle zone

at E14.5. However, no GAD67-lineage TdTomato+ cells were
found in the M/CGE at E18.5. Therefore, migration of the E13.5-
labeled GAD67-lineage-TdTomato+ cells from the M/CGE to
the cerebral cortex had already finished by E18.5. In addition, a
very small proportion (<1%) of the GAD67-lineage TdTomato+
cells colabeled with EdU in the cortex in the cortical plate
and cortical-SVZ/IZ at E16.5 and E18.5 (Figures 4C–F). These
results suggest that embryonic brains have multiple regions
for embryonic IPGN proliferation. Furthermore, a substantial
proportion of the GAD67+ IPGNs actively proliferate at around
E14.5, and their proliferative activities decline with tangential
migration to the cortex.

A Large Proportion of GAD67+

Embryonic IPGNs Proliferate and Survive
in Cerebral Cortex During Development
To determine the ratio of embryonically to postnatally
proliferative IPGNs, mifepristone was administered to pregnant
GAD67-CrePR;Ai9 mice at E13.5 followed by EdU injections
from E14.5 to E18.5 or from P1 to P5 to label proliferative
cells (Figure 5A). At 3 weeks after birth, the TdTomato+ cells
labeled by mifepristone administration at E13.5 were broadly
distributed throughout the brain, including in the cerebral cortex
(Figures 5B–D and Supplementary Figure 3). Interestingly, the
distribution pattern of the TdTomato+ cells labeled at E13.5
was distinct from that observed when mifepristone was injected
at P0 (Figures 2B, 5B). The TdTomato+ cells labeled at E13.5
were observed throughout the cortical layers and tended to
accumulate in each cortical layer (Figures 5B–D). To assess the
ratio of the TdTomato+ GAD67-lineage EdU+ double-positive
cells in each layer, we performed immunohistochemical analyses.
The TdTomato+ GAD67-lineage cells and EdU+ cells were
detected throughout all cortical layers by immunohistochemistry
(Figures 5C,D). The embryonically labeled EdU+ cells (E14–
E18) accumulated in the upper layers (i.e., layers II/III), whereas
the postnatally labeled EdU+ cells (P1–P5) were scattered in
each cortical layer.
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FIGURE 3 | Immunohistochemistry analysis of GAD67-lineage cells labeled at P0. (A) Triple-fluorescence immunohistochemistry of GAD67-lineage cells (red; labeled
at P0) for EdU (blue; labeled E14.5–E18.5) and GABAergic (Pvalb, Sst, Reelin and Vip) neuron markers (green) from GAD67-CrePR;Ai9 mice at 3 weeks. White
arrowheads indicate the triple-positive cells. Pvalb, parvalbumin; Sst, somatostatin; Reln, reelin; Vip, vasoactive intestinal peptide. (B) Percentages of TdTomato+

cells labeled with EdU (E14–E18), and/or GABAergic (Pvalb, Sst, Reln, and VIP) neuron subtype markers. Black bars indicate the percentages of TdTomato+ and
GABAergic neuron subtype marker double-positive cells. White bars indicate the percentages of TdTomato+ GABAergic neuron subtype marker and EdU+

triple-positive cells. Error bars represent SDs (n = 3 brains). (C) Percentages of TdTomato+ cells labeled with EdU (P1–P5), and/or GABAergic (Parv, Sst, Reln, and
Vip) neuron subtype markers. Black bars indicate the percentages of TdTomato+ and GABAergic neuron subtype marker double-positive cells. White bars indicate
the percentages of TdTomato+ GABAergic neuron subtype marker and EdU+ triple-positive cells. Error bars represent SDs (n = 3 brains). (D) Percentages of
TdTomato+ EdU+ GABAergic neuron subtype marker+ GAD67-lineage cells labeled at P0 and EdU injected from E14.5 to E18.5 or P1 to P5. ∗∗P < 0.01. Error bars
represent SDs (n = 3 brains).

Approximately 26.1% [±6.1% (292/1,130 cells from six
brains)] (Figures 5F–H) of the TdTomato+ GAD67-lineage
cells (mifepristone administration at E13.5) colabeled with EdU
injected from E14.5 to E18.5. By contrast, 1.1 ± 1.1% (6/495
cells from three brains) (Figures 5F–H) of the TdTomato-
positive GAD67-lineage cells (mifepristone administration at
E13.5) colabeled with EdU injected from P1 to P5 (Figure 5G).
Thus, the number of embryonically proliferative IPGNs (EdU
injection at E14.5–E18.5) was nearly 24-fold higher than that
of the postnatally proliferative IPGNs (EdU injection at P1–P5),

suggesting that significantly more IPGNs are produced during
embryonic stages. These embryonically proliferating cells tended
to localize to the superficial layers (i.e., layers II/III) rather than
the deep cortical layers at 3 weeks after birth in comparison to the
GAD67-lineage cells labeled at P0 (Figures 2F,G, 5F,G and Table
2). By contrast, a very small number of postnatally proliferative
IPGNs (mifepristone administration at E13.5 and EdU injection
at P1–P5) was observed in the cerebral cortex 3 weeks after birth
in our fate mapping study. These results delineate the fate of late
embryonic and perinatal proliferative IPGNs.
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TABLE 3 | Percentages of TdTomato+ cells labeled with EdU and/or GABAergic neuron markers.

Mifepristone No. or % RFP+ cells in cortex

EdU Pvalb Sst Reln Vip

Total no. RFP+ (Marker+ RFP+)

E13.5 (n = 6 brains) 312 (71) 315 (50) 316 (135) 321 (34)

P0 (n = 6 brains) 329 (38) 341 (29) 313 (126) 338 (56)

% Marker+ RFP+

E13.5 (n = 6 brains) 22.7 ± 4.3% 15.9 ± 8.7% 42.6 ± 8.9% 10.4 ± 8.6%

P0 (n = 6 brains) 11.5 ± 3.8% 8.9 ± 4.6% 39.7 ± 5.6% 16.6 ± 7.0%

Total No. RFP+ (Marker+ RFP+ [Marker+ RFP+ EdU+])

E13.5 (n = 3 brains) E14–E18 153 (37 [5]) 153 (25 [1]) 156 (57 [17]) 156 (6 [4])

E13.5 (n = 3 brains) P1–P5 159 (34 [0]) 156 (25 [0]) 160 (78 [3]) 156 (28 [0])

P0 (n = 3 brains) E14–E18 172 (23 [6]) 158 (20 [9]) 155 (58 [32]) 172 (29 [20])

P0 (n = 3 brains) P1–P5 157 (15 [0]) 183 (9 [0]) 158 (68 [0]) 166 (27 [2])

% Marker+ RFP+ EdU+

E13.5 (n = 3 brains) E14–E18 3.2 ± 4.0% 0.6 ± 1.1% 10.8 ± 2.6% 2.6 ± 1.2%

E13.5 (n = 3 brains) P1–P5 0% 0% 1.8 ± 0.4% 0%

P0 (n = 3 brains) E14–E18 3.5 ± 1.7% 5.6 ± 1.6% 20.6 ± 2.3% 11.8 ± 3.0%

P0 (n = 3 brains) P1–P5 0% 0% 0% 1.1 ± 2.0%

Subtype Differentiation (Specification) of
Proliferative GAD67-Lineage Cells
Derived From Embryonic Intermediate
Progenitors of GABAergic Inhibitory
Neurons (IPGNs)
We next performed immunohistochemistry to examine the
ratios of Pvalb+, Sst+, Reln+, and Vip+ GABAergic neurons
derived from the embryonic IPGNs in GAD67-CrePR;Ai9
mice administered mifepristone at E13.5. At 3 weeks, almost
all of the cortical TdTomato+ cells colabeled with NeuN,
a marker for mature neurons, and >97% of the cells were
positive for gamma-aminobutyric acid (GABA) (Supplementary
Figure 4). To investigate subtypes of cortical GABAergic neurons
which were produced from embryonic GAD67-lineage IPGNs
during late embryonic stages (EdU injection at E14.5–E18.5)
or perinatal stages (EdU injection at P1–P5), we performed
immunohistochemical analyses of Pvalb, Sst, Reln, and Vip
with EdU staining in the GAD67-CrePR;Ai9 mice administered
mifepristone at E13.5 to label GAD67+ cells (Figure 6A). Among
the TdTomato+ GAD67-lineage cells, 22.7 ± 4.3% were Pvalb+
(71/312 cells from six brains), 15.9± 8.7% were Sst+ (50/315 cells
from six brains), 42.6 ± 8.9% were Reln+ (135/316 cells from six
brains), and 10.4± 8.6% were Vip+ (34/321 cells from six brains)
(Figure 6B and Table 3). These results suggest that GAD67-
lineage cells that were labeled at E13.5 differentiated into Pvalb+,
Sst+, Reln+, and Vip+ GABAergic neurons. Interestingly, nearly
half of the TdTomato+ GAD67-lineage cells were Reln+. We
then estimated the ratio of each GABAergic neuron subtype
marker and EdU double-positive cells among the TdTomato+
GAD67-lineage cells (EdU injections from E14.5 to E18.5 or
from P1 to P5). Among the TdTomato+ GAD67-lineage cells
that were labeled with EdU injected at E14.5–E18.5, 3.2 ± 4.0%
(5/153 cells from brains) were double positive for Pvalb and
EdU, 0.6 ± 1.1% (1/153 cells from three brains) were double

positive for Sst and EdU, 10.8 ± 2.6% (17/156 cells from
three brains) were double positive for Reln and EdU, and
2.6 ± 1.2% (4/156 cells from three brains) were double positive
for Vip and EdU (Figure 6D and Table 3). Thus, the GAD67-
positive IPGNs that proliferated during the late embryonic stages
differentiated into Pvalb+, Sst+, Reln+, and Vip+ GABAergic
cortical neurons derived from MGE and CGE. In addition, these
embryonically proliferative IPGNs preferentially produced Reln+
cortical GABAergic neurons, which may be equivalent to CGE-
derived GABAergic neurons (Miyoshi and Fishell, 2011). No
double-positive cells were found for Pvalb (0/159 cells from
three brains), Sst (0/156 cells from three brains), or Vip (0/156
from brains) among the TdTomato+ GAD67-lineage cells labeled
by EdU injection at postnatal stages (P1–P5), whereas only
1.6 ± 1.4% (3/160 cells from three brains) were double positive
for Reln and EdU (Figures 6C,D). The proportion of the GAD67-
positive IPGNs that proliferated during the late embryonic stage
(E14.5–E18.5) was significantly higher than that during the
perinatal stage (P < 0.01) for each GABAergic neuron subtype.
These results demonstrate that only a very small number of
IPGNs postnatally proliferate in the cerebral cortex and that these
cells are derived from the CGE.

DISCUSSION

Cortical GABAergic interneurons comprise approximately 20%
of all neurons (Tamamaki et al., 2003; Sahara et al., 2012)
and are generated from apical neural progenitors as well as
intermediate progenitors of IPGNs (Wu et al., 2011). The
appropriate distribution of GABAergic neurons throughout
the neocortex requires not only migratory guidance but
also proper regulation of progenitor proliferation. Here, we
characterized the spatiotemporal distribution of IPGN-derived
cortical GABAergic neurons by using GAD67-CrePR mice,
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FIGURE 4 | Embryonic proliferation of GAD67-lineage cells. (A) Coronal section of a GAD67-CrePR;Ai9 mouse brain at E14.5 with EdU staining (green). Mifepristone
was administered to pregnant GAD67-CrePR;Ai9 mice at E13.5, and EdU was injected i.p. 30 min before fixation. Middle image shows higher magnification of region
outlined with white boxes in left column. White arrowhead indicates a double-positive cell in SVZ of MGE. Ctx, cortex; MGE, medial ganglionic eminence; LGE,
lateral ganglionic eminence; CGE, caudal ganglionic eminence. (B) Percentages of TdTomato+ cells (GAD67 lineage labeled at E13.5) labeled with EdU (E14.5) in
each region. Error bars represent SDs (n = 3 brains). Ctx, cortex; M/CGE, medial/caudal ganglionic eminence; MntZ, mantle zone; MrgZ, marginal zone; CP, cortical
plate; SVZ/IZ, subventricular zone/intermediate zone; VZ, ventricular zone. (C) Coronal section of a GAD67-CrePR;Ai9 mouse at E16.5 with EdU staining (green).
Mifepristone was administered to pregnant GAD67-CrePR;Ai9 mice at E13.5, and EdU was injected i.p. 30 min before fixation. Middle image shows higher
magnification of region outlined with white box. White arrowhead indicates a double-positive cell in cortical plate. (D) Percentages of TdTomato+ cells (GAD67
lineage labeled at E13.5) labeled with EdU (E16.5) in each region. Error bars represent SDs (n = 3 brains). (E) Coronal section of a GAD67-CrePR;Ai9 mouse brain at
E18.5 with EdU staining (green). Mifepristone was administered to pregnant GAD67-CrePR;Ai9 mice at E13.5, and EdU was injected i.p. 30 min before fixation.
White arrowhead indicates a double-positive cell in SVZ/IZ. (F) Percentages of TdTomato+ cells (GAD67 lineage labeled at E13.5) labeled with EdU (E18.5) in each
region. Error bars represent SDs (n = 3 brains).

thereby providing basic and fundamental information toward
understanding the mechanisms regulating the development of
cortical GABAergic neurons.

Glutamic acid decarboxylase 67 (encoded by Gad1) and
GAD65 (encoded by Gad2) are enzymes that catalyze the
production of GABA from glutamic acid. While GAD67 and

GAD65 are expressed in mature GABAergic neurons, a small
portion of the GAD67/65+ cells in the embryonic (M/C) GE
and perinatal cortex in rodents and monkeys express proliferative
makers (Inta et al., 2008; Wu et al., 2011; Plachez and Puche,
2012; Riccio et al., 2012). These observations indicate that
GAD67 and GAD65 are expressed in IPGNs as well as mature
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FIGURE 5 | Fate mapping analysis of GAD67+ IPGNs in GAD67-CrePR mice labeled at E13.5. (A) Experimental design for labeling IPGNs at the embryonic stage.
Mifepristone was administered to pregnant GAD67-CrePR;Ai9 mice at E13.5, and EdU was injected i.p. from E14.5 to E18.5 or P1 to P5. Mifepristone- and
EdU-treated mice were analyzed at 3 weeks. (B) Percentages of TdTomato+ GAD67-lineage cells labeled at E13.5 in each cortical layer. Error bars represent SDs
(n = 9 brains). (C) Coronal section of GAD67-CrePR;Ai9 mouse labeled at E13.5 at 3 weeks with EdU staining (green). EdU was injected E14.5–E18.5 (left) P1–P5
(right) by dual-fluorescence immunohistochemistry. (D) Representative images of TdTomato+ GAD67-lineage cells labeled at E13.5 with EdU (E14–18) (green) in
each cortical layer at 3 weeks. (E) Representative image of TdTomato+ GAD67-lineage cells with EdU (P1–P5) (green) in cortical layer V at 3 weeks. (F) Percentages
of TdTomato+ cells labeled at E13.5 with EdU (E14–E18) in each cortical layer. Error bars represent SDs (n = 6 brains). (G) Percentages of TdTomato+ cells labeled
at E13.5 with EdU (P1–P5) in each cortical layer. Error bars represent SDs (n = 6 brains). (H) Percentages of TdTomato+ EdU+ GAD67-lineage cells labeled at P0
and EdU injected from E14.5 to E18.5 (n = 6 brains) or P1 to P5 (n = 3 brains). ∗∗P < 0.01. Error bars represent SDs.

GABAergic neurons in rodents and monkeys. Consistent with
this, Dlx2, a transcription factor expressed by IPGNs (Hansen
et al., 2013; Petros et al., 2015), binds to the promoter
regions of Gad1 and Gad2 (Le et al., 2017). Furthermore,
gene expression profiling, single-cell RNA-sequencing, and

microarray analyses using cortical GABAergic neurons and/or
their progenitors have revealed that GAD67+ cells can transition
from apical progenitors to differentiated mature cortical
GABAergic neurons (Esumi et al., 2008; Mayer et al., 2018;
Mi et al., 2018). Thus, proliferative GAD67+ cells should be
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FIGURE 6 | Immunohistochemistry analysis of GAD67-lineage cells labeled at E13.5. (A) Triple-fluorescence immunohistochemistry of GAD67-lineage cells (red;
labeled at E13.5) for EdU (green; labeled E14.5–E18.5) and GABAergic (Pvalb, Sst, Reln, and Vip) neuron markers (green) from GAD67-CrePR;Ai9 mice at 3 weeks
of age. White arrowheads indicate the triple-positive cells. Pvalb, parvalbumin; Sst, somatostatin; Reln, reelin; Vip, vasoactive intestinal peptide. (B) Percentage of
TdTomato+ cells labeled with EdU (E14–E18), and/or GABAergic (Pvalb, Sst, Reln, and Vip) neuron subtype markers. Black bars indicate the percentages of
TdTomato+ and GABAergic neuron subtype marker double-positive cells. White bars indicate the percentages of TdTomato+ GABAergic neuron subtype marker
and EdU+ triple-positive cells. (C) Percentage of TdTomato+ cells labeled with EdU (P1–P5) and/or GABAergic (Pvalb, Sst, Reln, and Vip) neuron subtype markers.
Black bars indicate the percentages of TdTomato+ and GABAergic neuron subtype marker double-positive cells. White bar indicates the percentage of TdTomato+

GABAergic neuron subtype marker and EdU+ triple-positive cells. (D) Percentages of TdTomato+ EdU+ GABAergic neuron subtype marker+ GAD67-lineage cells
labeled at E13.5 and EdU injected from E14.5 to E18.5 or P1 to P5. ∗P < 0.05; ∗∗P < 0.01.

considered late-state intermediate/basal progenitors of cortical
GABAergic neurons.

