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Editorial on the Research Topic
Advances in adult neurogenesis

Based on tremendous and elaborate work by Ramén y Cajal and other neuroanatomists
around the beginning of 20th Century, it was generally believed that “once the development
was ended, the fonts of growth and regeneration...dried up irrevocably (Cajal, 1991).”
Pioneering studies by Joseph Altman in the 1960s, which unequivocally showed the
generation of new neurons in the hippocampal dentate gyrus of adult mammals by [3H]-
thymidine autoradiography (Altman, 1969), were, therefore, underappreciated, and adult
neurogenesis remained a controversial field for more than a decade. It was not until the
1980s that the idea of adult neurogenesis was widely accepted following the development of
several cell lineage markers and a culturing method of multipotent neural precursor cells
from the adult brain (Lendahl et al., 1990; Reynolds and Weiss, 1992). Since then, this
field has attracted significant attention, producing a multitude of papers spanning from
basic mechanisms underlying the maintenance of the neurogenic niche to the functional
significance of neurogenesis in the adult brain in healthy conditions or in a variety of
diseases states.

We collected five review papers in this Research Topic of Frontiers in Neuroscience.
Lampada and Taylor summarize our current knowledge regarding crucial roles of Notch
signaling in maintaining neural precursor cell population in the ventricular-subventricular
zone (V-SVZ) in the adult brain where quiescent, self-renewing neural stem cells reside. A
comprehensive review by Singh et al., outlines transcription factors that play critical roles in
preserving neural progenitor activity and promoting subsequent neurogenesis. A review by
Inada et al,, sheds light on a currently overlooked brain region, the subcommissural organ,
and describes its potential in maintaining a neurogenic niche and stimulating neurogenesis
in the adult brain. Since it was recognized that thousands of new neurons are born each day,
although many of which die within several weeks, and a substantial number of them are
incorporated into the granular cell layer of the adult hippocampus in rodents as well as in
humans (Spalding et al., 2013), the possible function of the adult dentate neurogenesis in the
memory formation and eradication has been extensively investigated. An excellent review by
Folsz et al,, introduces preceding important studies and discusses the current situation of this
research field. In contrast to the physiological function, a review by Kasahara et al., discusses
aberrant neurogenesis in a pathological condition, such as epilepsy. As a whole, the review
articles covered in this Research Topic update the state of the adult neurogenesis field, which
we believe will help instigate future function questions and studies from scientist’s novice to
the field.
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Seven original research papers also contribute to this Research
Topic. Fang et al, provide novel data, demonstrating that one
of the tissue inhibitors of metalloproteinases (TIMPs), TIMP3,
promotes the maintenance of neural stem cells (NSCs). When
newborn neurons are integrated into the existing neural network
in the olfactory bulb, Sawada et al., demonstrate that PlexinD1
signaling plays a significant role. Olfactory bulb neurogenesis
affects animal behavior when it is disturbed by chronic mild stress,
which is shown by Athanassi et al.. Three groups scrutinized the
dentate gyrus neurogenesis: Ohyama et al., propose phosphorylated
Smad3-positive cells as a distinct subpopulation in the dentate
gyrus; Kasakura et al., examined the effects of NT-3 overexpression
on the differentiation of dentate gyrus neural precursor cells;
and Amelchenko et al.,, provide evidence showing the correlation
between age-related decline in cognitive flexibility and reduced
hippocampal neurogenesis. Moreover, an article by Bazarek et al,,
demonstrates that overexpression of Neurogenin2 could modulate
cortical oligodendrocyte progenitor cells to transdifferentiate into
neurons, which could lead to a new strategy for functional recovery
of the brain following injury or disease in the future.

In sum, this Research Topic aims to clarify what is vigorously
explored in the Adult Neurogenesis field, and it would be our
pleasure if it draws the attention of young neuroscientists and
encourages them to explore this field and contribute studies
supporting to the significance of neurogenesis in the adult brain.

Author contributions

SH: Writing - original draft. CM: Writing — review & editing.
AS: Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. SH was

References

Altman, J. (1969). “DNA metabolism and cell proliferation,” in Handbook of
Neurochemistry, Vol. 2, ed A. Lajtha (New York, NY: Plenum Press), 137-182.

Cajal, R. Y. (1991). “Cajal’s degeneration and regeneration of the nervous system,”
in Cajal’s Degeneration and Regeneration of the Nervous System, eds J. DeFelipe, E. G.
Jones, and R. M. May (New York, NY: Oxford Academic).

Lendahl, U, Zimmerman, L. B., and McKay, R. D. (1990). CNS stem
cells express a new class of intermediate filament protein. Cell 60, 585-595.
doi: 10.1016/0092-8674(90)90662-X

Frontiersin Neuroscience

10.3389/fnins.2023.1307844

supported by a Grant-in-Aid for Challenging Exploratory Research
(22K19359) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan. AS was supported by grants
from the National Institutes of Health (National Institute for
Aging grants, RF1AG074256-01 and R01AG075440-01). CM was
supported by a grant from the National Institute on Alcoholism and
Alcohol Abuse (AA020098).

Acknowledgments

We thank
Research Topic.

all authors for their contributions to this

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be
of interest.

The author(s) declared
board member of Frontiers,

construed as a potential  conflict
that

at the time of submission.

they were an editorial

This had no impact on the peer review process and the
final decision.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Reynolds, B. A, and Weiss, S. (1992). Generation of neurons
and astrocytes from isolated cells of the adult mammalian central
nervous system. Science 255, 1707-1710. doi: 10.1126/science.15

53558

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, B., 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

frontiersin.org


https://doi.org/10.3389/fnins.2023.1307844
https://doi.org/10.3389/fnins.2023.1149603
https://doi.org/10.3389/fnins.2023.1143130
https://doi.org/10.3389/fnins.2023.1224941
https://doi.org/10.3389/fnins.2023.1204012
https://doi.org/10.3389/fnins.2023.1178555
https://doi.org/10.3389/fnins.2023.1232670
https://doi.org/10.3389/fnins.2023.1237176
https://doi.org/10.1016/0092-8674(90)90662-X
https://doi.org/10.1126/science.1553558
https://doi.org/10.1016/j.cell.2013.05.002
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Neuroscience

‘ @ Check for updates

OPEN ACCESS

Ashok K. Shetty,
Texas AGM University College of Medicine,
United States

Shawn Fletcher Sorrells,
University of Pittsburgh, United States

Vincent Croset
vincent.croset@durham.ac.uk

This article was submitted to
Neurodevelopment,

a section of the journal
Frontiers in Neuroscience

20 December 2022
30 January 2023
15 February 2023

Folsz O, Trouche S and Croset V (2023)
Adult-born neurons add flexibility to
hippocampal memories.

Front. Neurosci. 17:1128623.

doi: 10.3389/fnins.2023.1128623

© 2023 Folsz, Trouche and Croset. 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

Mini Review
15 February 2023
10.3389/fnins.2023.1128623

Adult-born neurons add flexibility
to hippocampal memories

Orsolya Folsz!?, Stéphanie Trouche? and Vincent Croset!*

!Department of Biosciences, Durham University, Durham, United Kingdom, 2MSc in Neuroscience
Programme, University of Oxford, Oxford, United Kingdom, *Institute of Functional Genomics, University
of Montpellier, CNRS, INSERM, Montpellier, France

Although most neurons are generated embryonically, neurogenesis is maintained at
low rates in specific brain areas throughout adulthood, including the dentate gyrus of
the mammalian hippocampus. Episodic-like memories encoded in the hippocampus
require the dentate gyrus to decorrelate similar experiences by generating distinct
neuronal representations from overlapping inputs (pattern separation). Adult-born
neurons integrating into the dentate gyrus circuit compete with resident mature cells
for neuronal inputs and outputs, and recruit inhibitory circuits to limit hippocampal
activity. They display transient hyperexcitability and hyperplasticity during maturation,
making them more likely to be recruited by any given experience. Behavioral
evidence suggests that adult-born neurons support pattern separation in the
rodent dentate gyrus during encoding, and they have been proposed to provide a
temporal stamp to memories encoded in close succession. The constant addition
of neurons gradually degrades old connections, promoting generalization and
ultimately forgetting of remote memories in the hippocampus. This makes space for
new memories, preventing saturation and interference. Overall, a small population
of adult-born neurons appears to make a unique contribution to hippocampal
information encoding and removal. Although several inconsistencies regarding the
functional relevance of neurogenesis remain, in this review we argue that immature
neurons confer a unique form of transience on the dentate gyrus that complements
synaptic plasticity to help animals flexibly adapt to changing environments.

neurogenesis, memory, hippocampus, forgetting, pattern separation, flexibility

Introduction

Brain plasticity enables animals to encode novel information and adapt to changing
environments. A leading hypothesis suggests that memory representations are stored within
connected neuronal ensembles called engrams in each brain region and throughout the brain
(Semon, 1921). Neuronal ensembles activated together by a learning experience undergo
persistent functional modifications upon learning and are reactivated together during memory
recall. Learning triggers lasting changes in synaptic strength between co-activated neurons
(Hebb, 2005), often underlain by long-term potentiation (LTP) of relevant synapses (Bliss and
Lomo, 1973).

