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The majority of adult neural stem cells (aNSCs) are in a distinct metabolic state of
reversible cell cycle exit also known as quiescence. The rate of aNSC activation
determines the number of new neurons generated and directly influences the long-
term maintenance of neurogenesis. Despite its relevance, it is still unclear how aNSC
quiescence is regulated. Many factors contribute to this, like aNSC heterogeneity,
the lack of reliable quiescence markers, the complexity of the neurogenic niches or
the intricacy of the transcriptional and post-transcriptional mechanisms involved. In
this perspective article I discuss possible solutions to these problems. But, first and
foremost, I believe we require a model that goes beyond a simple transition toward
activation. Instead, we must acknowledge the full complexity of aNSC states, which
include not only activation but also differentiation and survival as behavioural outcomes.
I propose a model where aNSCs dynamically transition through a cloud of highly
interlinked cellular states driven by intrinsic and extrinsic cues. I also show how a new
perspective enables us to integrate current results into a coherent framework leading
to the formulation of new testable hypothesis. This model, like all others, is still far
from perfect and will be reshaped by future findings. I believe that having a more
complete view of aNSC transitions and embracing their complexity will bring us closer
to understand how aNSC activity and neurogenesis are controlled throughout life.

Keywords: adult neurogenesis, adult stem cells, adult neural stem cells, activation, working model, NSC
transitions, dentate gyrus, subependymal zone

INTRODUCTION

Neurogenesis is preserved in specific regions or neurogenic niches in the adult brains of most
mammals (Ming and Song, 2011; Bond et al., 2015). The subependymal zone (SEZ) of the lateral
ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampal formation
are the two main neurogenic niches in the mouse brain (Gonçalves et al., 2016; Obernier and
Alvarez-Buylla, 2019). Adult neural stem cells (aNSCs) in both niches are largely quiescent (Urbán
et al., 2019). Quiescence is not only the reversible exit of stem cells from the cell cycle, but also
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involves significant metabolic changes and the maintenance of
low transcription and translation levels (Urbán and Cheung,
2021). It is hypothesised that the quiescent state protects stem
cells from DNA and protein damage (Cheung and Rando,
2013). Adult NSCs have a poor ability to self-renew, and
consequently, their numbers (and thus the amount of newly
generated neurons) fall significantly with age in an activation-
dependent way (Encinas et al., 2011; Kalamakis et al., 2019).
Quiescence prevents them from being depleted, ensuring a steady
supply of new cells. Therefore, the rate of aNSC activation
determines the number of new neurons generated and directly
influences the long-term maintenance of neurogenesis. Adult-
born neurons play important functions in olfaction, memory and
mood regulation, with loss of neurogenesis associated with the
loss of cognitive and affective functions (Bowers and Jessberger,
2016). Despite our best efforts, we still lack a clear picture of
how the transitions of aNSCs from quiescent to active states are
controlled, due to several reasons (Figure 1):

- We still ignore how signal integration works in aNSCs.
A variety of different signals have been involved in
balancing quiescence and activation in these cells.
For instance, NOTCH and BMP are pro-quiescence
signals while WNT and SHH are considered pro-
activation ones (Ahn and Joyner, 2005; Lie et al., 2005;
Imayoshi et al., 2010; Mira et al., 2010). Metabolic
cues and neurotransmitters such as GABA are also
heavily involved (Alfonso et al., 2012; Berg et al.,
2013; Knobloch and Jessberger, 2017; Paul et al., 2017;
Catavero et al., 2018; Adusumilli et al., 2020). But in
reality, cells rarely respond to a single signal, instead
receiving a complex mix of signalling and metabolic
cues simultaneously. The mechanisms aNSCs employ to
integrate these signals and how signal dynamics influence
quiescence are still poorly explored.

- Transcriptional profiling is not an accurate readout of
the position of NSCs along the quiescence to activation
transition. Recent data has pointed out that unlike other
cell types, the correlation between mRNA and protein
content in quiescent NSCs is very poor (Rossi et al.,
2021). In addition, several pieces of evidence point to
post-transcriptional and post-translational mechanisms
being the main drivers of the transition of adult NSCs
between quiescence and activation. A good example is
the transcription factor ASCL1, which is essential for
aNSCs to exit quiescence (Andersen et al., 2014). ASCL1
is controlled by many niche signals at different levels, from
transcription to protein stability, and is therefore a perfect
candidate (although likely not the only one) to integrate
stimuli to make cellular fate choices. Remarkably, while
ASCL1 protein is detected only in active aNSCs, Ascl1
mRNA levels are similar in quiescent and active DG aNSCs
(Blomfield et al., 2019).