Our fate mapping analyses revealed that the GAD67-lineage
cells labeled at P0 tended to distribute to the superficial
cortical layers compared to those labeled at E13.5 (Figure 2B).
Approximately 70% of cortical GABAergic neurons reportedly
derive from the MGE, whereas ∼30% derive from the CGE,
and early-born GABAergic neurons tend to locate to the deeper

layers of rodent cortex, whereas late-born GABAergic neurons
are found in superficial layers (Miller, 1985; Fairén et al., 1986;
Rymar and Sadikot, 2007; Bartolini et al., 2013).

Cortical GABAergic neurons can be classified as Pvalb+,
Sst+, Reln+, and Vip+ (Miyoshi et al., 2010; Brandão and
Romcy-Pereira, 2015). Whereas Sst+ neurons are produced
during the early stage of neurogenesis, a large proportion of
the Pvalb+ neurons are generated in the MGE during the late
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stages (Rymar and Sadikot, 2007). On the other hand, the CGE-
derived GABAergic neurons are produced in late embryonic
stages and mainly express either Reln or Vip (Nery et al., 2002;
Miyoshi et al., 2010; Rudy et al., 2011; Vitalis and Rossier,
2011). Reln+ neurons are derived from both the CGE and
MGE, as subpopulations of the MGE-derived Sst+ neurons
coexpress Reln (Miyoshi et al., 2010; Miyoshi and Fishell, 2011).
Recently, a number of the CGE-derived GABAergic neurons,
which express Reln and Vip, were found to populate superficial
cortical layers independently of their birthdate (Miyoshi et al.,
2010), and their peak production was during late embryonic
stages (Miyoshi and Fishell, 2011). In primates, the IPGNs
(basal/non-epithelial progenitors) derived from CGE contribute
to a large number of cortical GABAergic neurons (Hansen et al.,
2013). These previous reports indicate that the specification of
the GABAergic neuron subtypes depends on their birthdates
and localization.

Our data indicated that embryonically proliferative GAD67-
lineage cells (labeled at E13.5) tend to populate the superficial
cortical layers. From the view of proliferative IPGNs (labeled
at E13.5), approximately 63% expressed Reln, and ∼15% of
those were Vip, but only <1% were labeled Sst (Figure 6F).
Our results indicate that more than half of cortical IPGNs
during late embryonic stage are derived from the CGE.
This tendency may correspond to primate cortical GABAergic
neuron development.

Several lines of evidence indicate that GABAergic neuron
progenitors in the MGE produce both Pvalb+ and Sst+ cortical
GABAergic neurons (Brown et al., 2011; Ciceri et al., 2013;
Harwell et al., 2015; Mayer et al., 2015). Sst+ GABAergic neurons
are principally produced from early-stage GABAergic neuron
progenitors (∼E12.5), whereas Pvalb+ GABAergic neurons are
continuously produced throughout development (Miyoshi et al.,
2007; Wonders et al., 2008; Inan et al., 2012). However, these
reports did not distinguish apical (epithelial) progenitors that
divide in the ventricular zone (VZ) from IPGNs (basal/non-
epithelial progenitors) that divide in the SVZ (Pilz et al., 2013).
Basal/non-epithelial progenitors in the SVZ of the MGE mainly
produce Pvalb+ rather than Sst+ cortical GABAergic neurons
(Petros et al., 2015). Accordingly, our immunohistochemical
analyses showed that GAD67+ IPGNs that derive from MGE
(Pvalb+ or Sst+) and travel along the migratory stream to the
cortex in late embryonic stages (E14–E18) tend to become Pvalb+
neurons, although a small proportion become Sst+ neurons.
Thus, GAD67+ IPGNs in embryonic stages derived from the
MGE are most likely to have and retain characteristics of late-
stage basal progenitors.

Cortical GABAergic neurons are produced from cortical
layer 1 GABAergic neuron progenitor cells (L1-INP cells)
(Ohira et al., 2010), and the generation of L1-INP cells
increases under ischemic conditions and after treatment with
fluoxetine, a selective serotonin reuptake inhibitor (Ohira
et al., 2013). We observed that a small number of postnatal
proliferative GAD67+ IPGNs that were labeled after mifepristone
administration at E13.5 and P0 survived throughout postnatal
development and tended to populate the superficial cortical
layers (Figures 2G, 5G). These results suggest that GAD67+

IPGNs are maintained in the cortex and may act as L1-INP
cells in adult brain.

In conclusion, the present study demonstrates that GAD67+
IPGNs, which are considered late-stage basal progenitors of
cortical GABAergic neurons, substantially contribute to the
GABAergic neuron population in adult cerebral cortex. In
addition, the proliferative rates of IPGNs and the laminar
distributions of their progenies change during cortical
development. Thus, the characteristic features of IPGNs are
spatiotemporally regulated during brain development.
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Hippocampal neurodegeneration is a consequence of excessive alcohol drinking in
alcohol use disorders (AUDs), however, recent studies suggest that females may be
more susceptible to alcohol-induced brain damage. Adult hippocampal neurogenesis is
now well accepted to contribute to hippocampal integrity and is known to be affected by
alcohol in humans as well as in animal models of AUDs. In male rats, a reactive increase
in adult hippocampal neurogenesis has been observed during abstinence from alcohol
dependence, a phenomenon that may underlie recovery of hippocampal structure and
function. It is unknown whether reactive neurogenesis occurs in females. Therefore,
adult female rats were exposed to a 4-day binge model of alcohol dependence followed
by 7 or 14 days of abstinence. Immunohistochemistry (IHC) was used to assess neural
progenitor cell (NPC) proliferation (BrdU and Ki67), the percentage of increased NPC
activation (Sox2+/Ki67+), the number of immature neurons (NeuroD1), and ectopic
dentate gyrus granule cells (Prox1). On day seven of abstinence, ethanol-treated females
showed a significant increase in BrdU+ and Ki67+ cells in the subgranular zone of the
dentate gyrus (SGZ), as well as greater activation of NPCs (Sox2+/Ki67+) into active
cycling. At day 14 of abstinence, there was a significant increase in the number of
immature neurons (NeuroD1+) though no evidence of ectopic neurogenesis according
to either NeuroD1 or Prox1 immunoreactivity. Altogether, these data suggest that
alcohol dependence produces similar reactive increases in NPC proliferation and adult
neurogenesis. Thus, reactive, adult neurogenesis may be a means of recovery for the
hippocampus after alcohol dependence in females.

Keywords: alcohol, ethanol, hippocampus, abstinence, recovery, alcoholism, adult neurogenesis, neural stem
cells

INTRODUCTION

Alcohol misuse is a leading cause of preventable death due to its toxic consequences across multiple
organs of the body (Centers for Disease Control and Prevention [CDC], 2021). Alcohol use disorder
(AUD), for which the hallmark symptom is the excessive consumption of alcohol despite negative
consequences or harm, is diagnosed in nearly 14% of United States adults in any given year (Grant
et al., 2015). While the lifetime prevalence of a severe AUD in women is about half (9.7%) of what
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is reported for males (18.3%), over the last decade, the annual
AUD diagnosis rate has increased 84% in women compared to
only 35% in men (Grant et al., 2017; Fama et al., 2020). Thus,
the gender gap is narrowing across a variety of alcohol-related
metrics (Keyes et al., 2008; Grant et al., 2015; Grucza et al.,
2018; White, 2020), but few studies have examined only females,
especially in preclinical models.

Women appear to be more vulnerable to the damaging effects
of alcohol in various organ systems when compared to men,
even when accounting for fewer years of harmful consumption or
dependence (Nixon et al., 2014; Fama et al., 2020). Clinical studies
have found that despite a shorter history of alcohol dependence,
females exhibit similar levels of brain degeneration as males,
which suggests that they are more vulnerable to the neurotoxic
effects of alcohol (Mann et al., 1992, 2005). The brain is especially
impacted by the toxic effects of alcohol with detectable cognitive
impairments across learning, memory, executive function, and
motor processes related to gait and balance (Sullivan, 2000a,b;
Crews and Nixon, 2009; Nixon et al., 2014; Cortez et al., 2020;
Fama et al., 2020). However, little is known about the damaging
effects of alcohol on the female brain. Many studies show that
women develop alcohol-induced brain damage faster than males
despite decreased use and misuse (Crawford and Ryder, 1986;
Jacobson, 1986; Nixon et al., 1995, 2014; Flannery et al., 2007;
Fama et al., 2020; White, 2020) though a few fail to find a
difference between males and females in hippocampal volume
loss (Demirakca et al., 2011; Grace et al., 2021). Interestingly,
with abstinence from alcohol drinking, brain and behavioral
recovery have been observed (Carlen et al., 1978; Jacobson, 1986;
Pfefferbaum et al., 1995; Sullivan et al., 2000; Gazdzinski et al.,
2005; Demirakca et al., 2011; Hoefer et al., 2014; Zou et al.,
2018). Females may exhibit quicker structural brain recovery
and withdrawal symptom cessation (Jacobson, 1986; Deshmukh
et al., 2003), but they may suffer from more prolonged cognitive
impairment compared to males (Luquiens et al., 2019).

The hippocampus is one brain region that is both a target of
alcohol’s neurotoxic effects (Sullivan et al., 1995; Wilson et al.,
2017), but also has the ability to recover with abstinence (Sullivan
et al., 2000; Bartels et al., 2007; Hoefer et al., 2014). Clinical
studies have observed recovery of hippocampal volume loss
due to alcohol use as well as improved cognitive function, as
assessed with learning and memory, intelligence, and attention
tasks, with both short-term and extended periods of abstinence
(Brandt et al., 1983; Bartels et al., 2007; Demirakca et al., 2011;
Hoefer et al., 2014; Zou et al., 2018). While the mechanisms
underlying brain recovery during abstinence remain unknown,
many purport that it may not be mere coincidence that
hippocampal recovery coincides with the presence of neural stem
cells (NSCs) and the ongoing generation of new neurons, or
adult neurogenesis (Nixon, 2006; Mandyam and Koob, 2012;
Geil et al., 2014; Toda et al., 2019).

Neurogenesis from NSCs contributes to both hippocampal
structure and function throughout the life of an organism
(see Toda et al., 2019; Snyder and Drew, 2020 for review).
Asymmetrical division of NSCs that reside within the
subgranular zone (SGZ) of the dentate gyrus generate NPCs
that differentiate and ultimately mature into newborn granule

cells (Palmer et al., 1997). Current theories suggest that true
NSCs of the neurogenic niche are radial glial-like cells that are
largely quiescent and express the Sox2 transcription factor as
well as astrocyte markers, such as glial fibrillary acidic protein
(GFAP; Bonaguidi et al., 2011). Activated NSCs, those that
express the endogenous cellular proliferation marker Ki67, give
rise to intermediate NPCs, which divide rapidly and birth more
fate-restricted NPCs that eventually become mature granule cells
(Seri et al., 2001; Kronenberg et al., 2003). While neurogenesis
continues throughout the lifespan of most mammals studied to
date (Eriksson et al., 1998; Spalding et al., 2013; Boldrini et al.,
2018), there is a lingering debate as to the extent and role of these
cells in humans (Boldrini et al., 2018; Sorrells et al., 2018; for
review see Kumar et al., 2019). Preclinical studies have shown that
adult neurogenesis is necessary for hippocampal functioning,
with reductions associated with impairments in function, while
conversely, increasing adult neurogenesis is associated with
improvements, such as better learning and memory performance
(Shors et al., 2001; Imayoshi et al., 2008; Clelland et al., 2009;
Sahay et al., 2011). Indeed, alcohol intoxication concentration-
dependently reduces NPC proliferation and neurogenesis in
adolescent and adult organisms, including humans (Nixon
and Crews, 2002, 2004; Herrera et al., 2003; Crews et al., 2006;
Richardson et al., 2009; Golub et al., 2015; Le Maitre et al.,
2018). Injury-induced neurogenesis, often referred to as “reactive
neurogenesis” has been observed in rodents after several forms
of brain insult such as traumatic brain injury (Dash et al., 2001;
Blaiss et al., 2011; Yu et al., 2016), ischemia (Jin et al., 2006),
seizure (Parent et al., 1997; Scharfman et al., 2003), and notably
upon abstinence after alcohol dependence (Nixon and Crews,
2004; Somkuwar et al., 2016; West et al., 2019). However, whether
reactive neurogenesis is beneficial and reparative is still up for
debate (Blaiss et al., 2011; Cho et al., 2015; Golub et al., 2015;
Yu et al., 2016; Lee et al., 2019; Nickell et al., 2020). Recent work
in females suggests that they may exhibit reactive neurogenesis
during abstinence from alcohol as has been observed previously
in males (Maynard and Leasure, 2013; Maynard et al., 2017; West
et al., 2019). However, whether increased neurogenesis occurs
and whether this is due to increased NPC activation has yet to be
studied in female rodent models of AUD to date. Furthermore,
astrocytic dysfunction has been observed in females but not
males (Wilhelm et al., 2016). With the known relationship
between astrocytes and NSCs and NPCs, this suggests that there
could be a sex specific effect of alcohol on adult NPC-related
phenomena during abstinence.

In this study, we investigated the effects of alcohol dependence
on NPCs in the dentate gyrus of the hippocampus and its
impact on cell cycle activation during recovery in abstinence.
Previous studies report a reactive increase in NPC proliferation
in the SGZ of the dentate gyrus following 1 week of abstinence
from alcohol dependence in male rats (Nixon and Crews, 2004;
Hayes et al., 2018). These increases in proliferation result in
significantly more immature neurons in the SGZ 14 days after
the cessation of binge alcohol exposure according to immature
neuron markers Doublecortin (Nixon and Crews, 2004) and
NeuroD1 (Hayes et al., 2018). However, these investigations
focused on alcohol-induced reactive neurogenesis in males alone,
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with little known about alcohol effects on adult neurogenesis,
let alone reactive neurogenesis, in female preclinical models.
Therefore, the aim of this study was to examine NPC proliferation
and neurogenesis in females after alcohol dependence, using
identical methodologies as those employed in males. As females
may be more susceptible to the negative effects of alcohol, we
hypothesized that the reactive changes in NPC and adult-born
neurons observed in males would also be apparent in females.

MATERIALS AND METHODS

Animal Model of an AUD
A total of 30 adult female Sprague-Dawley rats (∼235 g, Charles
River Laboratories, Raleigh, NC, United States) were used across
two institutions [University of Kentucky (UK) N = 18, Con = 10,
and EtOH = 8; The University of Texas at Austin (UT) N = 12,
Con = 6, and EtOH = 6]. Rats were age matched to prior work
in males (9–10 weeks of age) as females weigh less than males.
Although the animal model was performed in two different
locations, the experimental procedures were identical following
Morris et al., 2010b and some personnel were identical between
both universities. Rats were allowed to acclimate to either the
University of Kentucky or The University of Texas at Austin
AAALAC-accredited vivariums for 5 days before the start of
experimental procedures. Rats were double-housed in standard
polycarbonate cages (all UT, some UK) or polysulfone cages
(most UK cages) during all phases of the study except for 24 h
during withdrawal scoring. All rats were maintained on a 12-
h light/dark cycle (lights on 0700-1900) and allowed ad libitum
access to standard, 18% protein rodent chow (UK = Teklad 2018
diet, Envigo, Madison, WI, United States; UT = Prolab R© RMH
1800 5LL2∗, LabDiet, St Louis, MO, United States) and water
(UK mostly polysulfone bottles, UT = polycarbonate bottles)
for the duration of the experiment apart from the 4 days of
binge treatment when food was removed. Prior to the binge
exposure, all rats were handled individually for 3 min per day
for three consecutive days. All experimental procedures were
approved by both the University of Kentucky and The University
of Texas at Austin Institutional Animal Care and Use Committees
and followed the NIH guidelines for the Care and Use of
Laboratory Animals.

