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In vivo live imaging of postnatal neural stem cells
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ABSTRACT
Neural stem cells (NSCs) are maintained in specific regions of the
postnatal brain and contribute to its structural and functional plasticity.
However, the long-term renewal potential of NSCs and their mode
of division remain elusive. The use of advanced in vivo live imaging
approaches may expand our knowledge of NSC physiology
and provide new information for cell replacement therapies. In this
Review, we discuss the in vivo imaging methods used to study NSC
dynamics and recent live-imaging results with respect to specific
intracellular pathways that allow NSCs to integrate and decode
different micro-environmental signals. Lastly, we discuss future
directions that may provide answers to unresolved questions
regarding NSC physiology.
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Introduction
The idea that the brain is deprived of regenerative ability was held
as dogma for a long time. However, almost 60 years ago, the
pioneering work of Altman et al. shook up this dogma by showing
for the first time that new neurons constantly replenish the adult
hippocampus and olfactory bulb (OB) (Altman, 1969; Altman and
Das, 1965). These observations were later corroborated by other
studies (Doetsch et al., 1999a,b; Kuhn et al., 1996; Lois and
Alvarez-Buylla, 1994; Luskin, 1993) and neural stem cells (NSCs)
have since been found in the brains of all mammals, including
humans (Denoth-Lippuner and Jessberger, 2021; Ming and Song,
2005). Endogenous NSCs react to different pathological conditions
(Goldman, 2016; Ohab and Carmichael, 2008) and, although their
activation is insufficient for full structural and functional recovery
(Arvidsson et al., 2002; Goldman, 2016), understanding the
mechanisms that regulate NSC quiescence and activation as well
as their mode of division may provide new information for cell
replacement therapies to heal devastating neurodegenerative
disorders and brain trauma. This knowledge is required to fine-
tune NSC activity rather than to induce the uncontrolled transition of
NSCs from one state to another.
In vivo live imaging methods may provide profound insights into

NSC dynamics and the spatiotemporal regulation of their activation,
mode of division and interaction with the constantly changing
micro-environmental niche. In this Review, we discuss the state-of-
the-art in vivo imaging methods used to investigate postnatal NSC
physiology (Fig. 1, Table 1) and some insights gained from in vitro
studies (Table 1, Box 1). We also discuss recent imaging data of
specific intracellular pathways that allow NSCs to integrate and

decode different micro-environmental signals. Lastly, we suggest
future directions that may provide answers to unresolved questions
regarding NSC physiology (Fig. 2).

NSCs in the postnatal brain: a brief summary
In adults, NSCs are located in only a few regions of the brain, with the
dentate gyrus (DG) and subventricular zone (SVZ) harboring the
most NSCs (Denoth-Lippuner and Jessberger, 2021; Obernier and
Alvarez-Buylla, 2019). Adult neurogenesis has been also reported in
other regions, such as the hypothalamus and spinal cord (Barnabé-
Heider and Frisén, 2008; Kokoeva et al., 2007; Lee et al., 2012;
Migaud et al., 2010). However, as no in vivo live imaging of NSCs
has been performed in these regions to date, we will not discuss these
neurogenic sites. Adult NSC populations in the adult DG and SVZ
are radial glia-like and type B cells, respectively (Bonaguidi et al.,
2011; Doetsch et al., 1999a; Seri et al., 2001). These cells display
certain astrocytic characteristics such as an astrocyte-like morphology
(Seri et al., 2001) and the expression of glial fibrillary acidic protein
(GFAP), glutamate aspartate transporter (GLAST) and brain
lipid binding-protein markers (Codega et al., 2014; DeCarolis et al.,
2013; Fuentealba et al., 2015; Lugert et al., 2010; Moss et al., 2016).
The SVZ is home to the majority of adult NSCs that give rise
to neuronal precursors. These migrate along the rostral migratory
stream (RMS) to reach the OB, where they differentiate into
GABAergic or dopaminergic interneurons that play a role in
olfactory processing (Malvaut and Saghatelyan, 2016). NSCs in the
DG give rise to excitatory granule cells that are involved in several
cognitive processes, including learning, memory and pattern
separation (Denoth-Lippuner and Jessberger, 2021).

NSCs can be either in the quiescent or the active state. Upon
activation in the SVZ, GFAP+ cells express epidermal growth
factor receptor (EGFR) and give rise to EGFR+ transit-amplifying
progenitor (type C) cells that in turn undergo several rounds of
division to generate migrating neuroblasts (Pastrana et al., 2009).
Cells that express both EGFR and GFAP are activated NSCs
(Pastrana et al., 2009). In contrast, GFAP+ cells that do not express
EGFR may be either quiescent stem cells or SVZ niche astrocytes.
These cell populations can be further distinguished by
CD133 (prominin) expression, a transmembrane glycoprotein on
the primary cilia of NSCs (Beckervordersandforth et al., 2010;
Codega et al., 2014; Mirzadeh et al., 2008). In the adult DG, NSCs
display a radial glia-like morphology, with a long process that
crosses the entire granule cell layer and small processes that are
horizontally oriented along the subgranular zone (SGZ). These
radial-glia like NSCs give rise to non-radial glia-like progenitors
that have only short processes and do not express GFAP (Denoth-
Lippuner and Jessberger, 2021). These cells in turn generate
neuroblasts that mature and become newborn granule cells (Filippov
et al., 2003; Fukuda et al., 2003). Sustained neurogenesis for
extended periods of time requires the coordinated regulation
of quiescence, self-renewal and differentiation (Ahn and Joyner,
2005; Garcia et al., 2004; Imayoshi et al., 2008; Kim et al., 2011;
Ninkovic et al., 2007). These processes require that the cell division
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mode is controlled, i.e. symmetric versus asymmetric cell division
(Obernier and Alvarez-Buylla, 2019). Symmetric division of NSCs
can result in either two stem cells (self-renewal) or two non-NSCs
(stem cell exhaustion; also referred to as consuming division) and
can thus affect the number of stem cells. On the other hand,
asymmetric division of NSCs generates one stem cell and one
progenitor (Silva-Vargas et al., 2018).
Adult NSCs in both the SVZ and DG are a heterogeneous

population of cells (Obernier and Alvarez-Buylla, 2019). This
heterogeneity may originate from the lineage, from differences in

the embryonic precursors from which adult NSCs originate or from
the developmental stage during which they were generated
(Bonaguidi et al., 2016; Li et al., 2013). Lineage-tracing
experiments performed at the level of the SVZ have revealed that,
based on their location along the dorso-ventral and rostro-caudal
axes, this region can be divided into different microdomains in
which NSCs can express different combinatorial transcriptional or
morphogen codes such as the Pax6, SP8, Sox2, Neurog2, Tbr2 (also
known as Eomes), Emx1, Nkx2.1 and Gsh2 (Gsx2) transcription
factors (Lledo et al., 2008; Merkle et al., 2014; Obernier and

LV
SVZ

Str.