- Quiescence-specific markers do not exist for aNSCs.
Despite many genes being enriched in quiescent NSCs
compared with active NSCs, none of them has been proven
to be a reliable quiescence-specific marker. The main

FIGURE 1 | Summary of the current roadblocks in our understanding of adult
neural stem cell activation. IPC, Intermediate progenitor cell.

reason for this is the huge overlap in expression profile
between astrocytes and aNSCs (which are correctly called
radial glia-like cells) (Urbán et al., 2019). This problem
clearly demonstrates how little we know about what defines
quiescence, aside from the absence of cell cycle markers.

- Adult neural stem cells are heterogeneous. SEZ NSCs are
spatially heterogeneous, as they retain the regional identity
that was instructed to them during development (Merkle
et al., 2014; Fiorelli et al., 2015; Mizrak et al., 2019). Spatial
heterogeneity has so far not been described for the DG
but there, aNSCs labelled with different lineage tracing
strategies show distinct activation and differentiation
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potential (Bonaguidi et al., 2011; Bottes et al., 2021). Not
only that, but they behave differently depending on
their previous activation history, with those that recently
activated (resting) being much more likely to proliferate
again than the ones which have remained quiescent for
a long time (dormant) (Urbán et al., 2016). However,
direct proof of the existence of independent lineages of DG
aNSCs is still missing, as their behavioural heterogeneity
has so far not been confirmed by single cell RNA
sequencing (scRNAseq) data. In addition, aNSCs are
heterogeneous in their response to signalling cues. In
active NSCs, WNT stimulation promotes exit from the
cell cycle and neuronal differentiation but the very same
signal triggers proliferation in quiescent aNSCs (Austin
et al., 2021). The nature and consequences of aNSC
heterogeneity remain unexplored, but heterogeneity has
been proposed to avoid the exhaustion of the stem cell pool
upon receiving a pro-activation signal (Kalamakis et al.,
2019; Martín-Suárez et al., 2019; Harris et al., 2020).

- Likely underpinning all the above, we are still lacking a
true profile of NSC quiescence in vivo. The maintenance
of quiescence depends on intrinsic as well as niche signals.
The mere fact of dissociating the tissue for subsequent
sorting and sequencing is enough to induce the activation
of satellite cells, the resident quiescent cells of the muscle
(Machado et al., 2017; van Velthoven et al., 2017). Adult
NSCs are also highly dependent on niche signals and cell-
cell contacts for maintaining quiescence and thus likely
to suffer from similar dissociation-dependent artefacts.
This could explain the high percentage of activated
and primed populations of NSCs identified using RNA
sequencing in comparison to data obtained through
immunohistochemistry.

SOME STEPS TO MOVE FORWARD

The points above show that improved methods are needed
to reliably detect the steps followed by adult NSCs as
they exit quiescence and the mechanisms that drive their
switch to activation.

Even though mRNA content might not be the biggest
determinant of aNSC fate, heterogeneity is noticeable in
published scRNAseq data in both SEZ and DG NSCs (Llorens-
Bobadilla et al., 2015; Shin et al., 2015; Artegiani et al., 2017;
Dulken et al., 2017; Basak et al., 2018; Hochgerner et al., 2018).
But in order to capture the true signature of quiescent NSCs
we must make sure to avoid dissociation artefacts. One way
to do so would be to perform spatial transcriptomics on brain
samples. However, even with the latest advances, the sequencing
depth and cellular resolution of this technique is not yet enough
for assessing differences between aNSCs. Alternatively, we could
adapt to the brain niches the method that was used to solve the
very same problem in satellite stem cells. By mildly perfusing the
mice prior to tissue dissection we should be able to lock NSCs
states while preserving RNA of enough quality for subsequent
sequencing (Yue and Cheung, 2020).