Adult female Sprague-Dawley rats were treated with ethanol
via intragastric gavage in a binge model of an AUD (Majchrowicz,
1975; Morris et al., 2010). As shown in the experimental timeline
(Figure 1A), ethanol (25% w/v in Vanilla Ensure Plus R©, Abbott
Labs, Columbus, OH, United States) was administered 3 times
a day for 4 days (3 pm, 11 pm, and 7 am). Rats received an
initial 5.0 g/kg dose of ethanol with subsequent doses determined
based on the behavioral intoxication of the rat (Figure 1B).
Control rats were run simultaneously with ethanol-treated rats.
Control rats received an isocaloric diet of Vanilla Ensure Plus R©

containing dextrose, the volume of which was an average of
that received by all ethanol-exposed rats for each session. For
blood ethanol concentration (BEC) determination, tail blood
was drawn using heparinized capillary tubes on day 3 of the
binge (90 min after the seventh binge dose) and stored in

FIGURE 1 | (A) Experimental timeline: Following a 4-day binge alcohol
exposure, female rats underwent abstinence for either 7 (BrdU, Ki67, Sox2,
and Sox2/KI67 analysis) or 14 (BrdU, Ki67, NeuroD1, and Prox1 analysis)
days in the home cage. Two hours prior to perfusion at both time points, all
rats were injected with BrdU. (B) Intoxication behavior scale and dosing.
(C) Withdrawal severity scale.

microcentrifuge tubes on ice containing 3 µl of heparin. After
all blood samples were collected, they were centrifuged for 5 min
at 6,500 rpm, and stored at −20◦C until processing. BECs were
measured from plasma by an AM1 Alcohol Analyser (Analox
Instruments, Lunenburg, MA, United States). All blood samples
were run in triplicate. Withdrawal severity was measured by
scoring withdrawal behaviors in the home cage every 30 min,
beginning 10 h after the final dose of alcohol (5 pm) to hour
26 (9 am; 16 h). Withdrawal behavior was scored exactly as
previously described (Figure 1C; Morris et al., 2010b). For each
30-min block, the most severe observed behavior is recorded, and
a mean withdrawal score was determined by averaging the scores
from all the observed time points for each rat. Peak withdrawal
score is the most severe withdrawal behavior detected throughout
the entire observation period.

Tissue Preparation
As prior work in males has shown peak increases in NPC
proliferation on the seventh day of abstinence from a 4-day binge
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ethanol exposure followed by increases in immature neuron
markers 1 week later (Nixon and Crews, 2004; Hayes et al.,
2018), rats were sacrificed either 7 (T7) or 14 (T14) days
after the final dose of alcohol. To identify dividing cells the
thymidine analog, bromodeoxyuridine (BrdU 300 mg/kg; i.p.;
Millipore Sigma, Burlington, MA, United States; Cameron and
McKay, 2001) was injected at T7 (n = 18) or T14 (n = 12).
Rats were sacrificed two h following BrdU injections with a
lethal dose of sodium pentobarbital (i.p.; Fatal-Plus R©, Vortech
Pharmaceuticals, Dearborn, MI, United States) and transcardially
perfused using 0.1 M phosphate buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). Brains were removed and
post-fixed for 24 h in 4% PFA, then stored in PBS pH 7.4
(Gibco, Life Technologies, Grand Island, NY, United States)
until sectioning. Unbiased tissue collection methodologies were
employed, identical to previous studies (McClain et al., 2011;
Hayes et al., 2018; Zhao and van Praag, 2020). Twelve series of
coronal sections were cut at 40 µm on a vibrating microtome
(Leica VT1000S, Wetzlar, Germany) starting randomly mid
striatum through the caudal extent of brain tissue. Sections were
stored in series, in 24-well plates with a cryoprotectant at −20◦C
until histological processing.

Immunohistochemistry
In order to establish whether reactive neurogenesis occurs in
females during abstinence from alcohol, we examined multiple
neurogenesis-related markers via Immunohistochemistry (IHC)
as reported in prior work in male rats (Nixon and Crews, 2004;
McClain et al., 2011, 2014; Hayes et al., 2018). First, BrdU IHC
was used to identify dividing cells in S-phase, which is confirmed
by Ki67 IHC, an endogenous marker of cell proliferation (Kee
et al., 2002; Nixon and Crews, 2004). Differential effects on
BrdU vs. Ki67 could also indicate cell cycle perturbation as
we have observed during intoxication in adolescent male rats
(Morris et al., 2010a; McClain et al., 2011). Next, in order to
establish whether reactive neurogenesis occurs due to activation
of NPCs in abstinence, we quantified the number of Ki67 and
Sox2, an NPC marker, co-labeled cells within the SGZ of the
dentate gyrus. Lastly, 14 days after the binge ethanol exposure,
we investigated the expression of immature neurons as well as
potentially aberrant, ectopic newborn neurons utilizing NeuroD1
IHC, a transcription factor that is transiently expressed in
progenitors that have committed to a neuronal fate (Gao et al.,
2009; McClain et al., 2014; Hayes et al., 2018). Finally, Prox1
expression, a post-mitotic marker for dentate gyrus granule cells
(Iwano et al., 2012), was used to additionally identify potentially
ectopic granule cells in the hilus and molecular layer of the
dentate gyrus as we have observed previously in adolescent male
rats (McClain et al., 2014).

3,3′-Diaminobenzidine Tetrahydrochloride (DAB) IHC
All free-floating sections in a series were processed for IHC
as previously described (McClain et al., 2011; Hayes et al.,
2018). For Sox 2 and Ki67 T7 IHC, two control rats were
dropped in both analyses due to problems with tissue integrity,
with an additional two ethanol-treated rats removed from
the Ki67 T7 analysis as a result of damage from slide

breakage. For Sox2, Ki67, NeuroD1, and Prox1, every 12th
section was washed in Tris-Buffered Saline (TBS) followed
by incubation in 0.6% hydrogen peroxide for 30 min to
quench endogenous peroxidases. Sections were then incubated
in Antigen Retrieval Citra Solution (Biogenex, Freemont, CA,
United States) at 65◦C for 1 h. Next, a blocking buffer
of 0.1% triton-X and 3% normal serum (as appropriate,
Vector Laboratories, Burlingame, CA, United States) in TBS
for 30 min to block non-specific binding. The sections were
then incubated in blocking buffer with primary antibodies
24–48 h at 4◦C (see Table 1 for antibody specifications).
Following primary antibody incubation, tissue was washed
in blocking buffer followed by incubation in species specific
secondary antibodies (Table 1) and normal serum for 1 h at
room temperature. Sections were then incubated in an avidin-
biotin-complex (Vectastain Elite ABC kit, Vector Laboratories,
Burlingame, CA, United States) for 1 h and developed with
nickel-enhanced DAB (Vector Laboratories, Burlingame, CA,
United States). Finally, sections were mounted on glass slides and
coverslipped with Cytoseal R© (Thermo Fisher Scientific, Waltham,
MA, United States).

Bromodeoxyuridine (BrdU) IHC
Immunohistochemistry procedures for BrdU detection were
similar to those described in McClain et al. (2011), Hayes
et al. (2018). For the T7 IHC, one control and two ethanol-
treated rats were dropped from the T7 analysis. The control
was for apparent BrdU injection failure, while the two ethanol-
exposed rats were due to issues involving tissue integrity.
Briefly, every 6th section in the series was used and incubated
in 0.6% hydrogen peroxide for 30 min. DNA was then
denatured using sodium citrate in 50% formamide at 60◦C
for 2 h. Next, sections were exposed to 2N HCl at 37◦C
for 1 h. Following neutralization of HCl with 0.1 M Boric
Acid (pH 8.5), a blocking buffer consisting of 0.1% triton-X

TABLE 1 | Antibody specifications.

Primary antibody Company;
Product no.

Conc. Time in
primary (h)

Secondary
antibody (source)

DAB

Goat anti-NeuroD1 R&D systems;
AF2746

1:400 24 Biotinylated rabbit
anti-goat (Vector)

Goat anti-Prox1 R&D systems;
AF2727

1:200 24 Biotinylated rabbit
anti-goat (Vector)

Mouse anti-BrdU Millipore;
MAB3424

1:4,000 24 Biotinylated horse
anti-mouse (Vector)

Mouse anti-Ki67 Leica; NCL-L-
Ki67-MM1

1:100 48 Biotinylated horse
anti-mouse (Vector)

Rabbit anti-Sox2 Millipore;
AB5603

1:1,000 24 Biotinylated goat
anti-rabbit (Vector)

Fluorescent

Mouse anti-Ki67 Leica; NCL-L-
Ki67-MM1

1:100 48 AlexaFluor goat
anti-mouse 555

(Invitrogen)

Rabbit anti-Sox2 Millipore;
AB5603

1:1,000 48 AlexaFluor goat
anti-rabbit 488

(Invitrogen)
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and 3% horse serum (Vector Laboratories, Burlingame, CA,
United States) in TBS was used for 30 min to block non-
specific binding. Sections were then washed in MgCl reaction
buffer followed by incubation of DNase in reaction buffer for
1 h. Tissue was then incubated overnight in mouse anti-BrdU
primary antibody in blocking buffer at 4◦C. The following
day, tissue was washed 3 times for 10 min each in blocking
buffer, followed by incubation in a horse anti-mouse secondary
antibody (Vector Laboratories, Billerica, MA, United States)
for 1 h. Tissue was placed in an avidin-biotin-complex (ABC;
Vector Laboratories, Burlingame, CA, United States) for an
additional hour and stained with a nickel-enhanced DAB (Vector
Laboratories, Burlingame, CA, United States). Finally, tissue was
mounted to slides, allowed to dry, and sealed with Cytoseal R©

(Thermo Fisher Scientific, Waltham, MA, United States) and a
glass coverslip.

Dual Fluorescent IHC
Dual IHC labeling of Sox2 and Ki67 antibodies was used to
examine the changes in NPC activation in the hippocampal
SGZ during abstinence from alcohol. Four control rats were
excluded from this analysis due to tissue integrity issues.
Free-floating sections were processed as previously described
(Hayes et al., 2018): every 12th section was washed in TBS,
followed by 1 h of antigen retrieval in Citra Plus solution
(Biogenex Laboratories, San Ramon, CA, United States) at
65◦C. Sections were then placed in a blocking buffer of 10%
normal goat serum, 0.1% triton-X, and TBS for 30 min and
then incubated with anti-Sox2 and anti-Ki67 primary antibodies
(see Table 1) in blocking buffer for 48 h at 4◦C. Next,
sections were rinsed in the blocking solution and incubated
in species specific Alexa Fluor secondary antibodies (Table 1)
with 1.5% normal goat serum for 1 h at room temperature.
After final washes in TBS, sections were mounted onto glass
slides, dried, and coverslipped with ProLong Gold Anti-fade
medium (Invitrogen).

Quantification
An unbiased profile counting methodology with 100% sampling
fraction was utilized for each section in order to be identical
to previous studies conducted in male rats (Crews et al., 2004;
Noori and Fornal, 2011; Hayes et al., 2018). This approach was
utilized as a result of the low cell number and/or heterogenous
nature of the cell markers selected. Slides were coded so that
experimenters were blinded to experimental conditions. The
dorsal hippocampus of one hemisphere was quantified between
Bregma −1.92 and −5.52 mm as determined by Paxinos and
Watson, 2009 at either every 6th section (240 µm apart; BrdU)
or every 12th section (480 µm apart; all other antibodies). This
results in approximately 5–9 sections per subject (every 12th) or
10–16 sections per subject (every 6th). Immunoreactive cells in
the SGZ (∼30 µm width or three granule cell bodies between the
granule cell layer (GCL) and hilus) of the dorsal hippocampus
were quantified identical to previous work (Hayes et al., 2018).
For hilar and molecular layer ectopic cell counts, a region of
2–3 granule cell widths, respectively, (∼10 µm) outside of the

GCL was analyzed (Liang et al., 2013; McClain et al., 2014). DAB-
labeled counts were obtained using a 60× or 100× oil immersion
objective and a 2× coupler on an Olympus BX43 or BX51
microscope (Olympus, Center Valley, PA, United States). For the
quantification of anti-Sox2 and anti-Ki67 immunopositive cells
and co-immunofluorescence, the Olympus BX51 microscope
with a 40× lens at a 2× magnification was employed. Initially,
Sox2+/Ki67+ cells were analyzed for Sox2+ expression and
followed by assessment of Ki67+ expression. Secondarily, co-
labeling was verified in several cells in representative tissue
sections from each group on a Zeiss LSM 710 confocal
microscope (Carl Zeiss Microscopy, LLC, White Plains, NY,
United States; UT Microscopy and Flow Cytometry Core) with
0.5 µm Z-plane sections obtained with a 63× oil immersion lens
and 3D rendered using Zen software (Carl Zeiss Microscopy,
LLC, White Plains, NY, United States; UT Microscopy and Flow
Cytometry Core).

Statistical Analysis
All data were assembled in Excel (Microsoft Office v16)
and analyzed and graphed using GraphPad Prism (version 9,
GraphPad Software, La Jolla, CA, United States). All data are
reported as mean ± SEM. Data were analyzed using Student’s
t-tests (two-tailed) or Mann-Whitney U tests as appropriate for
equal or unequal variance, respectively. BrdU and Ki67 utilized
a two-way ANOVA with Bonferroni multiple comparisons. The
relationship between the expression of all the neurogenesis
markers used and BEC or withdrawal severity was analyzed using
Pearson and Spearman correlations, respectively. Significance
was accepted at p < 0.05.

RESULTS

AUD Model Data
Adult, female rats underwent 4 days of binge alcohol exposure,
parameters for which are detailed for each cohort in Table 2.
Although the rat orders were identical (age 9–10 weeks),
starting weights differed slightly between the T7 and T14 cohort
(Supplementary Figure 1). Importantly, within each cohort
there were no differences between the ethanol and control
groups in initial weight prior to the start of the binge nor rate
of weight loss across the binge. Overall, ethanol-treated rats
averaged intoxication scores of 1.5 ± 0.1 (ataxia, with elevated
abdomen), which produced a mean dose of 10.6 ± 0.3 g/kg/day
and peak BECs of 344.2 ± 28.3 mg/dL as measured on the
third day of the binge. Assessment of withdrawal behaviors
began 10 h after their final dose of ethanol and lasted for
16 h. Ethanol-treated rats expressed average withdrawal scores
of 0.7 ± 0.2 out of four (hyperactivity) with a peak score of
2.8 ± 0.3 (head tremors). While BEC and withdrawal scores
appeared lower in the T14 cohort, only mean withdrawal
was significantly different. All values in both cohorts were
within the range of what has been reported for this model
in male and female rats in our lab and others (Leasure
and Nixon, 2010; Morris et al., 2010b; Barton et al., 2017;
Maynard et al., 2017).

Frontiers in Neuroscience | www.frontiersin.org 5 September 2021 | Volume 15 | Article 689601272

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 6

Nawarawong et al. Female Neurogenesis and Alcohol

TABLE 2 | Animal model data.

Time point Subjects Intox score Dose (g/kg/day) BEC (mg/dl) Mean WD Peak WD

T7 EtOH = 8
CON = 10

1.6 ± 0.1 10.2 ± 0.3 384.2 ± 20.8 1.0 ± 0.2 3.2 ± 0.2

T14 EtOH = 6
CON = 6

1.3 ± 0.2 11.2 ± 0.4 290.7 ± 55.4 0.3 ± 0.1* 2.2 ± 0.5

*p < 0.05 vs. T7.

FIGURE 2 | Cellular proliferation markers are increased following 7 or 14 days of abstinence in ethanol-treated rats. Representative images are shown for BrdU
(A–C) and Ki67 (D–F) immunoreactivity in control [(A) BrdU: n = 9; (D) Ki67: n = 8], T7 ethanol-exposed [(B) BrdU: n = 6; (E) Ki67: n = 6), and T14 ethanol-exposed
rats [(C) BrdU: n = 6; (F) Ki67: n = 6). (G) BrdU+ cells were counted throughout the SGZ and were increased significantly in the T7 ethanol-treated rats compared to
controls and T14 ethanol-exposed rats. BrdU expression was confirmed with immunohistochemistry of the endogenous proliferation marker Ki67. As observed with
the BrdU IHC, prior ethanol exposure increased KI67 expression in the SGZ following 7, but not 14 days of abstinence. Bars represent means ± SEM. Symbols
represent individual data points. Scale bars = 100 µm; 10 µm inset. **p < 0.01.