Cortex

CC

G
RI

N
 le

ns

VZ

Radial glia-like NSCs

Intermediate progenitors

Newborn neurons

A
In vivo two-photon imaging
in anesthetized zebrafish

C
In vivo mini-endoscopic imaging
in freely behaving mice

Neurogenic niche in the zebrafish

Neurogenic niche in the SVZ

CA1
CA2

CA3

DG

Neurogenic niche in the dentate gyrus

Blood
vessels

B
In vivo two-photon imaging
in anesthetized rodents

Non-radial glia-like
progenitors

Radial glia-like NSCs

Key

Immature neurons

Mature newborn
granule cell

KeyKey
NSCs 
Ependymal cells
Type C cells
Neuroblasts

Fig. 1. Existing live-imaging approaches used to record and investigate adult NSC physiology. (A) Scheme of intravital in vivo imaging in anesthetized
zebrafish. Thanks to the transparency of this animal model, NSC physiology can be accurately investigated through the skin and bone of the fish in the same
region for extended periods of time. This approach allows imaging of the dorsal part of the zebrafish neurogenic niche (bottom panel). (B) Intravital imaging in the
rodent dentate gyrus (DG). NSC imaging in the DG is performed following the surgical installation of a cranial window above the target region. With this approach,
NSC activation and progeny can be tracked for extended periods of time in anaesthetized or awake head-restrained animals in the adult DG neurogenic niche,
illustrated in the bottom panel. (C) In vivomini-endoscopic imaging in freely behaving rodents. The installation of a GRIN lens in the neurogenic regions of rodents
makes it possible to investigate NSC physiology while the animals are freely moving in an arena or are performing particular behavioral tasks. Placement of a 45°
tip GRIN lens at the level of the lateral ventricles (LV) allows imaging of the intact subventricular zone (SVZ) neurogenic niche in vivo (bottom panel). NSC, neural
stem cell; CA1, cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; CC, corpus callosum; Str., striatum; SVZ, subventricular zone.
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Alvarez-Buylla, 2019) or the Shh and Wnt morphogens
(Azim et al., 2014; Ihrie and Álvarez-Buylla, 2011; Tong et al.,
2015). Lineage-tracing experiments performed at the level of the
DG have also revealed heterogeneous NSC subsets (Berg et al.,
2018). For example, GLI family zinc finger 1 (Gli1)-targeted NSCs
show long-term self-renewal capacity, which is in contrast to
achaete-scute homolog 1 (Ascl1)-targeted NSCs that are depleted
after limited cycles of division (Bottes et al., 2021). It has been
also shown that GLAST- and nestin-derived adult NSC populations
react differently to environmental stimuli and that not all DG
NSCs express nestin, which confirms that they are antigenically
heterogeneous (DeCarolis et al., 2013). Some differences regarding

the self-renewing capacity of nestin-derived NSCs in the DG have
been also demonstrated, with data in favor of either a return to long-
lasting quiescence or a disposable model of NSCs, in which they
undergo a few rapid cycles of asymmetric divisions and then
differentiate (Bonaguidi et al., 2011; Encinas et al., 2011).

Given the heterogeneity of adult NSCs, it is conceivable that the
various subsets differ in their physiology, their mode of division, their
regulation and even their function in the adult brain. Live-imaging
data have already highlighted such differences and provided profound
insights into NSC physiology in terms of their long-term self-renewal
potential, their proliferation and differentiation rates and their
interactions with various niche components (Bottes et al., 2021;

Table 1. Principal live imaging studies of NSCs and the main findings

Study Method Animal model Main findings

NSC imaging in vitro
Costa et al.,
2011

Live imaging of cultured neural
stem cells (NSCs)

Mice, subventricular zone (SVZ) primary
culture transduced with pseudotyped
retroviruses that infect cells when they are
undergoing cell division.

Cultured SVZ cells are primarily neurogenic and adult
NSCs progress through stereotypic lineage trees.
Enhanced frequency of symmetric self-renewing
divisions was observed after application of EGF and
FGF2. Cell growth correlated with the number of
subsequent divisions of SVZ cells, with slow-
dividing NSCs exhibiting the most substantial
growth before division.

Ortega et al.,
2013

Live imaging of cultured NSCs Mice, SVZ primary culture from wild-type,
hGFAP-RFP or GLAST::CreERT2/GFP
mice

NSCs exclusively generate oligodendroglia or
neurons, but not in the single lineage. Wnt signaling
selectively stimulates proliferation within the
oligodendrogliogenic lineage.

Obernier et al.,
2018

Ex vivo (whole-mount
preparations) live imaging

Mice, hGFAP::CreERT2;Ai14 or hGFAP::
CreERT2;Ai14;Fucci-S/G2/M

Adult NSCs mostly undergo symmetric divisions, both
self-renewing and depleting. The prevailing
symmetric NSC divisions generate transient-
amplifying cells and deplete the niche.

NSC imaging in vivo
Barbosa et al.,
2015

Two-photon imaging+global
population assessments

Brassy zebrafish line, crossed with the
Tg(gfap:GFP)mi201 transgenic line

Direct conversion of NSCs to neurons along with
asymmetric and symmetric self-renewing divisions,
which results in the depletion of stem cells over time.
After brain injury, neuronal progenitors are recruited
to the injury site. However, they are generated by
symmetric divisions that deplete the pool of stem
cells.

Dray et al., 2015 Two-photon imaging Zebrafish, gfap:GFP, her4:dRFP and mcm5:
eGFPgy2 in transparent Casper double
mutant background

Tracking of the entire niche. Measuring of the
frequency, distribution and modes of NSC divisions.

Than-Trong
et al., 2020

Two-photon imaging+global
population assessments

Zebrafish, gfap:dTomato in transparent
Casper double mutant background

Hierarchy-organized neurogenesis in which a
subpopulation of a deeply quiescent NSC reservoir
with long-term self-renewal potential generate,
through asymmetric divisions, a pool of operational
NSCs activating more frequently and taking
stochastic fates biased toward neuronal
differentiation.

Dray et al., 2021 Two-photon imaging+spatial
statistic+modeling

Zebrafish, gfap:dTomato/mcm5:eGFPgy2 in
Casper double mutant background

NSCs use spatiotemporally resolved local feedback to
coordinate their activation. This mechanism
involves a Notch-mediated inhibition from
progenitors and previously divided NSCs.

Pilz et al., 2018 Two-photon imaging+modeling Mice, NSCs in SGZ targeted by the
endogenous Ascl1 promoter crossed with
a tdTomato reporter line

Labeled NSCs undergo limited rounds of symmetric
and asymmetric divisions, after which the pool is
exhausted.
Asymmetric divisions of non-radial glia-like
progenitors that support life-long neurogenesis.