In the mammalian brain, episodic-like memories are stored in the hippocampus (Figure 1A).
The dentate gyrus (DG) of the hippocampus integrates spatio-temporal and event-specific
information from the medial and lateral entorhinal cortex (EC), respectively, and converts
them into sparse neuronal representations (Engin et al,, 2015). Pattern separation enables
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highly analogous memories to be stored with little interference in
distinct cell ensembles in the CA3 subfield (Leutgeb et al., 2007). The
DG also attenuates the generalization of remote fear memories and
may be involved in the remote memory retrieval (Bernier et al., 2017).
CA3 performs the complementary process of pattern completion,
enabling behavioral expression of a memory trace, even when the
context or inputs of memory recall are different from encoding or
incomplete (Leutgeb et al., 2007). Outputs from CA3 are compared
with direct EC inputs in CA1 and sent back to the EC to be distributed
across the neocortex for long-term storage. The EC also has direct
connections with CA3, which are involved in discrimination of
distinct stimuli (Fyhn et al., 2007).

In most mammals, hippocampal circuitry is constantly reformed
by a unique form of structural and functional plasticity involving
neurogenesis. Adult neurogenesis in rodents is present in at least
two areas: the subventricular zone lining the lateral ventricles, and
the subgranular zone of the DG (Lois and Alvarez-Buylla, 1993;
Kempermann et al., 1997a). The former gives rise to cells that migrate
to the olfactory bulb and differentiate into inhibitory olfactory
neurons, while the latter generates excitatory glutamatergic granule
cells (GCs). The vast majority of DG GCs are born perinatally, after
which neurogenesis declines and is maintained at varying levels
throughout adulthood (Ngwenya et al, 2015; Hochgerner et al,
2018). Of all DG GCs, ~0.2% are generated daily in rats and ~0.06%
in mice (Kempermann et al., 1997a; Cameron and Mckay, 2001).
Around half of adult-born GCs (abGCs) generated are eliminated
through waves of programmed cell death during their maturation
(Dayer et al.,, 2003; Ryu et al,, 2016; Pilz et al., 2018). Surviving
cells are stably maintained and ultimately become indistinguishable
from developmental GCs (Dayer et al, 2003; Kempermann et al,
2003). Neurogenesis is balanced by the continuous removal of
mostly perinatally-generated mature GCs (mGCs) (Ciric et al., 2019),
resulting in a constant or slightly expanding DG cell number (Rapp
and Gallagher, 1996; Kempermann et al.,, 1997b). In this review,
we argue that integration of abGCs into the DG network confers
plasticity to the classical cortico-hippocampal circuit.

Functional integration of adult-born
neurons

Proliferation of neural progenitor cells (NPCs) in the subgranular
zone of the DG produces neuronal fate-committed cells that undergo
stereotypic stages of maturation (Hochgerner et al,, 2018; Pilz et al,,
2018). Maturing abGCs extend dendrites and an axon toward CA3 (or
CA2; Llorens-Martin et al.,, 2015) of the hippocampus (Zhao et al,
2006), shifting excitation-inhibition balance. The ensuing critical
period of hyperexcitability (Mongiat et al., 2009; Danielson et al,
2016; Li L. et al, 2017) is characterized by lower LTP induction
threshold and higher LTP amplitude compared to mature mGCs
(Schmidt-Hieber et al., 2004; Ge et al., 2007; Li et al., 2013). Maturing
abGCs continuously reform their connections with the local circuitry,
in an activity-dependent manner (Toni et al., 2007; Jungenitz et al,,
2018).

During early maturation, abGCs receive inhibitory inputs
from local interneurons and form transient direct connections
with mGCs (Hendricks et al,, 2017; Gozel and Gerstner, 2021).
Electrophysiological recordings show that abGCs receiving lateral
EC inputs inhibit mGCs, while abGCs receiving medial EC inputs
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excite mGCs (Luna et al., 2019). Later, abGCs switch from direct
interactions to synaptic competition with mGCs for EC inputs and
CA3 targets. Electron microscopy evidence shows that abGCs initially
contact pre-existing axon terminals occupied by other neurons, but
later outcompete mGC axons to become unique synaptic partners
(Toni et al,, 2007). Similar processes occur dendritically (Toni et al.,
2008; McAvoy et al.,, 2016). Firing connections are stably maintained
while inactive ones are pruned, therefore hyperexcitable abGCs tend
to prevail, driving the elimination of existing mGC connections
(Tashiro et al., 2007; Yasuda et al., 2011; Restivo et al., 2015; Murray
et al,, 2020). The selective survival of abGCs may also be regulated
by synaptic activity, and in an information-specific manner (Tashiro
et al,, 2006). abGCs additionally form dynamic connections with
hippocampal interneurons that inhibit neighboring mGCs (lateral
inhibition), and exert inhibition even on CA3 and CA1 (feedforward
inhibition) (Chawla et al., 2005; Guo et al., 2018; Berdugo-Vega et al.,
2020). This results in the overall sparsification of population firing
across the hippocampus (Lacefield et al., 2012; Temprana et al., 2015;
McHugh et al., 2022).

Excitation or artificial LTP induction, as well as exposure to
new experiences, such as spatial learning, voluntary exercise, or
increased sensory stimulation (e.g., animal housing in groups, novel
toys in home cages etc.) promote neurogenesis (Kempermann et al,,
1997b; Gould et al., 1999; van Praag et al., 1999; Deisseroth et al,,
2004; Bruel-Jungerman et al., 2006; Darcy et al., 2014). Stress, aging,
and some neuropsychiatric conditions decrease proliferation rates
and responsiveness of abGCs (Ben Abdallah et al., 2010; Snyder
et al, 2011). This may contribute to intensified stress responses
(Snyder etal., 2011), and decreased learning abilities in older animals
(Montaron et al., 2020).

Contribution of adult-born neurons
to memory encoding

The DG converts EC inputs into highly decorrelated
representations in CA3 (Fyhn et al,, 2007). This is achieved by
changes in the correlated activity of the same sparse subset of GCs
between similar contexts, such as when rats explore enclosures of
slightly different shapes. Niibori et al. (2012) measured the overlap
between CA3 cells activated during encoding and re-exposure using a
cellular imaging approach, and found that suppressing neurogenesis
disrupts the decorrelation of highly overlapping (but not dissimilar)
contexts. Behavioral evidence suggests that critical period abGCs are
important for tasks requiring separation of highly similar contexts,
such as contextual fear discrimination or re-learning of a shock
zone location (Table 1); however, these cells appear dispensable for
learning a location in the water maze (Sahay et al.,, 2011, Burghardt
et al, 2012). Intriguingly, blocking all outputs from GCs older
than 3-4 weeks improves contextual fear conditioning (CFC)
performance, suggesting that pattern separation not only relies on
abGCs, but could be counteracted by mGCs (Nakashiba et al., 2012).
abGCs might recruit inhibitory circuits to limit the activation of the
same GCs in similar contexts via lateral and feedback inhibition,
providing a potential mechanism for pattern separation (Kitamura
et al., 2009; Engin et al., 2015; Temprana et al., 2015; Figure 1B).

Despite these advances, the extent of abGC contribution to
pattern separation remains ambiguous, largely due to inconsistencies
around defining and manipulating relevant neuronal populations,

frontiersin.org


https://doi.org/10.3389/fnins.2023.1128623
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Folsz et al. 10.3389/fnins.2023.1128623
A
AR
B ‘ ‘ PATTERN SEPARATION ‘ '
{ {
Context A Context B inactive active
EC
00@00@0 = O00e000e 8 e :
a
@00®e00| [@00®e®00 O mc @
withou
0.0000. neurogenesis 0.0000. . . )
e]o) Jejele]e) @] JeoJelee]e) o et contas
lateral inhibition by
| JOJOI0] 10J@) . | JOJO10) 10J@) active abGCs
[ 1oJolel0] 10) |_10)eje]0]e]e)
C Event A Event B Event C
ECOT ool JO) o] JoI JOJO) OO0 )@
AB Cc %
Vi Ly @
time .
ASSOCIATED SEPARATED
FIGURE 1
Simplified hippocampal circuitry and the role of adult neurogenesis in pattern separation in the dentate gyrus (DG). (A) Schematic hippocampal circuitry
from a mouse brain coronal section. Beyond the basic trisynaptic loop (EC-DG-CA3-CA1, black), some entorhinal cortex (EC) inputs go directly to
CA1/CA3, while some CA3 axons project to CA2, send collaterals to other CA3 neurons, and feed back to the DG (blue). (B) Adult-born GCs (abGCs)
achieve pattern separation by limiting the activation of the same mature GCs (mGCs) in similar contexts. (C) “Time-stamping” could link contemporary
events A and B, but separate remote event C by activating a changing population of abGCs.

and in the behavioral paradigms used (Table 1). More specific DG-
based pattern separation paradigms, optogenetic manipulations, and
simultaneous recordings of abGCs and mature hippocampal cell
types may help elucidate the precise role of abGCs in memory
formation. Disrupted pattern separation in some, but improved
performance in other hippocampus-based tasks suggests that abGCs
may serve additional functions beyond pattern separation, depending
on the behavioral paradigm.