Ethanol Increases Cell Proliferation in
the SGZ During Abstinence
In order to establish whether reactive neurogenesis occurs in
females, we first examined two well-established proliferation
markers in the SGZ, BrdU, a thymidine analog that was injected
2 h prior to perfusion, and Ki67, an endogenous marker of
cell proliferation. In both controls and ethanol-exposed rats,
BrdU+ cells were apparent throughout the SGZ in clusters, as
expected (Figures 2A–C). We found significant main effects of
group (F1,23 = 26.15, p < 0.0001) and time (F1,23 = 26.02,
p < 0.0001), as well as a significant group by time interaction
(F1,23 = 21.62, p = 0.0001). Multiple comparisons revealed
significantly more BrdU+ cells in the T7 ethanol-exposed rats
compared to both the T7 and T14 controls, as well as the
T14 ethanol-treated rats (p < 0.0001 for all T7 comparisons).
Next, we examined Ki67 immunoreactivity in an adjacent series
of tissue as a means of confirming the exogenous cellular
proliferation marker, BrdU, but also as a tool to screen for
potential cell cycle effects revealed by differential effects on
BrdU+ vs. Ki67+ cells in adolescent males (Morris et al., 2010a;
McClain et al., 2011). Qualitatively, Ki67 immunoreactivity
shows a similar pattern of clustered cells along the SGZ, as
observed with BrdU (Figures 2D–F). Overall immunoreactive

profiles for Ki67 appear lower than what was observed with a
prior manufacturer. However, similar to BrdU immunoreactivity,
we observed significant main effects of group (F1,22 = 25.06,
p < 0.0001) and time (F1,22 = 21.78, p = 0.0001), as well as a
significant group by time interaction (F1,22 = 9.22, p = 0.0061).
Multiple comparisons revealed significantly more Ki67+ cell
in the T7 ethanol-treated group compared to all other groups
(p < 0.0001 for all T7 comparisons). Furthermore, correlational
analysis revealed no significant relationship between either BrdU
or Ki67 expression and BEC as well as observed withdrawal
behaviors (Table 3).

Ethanol Exposure Increases the Number
of NPC Into Active Cycling
Next, we examined NPC activation by quantifying the number
of Ki67 and Sox2 co-labeled cells, as we observed an increase
in activated NPCs in the SGZ of males following alcohol
dependence (Hayes et al., 2018). First, we quantified Sox2+ cells,
a NPC marker, with DAB IHC within the SGZ 7 days post 4-day
binge exposure (Figures 3A,B), which revealed a significant 23%
increase in Sox2+ cells of ethanol-treated animals compared to
controls [Figure 3C; t(14) = 2.5, p = 0.025]. Next, in order to
examine whether alcohol altered the number of actively cycling
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TABLE 3 | Correlations with BEC and withdrawal scores.

Measurement BEC (mg/dl) Mean WD Peak WD

n Pearson r P-value Spearman r P-value Spearman r P-value

SGZ T7 BrdU 6 0.33 0.52 0.14 0.80 −0.12 0.81

T14 BrdU 6 −0.12 0.82 0.26 0.59 0.43 0.42

T7 Ki67 6 0.36 0.48 0.32 0.56 0.32 0.51

T14 Ki67 6 −0.55 0.23 −0.15 0.77 −0.20 0.71

T7 Sox2 8 −0.24 0.57 −0.57 0.14 −0.69 0.07

T7 Sox2/Ki67 8 0.22 0.61 −0.20 0.63 −0.35 0.39

GCL T14 NeuroD1: Inner 1/3 6 0.06 0.91 0.44 0.38 −0.23 0.66

T14 NeuroD1: Outer 2/3 6 −0.18 0.73 −0.07 0.90 −0.77 0.07

ML T14 NeuroD1 6 0.48 0.34 0.42 0.41 −0.29 0.58

Hilus T14 NeuroD1 6 0.51 0.31 0.70 0.12 −0.03 0.95

ML T14 Prox1 6 0.34 0.51 −0.09 0.85 −0.26 0.66

Hilus T14 Prox1 6 0.43 0.40 0.03 0.99 −0.37 0.50

Sox2+ progenitors in the SGZ, the number of Sox2+ cells
that also expressed Ki67 was quantified. We found a significant
increase in the number of Sox2+ cells that co-expressed Ki67
in the ethanol-treated females compared to controls (Figure 3L;
U = 0, p = 0.0007). However, this increase in the amount of
colabeling may be the result of a greater amount of Sox2+ and
Ki67+ cells in the DG of our ethanol-treated females. Therefore,
to see if the increase in the amount of double labeled cells
reflect changes in active cycling, we examined alterations in the
proportion of Sox2+ cells that also express Ki67. In ethanol-
treated females, 34% of all Sox2+ cells in the SGZ were also Ki-
67+, whereas only 11.5% were in controls (Figure 3M; p < 0.05).
These increases in NPC expression and activation were not
correlated to withdrawal scores or BEC (Table 3).

Prior Ethanol Exposure Increases the
Number of Newly Differentiated Neurons
in the SGZ
NeuroD1 is normally seen in the SGZ and inner 1/3 of the
GCL as immature neurons migrate following cell division,
as is visible in both groups (Figure 4). We observed a
significant increase in NeuroD1+ cells in the inner 1/3 of
the GCL/SGZ in ethanol-treated female rats at T14 compared
to controls [Figure 4C; t(10) = 2.5, p = 0.03]. In order to
probe for a relationship between reactive neurogenesis and
alcohol dependence as has been observed in males (Nixon and
Crews, 2004), correlations were conducted between NeuroD1
profile counts and measures of withdrawal severity (peak/mean
withdrawal scores) or BEC (Table 3). No significant relationship
between NeuroD1+ cell counts and these aspects of alcohol
dependence were observed.

Ethanol Exposure Does Not Produce
Ectopic Granule Cells in the Dentate
Gyrus
In order to investigate whether ectopic neurogenesis is occurring
in adult female rats after alcohol dependence, NeuroD1+ cells

were also quantified in the outer 2/3 of the GCL, the hilus, and the
molecular layer of the dentate gyrus at T14. Analysis of the outer
2/3 of the GCL [Figure 4D; t(10) = 1.3, p = 0.24], molecular layer
[Figure 4E; t(10) = 0.03, p = 0.98], and hilus [Figure 4F; U = 7.5,
p = 0.1] did not reveal significant differences in the number
of NeuroD1+ cells in any of those regions between groups.
Prox1 expression was also examined for evidence of ectopic
cells. As with NeuroD1+ analysis, we observed no significant
differences in the number of Prox1+ cells in ethanol-treated
females compared to controls in both the molecular layer and
hilus (Figure 5, molecular layer: t(10) = 1.069, p = 0.31; hilus:
t(10) = 0.5341, p = 0.61). As ectopic neurogenesis occurs with
seizures and the number of ectopic Prox1+ cells in the molecular
layer appeared more variable in the ethanol-treated rats, we
further probed the data for a potential relationship to withdrawal
severity as well as other aspects of the model. For both the
hilus and molecular layer, ectopic Prox1+ cell number did not
correlate with either measure of withdrawal severity (peak/mean
withdrawal scores) or BEC (Table 3).

DISCUSSION

The impact of various types of alcohol exposures on adult
neurogenesis has been well-studied in male rodents, however,
there has been a considerable lack of research on the effect in
females alone. Therefore, in this study, we sought to investigate
the effects of binge ethanol exposure on the phenomena
of reactive neurogenesis in the hippocampus of female rats.
Following 7 days of abstinence from alcohol dependence, we
observed a striking fourfold increase in NPC proliferation
(BrdU+ and Ki67+), which is likely due to an increase in
active cycling of NPCs (Sox2+ /Ki67+). Seven days later at T14,
newborn neurons indicated by NeuroD1+ immunoreactivity
were similarly increased. Furthermore, this rebound effect
did not appear to produce an increased number of ectopic
neurons (ectopic Prox1+ or NeuroD1+ cells) as occurs in
seizure models or in adolescent male rats exposed to alcohol
(McClain et al., 2014). Taken together, these results suggest that
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FIGURE 3 | Alcohol-induced reactive neurogenesis is a result of an increase in active division of NPC. Representative images of Sox2+ cells in the hippocampus of a
control [(A) n = 8] and ethanol-treated [(B) n = 8] rat at T7 as quantified in panel (C). Representative images of Sox2+ (D,G), Ki67+ (E,H), and dual-labeled cells (F,I)
in a control (D–F), n = 6) and an ethanol-treated [(G–I) n = 8] rat following 7 days of abstinence. (J) 3-D rendered z-stack images “orthogonal view” to show
Sox2+/Ki67+ co-labeling in the same cell. (K) The increase in Sox2 expression was replicated with immunofluorescence. Additionally, all Sox2+ cells were assessed
for the presence of Ki67 expression. As previously observed in males, there was a significant increase in the amount (L) and proportion (M) of actively dividing NPC
in ethanol-treated rats compared to controls at T7. (M) Data are mean ± SEM. Symbols represent individual data points. Scale bars = 100 µm in A main, D; 50 µm
A inset; 20 µm in panel (J). *p < 0.05; **p < 0.01.

alcohol dependence results in reactive, adult neurogenesis in
females. Although qualitative and not a direct comparison,
reactive neurogenesis appears similar between adult males and
females after the 4-day binge (Nixon and Crews, 2004; Hayes
et al., 2018), however, some subtle differences were observed in
this study compared to our past work and may warrant future
direct comparisons between the sexes.

The neuroplasticity or damage that occurs with alcohol
dependence results in a transient increase in the generation

of new neurons, a phenomenon that has been termed reactive
neurogenesis when it occurs after an insult (Molowny et al.,
1995; Nixon and Crews, 2004). Binge ethanol exposure in adult
females resulted in increases in NPC proliferation according to
BrdU and Ki67 IHC (Figure 2). While the mechanism for this
reactive neurogenesis in females is under investigation, our report
in males showed that these changes in proliferation were not the
result of alterations in the cell cycle but increased NPC activation
(Hayes et al., 2018). Although changes in cell cycle dynamics
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FIGURE 4 | NeuroD1 expression is increased in neurogenic regions in ethanol-treated rats following 14 days of abstinence. Representative images of NeuroD1
immunoreactivity in a control [(A) n = 6] and an ethanol-exposed [(B) n = 6] rat at T14. Expression of NeuroD1 was increased in the SGZ and inner third of the GCL
(C), but not the outer 2/3 (D), molecular layer (E), or hilus (F). Bars represent means ± SEM. Symbols represent individual data points. Scale bars = 100 µm; 20 µm
inset. *p < 0.05.

were not examined in the current study, the similar increases in
Ki67+ and BrdU+ proliferating cells suggest that the cell cycle
is not likely perturbed by alcohol exposure at this time point
(McClain et al., 2011). Furthermore, the increased recruitment
of NPCs into active cycling in females (Ki67+/Sox2+ cells)
may suggest a similar mechanism underlying alcohol-induced
reactive neurogenesis as found in males (Hayes et al., 2018).
Yet further analysis is still required as a limitation of this work
is that Sox2 is not specific to progenitors and can also be
expressed in astrocytes (Komitova and Eriksson, 2004). However,
in the current study, Sox2-Ki67 co-labeling was only examined
in the SGZ where progenitors reside and astrocyte proliferation
has not been observed in models of AUD, thus supporting
the interpretation that proliferating Sox2+ cells are most likely
NPCs. Though only qualitative, in the current study, we observed
an increase in NPC activation in females (Figure 3). Females
exhibited twice the amount (∼30%) of activated progenitors
at this time point than that previously seen in males (∼15%;
Hayes et al., 2018). While not a direct comparison between
the sexes, this observation is surprising given that most studies
see enhanced survival of newborn neurons in females and not
differences in proliferation (see Mahmoud et al., 2016 for review).
This differential increase in activated progenitors is intriguing
considering the higher baseline levels of cellular proliferation in
the dentate gyrus of males compared to females under normal

conditions (Yagi et al., 2020). Circulating gonadal hormones
have been implicated in changes in cellular proliferation in
the hippocampus. Higher levels of proliferating cells are found
in females in the proestrus stage, or when concentrations of
estradiol are highest, compared to males and females in other
estrous cycle stages (Tanapat et al., 1999). Furthermore, repeated
estradiol administration in gonadectomized rats resulted in
increased cell proliferation in the SGZ of females but not males
(Barker and Galea, 2008). As previously stated, we used intact
female rats, but did not monitor estrous stage throughout the
experiment. Although we cannot rule out the possibility of
an interaction between hormone levels and alcohol exposure
on components of adult neurogenesis, prior preclinical studies
found that estrous stage had no impact on binge alcohol-induced
hippocampal damage or recovery (Maynard and Leasure, 2013;
Maynard et al., 2017). While changes in circulating hormones
associated with estrous cycle garner much of the focus, androgens
have also been found to increase adult neurogenesis via the
androgen receptor pathway in young adult males but not
females (Duarte-Guterman et al., 2019). Thus, despite both sexes
exhibiting reactive, adult neurogenesis, it remains possible that
the mechanism underlying this process differs between the sexes
and warrants future investigation.

In order to identify and quantify the relative change in
the number of immature neurons in females as a result of
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FIGURE 5 | Ectopic granule cells were not observed in the DG of female rats
14 days following ethanol exposure. Representative images show Prox1
immunoreactivity in a control [(A) n = 6] and ethanol-treated [(C) n = 6] rat.
Prior alcohol exposure had no impact on Prox1+ ectopic cells in the molecular
layer (B) or hilus (D) of adult female rats. Data are mean ± SEM. Symbols
represent individual data points. Scale bars = 200 µm; 60 µm inset.

alcohol-induced reactive neurogenesis, we used an immature
neuronal marker, the transcription factor NeuroD1 (Gao et al.,
2009). Consistent with our previous studies in males, we found
significantly more cells committed to the neuronal fate born from
alcohol-induced reactive neurogenesis in the ethanol-treated
females compared to controls at day 14 of abstinence (Nixon
and Crews, 2004; Hayes et al., 2018). While there was still a
significant increase in NeuroD1+ cells in the ethanol-treated
females at day 14 in the current study, when compared to our
previous studies in males, we observed fewer NeuroD1+ cells
in the dentate gyrus despite more progenitors activated into
proliferation. While these differences in immature neurons could
be attributed to differences in the source of antibodies used,
it is possible that circulating hormones may influence alcohol-
induced proliferating cell survival.

Teasing apart the precise mechanisms of reactive neurogenesis
after alcohol dependence remains a key area of inquiry. During
the development of dependence, multiple events occur as part
of alcohol’s neuroplastic effects on the brain that overlap with
mechanisms known to cause reactive neurogenesis (reviewed
in Nixon, 2006; Geil et al., 2014). Specifically, cell death and
degeneration, a hyperglutamatergic state, and alcohol withdrawal
seizures are mechanistically intertwined and also the major causes
implicated in reactive neurogenesis (Nixon and Crews, 2004;
Crews and Nixon, 2009; Mandyam, 2013; Geil et al., 2014).
Though the role of seizures in reactive NPC proliferation had
been ruled out at least in males (e.g., Nixon and Crews, 2004),

recent studies bring to light that newborn neurons may be driving
the development of alcohol withdrawal seizures (Lee et al., 2019).
This latter point strongly suggests that it is the maladaptive
plastic events such as deranged glutamatergic signaling or
neuroimmune activation that occur during the development
of dependence that underlies these intertwined phenomena
(Crews and Nixon, 2009; Avchalumov et al., 2021). This remains
speculative as what little is known about cellular mechanisms
underlying alcohol-induced reactive neurogenesis jumps forward
to implicate brain-derived neurotrophic factor (BDNF) in the
hippocampus (McClain et al., 2014; Somkuwar et al., 2016; Hayes
et al., 2018). Thus, while a hyperglutamatergic state, seizures,
and neuroimmune activation can be linked through BDNF,
much remains to be discerned regarding the involvement of this
cascade in mechanisms of reactive, adult neurogenesis whether in
males or females.