Bottes et al.,
2021

Two-photon imaging+single-cell
RNA-sequencing

Mice, NSCs in SGZ targeted in tamoxifen-
inducible Gli1-CreERT2 and Ascl1-CreERT2

crossed with tdTomato reporter mice

Gli1-targeted NSCs showing long-term self-renewal in
contrast to Ascl1-targeted NSCs, which are
depleted after limited cycles of division, suggesting
the existence of different subpopulations of adult
NSCs.

Gengatharan
et al., 2021

One and two-color mini-
endoscopic imaging in freely
behaving mice+ex-vivo
imaging

Mice, NSCs in SVZ targeted by coincident
activity of two promoters (GFAP and
prominin)

NSC activation is regulated by the day/night cycle and
darkness-induced melatonin signaling. NSCs in
their activated and quiescent states are
characterized by different Ca2+ dynamics.
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Costa et al., 2011; Dray et al., 2021; Obernier et al., 2018). With the
increasing panoply of labeling and imaging methods that makes it
possible to target specific subtypes of NSCs and monitor their
activation and lineage progression dynamics, it is expected that these
approaches will further expand our knowledge of NSC functions
under physiological and pathological conditions.

In vivo imaging of NSCs during adulthood
In vivo imaging makes it possible to overcome the potential pitfalls
of studying NSCs in vitro, such as the absence of niche factors,
implying that the mode and dynamics of NSC division can be
altered due to the lack of micro-environmental cues from blood
vessels, ependymal cells and NSC progeny. In this section, we
discuss the insights obtained from in vivo imaging with regard to
adult NSC physiology.

Imaging adult NSCs in anesthetized zebrafish
The zebrafish brain has a high regenerative capacity, with multiple
neurogenic niches distributed along the entire rostro-caudal brain
axis (Grandel et al., 2006). The most studied neurogenic niches are
located in the telencephalon (pallium), where NSCs are harbored in
three distinct domains: the anterior part of the pallium (Da), the
dorsomedial pallium (Dm) and the lateral pallium (Dl) (Adolf et al.,

2006; Grandel et al., 2006). The architecture of the zebrafish adult
pallium, where the ventricular zone and NSCs lie as a superficial
100-150 µm thick layer, makes it possible to use non-invasive
intravital two-photon imaging methods (Fig. 1A; Barbosa et al.,
2016; Dray et al., 2015) that allow for imaging up to 500-800 µm
deep into the tissue (Miller et al., 2017; Svoboda and Yasuda,
2006).

NSCs in individual fish can be reliably imaged for up to several
weeks. The neurons delaminate and settle just below their mother
NSC in a continuous process paralleled by pallial growth and
ventricular zone expansion (Barbosa et al., 2016; Dray et al., 2015;
Furlan et al., 2017). This architecture makes it possible to track
individual NSC-derived clones and also to perform population
analysis of up to 1000 NSCs, which can be imaged at the same time
(Dray et al., 2015). In addition, harmonic multiphoton microscopy
can be used to image skin and skull morphology, and the resulting
information can be used to position the fish in an identical manner
over different imaging sessions (Dray et al., 2015; Olivier et al.,
2010).

NSCs in the Dm region are similar to those in mammals in terms
of the expression of markers such as GFAP, Sox2, Nestin, enzyme
glutamine synthetase (Gs) and Notch-target gene hairy-related 4
tandem duplicate 1 (her4.1; orthologous to mammalian Hes5)
(März et al., 2010). Various labeling strategies based on the use
of different transgenic reporter lines under the control of GFAP
(Bernardos and Raymond, 2006) or her4 (Yeo et al., 2007)
promoters have been used, sometimes in combination with S/G2/M
markers such asMini-chromosome maintenance factor 5 (Mcm5) or
Proliferating cell nuclear antigen (Pcna) for identifying activated
NSCs (Dray et al., 2015). NSCs labeled with her4:RFP are
randomly distributed within the large germinal zone. However,
although the percentage of NSCs is higher in Da than in Dm and
Dl, activation events are more frequent in Dm than in the other
domains (Dray et al., 2015). Approximately 5% of NSCs in Dm are
in the activated state, which lasts for a few days and is generally
accompanied by cell division, after which most NSCs return to
quiescence (Dray et al., 2021). Barbosa et al., who used another
driver line that expresses GFP under the control of the GFAP
promoter to repetitively image over 100 NSCs, observed that ∼13%
of the NSCs are in the activated state (Barbosa et al., 2015). The
authors also electroporated CMV-TdTomato to follow non-glial
progeny and showed that NSCs mostly divide asymmetrically (93%
of NSCs), which leads to the generation of another NSC and a
neuronal progenitor or neuron (Barbosa et al., 2015). Less than 1%
of NSCs undergo symmetric division, leading to the gradual
depletion of NSCs (Barbosa et al., 2015). In vivo live imaging also
revealed that NSCs are directly converted into neurons, which
accounts for 17% of cases of NSC activation and which is otherwise
impossible to observe using other approaches (Barbosa et al., 2015).

Interestingly, it has been also shown that NSCs have a hierarchical
organization in the zebrafish telencephalon (Than-Trong et al., 2020).
The authors identified a subpopulation of deeply quiescent NSCs
with a long-term renewal potential that give rise to more frequently
activated NSCs, called operational NSCs, through asymmetric
division (Than-Trong et al., 2020). This functional heterogeneity in
NSC behavior is consistent with recent in vivo live imaging in the
mouse DG. The use of transgenic mouse lines with conditional
recombination driven by the regulatory elements of the NSC-
expressed genes has revealed that Gli1-targeted NSCs display long-
term self-renewal potential and limited proliferative potential,
whereas NSCs from the Ascl1 lineage divide frequently and are
rapidly exhausted (Bottes et al., 2021).

Box 1. Insights from in vitro imaging: imaging postnatal
neural stem cells in a dish
In vitro live imaging studies are a useful approach for evaluating the types
and number of neural stem cells (NSCs), their morphological features,
self-renewal capacity and their proliferation and differentiation rates
(Costa et al., 2011; Obernier et al., 2018; see Table 1). Adult SVZ NSCs
in vitro are mostly neurogenic, suggesting that this lineage progression
is, to a significant degree, cell-intrinsic (Costa et al., 2011). Neurogenic
lineage trees in cell culture have been highly stereotyped and consist of
asymmetric NSC divisions, symmetric transit-amplifying divisions and
final symmetric neurogenic divisions (Costa et al., 2011). In vitro single-
cell tracking of cultured SVZ cells has further shown that NSCs
exclusively generate either oligodendroglia or neurons but never both
within a single lineage (Costa et al., 2011). In vivo, oligodendrogliogenic
NSCs are enriched in the dorsal aspect of the SVZ and are selectively
responsive to canonical Wnt signaling, pointing to a regional
specification of NSCs displaying distinct lineages (Azim et al., 2014;
Ortega et al., 2013).