Aimone et al. (2006) proposed that abGCs link memories
encoded in close succession, while separating remote memories
(Figure 1C). Because hyperexcitable DG cells are preferentially
included into engrams (Park et al., 2016), critical period abGCs may
be more readily recruited into any memory trace. This generates
overlapping representations in CA3 that can be activated by the
context represented in any of the temporally associated engrams.
Therefore, integration of young abGCs into hippocampal engrams
may help connect contemporary memories (Cai et al,, 2016), while
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more mature abGC populations support pattern separation (Aimone
et al,, 2010). The involvement of juvenile-born GCs (Kesner et al,
2014) in “time-stamping” has been described in a task where animals
use spatial cues to generate preference for a temporally paired spatial
location. Lesions in either cell population eliminated preference for
the cued location, suggesting disrupted associations between events
occurring close in time.

Recently, new findings have questioned the validity of the “time-
stamping” hypothesis. Whereas abGCs are indeed more likely to
be recruited during spatial memory encoding and activated during
retrieval (Kee et al., 2007; Trouche et al., 2009; Stone et al., 2011;
Gu et al, 2012; Martinez-Canabal et al.,, 2013), little overlap was
found between abGCs activated during encoding or retrieval of
contextual fear memories (Kumar et al., 2020). This suggests that
either abGCs are activated by behavioral states rather than specific
events or contexts (Erwin et al., 2020), or that limited overlap
between the two populations could be a general property of DG
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engrams (Denny et al.,, 2014). Another line of recent findings shows
that maturing abGCs maintain their hyperexcitable properties for
several months beyond the proposed critical period. These studies
injected rats with various thymidine analogs to birthdate GC
populations before quantifying their activity using immediate early
gene expression. abGCs remained excitable especially in younger
animals and animals that were offered environmental stimulation,
and their activation supported learning even in older animals (Ohline
et al, 2018; Montaron et al, 2020). This questions the idea of
temporal integration and the long-standing view that abGCs exert
their memory-related functions merely during their first weeks of
existence (Alme et al., 2010).

Adult-born neurons and memory
consolidation

abGCs stably integrated into the hippocampal circuitry may
also influence later stages of memory processing. Classical views
of systems consolidation have held that after encoding, memories
progressively lose their hippocampal dependence before transferring
completely to neocortex (Frankland and Bontempi, 2005). Prefrontal
cortex engrams are strengthened by CA3 and CA1 ripples (Nakashiba
et al,, 2009), while hippocampal engrams are gradually silenced
(Kitamura et al., 2017; Gao et al., 2018).
suggests that abGCs
consolidation during sleep, when hippocampal and neocortical

Some evidence promote memory
engrams are reactivated, and synapses are selectively strengthened or
renormalized by dendritic remodeling (Mirescu et al., 2006; de Vivo
et al,, 2017; Li W. et al,, 2017). abGCs active during CFC learning
are reactivated during rapid eye movement (REM) sleep, and both
optogenetic stimulation and silencing of reactivated abGCs disrupt
consolidation (Kumar et al.,, 2020). Blocking neurogenesis reduces
non-REM sleep and disrupts consolidation-related oscillations
and cortex-hippocampus interaction, leading to poor spatial
memory performance (Sippel et al, 2020). Further, the rate of
neurogenesis also seems to determine the hippocampus-dependent
period of memories (Kitamura et al, 2009). Although none of
these studies directly links abGC engrams to these changes, or
specifically accounts for sleep-induced changes in neurogenesis
levels, they do demonstrate that abGCs are involved in sleep-related
consolidation.

Neurogenesis affects memory
stability and causes forgetting

Hippocampal representations of consolidated remote memories
are reactivated upon retrieval. This destabilizes engrams, allowing
protein synthesis-dependent reconsolidation processes to update,
strengthen, or silence them (Suzuki et al, 2004). Both immature
and critical period abGCs are reactivated during retrieval, however,
blocking protein synthesis in the immature population alone affects
reconsolidation (Lods et al., 2021). Updating of memories is impaired
in the novel object recognition task when an even younger abGC
population is ablated, further supporting that highly immature
abGCs mediate reconsolidation (Sudrez-Pereira and Carrion, 2015).
The emerging unique roles of abGCs in post-encoding memory
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strengthening was recently demonstrated; chemogenetic stimulation
during retrieval of abGCs, but not mGCs, improved remote memory
strength and accuracy in rats (Lods et al,, 2022).

A growing body of evidence suggests that increased neurogenesis
after memory encoding promotes forgetting (Table 1). For instance,
pharmacologically enhancing neurogenesis increases the forgetting
of remote CFC memories after long re-exposures to the original
context make them return to the hippocampus (Ishikawa et al,
2016). This has been explained by gradual elimination of existing
connections through synaptic competition with abGCs (Murray
et al,, 2020), and reduction in LTP persistence through feedback and
feedforward inhibition (Alam et al., 2018). Neurogenesis also disrupts
perineuronal nets in CA1, which otherwise protect memories from
degradation by limiting interneuron activity (Evans et al., 2022).

Removal of a small number of connections may only reduce
memory precision, allowing recall by cues slightly different
from the original encoding context (generalization) (Ko and
Frankland, 2021). This might involve pruning of synapses that
mediate feedforward inhibition (Ruediger et al., 2011). Once more
connections are weakened, memories become inaccessible. High
postnatal neurogenesis may even explain why early childhood
memories are forgotten in many species (infantile amnesia) (Akers
et al, 2014). Memory representations are not fully erased, as
optogenetic reactivation of DG engrams can partially recover these
memories (Guskjolen et al., 2018).

Replacement of old memories with updated novel memories can
occur in similar contexts without interference. Indeed, neurogenesis
is involved specifically in tasks requiring high cognitive flexibility,
such as re-learning of a changed spatial location. In this case, ablation
of neurogenesis prevents, while expansion of the abGC population
promotes better search strategies (Garthe et al,, 2009; Burghardt et al,,
2012; Swan et al., 2014; Berdugo-Vega et al., 2021). Increased post-
training neurogenesis weakens memories acquired in the water maze,
which ultimately enables later re-learning of the task (Epp et al,
2016). Therefore, abGCs might promote forgetting to subsequently
support encoding of novel memories.

Discussion

Neural circuits require flexibility to adapt to changing
environments, and stability to preserve information. The brain
uses two main approaches to achieve transience: synaptic plasticity
and cellular plasticity, or neurogenesis. Turnover of dendritic spines
is undoubtedly the primary mechanism of structural plasticity behind
learning, raising the question of why the DG needs neurogenesis
beyond the synaptic modulation of mGCs.

Memory encoding by abGCs adds an anterograde form of
transience to the hippocampus. Computational models support
that abGCs optimize the balance between pattern separation and
completion (Becker, 2005; Weisz and Argibay, 2009; O’'Donnell and
Sejnowski, 2014; Finnegan and Becker, 2015). abGCs might be used
specifically to incorporate information about new experiences into
engrams in familiar contexts (Aimone et al,, 2009). Importantly, the
inherent temporality of neurogenesis could hardly be replicated by
synaptic plasticity. Most research into temporal sequence generation
in the hippocampus has focused on CA1 and CA2 (MacDonald et al,,
2013; Mankin et al., 2015), but the contribution of DG abGCs merits
further investigations.
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TABLE 1 Key studies on the effect of hippocampal neurogenesis on behavioral pattern separation and forgetting.