Adult neurogenesis is essential for hippocampal structure
and function, with increases associated with improved
cognitive performance (Sahay et al., 2011). As hippocampal
neurodegeneration is a consequence of alcohol dependence,
reactive neurogenesis has been implicated in repopulating
the hippocampal dentate gyrus in males (Mandyam and
Koob, 2012; Gage and Temple, 2013). However, the functional
importance of this reactive increase remains up for debate.
The increased production of newborn neurons coincides with
behavioral recovery on performance of the Morris Water Maze
task, a hippocampal-dependent, learning and memory task
(Nickell et al., 2020; Nawarawong et al., 2021). In addition, cells
born during reactive neurogenesis appear to be incorporated
into hippocampal circuitry. Recent studies in male rats have
observed similar expression levels of the immediate early
gene c-Fos in newborn neurons in both ethanol-treated rats
and controls (Nawarawong et al., 2021). However, a recent
human study found that females demonstrated prolonged
cognitive impairment due to a slower recovery from alcohol
compared to males (Luquiens et al., 2019). Furthermore, a
chronic model of alcohol exposure in female mice found that
the alcohol-induced reactive increase in neurogenesis resulted
in aberrant hippocampal neuronal integration and cognitive
dysfunction (Golub et al., 2015). While we did not study
cognitive impairment in the current study, we did not observe
any differences in ectopic neurogenesis (Figures 4, 5). While
there are a number of experimental differences between our rat
study and Suh and colleague’s mouse studies (Golub et al., 2015;
Lee et al., 2019), much remains to be learned about how cells
born during reactive neurogenesis function, such as whether they
are incorporated into neuronal ensembles and their contribution
to the overall integrity of the hippocampus. Future studies
understanding what underlies these changes in females as well
as those directly comparing both sexes are necessary to fully
understand the role and functional implications of reactive
neurogenesis in the recovery of hippocampal structure and
function in models of AUD.

A limitation of the current study is the lack of a
full time course assessing the various components of adult
neurogenesis, as has previously been performed in males
(Nixon and Crews, 2002, 2004; Hayes et al., 2018). Under normal
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conditions, hippocampal neuronal maturation is slower in
females compared to males (Mahmoud et al., 2016; Yagi et al.,
2020). The time points used in the current study are based
on studies performed in males, therefore it is possible that
the time course of proliferation effects may differ in females
from what has previously been reported in males (Nixon and
Crews, 2004; Hayes et al., 2018). Furthermore, the current study
only examined an immature neuronal marker (NeuroD1). While
cells that survive to 14 days are thought to persist long-term
and are incorporated into hippocampal circuity (Kempermann
et al., 2003; Snyder and Cameron, 2012), sex differences in
the number of immature neurons in the dentate gyrus have
been observed, with increased immature neuron numbers in
females under normal conditions (Siddiqui and Romeo, 2019). In
depth assessments of adult neurogenesis have not been examined
extensively in females alone and may differ or interact with
the sex differences in reaction to alcohol dependence (Siddiqui
and Romeo, 2019; Yagi and Galea, 2019). Furthermore, any
interpretations must take into consideration sex differences
in hippocampal volume and makeup. Previous studies have
observed larger GCL volumes and a greater density of NPCs in
the dorsal hippocampus of males compared to females (Duarte-
Guterman et al., 2019; Yagi et al., 2020). As an available pool
of NPCs is a requirement of reactive neurogenesis (Yu et al.,
2008; Blaiss et al., 2011; Sun et al., 2013), basal differences in
populations of progenitors between the sexes may explain the
greater impact of the neurotoxic effects of alcohol on females.
Taken together, this suggests that alcohol’s damaging effects may
be where the sexual dimorphism lies (Wilhelm et al., 2016; Cortez
et al., 2020) rather than in reactive proliferation. Perhaps this
is why there is not a relationship between BrdU+ cell number
and withdrawal severity (Table 3) as there is in males (Nixon
and Crews, 2004). Indeed, there are known sex differences in
several events surrounding alcohol-induced damage, such as
neuroimmune activation (Wilhelm et al., 2016; Barton et al., 2017;
Rath et al., 2020), effects of which notably also interact with
the control of adult neurogenesis (Alvarez Cooper et al., 2020;
Diaz-Aparicio et al., 2020).

An important consideration when investigating the effects
of alcohol in females is potential differences in alcohol
pharmacokinetics. Compared to males, females have a faster
rate of absorption, distribution to the brain, and elimination
of alcohol (Robinson et al., 2002; Cederbaum, 2012). However,
in preclinical models, these differences are not thought to be
influenced by the fluctuating hormone levels associated with the
different estrous stages (Robinson et al., 2002; Maynard et al.,
2017). The binge model of exposure was chosen specifically
to circumvent potential alcohol pharmacokinetic differences as
dosing is based on intoxication behavior (Majchrowicz, 1975).
This binge model has been useful in comparing across ages
where slight pharmacokinetic differences have occurred (e.g.,
Varlinskaya and Spear, 2004; Morris et al., 2010b) or within drug
discovery studies (Liput et al., 2013). Furthermore, similar BECs
have been observed for both males and females with this model
(Maynard et al., 2017; West et al., 2018). Therefore, with the
consistency in intoxication levels between the sexes in the binge
model of alcohol exposure, any differences that emerge in females

would be the result of alternative mechanisms and not a direct
result of pharmacokinetics differences.

While the binge model of alcohol exposure in preclinical
studies reduces potential sex differences in pharmacokinetics,
potential differences in withdrawal behaviors, and severity are
unavoidable. In clinical alcohol dependent populations, men
report more withdrawal symptoms and more impaired general
functioning compared to females (Deshmukh et al., 2003). This
is mirrored in preclinical studies that have observed quicker
recovery from alcohol dependence in females (Devaud and
Chadda, 2001; Alele and Devaud, 2007). In the current study,
average withdrawal behaviors were similar to slightly less severe
than those previously reported in males (Hayes et al., 2018).
While a direct comparison is necessary to flesh out quantitative
changes, alterations in GABAergic inhibitory tone have been
implicated in the sex differences in withdrawal severity (for
review see Sharrett-Field et al., 2013). Devaud and Alele (2004)
reported greater levels of alpha subunits of the GABAa receptor
in males, while they observed increased beta subunit expression
in females. These alterations in GABA receptor subunits result
in decreased inhibitory tone in males and may underlie the more
prolonged and severe observed withdrawal behaviors. A common
withdrawal behavior is seizures, or spontaneous convulsions.
In seizure models, seizure behavior is correlated with increased
ectopic cellular expression. In adolescent males, we observed
an increase in ectopic cells that was positively correlated with
withdrawal severity. However, in this current study utilizing a
binge model of alcohol dependence in females, seizure expression
did not alter aberrant cellular division. Furthermore, the lack
of changes we observed in ectopic Prox1 expression suggests
an underlying neuroprotective mechanism that may play a role
in differences in withdrawal behavior expression. Thus future
work is required to understand the influence of sex on alcohol
withdrawal and recovery.

CONCLUSION

In conclusion, these data add to a nascent but growing body
of work on the effects of alcohol exposure in females within
the context of an AUD, as recent reviews have detailed (Cortez
et al., 2020; Fama et al., 2020; White, 2020). Despite a greater
vulnerability for alcohol-induced damage in females, the current
study agrees with prior preclinical reports suggesting that
females exhibit pronounced hippocampal structural recovery
(Jacobson, 1986; Deshmukh et al., 2003; Leasure and Nixon,
2010; Maynard and Leasure, 2013; West et al., 2019). Following
binge ethanol exposure, we found increased levels of cellular
proliferation, activated NPCs, and immature neurons in the
DG of females, phenomena consistent with increased adult
neurogenesis potentially contributing to recovery. Whether such
recovery mechanisms are sufficient to overcome prior damage
(e.g., West et al., 2019) and the signaling mechanism behind
these effects are the next questions. While these alterations
in cellular proliferation and survival appear to be important
to the structural and functional recovery of the hippocampus
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in males (Nickell et al., 2020; Nawarawong et al., 2021), little
is known about the functional implications of these newborn
cells in females. Further understanding of the role reactive
neurogenesis plays in hippocampal recovery will allow for the
identification of novel pharmacological targets for the therapeutic
treatment of AUDs.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the University of
Kentucky IACUC and The University of Texas at Austin IACUC.

AUTHOR CONTRIBUTIONS

HP and KN designed the experiments. NN, KT, SG, KN, HP,
and CA performed the experiments. NN and KT performed the
statistical analyses. NN and KN wrote the original draft of the

manuscript and interpreted the results. NN, KT, CA, and KN
prepared the figures. All authors have read, commented, edited,
and agreed to the manuscript.

FUNDING

This research was funded by the NIH grants R01AA025591,
R01AA016959, R21AA025563, and T32AA007471; and start-up
funds from The University of Texas at Austin.

ACKNOWLEDGMENTS

The authors wish to thank the Center for Biomedical Research
Support (the UT Microscopy and Flow Cytometry Core) and Huy
Q. Dang for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.689601/full#supplementary-material

REFERENCES
Alele, P. E., and Devaud, L. L. (2007). Sex differences in steroid modulation of

ethanol withdrawal in male and female rats. J. Pharmacol. Exp. Ther. 320,
427–436. doi: 10.1124/jpet.106.107896

Alvarez Cooper, I., Beecher, K., Chehrehasa, F., Belmer, A., and Bartlett, S. E.
(2020). Tumour necrosis factor in neuroplasticity, neurogenesis and alcohol use
disorder. Brain Plast. 6, 47–66. doi: 10.3233/BPL-190095

Avchalumov, Y., Oliver, R. J., Trenet, W., Osorno, R. E. H., Sibley, B. D., Purohit,
D. C., et al. (2021). Chronic ethanol exposure differentially alters neuronal
function in the medial prefrontal cortex and dentate gyrus. Neuropharmacology
185:108438. doi: 10.1016/j.neuropharm.2020.108438

Barker, J. M., and Galea, L. A. (2008). Repeated estradiol administration alters
different aspects of neurogenesis and cell death in the hippocampus of female,
but not male, rats. Neuroscience 152, 888–902. doi: 10.1016/j.neuroscience.2007.
10.071

Bartels, C., Kunert, H. J., Stawicki, S., Kroner-Herwig, B., Ehrenreich, H., and
Krampe, H. (2007). Recovery of hippocampus-related functions in chronic
alcoholics during monitored long-term abstinence. Alcohol. Alcohol. 42,
92–102.

Barton, E. A., Baker, C., and Leasure, J. L. (2017). Investigation of sex differences
in the microglial response to binge ethanol and exercise. Brain Sci. 7:139. doi:
10.3390/brainsci7100139

Blaiss, C. A., Yu, T. S., Zhang, G., Chen, J., Dimchev, G., Parada, L. F., et al.
(2011). Temporally specified genetic ablation of neurogenesis impairs cognitive
recovery after traumatic brain injury. J. Neurosci. 31, 4906–4916. doi: 10.1523/
JNEUROSCI.5265-10.2011

Boldrini, M., Fulmore, C. A., Tartt, A. N., Simeon, L. R., Pavlova, I.,
Poposka, V., et al. (2018). Human hippocampal neurogenesis persists
throughout aging. Cell Stem Cell 22, 589–599.e585. doi: 10.1016/j.stem.2018.
03.015

Bonaguidi, M. A., Wheeler, M. A., Shapiro, J. S., Stadel, R. P., Sun, G. J., Ming, G. L.,
et al. (2011). In vivo clonal analysis reveals self-renewing and multipotent adult
neural stem cell characteristics. Cell 145, 1142–1155. doi: 10.1016/j.cell.2011.
05.024

Brandt, J., Butters, N., Ryan, C., and Bayog, R. (1983). Cognitive loss and recovery
in long-term alcohol abusers. Arch. Gen. Psychiatry 40, 435–442.

Cameron, H. A., and McKay, R. D. (2001). Adult neurogenesis produces a large
pool of new granule cells in the dentate gyrus. J. Comp. Neurol. 435, 406–417.

Carlen, P. L., Wortzman, G., Holgate, R. C., Wilkinson, D. A., and Rankin, J. C.
(1978). Reversible cerebral atrophy in recently abstinent chronic alcoholics
measured by computed tomography scans. Science 200, 1076–1078.

Cederbaum, A. I. (2012). Alcohol metabolism. Clin. Liver Dis. 16, 667–685. doi:
10.1016/j.cld.2012.08.002

Centers for Disease Control and Prevention [CDC] (2021). Effect of Dinking
Alcohol on Your Health. Available online at: https://www.cdc.gov/alcoholportal/
index.html (accessed March 7, 2021).

Cho, K. O., Lybrand, Z. R., Ito, N., Brulet, R., Tafacory, F., Zhang, L., et al. (2015).
Aberrant hippocampal neurogenesis contributes to epilepsy and associated
cognitive decline. Nat. Commun. 6:6606. doi: 10.1038/ncomms7606

Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D. Jr., Fragniere, A., Tyers,
P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial
pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215

Cortez, I., Rodgers, S. P., Kosten, T. A., and Leasure, J. L. (2020). Sex and age
effects on neurobehavioral toxicity induced by binge alcohol. Brain Plast. 6,
5–25. doi: 10.3233/BPL-190094

Crawford, S., and Ryder, D. (1986). A study of sex differences in cognitive
impairment in alcoholics using traditional and computer-based tests. Drug
Alcohol. Depend. 18, 369–375. doi: 10.1016/0376-8716(86)90101-8

Crews, F. T., Mdzinarishvili, A., Kim, D., He, J., and Nixon, K. (2006). Neurogenesis
in adolescent brain is potently inhibited by ethanol. Neuroscience 137, 437–445.
doi: 10.1016/j.neuroscience.2005.08.090

Crews, F. T., and Nixon, K. (2009). Mechanisms of neurodegeneration and
regeneration in alcoholism. Alcohol. Alcohol. 44, 115–127. doi: 10.1093/alcalc/
agn079

Crews, F. T., Nixon, K., and Wilkie, M. E. (2004). Exercise reverses ethanol
inhibition of neural stem cell proliferation. Alcohol 33, 63–71.

Dash, P. K., Mach, S. A., and Moore, A. N. (2001). Enhanced neurogenesis in
the rodent hippocampus following traumatic brain injury. J. Neurosci. Res. 63,
313–319.

Demirakca, T., Ende, G., Kammerer, N., Welzel-Marquez, H., Hermann, D., Heinz,
A., et al. (2011). Effects of alcoholism and continued abstinence on brain
volumes in both genders. Alcohol. Clin. Exp. Res. 35, 1678–1685. doi: 10.1111/j.
1530-0277.2011.01514.x

Frontiers in Neuroscience | www.frontiersin.org 12 September 2021 | Volume 15 | Article 689601279

https://www.frontiersin.org/articles/10.3389/fnins.2021.689601/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.689601/full#supplementary-material
https://doi.org/10.1124/jpet.106.107896
https://doi.org/10.3233/BPL-190095
https://doi.org/10.1016/j.neuropharm.2020.108438
https://doi.org/10.1016/j.neuroscience.2007.10.071
https://doi.org/10.1016/j.neuroscience.2007.10.071
https://doi.org/10.3390/brainsci7100139
https://doi.org/10.3390/brainsci7100139
https://doi.org/10.1523/JNEUROSCI.5265-10.2011
https://doi.org/10.1523/JNEUROSCI.5265-10.2011
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/j.cld.2012.08.002
https://doi.org/10.1016/j.cld.2012.08.002
https://www.cdc.gov/alcoholportal/index.html
https://www.cdc.gov/alcoholportal/index.html
https://doi.org/10.1038/ncomms7606
https://doi.org/10.1126/science.1173215
https://doi.org/10.3233/BPL-190094
https://doi.org/10.1016/0376-8716(86)90101-8
https://doi.org/10.1016/j.neuroscience.2005.08.090
https://doi.org/10.1093/alcalc/agn079
https://doi.org/10.1093/alcalc/agn079
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 13

Nawarawong et al. Female Neurogenesis and Alcohol

Deshmukh, A., Rosenbloom, M. J., Sassoon, S., O’Reilly, A., Pfefferbaum, A.,
and Sullivan, E. V. (2003). Alcoholic men endorse more DSM-IV withdrawal
symptoms than alcoholic women matched in drinking history. J. Stud. Alcohol.
64, 375–379.

Devaud, L. L., and Alele, P. (2004). Differential effects of chronic ethanol
administration and withdrawal on gamma-aminobutyric acid type A and
NMDA receptor subunit proteins in male and female rat brain. Alcohol. Clin.
Exp. Res. 28, 957–965. doi: 10.1097/01.alc.0000128225.83916.40

Devaud, L. L., and Chadda, R. (2001). Sex differences in rats in the development
of and recovery from ethanol dependence assessed by changes in seizure
susceptibility. Alcohol. Clin. Exp. Res. 25, 1689–1696.

Diaz-Aparicio, I., Paris, I., Sierra-Torre, V., Plaza-Zabala, A., Rodriguez-Iglesias,
N., Marquez-Ropero, M., et al. (2020). Microglia actively remodel adult
hippocampal neurogenesis through the phagocytosis secretome. J. Neurosci. 40,
1453–1482. doi: 10.1523/JNEUROSCI.0993-19.2019

Duarte-Guterman, P., Lieblich, S. E., Wainwright, S. R., Chow, C., Chaiton,
J. A., Watson, N. V., et al. (2019). Androgens enhance adult hippocampal
neurogenesis in males but not females in an age-dependent manner.
Endocrinology 160, 2128–2136. doi: 10.1210/en.2019-00114

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C.,
Peterson, D. A., et al. (1998). Neurogenesis in the adult human hippocampus.
Nat. Med. 4, 1313–1317.