Although these in vitro data suggest that cell-intrinsic mechanisms
regulate lineage progression, these mechanisms may be differently
expressed andmodulated in vivo by distinct extrinsic niche factors or cell-
cell interactions. Live imaging in SVZ whole-mount preparations makes it
possible to preserve the cellular organization of the tissue and to some
degree also certain niche factors (Obernier et al., 2018). Whole-mount
explants from postnatal mice with labeled cells expressing GFAP in
combination with a cell cycle reporter have been used to show that the
majority of GFAP+ NSCs divide symmetrically to either self-renew or to
produce two Type C cells, accounting for ∼20% and ∼80% of all
divisions, respectively (Obernier et al., 2018). Although self-renewing
NSCs cells can reside in the V-SVZ for several months, they are more
likely to undergo consuming divisions, leading to a decline in their
numbers over time (Obernier et al., 2018). Interestingly, however,
lineage-tracing experiments in the adult SVZ have shown that GLAST+
NSCs undergo a rapid sequence of asymmetric cell divisions before
being consumed by a terminal symmetric division (Calzolari et al., 2015).
Whether these distinct types of NSC divisions reflect differences in NSC
subpopulations, as has been recently shown in the DG (Bottes et al.,
2021), or result from a lack of some niche factors in explant cultures, such
as those derived from vasculature or cerebrospinal fluid, remains to be
examined.
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Barbosa et al. also imaged NSCs after a stab injury in the
telencephalon and showed that the proliferation of NSCs increases
twofold, from 13% to 26% (Barbosa et al., 2015). This increased
neurogenesis is due to higher recruitment of quiescent NSCs rather
than multiple divisions of a single NSC (Barbosa et al., 2015).

Asymmetric NSC divisions remain the predominant mode of
division even after injury. In total, fewer NSCs remain quiescent,
accompanied with symmetric divisions, which, unlike in the control
brain, generated two cells that lost their radial glia morphology
(Barbosa et al., 2015). How injury affects the activation and division

A    Integrated view: further technological development B    NSC activation/quiescence, division modes, fate and lineage
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E    NSC dynamics in the aging and pathological brain F    NSC dynamics in correlation with animal behavior

Ca2+ dynamics 

Orai

STIM1

EGFR

[Ca2+]i

SERCA

EGF

GPCR

NeuronsEpendymal cells

CSF factors

Astrocytes

Neuroblasts

Microglia

• Stroke/brain injury
•�Neurodegenerative diseases

Food/water consumption Social interactions

Sleep/wake Physical exercise

Adult
NSCs

NOTCH

Live imaging
of adult NSCs

NSC imaging

Blood vessel factors
Endothelial cells

IP3R2

Symmetric division Asymmetric division

?

Neurogenesis decline

Functional analysis

Optogenetic
interrogation

Gene expression

Fig. 2. See next page for legend.

5

REVIEW Development (2021) 148, dev199778. doi:10.1242/dev.199778

D
E
V
E
LO

P
M

E
N
T



of molecularly distinct NSC subpopulations and whether their
hierarchical organization is modified remain to be elucidated.

Imaging adult NSCs in anesthetized mice
The use of experimental models such as zebrafish is a valuable
advantage when imaging cellular processes without damaging the
integrity of the brain. However, such approaches are more
challenging to apply for investigating the in vivo dynamics of
adult NSCs in rodents, mainly because of the light scattering
properties of the tissues and deeper localization of NSCs in the
rodent brain compared with zebrafish. Several imaging techniques
have been used to overcome this limitation and to investigate
adult NSC activation in vivo in the live rodent brain. Non-invasive
imaging approaches such as magnetic resonance imaging
(MRI), photon-emission tomography (PET) or bioluminescence
imaging have been used to investigate neurogenesis in the adult
rodent brain (Couillard-Despres and Aigner, 2011; Djuric et al.,
2008; Friedman, 2008; Manganas et al., 2007; Ortega and Costa,
2016). However, these approaches lack cellular resolution and thus
cannot be used to study the activation, fate and physiology of
adult NSCs.
Multiphoton imaging has been a method of choice for

investigating brain function, mostly because of the high spatial
resolution, good optical sectioning and depth penetration it provides
(up to 500-800 µm). However, despite the deeper penetration depth
provided by two-photon excitation, the neurogenic regions in
rodents are still too deep and cannot be imaged. NSC imaging can
only be performed after the aspiration of the cortical regions just
above the hippocampus and the installation of a cranial window
(Fig. 1B) (Bottes et al., 2021; Pilz et al., 2018). This approach can be
used to monitor the dynamics of NSCs and their progeny in the
mouse DG for extended periods of time, up to several months, and
has provided key insights into the types of NSC division and their
hierarchy (Bottes et al., 2021; Pilz et al., 2018). Pilz et al. used this
approach to monitor the dynamics of Ascl1+ NSCs in the DG in
anesthetized mice and showed that adult radial glia-like NSCs
undergo only limited rounds of cell division and are rapidly
exhausted (Pilz et al., 2018). Interestingly, the authors also found
that the progeny of these cells undergo several rounds of cell
division with a substantial proportion of asymmetric self-renewing
divisions, which may explain the life-long maintenance of

neurogenesis in the adult DG (Pilz et al., 2018). In a subsequent
study, Bottes et al. used a combination of intravital imaging
and a single-cell RNA-sequencing strategy to shed light on the
heterogeneity of the population of adult NSCs (Bottes et al., 2021).
They showed that Gli1-targeted NSCs display long-term self-
renewal potential, whereas Ascl1 NSCs tend to renew on a more
short-term timescale and are depleted after a limited number of
division cycles (Bottes et al., 2021). Interestingly, although these
populations molecularly overlap, they are also distinct based on the
expression of some factors such as Hopx and Mt3 (Bottes et al.,
2021). Whether these different NSC dynamics reflect the presence
of truly distinct NSCs types or a continuum where one population is
upstream from another remains to be investigated. Self-renewing
and consuming NSCs can be also linked to the degradation of the
pro-activation factor Ascl1 in proliferating NSCs and their return to
quiescence (Harris et al., 2021; Urbán et al., 2016). Thus, live
imaging of molecularly and functionally distinct sub-populations of
NSCs that can be labeled using different genetic strategies has made
it possible to directly visualize different types of NSC division and
to reconcile disparate data with regard to whether the activation of
NSCs leads to their self-renewal or their exhaustion (Bonaguidi
et al., 2011; Calzolari et al., 2015; Encinas et al., 2011; Obernier
et al., 2018).