But since changes in signalling and protein stability are crucial
for aNSC decisions, we cannot rely solely on transcriptional
data. One way to complement transcriptional approaches is
by multiplexed immunohistochemistry, with which it will be
possible to identify stem cells along with signalling and cell
fate readouts (Cole et al., 2022). One immediate caveat of this
technique is that it relies on the quality of the available antibodies,
which is often sub-optimal for phospho-proteins and other
signalling-related post-transcriptional modifications (PTMs). It
is therefore necessary to generate reporter lines to closely monitor
signalling pathway activation along aNSC transitions.

Ultimately, we will need proof that given signalling or
metabolic cues are responsible for the transition of aNSCs
through different states. For this, we must be able to manipulate
those cues on aNSCs and evaluate their functional outcome.
The scarcity of aNSCs, the lack of reliable unique markers for
them and the complexity of their surrounding niches make
such an approach extremely challenging in vivo. This problem
can be overcome by using a simplified, controlled in vitro
system. Adult NSCs can be isolated from both the SEZ and DG
and remain in a proliferative, undifferentiated state for many
passages in culture. Upon addition of BMP4, known to maintain
quiescence in vivo, the cells enter a reversible quiescence-like
state. The system, first described by Mira et al. (2010) and
further developed by many other groups, recapitulates important
aspects of quiescence, including withdrawal from the cell cycle,
upregulation of astroglial markers and profound metabolic
changes (Mira et al., 2010; Martynoga et al., 2013; Knobloch et al.,
2017; Leeman et al., 2018). The simplicity of the system allows
to directly measure the effects of signalling and metabolic cues
on aNSC behaviour.

Last but not least, in order to integrate recent discoveries
on the tremendous complexity of quiescence regulation in adult
NSCs, we need a new framework that goes beyond our existing
concept of a linear shift from quiescence to activation.

A FULL, DYNAMIC VIEW OF
QUIESCENCE

Single cell RNA sequencing changed our view from discrete
active or quiescent populations of aNSCs to a continuous
transition of states (Urbán et al., 2019). Pseudo-time analysis
then helped streamline the data and focus the attention on
those genes expressed highest or lowest in quiescence and which
are down or upregulated, respectively, during activation (Shin
et al., 2015; Dulken et al., 2017). Different degrees of quiescence
have been identified, depending on how close the transcriptional
profile is to the deepest or shallowest end of the quiescence-to-
activation spectrum (deep, dormant, primed, active, etc.). While
this has been extremely helpful, it has also oversimplified our
view of quiescence.

To fully understand the quiescence to activation transitions
of aNSCs (and in fact any cellular transition), we must embrace
their complexity in full. Therefore, instead of the classical view
of a linear transition from quiescence to activation, I propose
a model where adult NSCs exist in a vast matrix of cellular
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states (Figure 2). These states are not restricted to a switch
between activation and quiescence, but also involve other stem
cell characteristics. In this complete view, NSCs transit through
a wide spectrum of states which differ in their differentiation,
proliferation, metabolic, fitness and survival capabilities. In the
case of adult NSCs, the drains (i.e., the ways in which NSCs stop
being stem cells) are four: neurogenesis, gliogenesis, senescence
and apoptosis. For NSCs in the DG, neurogenesis is the one
with the most weight, as gliogenesis (mostly astrogliogenesis)
happens rarely (Figure 2A). For the SEZ, both gliogenesis
(preferentially oligodendrogenesis) and neurogenesis constitute
important drains (Figure 2B). In both niches, apoptosis of
NSCs is relatively low and senescence gains importance as
ageing progresses.

At one specific time each NSC cell occupies a defined position
in the states matrix. But if we were able to follow that same

NSC over time we would be able to observe it travelling (or
reversibly transitioning) through different positions (Figure 2C).
NSCs in opposite sides of the matrix can present very different
transcriptional profiles, with cells leaning toward activation
expressing cell cycle genes and those close to the astrogliogenic
output expressing astrocyte-enriched genes. ScRNAseq data
could therefore be used as a starting point to roughly position
cells in the matrix and identify the factors and cues driving
NSC behaviour. Provided sequencing data is of enough quality
and depth, we could even gain insight into the intrinsic and
niche-related differences between SEZ and DG and identify age-
related changes in NSC states. This has already been possible with
current sequencing pipelines and should be very much improved
when paired to techniques aimed at conserving the quiescence
signature in vivo (Dulken et al., 2017; Kalamakis et al., 2019;
Mizrak et al., 2019; Borrett et al., 2020, 2022). The use of tools