Fama, R., Le Berre, A. P., and Sullivan, E. V. (2020). Alcohol’s unique effects on
cognition in women: a 2020 (Re)view to envision future research and treatment.
Alcohol. Res. 40:03. doi: 10.35946/arcr.v40.2.03

Flannery, B., Fishbein, D., Krupitsky, E., Langevin, D., Verbitskaya, E., Bland, C.,
et al. (2007). Gender differences in neurocognitive functioning among alcohol-
dependent Russian patients. Alcohol. Clin. Exp. Res. 31, 745–754. doi: 10.1111/
j.1530-0277.2007.00372.x

Gage, F. H., and Temple, S. (2013). Neural stem cells: generating and regenerating
the brain. Neuron 80, 588–601. doi: 10.1016/j.neuron.2013.10.037

Gao, Z., Ure, K., Ables, J. L., Lagace, D. C., Nave, K. A., Goebbels, S., et al. (2009).
Neurod1 is essential for the survival and maturation of adult-born neurons. Nat.
Neurosci. 12, 1090–1092. doi: 10.1038/nn.2385

Gazdzinski, S., Durazzo, T. C., and Meyerhoff, D. J. (2005). Temporal dynamics
and determinants of whole brain tissue volume changes during recovery from
alcohol dependence. Drug Alcohol. Depend. 78, 263–273.

Geil, C. R., Hayes, D. M., McClain, J. A., Liput, D. J., Marshall, S. A., Chen, K. Y.,
et al. (2014). Alcohol and adult hippocampal neurogenesis: promiscuous drug,
wanton effects. Prog. Neuropsychopharmacol. Biol. Psychiatry 54C, 103–113.
doi: 10.1016/j.pnpbp.2014.05.003

Golub, H. M., Zhou, Q. G., Zucker, H., McMullen, M. R., Kokiko-Cochran,
O. N., Ro, E. J., et al. (2015). Chronic alcohol exposure is associated
with decreased neurogenesis, aberrant integration of newborn neurons, and
cognitive dysfunction in female mice. Alcohol. Clin. Exp. Res. 39, 1967–1977.
doi: 10.1111/acer.12843

Grace, S., Rossetti, M. G., Allen, N., Batalla, A., Bellani, M., Brambilla, P.,
et al. (2021). Sex differences in the neuroanatomy of alcohol dependence:
hippocampus and amygdala subregions in a sample of 966 people from the
ENIGMA addiction working group. Transl. Psychiatry 11:156. doi: 10.1038/
s41398-021-01204-1

Grant, B. F., Chou, S. P., Saha, T. D., Pickering, R. P., Kerridge, B. T., Ruan, W. J.,
et al. (2017). Prevalence of 12-month alcohol use, high-risk drinking, and DSM-
IV alcohol use disorder in the United States, 2001-2002 to 2012-2013: results
from the national epidemiologic survey on alcohol and related conditions.
JAMA Psychiatry 74, 911–923. doi: 10.1001/jamapsychiatry.2017.2161

Grant, B. F., Goldstein, R. B., Saha, T. D., Chou, S. P., Jung, J., Zhang, H., et al.
(2015). Epidemiology of DSM-5 alcohol use disorder: results from the national
epidemiologic survey on alcohol and related conditions III. JAMA Psychiatry
72, 757–766. doi: 10.1001/jamapsychiatry.2015.0584

Grucza, R. A., Sher, K. J., Kerr, W. C., Krauss, M. J., Lui, C. K., McDowell, Y. E.,
et al. (2018). Trends in adult alcohol use and binge drinking in the early 21st-
century United States: a meta-analysis of 6 national survey series. Alcohol. Clin.
Exp. Res. 42, 1939–1950. doi: 10.1111/acer.13859

Hayes, D. M., Nickell, C. G., Chen, K. Y., McClain, J. A., Heath, M. M.,
Deeny, M. A., et al. (2018). Activation of neural stem cells from
quiescence drives reactive hippocampal neurogenesis after alcohol dependence.
Neuropharmacology 133, 276–288. doi: 10.1016/j.neuropharm.2018.01.032

Herrera, D. G., Yague, A. G., Johnsen-Soriano, S., Bosch-Morell, F., Collado-
Morente, L., Muriach, M., et al. (2003). Selective impairment of hippocampal
neurogenesis by chronic alcoholism: protective effects of an antioxidant. Proc.
Natl. Acad. Sci. U.S.A. 100, 7919–7924.

Hoefer, M. E., Pennington, D. L., Durazzo, T. C., Mon, A., Abe, C., Truran, D., et al.
(2014). Genetic and behavioral determinants of hippocampal volume recovery
during abstinence from alcohol. Alcohol 48, 631–638. doi: 10.1016/j.alcohol.
2014.08.007

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi, M.,
et al. (2008). Roles of continuous neurogenesis in the structural and functional
integrity of the adult forebrain. Nat. Neurosci. 11, 1153–1161.

Iwano, T., Masuda, A., Kiyonari, H., Enomoto, H., and Matsuzaki, F. (2012). Prox1
postmitotically defines dentate gyrus cells by specifying granule cell identity
over CA3 pyramidal cell fate in the hippocampus. Development 139, 3051–3062.
doi: 10.1242/dev.080002

Jacobson, R. (1986). The contributions of sex and drinking history to the CT
brain scan changes in alcoholics. Psychol. Med. 16, 547–559. doi: 10.1017/
s003329170001031x

Jin, K., Wang, X., Xie, L., Mao, X. O., Zhu, W., Wang, Y., et al. (2006). Evidence for
stroke-induced neurogenesis in the human brain. Proc. Natl. Acad. Sci. U.S.A.
103, 13198–13202.

Kee, N., Sivalingam, S., Boonstra, R., and Wojtowicz, J. M. (2002). The utility of Ki-
67 and BrdU as proliferative markers of adult neurogenesis. J. Neurosci. Methods
115, 97–105.

Kempermann, G., Gast, D., Kronenberg, G., Yamaguchi, M., and Gage, F. H. (2003).
Early determination and long-term persistence of adult-generated new neurons
in the hippocampus of mice. Development 130, 391–399.

Keyes, K. M., Grant, B. F., and Hasin, D. S. (2008). Evidence for a closing
gender gap in alcohol use, abuse, and dependence in the United States
population. Drug Alcohol. Depend. 93, 21–29. doi: 10.1016/j.drugalcdep.2007.
08.017

Komitova, M., and Eriksson, P. S. (2004). Sox-2 is expressed by neural progenitors
and astroglia in the adult rat brain. Neurosci. Lett. 369, 24–27.

Kronenberg, G., Reuter, K., Steiner, B., Brandt, M. D., Jessberger, S., Yamaguchi,
M., et al. (2003). Subpopulations of proliferating cells of the adult hippocampus
respond differently to physiologic neurogenic stimuli. J. Comp. Neurol. 467,
455–463.

Kumar, A., Pareek, V., Faiq, M. A., Ghosh, S. K., and Kumari, C. (2019). ADULT
NEUROGENESIS IN HUMANS: a review of basic concepts, history, current
research, and clinical implications. Innov. Clin. Neurosci. 16, 30–37.

Le Maitre, T. W., Dhanabalan, G., Bogdanovic, N., Alkass, K., and Druid,
H. (2018). Effects of alcohol abuse on proliferating cells, stem/progenitor
cells, and immature neurons in the adult human hippocampus.
Neuropsychopharmacology 43, 690–699. doi: 10.1038/npp.2017.251

Leasure, J. L., and Nixon, K. (2010). Exercise neuroprotection in a rat model of
binge alcohol consumption. Alcohol. Clin. Exp. Res. 34, 404–414. doi: 10.1111/j.
1530-0277.2009.01105.x

Lee, D., Krishnan, B., Zhang, H., Park, H. R., Ro, E. J., Jung, Y. N., et al. (2019).
Activity of hippocampal adult-born neurons regulates alcohol withdrawal
seizures. JCI Insight 4:e128770. doi: 10.1172/jci.insight.128770

Liang, Z., Gao, F., Wang, F., Wang, X., Song, X., Liu, K., et al. (2013). Status
epilepticus increases mature granule cells in the molecular layer of the dentate
gyrus in rats. Neural Regen. Res. 8, 609–615. doi: 10.3969/j.issn.1673-5374.2013.
07.004

Liput, D. J., Hammell, D. C., Stinchcomb, A. L., and Nixon, K. (2013). Transdermal
delivery of cannabidiol attenuates binge alcohol-induced neurodegeneration in
a rodent model of an alcohol use disorder. Pharmacol. Biochem. Behav. 111,
120–127. doi: 10.1016/j.pbb.2013.08.013

Luquiens, A., Rolland, B., Pelletier, S., Alarcon, R., Donnadieu-Rigole, H.,
Benyamina, A., et al. (2019). Role of patient sex in early recovery from alcohol-
related cognitive impairment: women penalized. J. Clin. Med. 8:790. doi: 10.
3390/jcm8060790

Mahmoud, R., Wainwright, S. R., and Galea, L. A. (2016). Sex hormones
and adult hippocampal neurogenesis: regulation, implications, and potential
mechanisms. Front. Neuroendocrinol. 41, 129–152. doi: 10.1016/j.yfrne.2016.
03.002

Majchrowicz, E. (1975). Induction of physical dependence upon ethanol and the
associated behavioral changes in rats. Psychopharmacology 43, 245–254.

Frontiers in Neuroscience | www.frontiersin.org 13 September 2021 | Volume 15 | Article 689601280

https://doi.org/10.1097/01.alc.0000128225.83916.40
https://doi.org/10.1523/JNEUROSCI.0993-19.2019
https://doi.org/10.1210/en.2019-00114
https://doi.org/10.35946/arcr.v40.2.03
https://doi.org/10.1111/j.1530-0277.2007.00372.x
https://doi.org/10.1111/j.1530-0277.2007.00372.x
https://doi.org/10.1016/j.neuron.2013.10.037
https://doi.org/10.1038/nn.2385
https://doi.org/10.1016/j.pnpbp.2014.05.003
https://doi.org/10.1111/acer.12843
https://doi.org/10.1038/s41398-021-01204-1
https://doi.org/10.1038/s41398-021-01204-1
https://doi.org/10.1001/jamapsychiatry.2017.2161
https://doi.org/10.1001/jamapsychiatry.2015.0584
https://doi.org/10.1111/acer.13859
https://doi.org/10.1016/j.neuropharm.2018.01.032
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1242/dev.080002
https://doi.org/10.1017/s003329170001031x
https://doi.org/10.1017/s003329170001031x
https://doi.org/10.1016/j.drugalcdep.2007.08.017
https://doi.org/10.1016/j.drugalcdep.2007.08.017
https://doi.org/10.1038/npp.2017.251
https://doi.org/10.1111/j.1530-0277.2009.01105.x
https://doi.org/10.1111/j.1530-0277.2009.01105.x
https://doi.org/10.1172/jci.insight.128770
https://doi.org/10.3969/j.issn.1673-5374.2013.07.004
https://doi.org/10.3969/j.issn.1673-5374.2013.07.004
https://doi.org/10.1016/j.pbb.2013.08.013
https://doi.org/10.3390/jcm8060790
https://doi.org/10.3390/jcm8060790
https://doi.org/10.1016/j.yfrne.2016.03.002
https://doi.org/10.1016/j.yfrne.2016.03.002
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 14

Nawarawong et al. Female Neurogenesis and Alcohol

Mandyam, C. D. (2013). The interplay between the hippocampus and amygdala
in regulating aberrant hippocampal neurogenesis during protracted abstinence
from alcohol dependence. Front. Psychiatry 27, 4–61. doi: 10.3389/fpsyt.2013.
00061

Mandyam, C. D., and Koob, G. F. (2012). The addicted brain craves new
neurons: putative role for adult-born progenitors in promoting recovery.
Trends Neurosci. 35, 250–260. doi: 10.1016/j.tins.2011.12.005

Mann, K., Ackermann, K., Croissant, B., Mundle, G., Nakovics, H., and Diehl, A.
(2005). Neuroimaging of gender differences in alcohol dependence: are women
more vulnerable? Alcohol. Clin. Exp. Res. 29, 896–901. doi: 10.1097/01.alc.
0000164376.69978.6b

Mann, K., Batra, A., Gunthner, A., and Schroth, G. (1992). Do women develop
alcoholic brain damage more readily than men? Alcohol. Clin. Exp. Res. 16,
1052–1056. doi: 10.1111/j.1530-0277.1992.tb00698.x

Maynard, M. E., Barton, E. A., Robinson, C. R., Wooden, J. I., and Leasure, J. L.
(2017). Sex differences in hippocampal damage, cognitive impairment, and
trophic factor expression in an animal model of an alcohol use disorder. Brain
Struct. Funct. 223, 195–210. doi: 10.1007/s00429-017-1482-3

Maynard, M. E., and Leasure, J. L. (2013). Exercise enhances hippocampal recovery
following binge ethanol exposure. PLoS One 8:e76644. doi: 10.1371/journal.
pone.0076644

McClain, J. A., Hayes, D. M., Morris, S. A., and Nixon, K. (2011). Adolescent
binge alcohol exposure alters hippocampal progenitor cell proliferation in rats:
effects on cell cycle kinetics. J. Comp. Neurol. 519, 2697–2710. doi: 10.1002/cne.
22647

McClain, J. A., Morris, S. A., Marshall, S. A., and Nixon, K. (2014).
Ectopic hippocampal neurogenesis in adolescent male rats following alcohol
dependence. Addict. Biol. 19, 687–699. doi: 10.1111/adb.12075

Molowny, A., Nacher, J., and Lopez-Garcia, C. (1995). Reactive neurogenesis
during regeneration of the lesioned medial cerebral cortex of lizards.
Neuroscience 68, 823–836.

Morris, S. A., Eaves, D. W., Smith, A. R., and Nixon, K. (2010a). Alcohol
inhibition of neurogenesis: a mechanism of hippocampal neurodegeneration
in an adolescent alcohol abuse model. Hippocampus 20, 596–607. doi: 10.1002/
hipo.20665

Morris, S. A., Kelso, M. L., Liput, D. J., Marshall, S. A., and Nixon, K. (2010b).
Similar withdrawal severity in adolescents and adults in a rat model of alcohol
dependence. Alcohol 44, 89–98. doi: 10.1016/j.alcohol.2009.10.017

Nawarawong, N. N., Nickell, C. G., Pauly, J. R., and Nixon, K. (2021).
Functional activation of newborn neurons following alcohol-induced reactive
neurogenesis. Brain Sci. 11:499. doi: 10.3390/brainsci11040499

Nickell, C. G., Thompson, K. R., Pauly, J. R., and Nixon, K. (2020). Recovery of
hippocampal-dependent learning despite blunting reactive adult neurogenesis
after alcohol dependence. Brain Plast. 6, 83–101. doi: 10.3233/BPL-200108

Nixon, K. (2006). Alcohol and adult neurogenesis: roles in neurodegeneration and
recovery in chronic alcoholism. Hippocampus 16, 287–295. doi: 10.1002/hipo.
20162

Nixon, K., and Crews, F. T. (2002). Binge ethanol exposure decreases neurogenesis
in adult rat hippocampus. J. Neurochem. 83, 1087–1093.

Nixon, K., and Crews, F. T. (2004). Temporally specific burst in cell proliferation
increases hippocampal neurogenesis in protracted abstinence from alcohol.
J. Neurosci. 24, 9714–9722.

Nixon, S. J., Prather, R., and Lewis, B. (2014). Sex differences in alcohol-related
neurobehavioral consequences. Handb. Clin. Neurol. 125, 253–272. doi: 10.
1016/B978-0-444-62619-6.00016-1

Nixon, S. J., Tivis, R., and Parsons, O. A. (1995). Behavioral dysfunction and
cognitive efficiency in male and female alcoholics. Alcohol. Clin. Exp. Res. 19,
577–581. doi: 10.1111/j.1530-0277.1995.tb01551.x

Noori, H. R., and Fornal, C. A. (2011). The appropriateness of unbiased optical
fractionators to assess cell proliferation in the adult hippocampus. Front.
Neurosci. 5:140. doi: 10.3389/fnins.2011.00140

Palmer, T. D., Takahashi, J., and Gage, F. H. (1997). The adult rat hippocampus
contains primordial neural stem cells. Mol. Cell Neurosci. 8, 389–404.

Parent, J. M., Yu, T. W., Leibowitz, R. T., Geschwind, D. H., Sloviter, R. S., and
Lowenstein, D. H. (1997). Dentate granule cell neurogenesis is increased by
seizures and contributes to aberrant network reorganization in the adult rat
hippocampus. J. Neurosci. 17, 3727–3738.