Imaging adult NSCs in freely behaving animals
Although the two-photon imaging approach mentioned above has
provided key insights and a closer look at adult NSC physiology by
preserving the integrity of the surrounding niche and by tracking
changes for extended periods, intravital multiphoton imaging
limits the use of this approach to anesthetized or head-restrained
animals performing restricted behavioral tasks. In the last two
decades, the advent of miniaturized fluorescent microscopes or
mini-microscopes (also called mini-endoscopes, Fig. 1C) has made
it possible to record brain activity and function in freely behaving
subjects (Aharoni and Hoogland, 2019; Malvaut et al., 2020).
Mini-endoscopy has already been used in the context of adult
neurogenesis but has been restricted to the integration or activity of
adult-born hippocampal granule cells (Kumar et al., 2020; Wang
et al., 2019). Several studies have shown that the survival and
function of new neurons is modulated by a palette of behavioral
states and by stimuli such as physical exercise, stress, external
environment, diet and social interactions (Obernier and Alvarez-
Buylla, 2019; Paul et al., 2017; Urbán et al., 2019). It was unclear,
however, whether NSC functions and dynamics are modulated
by the different natural states or behaviors of freely displacing
animals.

We recently used a customized mini-endoscopic imaging approach
to monitor NSC dynamics in the intact SVZ (Gengatharan et al.,
2021). This approach involved placing a 500 µm diameter gradient
index (GRIN) lens coupled to a 45° prism in the lateral ventricle to
image NSCs in the intact SVZ (Gengatharan et al., 2021). This
allowed us to continuously image NSC activation and division for
2-3 consecutive days and to track the same NSCs for up to several
months in freely behaving mice (Gengatharan et al., 2021). We
showed that NSC activation is regulated by the day/night cycle
and by darkness-induced melatonin signaling (Gengatharan et al.,
2021). The use of a two-color mini-endoscope allowed us to
ascertain the identity of NSCs based on the coincident activity of
two different promoters (Gengatharan et al., 2021). This approach
makes it now possible to track the dynamics of different NSC
subtypes while animals are performing some naturalistic behaviors,
such as food or water consumption, social interactions with

Fig. 2. Framework for future directions for in vivo live imaging of NSCs.
(A) Further technical improvements of in vivo imaging tools may allow the use
of multimodal analyses to investigate NSC physiology. A combination of NSC
dynamics, functional and gene expression analyses as well as optogenetic
interrogations may help expand our knowledge and gain an integrated view
into NSC physiology. (B) Long-term in vivo imaging using various sensors and
actuators for cell activation or differentiation may help further expand our
knowledge with regard to NSC quiescence/activation, division modes, fate,
differentiation and lineage. (C) All-optical live imaging of NSC intracellular
pathways combined with the optogenetic, pharmacogenetic or genetic
manipulation of these pathways may improve our understanding of the role of
specific NSC intracellular cascades and how they are decoded and integrated.
(D) In vivo NSC imaging in brain neurogenic niches combined with cell type-
specific manipulations of different niche elements may make it possible to
investigate intercellular communication and the feedback and feed-forward
regulations of NSC physiology. (E) The use of in vivo imaging may also deepen
our understanding of NSC physiology in some contexts previously shown to
affect neurogenesis, such as normal aging or pathological conditions,
including stroke/brain injury and some neurodegenerative diseases. (F) In vivo
NSC dynamics can now be tracked and correlated with recordings of animal
behavior during different tasks or during food or water consumption, social and
parental interactions, and even during certain naturalistic behavioral states,
such as sleep, arousal and anxiety.
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conspecifics and interactions between parents and pups, or when
animals experience various behavioral states such as stress and
anxiety.

Live imaging of intracellular pathways that orchestrate the
fate and function of adult NSCs
NSCs receive numerous signals from their local environment, long-
ranging neuronal projections and circulating factors. In the SVZ, for
example, NSC basal processes come into contact with the endothelial
cells of blood vessels and they extend apical processes toward the
lateral ventricle in order to receive signals from the cerebrospinal fluid
(Obernier and Alvarez-Buylla, 2019; Shen et al., 2008; Tavazoie
et al., 2008). They are also interconnected via gap junctions (Lacar
et al., 2011) and receive signals from local niche cells (Liu et al.,
2005; Paez-Gonzalez et al., 2014) and long-ranging axonal
projections (Höglinger et al., 2004; Paul et al., 2017; Tong et al.,
2014). Interestingly, recent in vitro live imaging data suggest that
these niche interactions are not static, as NSCs constantly remodel
their processes to collect signals from various sources (Obernier et al.,
2018). Circulating factors in the blood and cerebrospinal fluid may
also influence NSC proliferation, making them responsive to
systemic changes (Katsimpardi et al., 2014; Silva-Vargas et al.,
2016). In keeping with this, it has recently been shown by
combinations of in vivo end ex vivo live imaging that constant light
conditions and pharmacological blocking of melatonin receptors
during the night increase NSC activation and division, whereas
constant darkness or stimulating melatonin receptors during the day
decreases NSC activation, indicating that NSCs are regulated by the
day/night cycle (Gengatharan et al., 2021).
How do NSCs decode and integrate a multitude of factors from

their immediate surroundings and from distant sources? In this
section we discuss the current state of knowledge and recent advances
in our understanding of the intracellular pathways that operate in
NSCs and that allow them to respond tomicro-environmental cues by
adjusting their quiescence/activation profile.We focus specifically on
pathways that are dynamically modulated during the transition of
NSCs from quiescence to proliferation, as revealed by live imaging
and electrophysiology experiments.

Calcium as a cellular signature of adult NSC states
Calcium (Ca2+) appears to serve as a unifying signal integrator in
NSCs given that several pathways that are important for NSC
physiology converge on it (Gengatharan et al., 2021; Lacar et al.,
2011; Petrik et al., 2018). It has also been shown that quiescent and
proliferative NSCs are characterized by very distinct Ca2+ dynamics
and steady-state intracellular levels and that IP3-sensitive
intracellular stores sustain Ca2+ signaling of the quiescent state
(Gengatharan et al., 2021). Interestingly, the inhibition of anti-
proliferative melatonin signaling or the activation of NSC division
by the pro-proliferative factor EGF (Doetsch et al., 2002; Joppé
et al., 2015) both activate NSCs by reducing the frequency of Ca2+

fluctuations and increasing intracellular Ca2+ levels (Gengatharan
et al., 2021), which provides support for the concept that the
dynamics of Ca2+ signals may act as an integrator and decoder of
various factors that then mediate the transition of NSCs from the
quiescent to the active state.
Consistent with these results are findings showing that fluid flow