Experiment Neurogenesis Manipulation abGC Performance |Subjects| Supports |References
manipulation approach identification (sex, |involvement
age) of abGCs?
Pattern separation
CFC 1 Genetic Bax ablation in NPCs Dcx, BrdU 1 MEF Sahay et al,,
14-18 weeks 2011; Besnard
and Sahay, 2021
1 X-ray irradiation Dcx 1
1 Nestin-rtTA/Tet mice Cldu { M Tronel et al.,
8 weeks 2010
Ablation Nestin-HSV-TK mice Ki67, NeuroD | When contexts similar M Niibori et al.,
10 weeks 2012
Touchscreen location T Voluntary exercise BrdU t M Creer et al., 2010
discrimination 3-22 months
Radial arm maze 1 X-ray irradiation and viral Dcx | When contexts similar F Clelland et al.,
Touchscreen location Wnt knockdown 8+ weeks 2009
discrimination
CFC with changed shock Ablation X-ray irradiation of Dcx 1 M Burghardt et al.,
zone GFAP-TK mice 10+ weeks 2012
Water maze Ablation Genetic Bax overexpression |BrdU, Dcx, apoptotic N M Dupret et al.,
in NPCs marker 14 weeks 2008
Novel object recognition 1 Voluntary exercise Dcx 4 When contexts similar F Bolz et al., 2015
8+ weeks
Continuous novel object | Silencing 4-7 weeks |  Optogenetic silencing in Opto-tagging 0 M McHugh et al,
recognition old abGCs abGC-ArchT mice 4-6 months 2022
CFC Postnatal ablation DNMT1 knockout BrdU +InM MF Cushman et al.,
3-5 months 2012
Touchscreen location I GFAP-TK mice Dcx 1 In reversal phase M Swan et al.,, 2014
discrimination 8+ weeks
Water maze A GFAP-TK rats Dcx No effect M O’Leary et al.,
| Under cold-water stress| 12+ weeks 2021
Neurogenesis-mediated forgetting
CFC 1 Voluntary exercise or Retrovirus-driven Increased forgetting ? Akers et al., 2014
Water maze proneurogenic drugs GFP, Dcx, Ki67 8+ weeks
Incidental context
learning
N Post-training temozolomide Improved retention
treatment or TK™* mice
Water maze 1 Voluntary exercise Dcx Increased forgetting but MF Epp etal, 2016
Odor-context improved reversal 8+ weeks
paired-associates learning
learning
l Post-training vanganciclovir Exercise failed to induce
treatment or TK+ mice forgetting
CEC 4 Voluntary exercise Dex Increased forgetting and *M Scott et al., 2021
Water maze improved reversal ?
Paired associates learning learning
CFC 0 Voluntary exercise or p53 Dcx Increased forgetting of MF Gaoetal,, 2018
knockout recent memories 8+ weeks
CFC 4 Memantine treatment BrdU Increased forgetting of M Ishikawa et al.,
remote memories after 8+ weeks 2016
long re-exposures to
training context
Paired associates learning 1 Voluntary exercise Dcx Increased forgetting T Epp et al, 2021
Water maze 1 Voluntary exercise BrdU, Dcx No effect *M Kodali et al.,
6+ weeks 2016
Water maze 1 Post-training y irradiation BrdU, Dcx No effect *M Snyder et al.,
6+ weeks 2005

Information not reported in papers labeled with “?.” Most studied use mouse models, while those labeled *use rats. M, males; F, females. Dcx, doubleortin (1-3 weeks old neurons); BrdU, CldU:
thymidine analogs (proliferating cells); Ki67 (proliferating cells); NeuroD (immature neurons).
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abGCs also confer retrograde transience on DG engrams through
weakening and elimination of existing connections. Novel DG
engrams may be “overfitted” and thus require generalization for
optimal expression through neurogenesis, which acts as a regularizer
in neuronal networks (Richards and Frankland, 2017; Tran et al.,
2022). By eliminating unnecessary details while maintaining core
features, neurogenesis may make memories easier to recall in
changing or noisy environments. Neurogenesis also helps “clear up”
remnants of remote hippocampal engrams already consolidated in
the cortex, similar to sleep that serves the same function on a shorter
timescale (Alam et al, 2018). Models support that neurogenesis
makes room for new memories and prevents interferences (Wiskott
et al.,, 2006).

As brains have become more complex throughout evolution,
neurogenesis in the DG was maintained and repurposed. Some argue
that it confers key functional benefits that underpin the evolutionary
success of mammals (Kempermann, 2012), while others dismiss
it as an evolutionary remnant, given its low rates, especially in
highly cognitively developed species. As neurogenesis is associated
with energy costs, oxidative stress, and oncogenesis (Walton et al,,
2012; Batista et al,, 2014), its maintenance may only be beneficial
in animals that need to flexibly adapt to rapidly changing or
enriched environments (Abrous et al,, 2021). Indeed, most generalists
(e.g., rodents) show neurogenesis, but mammals living in stable or
homogenous environments do not (e.g., cetaceans).

The outstanding cognitive abilities of the human brain are
thought to result from plasticity. Yet, the maintenance of DG
neurogenesis throughout adulthood remains debated (Boldrini et al.,
2018; Sorrells et al,, 2018), mainly due to a lack of non-invasive
research methods. Single-nucleus RNA sequencing recently verified
the presence of scarce immature GCs in the adult human DG, with a
marked reduction in Alzheimer’s disease (Zhou et al., 2022). Whether
these cells are actively generated during adulthood or retained in an
immature state is unclear. Further research is required to establish
if human neurogenesis has any cognitive benefits or functional
implications in neuropsychiatric conditions (Mishra et al., 2022).

This review supports the idea that abGCs can participate in
the formation of hippocampal memories and influence mGCs
to help encoding, generalization, and forgetting. abGCs bring
transience to the hippocampus both by adding and removing
information about new events, experiences, or environments.
Experimental standardization and technological advances can help
resolve contradictions in the literature, for example, by combining
abGC labeling, in vivo recording with engram cell- and synapse-
tagging (Choi et al, 2018), and more advanced DG-specific
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Epilepsy is a chronic neurological disorder characterized by hypersynchronous
spontaneous recurrent seizures, and affects approximately 50 million people
worldwide. Cumulative evidence has revealed that epileptogenic insult
temporarily increases neurogenesis in the hippocampus; however, a fraction of
the newly generated neurons are integrated abnormally into the existing neural
circuits. The abnormal neurogenesis, including ectopic localization of newborn
neurons in the hilus, formation of abnormal basal dendrites, and disorganization
of the apical dendrites, rewires hippocampal neural networks and leads to the
development of spontaneous seizures. The central roles of hilar ectopic granule
cells in regulating hippocampal excitability have been suggested. In this review,
we introduce recent findings about the migration of newborn granule cells to
the dentate hilus after seizures and the roles of seizure-induced ectopic granule
cells in the epileptic brain. In addition, we delineate possible intrinsic and extrinsic
mechanisms underlying this abnormality. Finally, we suggest that the regulation
of seizure-induced ectopic cells can be a promising target for epilepsy therapy
and provide perspectives on future research directions.

epilepsy, neuroinflammation, adult neurogenesis, ectopic neurogenesis, E/l balance

Introduction

Epilepsy is a diverse group of neurological disorders characterized by excessive
hypersynchronous discharge-induced seizures. The hippocampal dentate gyrus (DG) has
been implicated in the development of epilepsy due to its unique circuitry (Jessberger and
Parent, 2015; Danzer, 2019). The DG is the primary gating structure of the hippocampus,
and its circuitry establishes an inhibitory feedback circuit comprised of interneuron
microcircuits and regulates the flow of excitatory input from the cortex essential for spatial
learning and memory (Sahay et al.,, 2011). Accumulated evidence has indicated that neural
stem/progenitor cells (NS/PCs) are retained even in the adult subgranular zone of the DG
(Eriksson et al., 1998; Boldrini et al., 2018; Terreros-Roncal et al., 2021; Zhou et al., 2022) and
they proliferate and give rise to new neurons throughout life in a process referred to as adult
neurogenesis (Gross, 2000; Gage, 2019). Adult-born granule cells (abGCs) are integrated
into the existing mature brain networks and exhibit age-dependent effects on hippocampal
network activity (Danielson et al., 2016; McHugh et al., 2022), contributing to brain plasticity
and maintenance of proper brain functions. However, in the DG of temporal lobe epilepsy
(TLE) animal models and patients, accelerated aberrant proliferation of NS/PCs, abnormal
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abGC migration, formation of hilar basal dendrites and mossy
fiber sprouting are observed, resulting in the aberrant integration
of abGCs into the preexisting neural circuits (Jessberger and
Parent, 2015; Danzer, 2019). This abnormal integration is thought
to disrupt the dentate gate and increase the excitability of
the hippocampus circuitry, leading to perpetuation of recurrent
seizures (Parent et al., 1997; Overstreet Wadiche et al., 2005;
Zhang et al., 2012; Zhou et al,, 2019). Mapping analysis of large
neuronal population dynamics has revealed that seizures are not
simply recurrent bursts of hypersynchrony. Instead, it is becoming
clear that seizures involve a complex interplay of different neural
cell populations and circuits (Bui et al., 2015; Sparks et al,
2020). Based on computational modeling studies it is suggested
that a network in which a small number of dentate GCs are
hyperconnected to each other (hub network) is more effective at
promoting seizure-like activity than a network wherein all dentate
GCs are more interconnected than the control state (Morgan and
Soltesz, 2008). Recent studies revealed that abGCs localized in the
dentate hilus, hilar ectopic GCs, can play a role in the epileptic
hub network (Scharfman and Pierce, 2012; Althaus et al., 2019;
Lybrand et al., 2021). In this review, we discuss recent evidence
demonstrating the characteristics and roles of hilar ectopic GCs
in the epileptic brain and describe cell-intrinsic and extrinsic
mechanisms underlying their mis-migration (Figure 1). Finally, we
also offer some perspectives on future research directions.