Paxinos, G., and Watson, C. (2009). The Rat Brain in Stereotaxic
Coordinates/George Paxinos, Charles Watson, Compact, 6th Edn, London:
Elsevier Academic.

Pfefferbaum, A., Sullivan, E. V., Mathalon, D. H., Shear, P. K., Rosenbloom, M. J.,
and Lim, K. O. (1995). Longitudinal changes in magnetic resonance imaging
brain volumes in abstinent and relapsed alcoholics. Alcohol. Clin. Exp. Res. 19,
1177–1191.

Rath, M., Guergues, J., Pinho, J. P. C., Zhang, P., Nguyen, T. G., MacFadyen,
K. A., et al. (2020). Chronic voluntary binge ethanol consumption causes sex-
specific differences in microglial signaling pathways and withdrawal-associated
behaviors in mice. Alcohol. Clin. Exp. Res. 44, 1791–1806. doi: 10.1111/acer.
14420

Richardson, H. N., Chan, S. H., Crawford, E. F., Lee, Y. K., Funk, C. K., Koob,
G. F., et al. (2009). Permanent impairment of birth and survival of cortical
and hippocampal proliferating cells following excessive drinking during alcohol
dependence. Neurobiol. Dis. 36, 1–10.

Robinson, D. L., Brunner, L. J., and Gonzales, R. A. (2002). Effect of gender and
estrous cycle on the pharmacokinetics of ethanol in the rat brain. Alcohol. Clin.
Exp. Res. 26, 165–172.

Sahay, A., Scobie, K. N., Hill, A. S., O’Carroll, C. M., Kheirbek, M. A., Burghardt,
N. S., et al. (2011). Increasing adult hippocampal neurogenesis is sufficient to
improve pattern separation. Nature 472, 466–470. doi: 10.1038/nature09817

Scharfman, H. E., Sollas, A. E., Berger, R. E., Goodman, J. H., and Pierce,
J. P. (2003). Perforant path activation of ectopic granule cells that are born
after pilocarpine-induced seizures. Neuroscience 121, 1017–1029. doi: 10.1016/
s0306-4522(03)00481-0

Seri, B., Garcia-Verdugo, J. M., McEwen, B. S., and Alvarez-Buylla, A. (2001).
Astrocytes give rise to new neurons in the adult mammalian hippocampus.
J. Neurosci. 21, 7153–7160.

Sharrett-Field, L., Butler, T. R., Reynolds, A. R., Berry, J. N., and Prendergast,
M. A. (2013). Sex differences in neuroadaptation to alcohol and withdrawal
neurotoxicity. Pflugers Arch. 465, 643–654. doi: 10.1007/s00424-013-1266-4

Shors, T. J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T., and Gould, E. (2001).
Neurogenesis in the adult is involved in the formation of trace memories.
Nature 410, 372–376. doi: 10.1038/35066584

Siddiqui, A., and Romeo, R. D. (2019). Sex differences and similarities in
hippocampal cellular proliferation and the number of immature neurons
during adolescence in rats. Dev. Neurosci. 41, 132–138. doi: 10.1159/000502056

Snyder, J. S., and Cameron, H. A. (2012). Could adult hippocampal neurogenesis
be relevant for human behavior? Behav. Brain Res. 227, 384–390.

Snyder, J. S., and Drew, M. R. (2020). Functional neurogenesis over the years.
Behav. Brain Res. 382:112470. doi: 10.1016/j.bbr.2020.112470

Somkuwar, S. S., Fannon, M. J., Staples, M. C., Zamora-Martinez, E. R., Navarro,
A. I., Kim, A., et al. (2016). Alcohol dependence-induced regulation of the
proliferation and survival of adult brain progenitors is associated with altered
BDNF-TrkB signaling. Brain Struct. Funct. 221, 4319–4335. doi: 10.1007/
s00429-015-1163-z

Sorrells, S. F., Paredes, M. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W.,
et al. (2018). Human hippocampal neurogenesis drops sharply in children to
undetectable levels in adults. Nature 555, 377–381. doi: 10.1038/nature25975

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, S., Salehpour, M., Huttner, H. B.,
et al. (2013). Dynamics of hippocampal neurogenesis in adult humans. Cell 153,
1219–1227. doi: 10.1016/j.cell.2013.05.002

Sullivan, E. V. (2000a). Cerebellar volume decline in normal aging, alcoholism, and
Korsakoff’s syndrome: relation to ataxia. Neuropsychology 14, 341–352.

Sullivan, E. V. (2000b). Contribution of alcohol abuse to cerebellar volume deficits
in men with schizophrenia. Arch. Gen. Psych. 57, 894–902.

Sullivan, E. V., Marsh, L., Mathalon, D. H., Lim, K. O., and Pfefferbaum, A. (1995).
Anterior hippocampal volume deficits in nonamnesic, aging chronic alcoholics.
Alcohol. Clin. Exp. Res. 19, 110–122.

Sullivan, E. V., Rosenbloom, M. J., Lim, K. O., and Pfefferbaum, A. (2000).
Longitudinal changes in cognition, gait, and balance in abstinent and relapsed
alcoholic men: relationships to changes in brain structure. Neuropsychology 14,
178–188.

Sun, C., Sun, H., Wu, S., Lee, C. C., Akamatsu, Y., Wang, R. K., et al. (2013).
Conditional ablation of neuroprogenitor cells in adult mice impedes recovery of
poststroke cognitive function and reduces synaptic connectivity in the perforant

Frontiers in Neuroscience | www.frontiersin.org 14 September 2021 | Volume 15 | Article 689601281

https://doi.org/10.3389/fpsyt.2013.00061
https://doi.org/10.3389/fpsyt.2013.00061
https://doi.org/10.1016/j.tins.2011.12.005
https://doi.org/10.1097/01.alc.0000164376.69978.6b
https://doi.org/10.1097/01.alc.0000164376.69978.6b
https://doi.org/10.1111/j.1530-0277.1992.tb00698.x
https://doi.org/10.1007/s00429-017-1482-3
https://doi.org/10.1371/journal.pone.0076644
https://doi.org/10.1371/journal.pone.0076644
https://doi.org/10.1002/cne.22647
https://doi.org/10.1002/cne.22647
https://doi.org/10.1111/adb.12075
https://doi.org/10.1002/hipo.20665
https://doi.org/10.1002/hipo.20665
https://doi.org/10.1016/j.alcohol.2009.10.017
https://doi.org/10.3390/brainsci11040499
https://doi.org/10.3233/BPL-200108
https://doi.org/10.1002/hipo.20162
https://doi.org/10.1002/hipo.20162
https://doi.org/10.1016/B978-0-444-62619-6.00016-1
https://doi.org/10.1016/B978-0-444-62619-6.00016-1
https://doi.org/10.1111/j.1530-0277.1995.tb01551.x
https://doi.org/10.3389/fnins.2011.00140
https://doi.org/10.1111/acer.14420
https://doi.org/10.1111/acer.14420
https://doi.org/10.1038/nature09817
https://doi.org/10.1016/s0306-4522(03)00481-0
https://doi.org/10.1016/s0306-4522(03)00481-0
https://doi.org/10.1007/s00424-013-1266-4
https://doi.org/10.1038/35066584
https://doi.org/10.1159/000502056
https://doi.org/10.1016/j.bbr.2020.112470
https://doi.org/10.1007/s00429-015-1163-z
https://doi.org/10.1007/s00429-015-1163-z
https://doi.org/10.1038/nature25975
https://doi.org/10.1016/j.cell.2013.05.002
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 15

Nawarawong et al. Female Neurogenesis and Alcohol

pathway. J. Neurosci. 33, 17314–17325. doi: 10.1523/JNEUROSCI.2129-13.
2013

Tanapat, P., Hastings, N. B., Reeves, A. J., and Gould, E. (1999). Estrogen stimulates
a transient increase in the number of new neurons in the dentate gyrus of the
adult female rat. J. Neurosci. 19, 5792–5801.

Toda, T., Parylak, S. L., Linker, S. B., and Gage, F. H. (2019). The role of adult
hippocampal neurogenesis in brain health and disease. Mol. Psychiatry 24,
67–87. doi: 10.1038/s41380-018-0036-2

Varlinskaya, E. I., and Spear, L. P. (2004). Acute ethanol withdrawal (hangover) and
social behavior in adolescent and adult male and female Sprague-Dawley rats.
Alcohol. Clin. Exp. Res. 28, 40–50.

West, R. K., Maynard, M. E., and Leasure, J. L. (2018). Binge ethanol effects on
prefrontal cortex neurons, spatial working memory and task-induced neuronal
activation in male and female rats. Physiol. Behav. 188, 79–85. doi: 10.1016/j.
physbeh.2018.01.027

West, R. K., Wooden, J. I., Barton, E. A., and Leasure, J. L. (2019). Recurrent binge
ethanol is associated with significant loss of dentate gyrus granule neurons in
female rats despite concomitant increase in neurogenesis. Neuropharmacology
148, 272–283. doi: 10.1016/j.neuropharm.2019.01.016

White, A. M. (2020). Gender differences in the epidemiology of alcohol use and
related harms in the United States. Alcohol. Res. 40:01. doi: 10.35946/arcr.v4
0.2.01

Wilhelm, C. J., Hashimoto, J. G., Roberts, M. L., Bloom, S. H., Andrew, M. R., and
Wiren, K. M. (2016). Astrocyte dysfunction induced by alcohol in females but
not males. Brain Pathol. 26, 433–451. doi: 10.1111/bpa.12276

Wilson, S., Bair, J. L., Thomas, K. M., and Iacono, W. G. (2017). Problematic alcohol
use and reduced hippocampal volume: a meta-analytic review. Psychol. Med. 7,
2288–2301. doi: 10.1017/S0033291717000721

Yagi, S., and Galea, L. A. M. (2019). Sex differences in hippocampal cognition and
neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-
018-0208-4

Yagi, S., Splinter, J. E. J., Tai, D., Wong, S., Wen, Y., and Galea, L. A. M. (2020).
Sex Differences in Maturation and Attrition of Adult Neurogenesis in the

Hippocampus. eNeuro 7:ENEURO.0468-19.2020. doi: 10.1523/ENEURO.0468-
19.2020

Yu, T. S., Washington, P. M., and Kernie, S. G. (2016). Injury-induced
neurogenesis: mechanisms and relevance. Neuroscientist 22, 61–71. doi: 10.
1177/1073858414563616

Yu, T. S., Zhang, G., Liebl, D. J., and Kernie, S. G. (2008). Traumatic
brain injury-induced hippocampal neurogenesis requires activation of early
nestin-expressing progenitors. J. Neurosci. 28, 12901–12912. doi: 10.1523/
JNEUROSCI.4629-08.2008

Zhao, X., and van Praag, H. (2020). Steps towards standardized quantification
of adult neurogenesis. Nat. Commun. 11:4275. doi: 10.1038/s41467-020-1
8046-y

Zou, X., Durazzo, T. C., and Meyerhoff, D. J. (2018). Regional brain volume
changes in alcohol-dependent individuals during short-term and long-term
abstinence. Alcohol. Clin. Exp. Res. 42, 1062–1072. doi: 10.1111/acer.13757

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Nawarawong, Thompson, Guerin, Anasooya Shaji, Peng and
Nixon. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 15 September 2021 | Volume 15 | Article 689601282

https://doi.org/10.1523/JNEUROSCI.2129-13.2013
https://doi.org/10.1523/JNEUROSCI.2129-13.2013
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1016/j.physbeh.2018.01.027
https://doi.org/10.1016/j.physbeh.2018.01.027
https://doi.org/10.1016/j.neuropharm.2019.01.016
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.1111/bpa.12276
https://doi.org/10.1017/S0033291717000721
https://doi.org/10.1038/s41386-018-0208-4
https://doi.org/10.1038/s41386-018-0208-4
https://doi.org/10.1523/ENEURO.0468-19.2020
https://doi.org/10.1523/ENEURO.0468-19.2020
https://doi.org/10.1177/1073858414563616
https://doi.org/10.1177/1073858414563616
https://doi.org/10.1523/JNEUROSCI.4629-08.2008
https://doi.org/10.1523/JNEUROSCI.4629-08.2008
https://doi.org/10.1038/s41467-020-18046-y
https://doi.org/10.1038/s41467-020-18046-y
https://doi.org/10.1111/acer.13757
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	New Insights Into Adult Neurogenesis and Neurodegeneration: Challenges for Brain Repair 
	Table of Contents
	Editorial: New Insights Into Adult Neurogenesis and Neurodegeneration: Challenges for Brain Repair
	Author Contributions
	Funding

	Neurovascular Unit Dysfunction and Neurodegenerative Disorders
	Introduction
	Composition of the Neurovascular Unit
	Neurovascular Unit Dysregulation in Alzheimer's Disease
	Increased Permeability of the Blood–Brain Barrier
	Cerebral Blood Flow Reduction

	Neurovascular Unit Dysregulation in Parkinson's Disease
	Neurovascular Unit Dysregulation in Amyotrophic Lateral Sclerosis
	Implications for Drug Targets
	Conclusion
	Author Contributions
	Funding
	References

	HspB5 Activates a Neuroprotective Glial Cell Response in Experimental Tauopathy
	Introduction
	Results and Discussion
	HspB5 Is Neuroprotective in an in vivo Model of Tauopathy
	HspB5 and Glial Activation in an in vivo Model of Tauopathy
	HspB5 Induces a Secondary Neuroprotective Response in Astrocytes

	Materials and Methods
	Treatment of P301S Mice
	Analysis of Neurons and Glia From in vivo Experiments
	Isolation and Culturing of Human Microglia, Astrocytes and Macrophages
	Statistics

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Mitochondrial Dysfunction, Neurogenesis, and Epigenetics: Putative Implications for Amyotrophic Lateral Sclerosis Neurodegeneration and Treatment
	Introduction
	Mitochondrial Dysfunction in Als
	Mitochondrial (Dys)Function and Neuroplasticity
	Changes in Neurogenic Function in Als
	Regulation of Neurogenic Function in Als Through Epigenetic Modulation: Possible Therapeutic Avenues
	Conclusion
	The Integrity of Research and Reporting
	Author Contributions
	Funding
	References

	Understanding the Real State of Human Adult Hippocampal Neurogenesis From Studies of Rodents and Non-human Primates
	Introduction
	Ahn in Rodents
	Properties of Adult Neural Stem Cells
	Neuronal Differentiation of Neural Stem Cells
	Maturation of Neuronal Precursor Cells
	Aging and AHN

	Ahn in Humans
	Early Studies in the 1990s
	Studies Between 2000 and 2017
	New Techniques in the 2000s
	Recent Conflicting Reports in 2018 and 2019

	Ahn in Non-Human Primates
	Absolute, but Not Relative, Age-Dependent Decrease in Neuronal Production
	Prolonged Maturation of Newly Generated Neurons in Non-human Primates

	Validity of Inms as Proxy Markers for Adult Neurogenesis
	The Real State of Human Ahn
	Application of Rodent Studies to Understand Human ``Postnatal'' Hippocampal Neurogenesis
	Author Contributions
	Funding
	Acknowledgments
	References

	Thyroid Hormone and Neural Stem Cells: Repair Potential Following Brain and Spinal Cord Injury
	Introduction
	The Potential of Thyroid Hormone as a Pro-Repair Cue
	Thyroid Hormone Regulation in Adult Stem Cell Zones of the Healthy Brain
	Regulation of Thyroid Hormone Metabolism
	Thyroid Hormone Action in the Healthy SVZ
	Thyroid Hormone Action in the Healthy SGZ

	Patient Studies Linking Thyroid Hormone Levels With CNS Injury Outcome

	The Repair Potential of Thyroid Hormone in Multiple Sclerosis
	Thyroid Hormone Promotes Remyelination in Animal Models of Multiple Sclerosis
	Current Bottlenecks in Thyroid Hormone-Mediated Repair in Multiple Sclerosis
	Translational Aspects of Thyroid Hormone-Induced Remyelination

	The Repair Potential of Thyroid Hormone in Alzheimer's Disease
	The Link Between Thyroid Hormone, Hippocampal Neurogenesis and Alzheimer's Disease
	Thyroid Hormone as a Repair Cue in Alzheimer's Disease

	Thyroid Hormone as a Repair Cue in Acute Traumatic Cns Injury
	Thyroid Hormone Action on Neural Stem Cells in Stroke Injury
	Thyroid Hormone in Stem Cell Repair After Traumatic Spinal Cord Injury

	Future Perspectives on Thyroid Hormone-Mediated Cns Repair
	From Systemic to Local and Target-Directed TH Repair
	Other Future Aspects in TH-Mediated CNS Repair