promotes the proliferation of NSCs in an epithelial sodium channel
(ENaC)-dependent manner through store-operated Ca2+ release-
activated Ca2+ (CRAC) channels (Petrik et al., 2018). The deletion
of ENaC drastically decreases NSC and progenitor proliferation and
increases the frequency of Ca2+ fluctuations in these cells (Petrik

et al., 2018) that are associated with the NSC quiescent phenotype
(Gengatharan et al., 2021). Interestingly, however, the modulation
of ENaC activity in in vitro preparations still affects proliferation,
suggesting that this channel may also be constitutively open (Petrik
et al., 2018). It has previously been shown that ENaC may be
constitutively open in other cell types (Boscardin et al., 2016), but
its activity and opening probability may be modulated by fluid flow
or other mechanical forces (Fronius et al., 2010). Whether
constitutively active ENaC provides a basic neurochemical or
mechanical tone to NSCs that allows them to sense their presence at
the ventricle (Petrik et al., 2018) or to maintain them in ‘pre-
activation’ mode by subthreshold voltage changes remains to be
investigated.

Less is known about the role of Ca2+ signaling in DG NSCs.
Comparative electrophysiological recordings of NSCs (radial glia-
like cells) have shown, however, that glutamatergic receptors
(AMPAR) are present in their radial processes but not in their soma
(Renzel et al., 2013). Almost all NSCs express the GluA2 subunit,
which confers the Ca2+ permeability of AMPA receptors (Renzel
et al., 2013). In addition, immunogold labeling has revealed the
presence of NMDA receptor NR1 subunits in the perisynaptic
processes of NSCs in the inner molecular layer of the DG (Yeh et al.,
2018). The radial processes of RG-like cells travel through the
densely packed granule cells, and the Ca2+ permeable AMPA and
NMDA receptors expressed along these processes appear to be
perfectly located to synaptically sense released glutamate and to
regulate NSC activity. These findings suggest a putative role for Ca2+

signaling in NSC processes in the DG by collecting and computing
niche signals.

Although different Ca2+ dynamics specify the quiescent and
activated states of NSCs, it has been unclear until recently as to
whether changes in Ca2+ signaling by pro-proliferative and pro-
quiescent signals are causative or merely reflect a consequence of
altered NSC states. In vivo optogenetic modulation of Ca2+ fluxes
specifically in NSCs, through the expression of the light-inducible
actuator hBACCS2 (Ishii et al., 2015), has recently been used to
mimic the temporal pattern of Ca2+ dynamics of the NSC quiescent
state in mice that had higher level of NSC activation induced by
constant 250-lux light conditions or by genetic alterations of
signaling of IP3-sensitive intracellular Ca2+ stores (Gengatharan
et al., 2021). These data revealed that, by mimicking the Ca2+

dynamics of the quiescent state, NSCs can be reverted from a higher
activation state to a more quiescent state, indicating that Ca2+ events
are the cause and not the consequence of distinct NSC states.

It remains to be determined how NSCs initiate gene expression
and the transition from one state to another in response to both pro-
proliferative and anti-proliferative Ca2+ signals of different cytosolic
levels, amplitudes and frequencies. Distinct Ca2+ dynamics may
activate distinct isoforms of nuclear factor of activated T cells
(NFAT) in different ways. The calcineurin-NFAT pathway is
required to initiate gene transcription in skin stem cells (Horsley
et al., 2008), and Serrano-Pérez et al. have shown that NFATc3 is the
predominant NFAT isoform in cultured NSCs from the postnatal
SVZ and that the constitutively active form of NFATc3 reduces
NSC proliferation (Serrano-Pérez et al., 2015). However, there are
four isoforms of NFAT with distinct kinetics, and it is not known
whether they respond differently to distinct Ca2+ patterns and
contribute each in their own way to the proliferation, self-renewal
and mode of division of NSCs.

It should be also mentioned that Ca2+ is not only an integrator and
decoder of different signals that regulate NSC quiescence and
activation, but it also plays a role in communication within the NSC
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population and in the regulation of other cells in the niche. NSCs can
regulate capillary blood flow by the Ca2+-dependent release of ATP,
which is sensed by purinergic receptors that are likely located in
pericytes (Lacar et al., 2012). When the SVZ is electrically
stimulated ex vivo, Ca2+ waves propagate across SVZ cells and
reach cells or processes adjacent to capillaries, resulting in
vasoconstriction (Lacar et al., 2012). The use of new in vivo live-
imaging tools in combination with optogenetic approaches now
makes it possible to probe the roles of the different intracellular
pathways and niche signals involved in NSC activation in vivo.

Notch signaling pathway
The Notch signaling pathway is another intracellular cascade that is
dynamically modulated in NSCs during quiescence and activation
(Choe et al., 2015; Giachino and Taylor, 2014; Imayoshi et al.,
2010), as it has been shown by live-imaging studies investigating
oscillatory changes in Hes genes, which are Notch pathway
effectors (Manning et al., 2019; Masamizu et al., 2006; Shimojo
et al., 2008, 2011; Sueda et al., 2019). Hes1 is a transcriptional
repressor that oscillates with a period of 2-3 h and in turn induces the
oscillatory expression of the pro-neural gene Neurogenin2 (Ngn2;
Neurog2) and the Notch ligand gene Delta-like1 (Dll1) (Shimojo
et al., 2011). Interestingly, Hes1 oscillates in a different phase than
Ngn2 and Dll1, such that when Hes1 expression is low, Ngn2 and
Dll1 expressions are high (Shimojo et al., 2011). The oscillatory
activity of Hes1 allows for proliferation and differentiation, whereas
sustained expression leads to dormancy (Shimojo et al., 2008).
When Hes1 expression is repressed, Ngn2 begins to be expressed in
a sustained manner, promoting neuronal differentiation. Such
reciprocal dynamic changes are required for the maintenance and
differentiation of NSCs (Shimojo et al., 2008, 2011).
Hes1, as well as Hes5, also regulate the expression of Ascl1,

another pro-neural gene (Shimojo et al., 2011). Inactivation of the
Notch pathway and thus the activity of the Hes1 and Hes5
transcriptional repressors, upregulates Ascl1 expression, which
leads to a transient increase in neurogenesis by depleting NSC
populations (Ables et al., 2010; Andersen et al., 2014; Ehm et al.,
2010; Imayoshi et al., 2010). However, Ascl1 is associated not only
with the regulation of proliferation (Sueda et al., 2019), but alsowith
the determination of the fate and the differentiation of NSCs (Pilz
et al., 2018). As is the case with Ngn2, such opposing functions are
controlled by different expression patterns (Imayoshi et al., 2013;
Sueda et al., 2019) and the oscillatory activity of the Hes1
transcriptional repressor. High Hes1 expression results in the
inhibition of pro-neural Ascl1 and promotes NSC quiescence,
whereas Hes1 repression greatly upregulates the expression of
Ascl1, which promotes neuronal differentiation. Thus, cyclically
active Ascl1, driven by oscillatory Hes1 expression, results in Notch
pathway-dependent regulation of both the active and quiescent
states of NSCs (Sueda et al., 2019).
The Notch pathway also plays a role in the lateral inhibition of NSC