Hilar ectopic granule cells

Prolonged seizure activity promotes NS/PC proliferation for
several weeks after epileptogenic insult (Parent et al., 1997; Scott
et al,, 2000) and newborn GCs generated from these NS/PCs are
integrated into neural networks heterogeneously (Murphy et al,
2011). Under healthy conditions, GCs exhibit a typical morphology:
a round cell body located in the GC layer, fanlike dendritic trees
extending to the molecular layer, and an absence of basal dendrites
(Claiborne et al.,, 1990). By contrast, under epileptic conditions,
a substantial fraction of newborn GCs migrate ectopically into
the dentate hilus and the molecular layer and develop aberrant
properties such as acquisition of hilar basal dendrites, mossy fiber
sprouting, and increased dendritic arborization (Parent et al., 1997;
Jessberger et al., 2007; Figure 1). A subpopulation of newborn GCs
forms abnormal connections with neighboring GCs via sprouted
mossy fibers or aberrant basal dendrites (Murphy et al, 2011;
Du et al, 2017). Because abGCs exert a hippocampal network-
level modulatory role throughout their maturation (McHugh et al,,
2022), alterations in the network structure of abGCs may explain
the effects on hippocampal excitability in the epileptic brain.

Hilar ectopic GCs are a pathological hallmark commonly
observed in animal models and patients with TLE (Parent et al,
20065 Pierce et al, 2011). The abGCs are particularly vulnerable
to epileptogenic insults. To determine the precise developmental
stages at which GCs migrate ectopically, Kron et al. (2010)
conducted cell birthdate studies in an experimental epilepsy model.
They injected retroviral reporters to label dividing progenitor
cells and suppressed neurogenesis by x-irradiation at specific
times 2-4 weeks before or 4 days after pilocarpine-induced status
epilepticus (SE) leading to the development of epilepsy. Only
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cells born post-SE were significantly more likely to migrate into
the hilus (around 20% of labeled cells) and a fraction of the
newborn GCs displayed hilar basal dendrites and mossy fiber
sprouting (around 30% of labeled cells). Moreover, the study of
Singh et al. (2015) clarified whether ectopic GCs arose ubiquitously
throughout the NS/PC pool or were derived from a more restricted
NS/PC subpopulation. They performed a clonal analysis study in
mice expressing Brainbow fluorochromes in individual glioma-
associated oncogene homologl-expressing type 1 progenitor cells
and identified a specific fraction of progenitors that produce the
majority of ectopic GCs in response to an epileptogenic insult
(Singh et al,, 2015). Progenitor cells producing hilar ectopic GCs
appear to generate only ectopic cells, whereas those producing the
cells in the appropriate position in the dentate continued to do
so. In epileptic conditions, the affected progenitors or their local
microenvironments may become pathological, driving hilar ectopic
cell migration. Alternatively, the affected progenitor cells may be
functionally normal but misled to areas where migratory cues have
been distorted, driving the generation of ectopic cells.

Open questions in the field include whether and how hilar
ectopic cells contribute to network hyperexcitability leading to
the development of epilepsy. To address this question, several
groups have scrutinized features of the ectopic cells including the
potential for burst firing and altered excitation/inhibition (E/I)
ratios (Scharfman et al., 2000; Zhan and Nadler, 2009; Zhan
et al, 2010; Althaus et al,, 2015). Recently, Althaus et al. (2019)
investigated the relationship between GCs’ birthdate, morphology,
and network integration in a pilocarpine TLE model. By recording
spontaneous excitatory and inhibitory currents, they found that
both early-born (P7) and adult-born (P60) populations of GCs
received increased-excitatory input after the seizure, compared
with age-matched sham controls. When abGCs were divided
into normally integrated (normotopic) and aberrant (ectopic or
hilar basal dendrites-containing) subpopulations, only the aberrant
populations showed a relative increase in excitatory input. The
ratio of excitatory-to-inhibitory input was most dramatically
upregulated in hilar ectopic GCs, which implicates the ectopic GCs
as drivers for network hyperexcitability in epileptic conditions.
The authors hypothesized that these aberrantly integrated cells
act as “hub cells” for initiating or propagating seizure activity.
The diversity among the abGCs population highlights a key
problem of experiments aiming to manipulate specific newborn
GC subtypes in epilepsy. A study using an inducible transgenic
alteration of mammalian target of rapamycin (mTOR) signaling
to disrupt the normal development of a fraction of early-born
GCs revealed that the generation of abnormal GCs including
ectopic GCs is enough to induce spontaneous seizures (Pun et al,,
2012). In support of this, pharmacogenetic suppression of the
post-seizure aberrant neurogenesis including the generation of
the ectopic GCs reduced the later development of spontaneous
seizures (Cho et al, 2015; Hosford et al.,, 2016). Furthermore,
chemogenetic silencing of abGCs reduced the number of ectopic
GCs and seizure occurrence (Lybrand et al,, 2021). However, it
should be noted that reducing neurogenesis has not always been
found to mitigate epilepsy development. Although Zhu et al. (2017)
decreased abnormal integrations of abGCs into the neural circuit
via the ablation of cells with methylazoxymethanol acetate, they
found no effect on the development of spontaneous seizures in a
pilocarpine model. Brulet et al. (2017) used a genetic approach to
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Representative negative and positive regulations for aberrant neurogenesis in the hippocampus. NS/PCs in the hippocampal subgranular zone
proliferate and differentiate into GCs. Reelin released from GABAergic interneurons supports the integration processes of abGCs in the healthy brain
(left). SE induces an increase in the number of proliferating NS/PCs and subsequent depletion of NS/PCs, appearance of hilar ectopic GCs, mossy
fiber sprouting, increased dendritic sprouting and loss of inhibitory interneurons (right). Activated microglia phagocytose live newborn neurons and
suppress the emergence of ectopic GCs. Microglia also attenuate the proliferation of NS/PCs by TLR9-mediated secretion of TNF-q, resulting in the
reduction of aberrant neurogenesis. Loss of GABAergic neurons and intracellular alteration of abGCs properties, e.g., increased intrinsic neuronal
activity, downregulation of Cxcr4 expression and activation of the mTOR pathway, can promote the mis-migration of abGCs to the hilus.
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reduce neurogenesis by deleting the transcription factor NeuroD1
gene in NS/PCs prior to SE. This conditional NeuroDI deletion
indeed reduced abnormal integrations; however, seizure frequency
did not change after pilocarpine administration (Brulet et al., 2017).
These inconsistent results could be attributed to side effects of the
drug, potential toxic effects of systemic antimitotic drugs, and/or
insufficient reductions of ectopic GCs. The efficacy of manipulation
of neurogenesis on seizure development may also depend on the
time-point and targeted cell populations. It is conceivable that
approaches targeting only abnormal cells would be more effective
and broadly applicable, and would enable us to elucidate the role
of hilar ectopic cells in the development of epilepsy. In the next
section, we describe intrinsic and extrinsic mechanisms that help us
to develop strategies to specifically manipulate hilar ectopic cells.

Cell-intrinsic mechanisms
regulating the emergence of hilar
ectopic granule cells