FIGURE 2 | A complete view of aNSC quiescence. (A) Representation of the states matrix for the DG showing the four main outlets, neurogenesis, astrogenesis,
senescence, and apoptosis. Their relative weight depends on the age and condition (e.g., stress levels, disease, etc.) of the animal. (B) Representation of the states
matrix for the SEZ, in which oligodendrogenesis is also an important outlet. S, senescence; A, astrogenesis; O, oligodendrogenesis; N, neurogenesis. (C) cell can
reversibly transition through the matrix space and several paths are possible for the same outcome (in this case, neurogenesis). (D) One of our hypotheses is that
systemic stimuli, such as diet of exercise, will shift the cells in the matrix to a slightly different state. This could then affect how they respond to additional stimuli.
(E) We also notice that proliferation is inversely correlated with stemness, which suggests that quiescence and stemness could be functionally linked. aNSCs lose
self-renewing potential as they continue proliferating. S.R.: symmetric self-renewal, A.R.: asymmetric self-renewal, S.D.: symmetric differentiation.
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such RNAvelocity (La Manno et al., 2018) and CellRank (Lange
et al., 2022) on scRNAseq data will allow us to measure the
direction and speed of cells travelling through the matrix and
help us identify regions where one direction is favoured (where
the probability of going back to the previous state is much lower
than that of continuing in the same direction).

However at shorter distances, which are those important
for the actual behavioural decisions of aNSCs, transcriptional
differences can be small, noisy and, I would argue, rather
meaningless. The main drivers of the movement of adult NSCs
through different states are signalling cues and the activity of
intrinsic factors. To fully understand how NSCs navigate through
these spaces, the focus of future research should lay on signal
integration, protein stability and PTMs. One way to integrate
signalling activity with aNSC behavioural output would be to
focus on known direct readouts of signalling pathways (through
direct detection or the use of reporters) and correlate them with
stemness, proliferation, differentiation, cell death and senescence
markers. This, while extremely challenging in vivo, would be
fully possible to achieve thanks to the in vitro system. In vitro
aNSC states exist in a fully defined and stable environment and
are thus unlikely to be common (or even exist) in vivo. Direct
manipulation of signalling and metabolism in aNSC in vitro
will also allow evaluating the effects of single and combined
cues on the transition of aNSCs between states. In addition,
the in vitro system will enable us to determine the degree of
intrinsic heterogeneity of adult NSCs in different conditions.
Intrinsic heterogeneity can be driven, for instance, by oscillations
in the levels of key transcription factors [ASCL1 oscillates in
embryonic NSCs (Imayoshi et al., 2013)] and the rhythmicity of
signalling cascades (like NOTCH or WNT). Cyclic expression of
fate determinants belonging to gene regulatory networks has been
suggested to underlie the multipotency of neural crest and neural
stem cells (Imayoshi and Kageyama, 2014; Kelsh et al., 2021).

REVISING OUR VIEW OF CURRENT
DATA AND FORMULATING NEW
HYPOTHESES

The new framework immediately prompts us to think of the
heterogeneity of stem cells in a different way and allows the
integration of clonal and label-retention data without the need
of invoking the existence of distinct stem cell types. The clonal
approaches typically used for the study of adult neurogenesis label
those cells with the highest activity of a particular promoter at
the time of tamoxifen administration. They will therefore label
the positions in the matrix where that promoter is most active.
But labelled cells might not constitute a separate lineage, as they
do not necessarily need to be restricted to one single area of
the matrix and could partially overlap with the high activity of
other promoters also used for clonal analysis. For instance, high
activity of the Gli1 promoter could happen anywhere where SHH
signalling is high and is likely to overlap, at least partially, with
high expression of unrelated genes such as Nestin or Ascl1. It
is important to note that promoter activity and gene function
do not always come hand in hand. Even less in adult NSCs,

where mRNA and protein are poorly correlated. Nevertheless,
the observed behavioural biases could still be linked to the
function of the gene used for labelling the cells. For instance,
high Ascl1 mRNA expression, although does not always lead to
activation due to post-transcriptional regulation, could increase
the probability of NSCs to activate. On the other hand, it is
easy to imagine that resting NSCs, which recently proliferated,
are likely to remain in a pro-activation zone after division. This
alone will make them more likely to become activated again
than dormant NSCs, which did not activate during the labelling
period. Finally, cells which are very distant in the matrix might
have very distinct signal transduction capabilities, both due to
differential expression of signalling pathway components and
different metabolic characteristics. This readily explains how
NSCs respond differently to the same stimuli depending on their
state (e.g., response to WNT in active vs. quiescent cells).