proliferation, as shown in zebrafish (Dray et al., 2021). Active NSCs
tend to not localize near progeny and the transient pharmacological
inhibition of the Notch pathway abrogates this spatial bias (Dray et al.,
2021). Based on these results and longitudinal in vivo imaging, it has
been proposed that lateral inhibition from progeny is sufficient to
spatiotemporally homogenize neuronal production and the dispersion
of NSC division events with an ∼12-day cycle, leading to the
formation of so-called ‘NSC memory’ (Dray et al., 2021). This type
of interaction remains to be investigated, but it is presumably short-
ranging, within a diameter of one or two cells (Dray et al., 2021).
In the mouse SVZ and SGZ, intermediate progenitors also express

Dll1 and might exert a negative influence on NSC proliferation
by Notch-dependent feedback (Aguirre et al., 2010; Engler et al.,
2018; Kawaguchi et al., 2013; Nelson et al., 2020). It is conceivable,
however, that due to differences in niche organization, the
spatiotemporal dynamics of Notch-dependent NSC activation
events may differ in a niche-dependent manner. Differences in
regulation may result either from the composition of the niche, which
can be distinct based on the immediate proximity of receptor- and
ligand-expressing cells, or from the efficiency of inhibition, which
influences the spatial distribution of activation events.

An interesting question is how different intracellular pathways
that all regulate NSC function are integrated. For example, how are
the Ca2+-dependent signatures of distinct NSC states superimposed
on the Notch-dependent regulation of the proliferation and fate of
NSCs? Interesting insights have been provided by studies of
Drosophila intestinal stem cells showing that Ca2+ signaling can
compensate, to some extent, the disrupted Notch signaling and
maintain the stem cell quiescence (Deng et al., 2015). These
questions remain to be addressed in NSCs in order to get a more
integrated view of how they cope with a multitude of different
factors and intercellular interactions to decode and integrate all these
signals.

Activity-dependent regulation and membrane potential changes
in NSCs
The dynamics of membrane potential changes control cell behavior
and proliferation in many cell types, including embryonic and
adult NSCs (Aprea and Calegari, 2012; Levin, 2014; Yeh et al.,
2018). Activated NSCs exhibit more positive membrane potentials
than quiescent cells (Aprea and Calegari, 2012; Swayne and Wicki-
Stordeur, 2012). In the SVZ, NSCs are characterized by a
hyperpolarized resting membrane potential of −75 to −85 mV that
is regulated by various ion channels (Liu et al., 2005; Yasuda and
Adams, 2010). Pro-proliferative signals such as fluid flow depolarize
NSCs by ENaC to promote NSC activation through changes in Ca2+

signaling and ERK phosphorylation (Petrik et al., 2018). In addition
to fluid flow, the membrane potential of NSCsmay be affected by the
release of neurotransmitters from local sources (Liu et al., 2005; Paez-
Gonzalez et al., 2014) and/or from long-ranging axonal projections
(Höglinger et al., 2004; Paul et al., 2017; Tong et al., 2014). Electron
microscopic results have shown that some of these projections, such
as 5-hydroxytryptamine (5-HT; serotonin) axons originating from
raphe nuclei, make direct contact with NSCs (Tong et al., 2014). The
application of 5-HT receptor agonists induces an inward current and
depolarization in NSCs, which triggers their proliferation (Tong et al.,
2014). Pharmacological, genetic and optogenetic manipulations of
several axonal projections affect the quiescence and activation of
NSCs (Bao et al., 2017; Höglinger et al., 2004; Tong et al., 2014).

NSCs in the adult DG also receive massive excitatory and
inhibitory inputs from local neurons (Asrican et al., 2020; Song
et al., 2012) and from long-ranging projections (Bao et al., 2017;
Yeh et al., 2018) that directly or indirectly affect the physiology and
neurogenic output of NSCs. The resting membrane potential of
quiescent NSCs is ∼−80 mV, which is in part maintained by
tonic GABA inhibition (Yeh et al., 2018). The signals that either
hyperpolarize or depolarize NSCs dynamically shift their
equilibrium from quiescence to activation (Asrican and Song,
2021; Asrican et al., 2020; Song et al., 2012; Yeh et al., 2018). The
application of muscimol, a GABAA receptor agonist (Yeh et al.,
2018), or the optogenetic stimulation of GABAergic parvalbumin+
neurons in the DG (Song et al., 2012), hyperpolarize NSCs and
hamper their activation, thus promoting quiescence. Conversely,
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depolarizing glutamatergic signaling to NSCs, mediated by a chain
of events starting from the release of the neuropeptide
cholecystokinin (CCK) from CCK+ interneurons on astrocytes,
promotes their activation (Asrican et al., 2020). The depolarization
induced by glutamatergic signaling has been linked to the activation
of NMDA and AMPA receptors, as well as metabotropic Glu
receptors (mGluR1) expressed by NSCs, which in turn activate
ERK/MAPK signaling pathways (Asrican et al., 2020).
The dynamic regulation of the membrane potential of NSCs by

various factors may thus provide another level of signal integration
in the neurogenic niche. However, the causal relationship between
membrane potential changes and NSC activation remains to be
shown. It may be possible to test this causal relationship by the
optogenetic manipulation of the membrane potential of NSCs and
the monitoring of their activation and quiescence dynamics. It is
also unclear how these depolarizing and hyperpolarizing signals are
translated into changes in the gene expression pattern that trigger
NSC activation or quiescence and whether these signals are further
amplified by downstream pathways such as Ca2+ signaling.
In sum, these imaging and electrophysiological results have shed

new light on the dynamic features of several pathways that operate
in NSCs and regulate quiescence and activation decisions by
controlling transitions from one state to another. The increasing
panoply of sensors and actuators that can be used to monitor the
dynamics of distinct intracellular processes and interrogate their
functions (Rost et al., 2017; Roth, 2016; Specht et al., 2017; Zhang
and Cui, 2015) will likely provide more information on these
processes in the near future. The signal transduction mechanisms
at the level of NSC processes are an issue that also needs to
be addressed. As discussed above, NSCs have apical and basal
processes that contact and receive signals from different niche
elements. It is important to determine how NSCs decode and
integrate these signals locally at the level of their processes and
which signals are transmitted to cell bodies to regulate the fate
and function of NSCs.