Accumulating evidence suggests that neuronal activity
regulates adult neurogenesis (Kempermann et al,, 2015; Denoth-
Lippuner and Jessberger, 2021) and improper migration of abGCs
has been linked to increased intrinsic neuronal activity (Sim
et al, 2013). Recently, Lybrand et al. (2021) investigated whether
activity during the maturation of immature abGCs plays a critical
role to drive aberrant alterations of cellular behavior including
ectopic migration. To manipulate the intrinsic activity of abGCs
at different stages of maturation, proliferating NS/PCs were first
infected with an excitatory designer receptor (hM3Dq)-expressing
retrovirus and the synthetic ligand clozapine-N-oxide (CNO) was
injected once daily to activate abGCs for the first (0-1 w) or second
(1-2 w) week after retroviral infection. Activation during both
the first and second periods of maturation promoted abnormal
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migration of abGCs into the hilus without dendrite developmental
change. When the labeled 8 w-old mature GCs were activated with
CNO, no effects on migration or cell morphology were observed.
These results suggest that a critical time window during which
neuronal activity is associated with aberrant maturation exists
and activity during this period seems sufficient to promote the
migration of abGCs to the hilus. Zero-1w and 1-2w activation
provoked spontaneous recurrent seizures at 8 weeks post-infection
in 60 and 80% of hM3Dq-virus injected mice, respectively. In the
pilocarpine model, chemogenetically silencing immature aberrant
abGCs through an inhibitory designer receptor (hM4Di) during
this critical period reduced ectopic cells, abnormal dendritic
morphology, and the occurrence of spontaneous seizures. They
also found that 2w-old abGCs exhibited dynamic calcium
fluctuations, and stimulation of both designer receptors (hM3Dq
and hM4Di) could modulate the intracellular calcium of immature
abGCs. These observations imply that cellular intrinsic activity
via calcium response regulates the migration of newborn cells
appropriately, but it is unclear how sustained elevation of intrinsic
calcium levels affects abGCs' development and maturation. In
mouse cerebellar granule cells, the amplitude and frequency of
calcium transients, via voltage-gated calcium channels (VGCCs),
are correlated positively with the rate of neuronal migration,
suggesting that calcium acts as a speedometer to integrate various
intrinsic/extrinsic cues that drive neuronal migration (Komuro
and Rakic, 1996). Although the role of VGCCs in immature
abGCs is poorly defined, it has been reported that VGCCs generate
low-threshold somatic calcium spikes in immature abGCs before
3 weeks of age, which are trophic cues that promote neuronal
development (Konur and Ghosh, 2005). In addition, enhanced
VGCCs currents with altered properties occur in the dentate
GCs of epileptic patients (Jeub et al,, 1999; Djamshidian et al,
2002). These results suggest that increased VGCCs currents in
immature abGCs promote improper cellular integration into
existing dentate GCs circuits, causing the development of epilepsy
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(Figure 1). Downstream regulators of calcium signaling in aberrant
neurogenesis could also be potential targets for anti-epileptic drugs.

We have previously shown that prenatal exposure to valproic
acid (VPA), which is known to function as an antiepileptic drug by
inhibiting, e.g., gamma-aminobutyric acid (GABA) transaminase,
leads to the reduction of adult neurogenesis and increase of
the malpositioned GCs in the dentate hilus (Sakai et al.,, 2018).
These effects were paired with an increase in the susceptibility
to kainic acid (KA) -induced seizures in adulthood. To identify
the mechanism underlying the accumulation of ectopic GCs, we
performed RNA sequencing analysis and found that CXC motif
chemokine receptor 4 (Cxcr4) expressed in the prenatally VPA-
exposed NS/PCs was downregulated in the adult. Overexpression
of Cxcrd selectively in NS/PCs using a retroviral strategy attenuated
the ectopic migration of abGCs and seizure susceptibility. Although
it has been reported that Cxcr4 deletion consistently reduces
adult neurogenesis and leads to the appearance of ectopic GCs
(Schultheifi et al., 2013), how and why Cxcr4 expression has such an
effect is not fully understood. One possible explanation is that Cxcr4
overexpression restores the migratory cues needed for immature
GCs to correctly integrate into the GC layer, reducing ectopic
migration. VPA increases GABA levels in the brain and GABA
can bind to and activate Cxcr4 (Guyon et al,, 2013). Indeed, it
was suggested that Cxcr4 ligand Cxcl12 is probably co-secreted
with GABA from hippocampal interneurons, and thus they both
may possibly affect NS/PC behavior (Bhattacharyya et al., 2008).
By disrupting GABA and/or Cxcl12 signaling in the neurogenic
niche, VPA may interfere with the Cxcr4-regulated migration of
immature GCs. Another possibility is that VPA induces changes
in the expression of many genes as an epigenetic drug because it
has histone deacetylase inhibitor activity (Hsich et al., 2004; Xu
et al., 2007) that positively regulates gene expression by promoting
histone acetylation. Understanding the contribution of epigenetic-
mediated gene regulation may reveal new regulatory mechanisms
of cell migration.

The mTOR pathway, which regulates neuronal migration,
growth, and plasticity, is activated in several models of epilepsy
(Zeng et al, 2009; Huang et al, 2010). Phosphatase and tensin
homolog (PTEN) is a lipid phosphatase that targets the 3’
phosphate of phosphatidylinositol 3,4,5 triphosphate, acting in
opposition to phosphatidylinositol 3-kinase (PI3K). mTOR is a
major target in the PI3K pathway and deletion of PTEN leads
to excess activation of mTOR (Kwon et al,, 2003). Deletion
of PTEN in postnatally produced GCs led to an increase in
ectopically located cells, causing spontaneous seizures (Pun et al,,
2012). PTEN-deficient GCs also recapitulate numerous other
morphological pathologies associated with TLE, including mossy
fiber sprouting, hypertrophy, the appearance of basal dendrites, and
increased dendritic spine density (Kwon et al,, 2001; Pun et al,
2012). After KA administration, treating animals with the mTOR
antagonist rapamycin mitigates GC aberrant migration and mossy
fiber sprouting, which directly links the mTOR pathway to these
phenomena (Shima et al,, 2015). mTOR signaling is involved in
the regulation of GC dispersion and migration deeper into the GC
layer closer to the molecular layer boundary (Getz et al., 2016). It is
worthwhile noting that the mechanisms regulating the appearance
of abnormal cells in two discrete locations, the hilus and the
molecular layer, can be distinct.
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Cell-extrinsic mechanisms
regulating the emergence of hilar
ectopic granule cells

Reelin, an extracellular matrix glycoprotein, plays an essential
role in neuronal migration and the formation of laminated brain
structures, such as the neocortex, hippocampus, and cerebellum
(Chai and Frotscher, 2016). After cortical development and the
demise of most Cajal-Retzius cells, Reelin is expressed primarily
by interneurons in the adult brain (Lee and D’Arcangelo,
2016).
bodies of Reelin-expressing interneurons were located within the
subgranular adult stem cell niche. These Reelin-expressing cells

Immunohistochemical studies revealed that the cell

were identified as cholecystokinin-positive but not parvalbumin-
positive cells (Pahle et al., 2020). Disorganized GC layer formation
has been shown to be accompanied by a loss of Reelin-producing
neurons in the epileptic hippocampus (Haas et al., 2002; Heinrich
et al., 2006; Orcinha et al,, 2016). In the DG of Reelin-deficient
reeler mice, the GCs are scattered, suggesting a GC migration defect
(Katsuyama and Terashima, 2009). Antibody-blockade of Reelin
function in naive mice causes dispersion of GCs, and exogenous
administration of Reelin after epileptogenic injury prevents the
dispersion (Haas and Frotscher, 2010). Consistently, conditional
knockout of the disabled-1 gene (Dabl), encoding an adaptor
protein that is essential for Reelin signaling, in adult or postnatal
NS/PCs results in abnormal migration, such that new granule
neurons are scattered throughout the DG area (Teixeira et al,
2012; Korn et al.,, 2016). Both reeler- and DabI-deficient mice lack
spontaneous seizures but exhibit enhanced seizure susceptibility
(Patrylo et al., 2006; Korn et al,, 2016). In contrast, interneuron-
specific Reelin knockout did not cause structural changes in the DG
(Pahle et al., 2020). In this mouse, the number of Reelin-expressing
Cajal-Retzius cells, which can function compensatorily for the loss
of Reelin-expressing interneurons, increased, eventually resulting
in the formation of an organized GC layer. However, it has become
apparent that Reelin’s functions are not simple. Using hippocampal
slice culture and live imaging, Wang et al. (2018) revealed that
Reelin acts as an attractant dictating the migration of GCs toward
the molecular layer. In addition, Reelin has also been suggested to
function as a local repulsing cue to ensconce mature GCs in the
normotopic position, suppressing GC’s aberrant migration under
epileptic conditions (Orcinha et al., 2021).