The model makes it clear that the likeliness of a NSC becoming
activated depends on two things: their current state (the closer
to the activation zone, the most likely it is that they will become
activated), and their signalling environment (how likely it is that
they will receive the appropriate activation signals). But what
I personally find most exciting about this framework is that it
allows us to generate hypothesis and design specific experiments
to test them. Two particularly tantalising ones are:

Do Systemic Cues Shift Adult Neural
Stem Cells States, Affecting Their
Response to Further Signals?
One still unanswered question in the field is how interventions
that affect neurogenesis impact the maintenance of aNSCs over
long periods of time. Stimuli such as exercise, dietary changes
or an enriched environment affect adult neurogenesis (Trejo
et al., 2001; Overall et al., 2016; Kempermann, 2019; Dias et al.,
2021). However, virtually nothing is known about their long-
term influence on NSC quiescence. In the light of the new
model, I propose that these stimuli shift aNSCs to a different
state, changing the whole range of aNSC states (Figure 2D).
This resembles how ageing pushes aNSCs toward senescence,
injury toward activation or epilepsy toward astrogenesis. Indeed,
the global changes in aNSC behaviour over time suggest that
ageing heavily influences the positioning of aNSC in the matrix
(Kalamakis et al., 2019; Martín-Suárez et al., 2019; Harris et al.,
2020). For more subtle stimuli, the shift might not result in an
obvious, immediate phenotype. But it will affect the response
of NSCs to additional signals and systemic cues, including
ageing. Evaluating potential effects on quiescence is of particular
importance for interventions suggested to counteract ageing, as
we risk generating a brief burst in neurogenesis at the cost of
exhausting aNSCs at an even faster pace.

Is Quiescence Intimately Linked to
Stemness?
Several pieces of independent evidence suggest that quiescence
does not serve the sole purpose of pausing the cell cycle. Stem
cell-related markers (e.g., Sox9, Hopx) are highest in the most
quiescent cells and repeated activation of DG NSCs in vivo is
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associated with the loss of their self-renewing ability
(Llorens-Bobadilla et al., 2015; Shin et al., 2015; Pilz et al., 2018;
Bottes et al., 2021). This suggests that quiescence is important
for the self-renewal capacity of adult NSCs (Figure 2E). Such a
connection is evident from our model, which also points that
in order to measure it, we need to go beyond merely assessing
proliferation levels and jointly analyse fitness and self-renewal
capacity of adult NSCs as they transition from quiescent to active
states. Determining if and how quiescence and self-renewal are
linked will help devise better strategies to avoid NSC exhaustion
while still generating enough neurons to maintain functionality
throughout life.

CONCLUSION AND FUTURE
PERSPECTIVES

The way we think about a subject often affects the questions we
ask and due to the oversimplification associated with models,
significant features could be overlooked. I believe it is time to
incorporate the intricacy of stem cell behaviour into our working
models, even if we still do not have enough data to fully support
them. In fact, this, as any model is only meant to serve as a starting
point, since it will continuously evolve through the addition of
new data. Experiments, on the other hand, are independent of
the model and will remain significant regardless of it. Although
my focus is on aNSCs, the proposed framework will be useful for
other adult and embryonic stem cell transitions, reprogramming
strategies and cancer research. One interesting avenue would be
to further explore the continuum of states that exist between
glia and neural stem cells. Glial cells respond to injury and have
the potential to generate new neurons in the adult brain. By
investigating the aNSC to glia transition as well as the reactivation
path of glial cells, we could identify important roadblocks for
glia-to-neuron transitions (Gascón et al., 2017). Other systems,

particularly simpler models, could teach us a lot about the basic
principles governing cell fate transitions. Similarly, looking at
other cells in the niche will provide a more complete picture of
aNSC regulation and help us understand the significance of cell-
cell interactions. Through the combination of new approaches
and this framework we may soon be able to understand the rules
of the game and make sense of the apparent stochasticity of
aNSC activation.
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