Shining light on adult NSC physiology in vivo: future
directions
The use of in vivo live imaging approaches to directly monitor NSC
activation and function has already furthered our knowledge and
will likely give new key insights in the near future. These tools may
also be combined with other approaches that will make it possible to
manipulate specific intracellular pathways or niche elements or to
get a better understanding of the molecular diversity and hierarchy
of distinct NSC types. This will provide a more integrated view of
how these cells behave in their natural microenvironment and
respond to a multitude of signals (Fig. 2). In the last section of this
Review, we discuss future directions for the in vivo imaging of
postnatal NSCs.
NSCs are present in a specialized microenvironment involving

different actors that contribute in their own way to the physiology
of NSCs (Bonafina et al., 2020; Lim and Alvarez-Buylla, 2016).
These actors include other cell types such as non-neurogenic
astrocytes, ependymal and endothelial cells, microglia, neuroblasts
and neurons, as well as a broad array of local and systemic
factors released from cerebrospinal fluid or blood vessels (Fig. 2).
Although it is now clear that this microenvironment allows for the
dynamic regulation of adult NSC physiology, the complexity of its
architecture means that more studies are required to fully understand
NSC-niche functioning. In vivo techniques such as two-photon
imaging and mini-endoscopy now provide an unprecedented ability
to track and visualize NSCs for extended periods of time in a context

where the integrity of the neurogenic niche is preserved (Bottes
et al., 2021; Gengatharan et al., 2021; Pilz et al., 2018). Moreover,
combining these in vivo techniques with optogenetic tools provides
us with the temporal control required to study the efficiency and the
impact of different intracellular pathways operating intrinsically in
NSCs (Gengatharan et al., 2021) or extrinsically in surrounding
actuators, such as diverse cell types and systemic factors, on NSC
activation and physiology. It is noteworthy that, at the moment when
NSC imaging starts, the history of that NSC is unknown. Significant
progress has been also made with labeling techniques and the
genetic profiling of cells by single-cell RNA-sequencing and
barcoding (Berg et al., 2019; Bottes et al., 2021; Fuentealba et al.,
2015), which allows efficient tracking of individual cells both in
time and space. These tools may facilitate the investigation of the
diverse NSC subtypes, their lineage and hierarchical organization
depending on the previous history of the cell, their cellular output
and interactions between different cell types (Bottes et al., 2021;
Clark et al., 2021; Than-Trong et al., 2020). Moreover, the use of
these tools has already been combined with in vivo imaging to study
NSCs (Bottes et al., 2021). A combination of all these approaches
will make it possible to gain an integrated view of NSC physiology,
understand how these cells are dynamically regulated in the niche
and how they decode and integrate various signals.

The use of in vivo imaging may also provide key insights into how
NSC functions are affected during brain aging and regeneration and
in a context of neurodegenerative diseases or brain tumors (Fig. 2).
All these conditions lead to some quantifiable changes in
neurogenic niches (Arvidsson et al., 2002; Kalamakis et al., 2019;
Llorens-Bobadilla et al., 2015). However, the specific changes and
their temporal evolution remain to be studied. Similarly, the
uncontrolled division of NSCs and progenitor cells in brain tumors
can be now monitored to better understand the dynamics of these
processes, determine how the fine-tuned equilibrium between
quiescence and activation is hijacked and ascertain whether the
acute manipulation of specific intracellular pathways or niche
elements can stop this uncontrolled cellular behavior.

Lastly, it should be noted that expanding our knowledge of
NSC physiology is closely linked to further improvements in
imaging techniques in the future. Indeed, both two-photon and
mini-endoscopic imaging have their share of advantages and
disadvantages (Malvaut et al., 2020). Although two-photon
microscopy can be used for high spatial resolution imaging of
NSCs in order to study their fine processes and track their lineage,
such imaging has been, to date, performed in anesthetized and head-
restrained animals, which limits their behavioral repertoire (Barbosa
et al., 2015; Bottes et al., 2021; Dray et al., 2015; Pilz et al., 2018).
Two-photon excitation allows to image regions that are up to 500-
800 µm deep from the surface of the brain (Miller et al., 2017;
Svoboda and Yasuda, 2006; Pilz et al., 2018) and thus requires the
removal of cortical layers in rodents when NSCs in the DG are
imaged (Bottes et al., 2021; Pilz et al., 2018). Mini-endoscopic
imaging provides excellent temporal resolution, making it possible
to observe NSC activation and division as a continuum in naturally
behaving subjects. However, the focus of the imaged field of view
during imaging and in between imaging sessions cannot be
adjusted, which is a major drawback. Given the low occurrence of
NSC division in vivo (Gengatharan et al., 2021), it is possible that
some divisions are missed with time and consecutive imaging
sessions because daughter cells may arise in a different focal plan or
migrate outside the field of view. It should also be noted that GRIN
lenses of different length can be used to reach any deep brain region
without removing the surrounding tissue (Malvaut et al., 2020), but
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as these lenses are at least 500 µm in diameter, it takes several weeks
post-implantation for the surrounding tissues to settle and recover
(Malvaut et al., 2021). Similarly, it is important to ascertain that
when in vivo two-photon or mini-endoscopic imaging in the DG and
SVZ are performed, the installation of cranial window or GRIN
lenses does not result in gliosis or damage-induced activation of
NSCs when imaging starts (Gengatharan et al., 2021; Gu et al.,
2014; Pilz et al., 2016). Recently, new approaches including
sectioning, dual-modality recordings and wireless features for mini-
endoscopic imaging (Aharoni and Hoogland, 2019; Malvaut et al.,
2020), lightweight two-photon microscopy systems for imaging in
freely behaving rodents (Zong et al., 2017) and three-photon
imaging systems allowing the imaging of structures more than 1 mm
deep in tissue without removing the overlying structure
(Klioutchnikov et al., 2020) have been implemented. These
technological advances may further improve our technical arsenal
and help us uncover yet hidden features of NSC activation and
function.

Conclusion
The advent of in vivo live imaging approaches has made it possible to
directly monitor and decipher the dynamics of NSC activation, their
hierarchical organization, their diversity and their lineage trees,
providing key insights into NSC activation and function. Importantly,
these approaches make it possible to observe NSCs in a complex,
constantly changing microenvironment and to gain key insights into
complex niche interactions. Combined with the use of genetic,
pharmacogenetic and optogenetic approaches to selectively
manipulate NSCs, their intracellular pathways and distinct cell
types in the niche, live imaging will further deepen our understanding
of the specific roles of various niche players and pathways underlying
the transmission, reception and integration of signals. Future NSC
live-imaging studies will not only expand our knowledge but also
guide us to a more complete understanding of NSC physiology in
their microenvironment. This knowledge can eventually be applied to
cell replacement therapies or to abrogate abnormal functions of NSCs
in some pathological conditions such as brain tumors.
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