Gamma-aminobutyric acid can directly control neurogenesis,
and disruption of GABA homeostasis triggers
neurogenesis (Tozuka et al,, 2005; Nakamichi et al,, 2009). In the

abnormal

DG, the primary sources of GABA are inhibitory interneurons, i.e.,
parvalbumin- and somatostatin-neurons. Immature dentate GCs
express high levels of sodium, potassium, chloride cotransporter
1 (NKCC1), a cation-Cl~ importer, which changes the reversal
potential for C1~, causing GABA 4 receptor activation to depolarize
the cell (Ge et al,, 2006). Immature abGCs initially receive the
depolarizing GABA signal, which is necessary for their proper
development (Overstreet Wadiche et al,, 2005). A recent study
showed that GABA-mediated amplification of intracellular calcium
regulates the early critical period of activity associated with the
aberrant maturation of abGCs (Lybrand et al., 2021). Treatment
with the GABAA receptor agonist phenobarbital increases hilar
ectopic GCs in normal rat pups and conversely, treatment with
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the GABA, receptor antagonist picrotoxin decreased it in a
postnatal febrile seizure (which is thought to be a triggering
insult for TLE) model (Koyama et al, 2012; Kasahara et al,
2019). Following epileptogenic insults, GABAergic interneurons
are overstimulated and presumably die via excitotoxicity, and
surviving interneurons may compensate for this loss and become
hyperexcitable abnormally (Kobayashi and Buckmaster, 2003;
Wang et al, 2016). In hilar ectopic GCs, GABA, receptor
signaling mediates tonic GABA currents that occur after SE
(Zhan and Nadler, 2009). Increased depolarizing effect of GABA
on immature abGCs would impose a hyperexcitable signal on
mature dentate GCs and enhance hippocampal excitability.
To enhance GABAs hyperpolarizing effect on mature neurons
and attenuate hippocampal hyperexcitability, medial ganglionic
eminence-derived GABAergic neuronal progenitor cells were
grafted into the hippocampus and its antiepileptic effect was
demonstrated (Hunt et al, 2013; Cunningham et al, 2014;
Upadhya et al,, 2019). Recently, Arshad et al. (2022) reported that
following transplantation of GABAergic neuronal progenitors,
ectopic immature abGCs decreased in epileptic model mice,
while normotopic immature abGCs increased in not only
the epileptic model but also in intact mice. These effects on
migration/localization of abGCs could be due to Reelin released
from the transplanted interneurons. Alternatively, modifying the
E/I balance in the hippocampus may affect abGCs integration.

It has become clear from considerable evidence that glial
cells modulate adult neurogenesis in the hippocampus (Cope
and Gould, 2019). Microglia have been shown to regulate each
step of adult neurogenesis, such as proliferation, survival, and
maturation of newly generated cells both in the non-epileptic
and epileptic brains (Luo et al, 2016a). We have previously
shown that microglia suppress aberrant neurogenesis by inhibiting
the hyper-proliferation of NS/PCs after KA-induced seizures
through the activation of Toll-like receptor 9 (TLR9) in microglia
(Matsuda et al, 2015). In the epileptic condition, microglia
sense self-DNA, which is presumably released from degenerating
neurons, via TLR9 and then secrete TNF-a, and TNF-a in turn
attenuates hyper-proliferation of NS/PCs. After KA injection,
GCs localized in the hilus increased in TLR9-deficient mice,
and infusion of recombinant TNF-a into the ventricle reduced
the hilar ectopic GCs. Furthermore, TLRY deficiency exacerbated
seizure-induced cognitive decline and recurrent seizure severity.
These findings indicate that activated microglia reduce abnormally
located newborn neurons through the secretion of TNF-q, resulting
in antiepileptic effects. Microglia can also directly regulate the
emergence of ectopic GCs by phagocytosis. In the healthy brain,
microglia mainly engulf apoptotic abGCs, but after SE, activated
microglia switch their target and prefer to engulf caspase-
negative live abGCs (Luo et al, 2016b). Luo et al. (2016b)
reported that the administration of minocycline, an inhibitor of
microglial activation, reduced the number of engulfed newborn
GCs, increasing the number of ectopic GCs. These results
suggest that microglia suppress the appearance of excess newborn
cells and eliminate abGCs after SE to inhibit the formation of
abnormal neural circuits leading to the development of epilepsy.
In contrast to these results, some studies reported that genetic
ablation of microglia or suppression of microglial activation
with minocycline reduced immature neurons, suggesting that
microglia accelerate seizure-induced neurogenesis (Ali et al., 2015;
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Mo et al, 2019). Yang et al. (2010) demonstrated that after
pilocarpine-induced SE, suppression of microglial activation
with minocycline reduced the number of ectopic GCs. These
discrepancies regarding the role of microglia in neurogenesis after
SE may be attributable to differences in experimental settings to
mimic epilepsy-like phenotypes. Indeed, microglia show different
gene expressions depending on the types of chemoconvulsants, i.e.,
KA, and pilocarpine (Benson et al., 2015). In addition, “activated”
microglia exhibit heterogeneity in their properties, which makes
it difficult to corroborate the precise roles of microglia in adult
neurogenesis.

Astrocytes also play roles in the proliferation and neuronal fate
commitment of NS/PCs in the adult hippocampus (Song et al,
2002), and regulation of synapse integration into existing neural
circuits through astrocytic vesicular release (Sultan et al., 2015).
These findings suggest that astrocytes are important regulators
of adult neurogenesis at all stages of the process. In the DG
of the epileptic patient, astrocytes are activated and the length
of astrocytic fibers around the GC layer significantly increases
(Fahrner et al., 2007; Thom, 2014). However, whether and how
astrocytes regulate aberrant adult neurogenesis in the epileptic
brain remains largely unknown. Further studies are necessary to
clarify the contribution of astrocytes to the aberrant neurogenesis
characteristic of the epileptic brain.

Conclusion

Here, we review findings about seizure-induced ectopic GCs
in animal models and humans with epilepsy. It is becoming
clear that ectopic localization of abGCs in the dentate hilus
radically alters the types of afferent inputs and efferent outputs,
and that these ectopic cells exhibit hyperexcitable features. A key
question that remained to be answered is whether ectopic GCs are
the major player which rewires neural networks, accounting for
hippocampal hyperexcitability, the characteristic of the epileptic
brain. Several studies using distinct techniques have commonly
demonstrated that targeted ablation of abGCs including hilar
ectopic GCs can significantly reduce seizures, suggesting that
abGC-specific manipulations could be beneficial for epilepsy
treatment. However, there exist reports suggesting that abGCs
ablation exacerbates epilepsy development, warranting further
investigation to clearly elucidate the functional implications of
hilar ectopic GCs acting as hub-like cells in the epileptic DG
networks. Given the heterogeneous properties of abGCs after SE,
populations of normotopically and ectopically integrated abGCs
are likely to have opposing effects on neuronal excitability.
Although current techniques for ablating or silencing abGCs
affect all abGCs regardless of their subtypes, characterization
and identification of the subtypes will enable us to target
the specific hilar GC subtype for the therapeutic treatment
of epilepsy. Elucidating the cellular and molecular mechanisms
underlying seizure-induced ectopic abGCs would shed light
on our understanding of brain plasticity attributable to adult
neurogenesis. Taking all of these considerations together, we believe
that seizure-induced hilar ectopic GCs represent a promising
target for intervention in the treatment of human epilepsy and
its comorbidities.
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The subcommissural organ (SCO) is a circumventricular organ highly conserved
in vertebrates from Cyclostomata such as lamprey to mammals including human.
The SCO locates in the boundary between the third ventricle and the entrance
of the aqueduct of Sylvius. The SCO functions as a secretory organ producing
a variety of proteins such as SCO-spondin, transthyretin, and basic fibroblast
growth factor (FGF) into the cerebrospinal fluid (CSF). A significant contribution
of the SCO has been thought to maintain the homeostasis of CSF dynamics.
However, evidence has shown a possible role of SCO on neurogenesis in the
adult brain. This review highlights specific features of the SCO related to adult
neurogenesis, suggested by the progress of understanding SCO functions. We
begin with a brief history of the SCO discovery and continue to structural features,
gene expression, and a possible role in adult neurogenesis suggested by the SCO
transplant experiment.

subcommissural organ, neurogenesis, neural stem progenitor cell, Pax6, Sox2

Introduction

The subcommissural organ (SCO) is a circumventricular organ with a long history
but is still enigmatic (Oksche et al.,, 1993; Meiniel et al., 1996; Rodriguez and Yulis, 2001;
Kiecker, 2018). From Cyclostomata such as lamprey to mammals, the SCO is substantially
conserved among vertebrates. The SCO is located at the boundary between the third ventricle
and the entrance to the aqueduct of Sylvius (Figures 1A, B; Duvernoy and Risold, 2007;
Kiecker, 2018; Corales et al, 2022). Its importance to maintaining the homeostasis of
cerebrospinal fluid (CSF) dynamics has drawn attention to its functions (Perez-Figares et al.,
2001; Guerra et al., 2015). The SCO has been hypothesized to play a role in neurogenesis
(Guerra et al,, 2015), although extensive research on dynamics of CSF and neuropathology
of hydrocephalus has been conducted. Recent advancement in our understanding of the
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function of the SCO have led us to hypothesize that the SCO
possesses features relevant to adult neurogenesis. In this review,
we overview how the SCO is discovered before discussing its
structural characteristics, gene expression, and discuss a potential
involvement in adult neurogenesis suggested by the SCO transplant
experiment.