	Author Contributions
	Funding
	References

	Common and Distinct Features of Adult Neurogenesis and Regeneration in the Telencephalon of Zebrafish and Mammals
	Introduction
	Ontogenesis of the Zebrafish Central Nervous System
	Anatomy of the Zebrafish Telencephalon Shows Resemblance to the Mouse Telencephalon Despite Different Modes of Ventricle Formation
	Proliferative Areas in the Adult Telencephalon
	The Different Types of Progenitors in the Telencephalon and Their Lineage
	The Cellular and Molecular Morphology of Nscs and the Absence of Astrocytes in Fish
	Heterogeneity in the Rgc and Progenitor Population
	Rgcs Sustain the Strong Regenerative Capacity of the Zebrafish Telencephalon
	Modulators of Neurogenesis in the Adult Telencephalon
	Notch Signaling
	Role of Notch Signaling During Nsc Homeostasis in the Adult Telencephalon
	Bone Morphogenetic Protein Signaling Pathway
	The Bmp Signaling Pathway and Its Role in Adult Neurogenesis
	Molecular Mechanisms of Adult Zebrafish Telencephalon Regeneration
	Responses to Traumatic Brain Injury in*-2.6pt Mouse
	Neural Regeneration in Alzheimer's Disease Model in Zebrafish
	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References

	Beyond the Hippocampus and the SVZ: Adult Neurogenesis Throughout the Brain
	INTRODUCTION
	``CLASSICAL'' ADULT NEUROGENIC ZONES
	Neurogenesis in the Hippocampus
	Stages of Hippocampal Neurogenesis
	Regulation of Hippocampal Neurogenesis
	Functions of Hippocampal Neurogenesis

	Neurogenesis in the Subventricular Zone and Olfactory Bulb
	The Stages of Subventricular Zone Neurogenesis
	Regulation of SVZ Neurogenesis
	Functions of SVZ Neurogenesis


	``NOVEL'' ADULT NEUROGENIC ZONES
	Neurogenesis in the Hypothalamus
	Neurogenic Niches in the Hypothalamus
	Modulation of Hypothalamic Neurogenesis
	Functional Roles of Hypothalamic Neurogenesis
	The Role of Hypothalamic Neurogenesis in Metabolic Function
	The Role of Hypothalamic Neurogenesis in Sexual/Mating Behaviors and Social Functions

	Neurogenesis in the Striatum and the Substantia Nigra
	Generation of New Neurons in the Striatum
	Modulation of Striatal Neurogenesis
	Ischemia/Stroke and Striatal Neurogenesis
	Neurodegenerative Disorders and Striatal Neurogenesis
	PD and SN Neurogenesis

	Neurogenesis in the Cortex
	Identification of Neural Precursors in the Cortex
	SVZ-Generated Neural Progenitors and Cortical Neurogenesis
	Cortical-generated Neural Progenitors and Cortical Neurogenesis
	Modulation of Cortical Neurogenesis

	Neurogenesis in the Amygdala
	Does Neurogenesis in the Amygdala Persist Into Adulthood?
	Modulation of Neurogenesis in the Amygdala


	THERAPEUTIC RELEVANCE OF ADULT NEUROGENESIS
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES

	Mechanisms Underlying Memory Consolidation by Adult-Born Neurons During Sleep
	Introduction
	Contribution of Local Hippocampal Rhythms to Memory Consolidation
	Interplay of ABNS With Local Hippocampal Rhythms
	Role of REM Sleep in ABN Synaptic Plasticity
	Are ABNs Engram Cells?
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References

	Decreased Proliferation in the Neurogenic Niche, Disorganized Neuroblast Migration, and Increased Oligodendrogenesis in Adult Netrin-5-Deficient Mice
	Introduction
	Materials and Methods
	Animals
	EdU Labeling and Reaction
	Histological Analysis
	Antibodies
	Quantifications and Statistical Analysis

	Results
	Reduced Cell Proliferation in the V-SVZ of NTN5 KO Mice
	Increased Production of OPCs in Other Brain Regions of NTN5 KO Mice
	Number of EdU-Labeled Neuroblasts in the OB Granule Layer Does Not Change in NTN5 KO Mice
	Reduced Proliferation in the V-SVZ of NTN5 KO Mice 1 Day After EdU Administration

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Mild Traumatic Brain Injury Induces Transient, Sequential Increases in Proliferation, Neuroblasts/Immature Neurons, and Cell Survival: A Time Course Study in the Male Mouse Dentate Gyrus
	Introduction
	Methods
	Mice
	Craniectomy
	Lateral Fluid Percussion Injury (LFPI)
	Bromodeoxyuridine (BrdU) Administration
	Tissue Collection and Immunohistochemistry (IHC)
	Cavalieri Volume Estimation
	Cell Type Quantification
	Quantification of Ki67+ and BrdU+ Cells in the DG
	Quantification of DCX+ Cells in the DG
	Quantification of Ki67+, BrdU+, and DCX+ Cells Along the Longitudinal Axis (by Bregma)

	Data Presentation and Analysis and Image Presentation

	Results
	Weight and Gross Locomotor Activity 3, 7, and 31 Dpi
	Three Dpi: Neurogenesis Indices in the Ipsilateral DG Neurogenic Regions
	Three Dpi, There Are More Ki67+ Proliferating Cells (Cells in the Cell Cycle) in the Ipsilateral Neurogenic Region (SGZ) in LFPI Mice Relative to Sham Mice
	Three Dpi, the Number of DCX+ Neuroblasts/Immature Neurons in the Ipsilateral Mouse SGZ/GCL Is Similar Between Sham and LFPI Mice
	Three Dpi, the Number of Proliferating Cells (Cells in S Phase of the Cell Cycle) in the Ipsilateral Mouse SGZ Is Similar Between Sham and LFPI Mice

	Three Dpi: Neurogenesis Indices in the Contralateral DG Neurogenic Regions
	Three Dpi, Ki67+ Cell Number Is Similar in the Contralateral SGZ Between Sham and LFPI Mice
	Three Dpi, DCX+ Cell Number Is Similar in the Contralateral SGZ/GCL Between Sham and LFPI Mice
	Three Dpi, BrdU+ Cell Number (Cells in S Phase of the Cell Cycle) Is Similar in the Contralateral SGZ Between Sham and LFPI Mice

	Three Dpi: Proliferation Indices in the Ipsilateral and Contralateral DG Non-neurogenic Regions
	Three Dpi, There Are More Proliferating (Ki67+ and BrdU+ Cells) in Ipsilateral Non-SGZ DG Subregions in LFPI Mice Relative to Sham Mice
	Three Dpi, There Are More Proliferating Ki67+ Cells in Some Contralateral Non-SGZ DG Subregions in LFPI Mice Relative to Sham Mice

	Seven Dpi: Neurogenesis Indices in the Ipsilateral DG Neurogenic Regions
	Seven Dpi, There Are the Same Number of Ki67+ Proliferating Cells in the Ipsilateral SGZ in LFPI and Sham Mice
	Seven Dpi, There Are More DCX+ Neuroblasts/Immature Neurons in the Ipsilateral Mouse SGZ/GCL in LFPI Mice Relative to Sham Mice
	Seven Dpi, the Number of BrdU+ Cells (Cells in S Phase 4 Days Prior) in the Ipsilateral Mouse SGZ Is Similar Between Sham and LFPI Mice

	Seven Dpi: Neurogenesis Indices in the Contralateral DG Neurogenic Regions
	Seven Dpi, the Number of Ki67+ Proliferating Cells in the Contralateral SGZ Is Similar Between Sham and LFPI Mice
	Seven Dpi, the Number of BrdU+ Cells (Cells in S Phase 4 Days Prior) in the Contralateral SGZ in Is Similar Between Sham and LFPI Mice

	Seven Dpi: Proliferation Indices in the Ipsilateral and Contralateral DG Non-SGZ Regions
	Seven Dpi, the Numbers of Ki67+ Proliferating Cells and BrdU+ Cells (Cells in S Phase 4 Days Prior) in the Ipsilateral Non-SGZ DG Subregions Are Similar in Sham and LFPI Mice
	Seven Dpi, the Numbers of Ki67+ Proliferating Cells and BrdU+ Cells (Cells in S Phase 4 Days Prior) in the Contralateral non-SGZ DG Subregions Are Similar in Sham and LFPI Mice

	Thirty-One Dpi: Neurogenesis Indices in the Ipsilateral DG Neurogenic Regions
	Thirty-One Dpi, the Number of Ki67+ Proliferating Cells in the Ipsilateral Mouse SGZ Is Similar Between Sham and LFPI Mice
	Thirty-One Dpi, the Number of DCX+ Neuroblasts/Immature Neurons in the Ipsilateral Mouse SGZ/GCL Is Similar Between Sham and LFPI Mice
	Thirty-One Dpi (28 Days Post-BrdU Injection), the Number of BrdU+ Cells in the Ipsilateral Mouse SGZ Is Greater in LFPI vs. Sham Mice

	Thirty-One Dpi: Neurogenesis Indices in the Contralateral DG Neurogenic Regions
	Thirty-One Dpi, the Number of Ki67+ Proliferating Cells in the Contralateral SGZ Is Similar Between Sham and LFPI Mice
	Thirty-One Dpi, the Number of DCX+ Immature Neurons/Neuroblasts in the Contralateral SGZ/GCL Is Similar Between Sham and LFPI Mice
	Thirty-One Dpi (28 Days Post-BrdU Injection), the Number of BrdU+ Cells in the Contralateral SGZ Is Similar Between Sham and LFPI Mice

	Thirty-One Dpi: Proliferation and Cell Survival Indices in the Ipsilateral and Contralateral DG Non-neurogenic Regions
	Thirty-One Dpi, the Number of Ki67+ Proliferating Cells in the Ipsilateral Non-SGZ DG Subregions Are Similar in Sham and LFPI Mice, but the Numbers of Surviving BrdU+ Cells in the Ipsilateral Non-SGZ DG Subregions Are Higher in LFPI vs. Sham Mice
	Thirty-One Dpi, the Numbers of Ki67+ Proliferating Cells and BrdU+ Cells in the Contralateral Non-SGZ DG Subregions Are Similar in Sham and LFPI Mice

	DG GCL Volume 3, 7, and 31 Days After Sham or LFPI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Intrinsic Mechanisms Regulating Neuronal Migration in the Postnatal Brain
	Introduction
	Molecular Cues
	Physical Cues
	Galvonotaxis

	Intrinsic Factors That Allow Neuronal Migration
	Cytoskeleton Remodeling
	Actin Filaments
	Microtubules
	Intermediate Filaments

	Ca2+ Signaling
	Mitochondria Dynamics
	Energy Consumption
	Autophagy

	Neuronal Migration in Human Neurodegenerative Disorders
	Stroke
	Neurodegenerative Disorders
	Huntington Disease (HD)
	Parkinson's Disease (PD)
	Alzheimer's Disease (AD)


	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References

	Immune Regulation of Adult Neurogenic Niches in Health and Disease
	Introduction
	Immune Regulation of Embryonic and Postnatal Neuronal Development
	Immune Regulation of Adult Neurogenesis in Health
	Immune Regulation of Activation and Proliferation in the Niche
	Immune Regulation of Differentiation, Neuroblast Survival, and Neuronal Maturation

	Immune Regulation of Adult Neurogenesis in Disease
	Microglial Activation Following Neurodegeneration
	Adult Neurogenesis Following Neuroinflammation
	Therapeutic Implications

	Conclusion
	Author Contributions
	Funding
	References

	The Impact of Estrogen and Estrogen-Like Molecules in Neurogenesis and Neurodegeneration: Beneficial or Harmful?
	Introduction
	Estrogens: Endogenous, Hormone-Based Therapies, and Estrogen-Like Molecules
	Endogenous Estrogens
	Combined Hormonal Contraceptives and Hormone Replacement Therapy
	Hormonal Contraception
	Hormone Replacement Therapy (HRT)

	Estrogen-Like Molecules: Phytoestrogens and Xenoestrogens
	Estrogen-Dependent Signaling Pathways and Cellular Effects
	Classical Estrogen Receptors
	GPR30/GPER-1: A Non-classical Estrogen Receptor
	Role of Estrogens in Cell Proliferation, Differentiation and Survival


	Estrogens in Neurodegeneration
	Estrogens and Their Role in Cell (Neuronal) Survival: Neuroprotection
	Anti-oxidant Activity
	DNA Repair
	Growth Factors
	Synaptic Plasticity
	Cerebral Blood Flow

	Estrogens and Neurodegenerative Diseases
	Alzheimer's Disease (AD)
	Parkinson's Disease (PD)
	Brain Ischemia and Stroke


	Estrogens and Estrogen-Like Molecules in Neurogenesis and Gliogenesis
	Neurogenic Niches: Adult Neural Stem/Progenitor Cells (NSPCs)
	Estrogen Receptors in the Neurogenic Niches
	Biological Implications of Estrogens in Neurogenesis and Oligodendrogenesis
	Phytoestrogens and Neurogenesis
	Xenoestrogens (Bisphenol-A) and Neurogenesis
	Bisphenol-A and the Proliferation/Differentiation Balance of NSPCs
	Bisphenol-A and Neuronal Maturation



	Conclusion and Future Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References

	Manipulation of EGFR-Induced Signaling for the Recruitment of Quiescent Neural Stem Cells in the Adult Mouse Forebrain
	Introduction
	Results
	Age-Related Modulations of RTK-Induced Signaling Pathways in vivo
	NSPC Activity Is Differentially Regulated by EGF-Induced Signaling Modules
	EGFR-CA Can Promote Neurogenic Activity of qNSCs in vivo
	The Ability of EGFR-CA to Recruit qNSCs Is Overridden by the Contexts of Aging and Alzheimer's Disease

	Discussion
	Activation of RTK-Induced Signaling Pathways in NSPCs During Early- and Mid-Adulthood
	PI3K/AKT, MEK/ERK, and mTOR Signaling Cascades Differentially Regulate NSPC Proliferation, Survival, and Differentiation
	Activation of EGFR Signaling Pathways to Promote qNSC Activation
	Conclusion

	Materials and Methods
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Method Details
	Surgical Procedures
	Electroporation
	Osmotic pump infusions

	Tissue Analysis
	Immunostaining
	Western blotting
	Cell culture experiments


	Quantification and Statistical Analyses

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Vascular Senescence: A Potential Bridge Between Physiological Aging and Neurogenic Decline
	Introduction
	Adult Mammalian Neurogenesis and Its Decline With Age
	The Neurogenic Vascular Microenvironment and Its Transformation Over Time
	Endothelial Cell Senescence and Its Associated Effects
	The Aging Systemic Milieu: Blood-Borne Effects on Neurogenesis
	Brain Rejuvenation: Science or Science Fiction?
	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References

	Characterization and Stage-Dependent Lineage Analysis of Intermediate Progenitors of Cortical GABAergic Interneurons
	Introduction
	Materials and Methods
	Production of GAD67-CrePR Knock-in Mouse
	Animals
	Fixation
	Immunohistochemistry
	EdU Labeling
	Quantifications and Statistical Analysis

	Results
	A Small Proportion of GAD67+ Intermediate Progenitors of GABAergic Inhibitory Neurons (IPGNs) Proliferate in Perinatal Cerebral Cortex
	A Small Proportion of GAD67+ Intermediate Progenitors of GABAergic Inhibitory Neurons (IPGNs) Proliferate and Survive in Cerebral Cortex During Perinatal Development
	Subtype Specification of Proliferative GAD67-Lineage Cells Derived From Postnatal GAD67+ Intermediate Progenitors of GABAergic Inhibitory Neurons (IPGNs)
	Embryonic Proliferation of GAD67+ Intermediate Progenitors of GABAergic Inhibitory Neurons (IPGNs)
	A Large Proportion of GAD67+ Embryonic IPGNs Proliferate and Survive in Cerebral Cortex During Development
	Subtype Differentiation (Specification) of Proliferative GAD67-Lineage Cells Derived From Embryonic Intermediate Progenitors of GABAergic Inhibitory Neurons (IPGNs)

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Reactive, Adult Neurogenesis From Increased Neural Progenitor Cell Proliferation Following Alcohol Dependence in Female Rats
	Introduction
	Materials and Methods
	Animal Model of an AUD
	Tissue Preparation
	Immunohistochemistry
	3,3-Diaminobenzidine Tetrahydrochloride (DAB) IHC
	Bromodeoxyuridine (BrdU) IHC
	Dual Fluorescent IHC

	Quantification
	Statistical Analysis

	Results
	AUD Model Data
	Ethanol Increases Cell Proliferation in the SGZ During Abstinence
	Ethanol Exposure Increases the Number of NPC Into Active Cycling
	Prior Ethanol Exposure Increases the Number of Newly Differentiated Neurons in the SGZ
	Ethanol Exposure Does Not Produce Ectopic Granule Cells in the Dentate Gyrus

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Back Cover