A brief history of the SCO

The first clear description of the SCO appears in the 1900’
(Dendy, 1902). In an anatomical study on ammocoetes, a
New Zealand Lamprey (Geotria australis), the SCO was described
as “a pair of ciliated grooves” (Figure 1C), which in earlier study was
referred as the epithelial layer (Edinger, 1892; Studnicka, 1900). The
epithelium of the SCO is distinct from those in other brain regions
due to its cylindrical structure. Dendy described it as follows; “They
are most conspicuous beneath the commissure itself (figs. 1, 2),
in which region they are lined by a sharply defined epithelium of
very long columnar cells, totally different in appearance from the
epithelium which lines the remainder of the brain-cavity.” (Dendy,
1902). The SCO function was speculated, at that time, as making the
circulation of the brain fluid due to its ciliated form and location.
The term “Sub-Commissural Organ” was first proposed by Dendy
and Nicholls in Dendy and Nicholls (1910). The same report also
mentioned that the SCO exists in higher vertebrates such as mice,
cats, and chimpanzees. At this time, “a pair of ciliated grooves” or
“the epithelial layer beneath posterior commissure” was established
as the “Sub-Commissural Organ.”

Structural feature of the SCO

The SCO surface is sparsely ciliated and covered with
microvilli, contrasting with the other ependymal areas, which are
composed with multiciliated cells (Collins and Woollam, 1979;
Rodriguez et al.,, 1998). The SCO consists of an inverted U-shape
ependymal layer(s) lining the third ventricular side of the posterior
commissure in the coronal section (Collins and Woollam, 1979;
Rodriguez et al., 1998; Figures 2A, B). Later, it was proposed that
the SCO is composed of two layers, ependyma and hypendyma, in
vertebrates (Rodriguez et al., 1984). A small number of hypendymal
cells are observed in amphibia and reptiles such as frogs, lizards,
and snakes. In contrast, the hypendymal layer is more distinct in
larger mammals such as bovines and primates, but its existence
is species-dependent (Rodriguez et al.,, 1984). It appears that the
presence of hypendymal cells is species-specific and be uncertain
in animals with smaller brains. For example, a hypendymal layer is
observed in rats but not in mice (Figure 2C; Corales et al., 2022).

As stated in the previous section, the SCO has been considered
a secretory organ due to its cylindrical structure (Figure 1D).
The SCO cells have an elongated shape, compared to typical
ependymal cells, a large nucleus at the basal side adjacent to
the posterior commissure (PC), the endoplasmic reticulum and
the Golgi apparatus containing secretary molecules such as SCO-
spondin and transthyretin (TTR). The apical pole of the SCO cells
is exposed to the ventricular cavity. Apparent zonulae adherence
is observed to connect adjacent cells. SCO-spondin secreted from
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the apical side forms the Reisner’s fiber (RF) (Meiniel, 2001).
This unique structure is also confirmed by a study using electron
microscopy in detail (Meiniel, 2007).

Gene expression related to brain
development in the SCO cells

Our knowledge on molecules expressed in the SCO is limited
because of its restricted region, although a study reported
a systematic DNA-chip analysis of circumventricular organs
including SCO (Szathmari et al., 2013).

Secretory proteins

Due to their feature as secretory cells, two major secretory
proteins, SCO-spondin and TTR, have been well studied in the SCO
(Gobron et al., 1996; Montecinos et al., 2005).

Subcommissural organ-spondin is a giant glycoprotein with
a large molecular weight (~540 kDa), which has been isolated
as the SCO-specific transcript and identified as a component of
Reissner’s fiber (Meiniel et al., 1995; Gobron et al., 1996; Creveaux
etal., 1998; Meiniel, 2001). SCO-spondin contains many functional
domains (Figure 3A); elastin microfibril interface (EMI) domain,
von Willebrand factor type-D (VWF-D) domains, FA5/8C domain,
Low-density lipoprotein receptor class A (LDLrA) domains, trypsin
inhibitor-like (TIL) domains, thrombospondin type I repeat (TSR)
domains, von Willebrand factor type-C (vWEF-C) domains, EGF-
like domains, and CTCK domain (Gobron et al., 2000; Meiniel and
Meiniel, 2007; Aboitiz and Montiel, 2021; Sepulveda et al., 2021).
The SCO-spondin and its degradation products containing these
domains have been proposed to function as neurogenesis regulators
(Vera et al, 2013, 2015). SCO-spondin is also reported to have
a neuroprotective effect (Deletage et al,, 2021). Since the SCO-
spondin contains many domains interacting with soluble factors,
such as fibroblast growth factor 2 (FGF2), transforming growth
factor-p (TGF-B), and vascular endothelial growth factor (VEGEF),
derivatives of the SCO-spondin could function as carriers or
chelators of those soluble factors to regulate downstream signaling
pathways (Figure 3B).

Transthyretin is a carrier for thyroid hormones in CSF
(Alshehri et al., 2015; Richardson et al., 2015). It has previously
been considered that only the choroid plexus produces TTR in
the brain, although the SCO is shown to secrete TTR into the
CSF (Montecinos et al,, 2005). TTR might contribute to adult
neurogenesis by regulating thyroid hormone homeostasis (Kapoor
et al,, 2015) since adult neural stem cell cycling in vivo requires
thyroid hormone and its alpha receptor (Lemkine et al., 2005). Cell
division and apoptosis are affected at the neural stem cell niche in
the TTR null mice (Richardson et al., 2007).

The adult rat SCO shows strong expression of FGF2 (also
known as a basic fibroblast growth factor, b-FGF) (Cuevas et al,
1996). EGF2 is critical in maintaining adult neurogenesis in the
neurogenic niches (Mudo et al,, 2009; Woodbury and Tkezu, 2014).
The SCO also expresses Wntl, a secretory glycoprotein critical
for morphogenesis during brain development. Mutation in Wntl
caused abnormal differentiation of the SCO in the mouse embryo
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FIGURE 1

Location of the SCO in the adult human and rodent brains.

(A) Sagittal section of human brain. (B) Sagittal and coronal sections
of rodent brains. The SCO locates at the boundary between the
third ventricle (3V) and the entrance of the aqueduct of Sylvius (Aq).
The SCO is composed of an ependymal cell layer(s) lining the third
ventricular side of the posterior commissure. In the coronal section,
the SCO appears as an inverted U-shape underneath the posterior
commissure (PC). 3V, third ventricle; Ag, aqueduct of Sylvius; PC,
posterior commissure; SCO, subcommissural organ (Corales et al.,
2022). (C) Illustration of “a pair of ciliated grooves”. Ar.T.,
arachnoidal tissue; C.G., ciliated groove; Ch.PL, choroid plexus;
Com.P., posterior commissure; M.C., connective tissue brain case.
Used with permission of The Royal Society (U.K.), from Dendy
(1902); permission conveyed through Copyright Clearance Center,
Inc. (D) The secretory feature of the SCO ependymal cell. Scheme
of an SCO secretory ependymal cell. The secretory proteins such as
SCO-spondin and transthyretin are stored in the endoplasmic
reticulum (ER), modified in the Golgi apparatus (G), and released
both apically into the CSF and basally into the matrix of the
posterior commissure. The SCO-spondin released into the CSF
forms the RF. BP, basal process; Ci, cilia; ER, endoplasmic reticulum;
G, Golgi apparatus; Mt, mitochondria; N, nucleus; PC, posterior
commissure; RF, Reisner’s fiber; ZA, zonula adherens.

(Louvi and Wassef, 2000). Wntl expression is observed in the SCO
at the RNA level based on Allen Mouse Brain Atlas.! Wnt signaling
pathway has been reported to regulate neural differentiation from
neural stem/progenitor cell (NSPCs) in early embryonic brain
development (Hirabayashi et al., 2004; Machon et al., 2007; Munji
et al., 2011; Inestrosa and Varela-Nallar, 2015).

These secretory proteins from the SCO could contribute to
neurogenesis in the embryonic brain and adult neurogenesis
(discussed later). In addition, these secretory proteins could also

1 https://mouse.brain-map.org/experiment/show/112644522
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Mouse SCO

Rat SCO

FIGURE 2

Histological structure of the SCO. (A) The SCO region of mouse
brain. The SCO is composed of an ependymal cell layer(s) with an
inverted U-shape lining the third ventricular side of the posterior
commissure (Allen Brain Atlas: Mouse Brain,
https://atlas.brain-map.org/). (B) The SCO region of human brain
(BrainSpan Atlas of the Developing Human Brain,
https://atlas.brain- map.org/). The SCO regions are surrounded by
red dotted lines. (C) Immunostaining of SCO-spondin in the SCO
region of the adult mouse and rat brain. The SCO-spondin staining
pattern in the adult rat SCO shows a weak staining pattern in the
nuclear region compared to the adult mouse SCO allowing better
visualization of hypendymal cells between the ependymal layer and
the posterior commissure. Arrows indicate hypendymal cells. Scale
bars: 50 pm (Corales et al., 2022). 3V, third ventricle; Ep, ependymal
cells; NR, nuclear region; PC, posterior commissure.

contribute to maintaining the SCO functions in an autocrine
manner since the FGF2 receptor is expressed in the SCO (Szathmari
etal., 2013).

The SCO development is consistent during embryonic stages
among species, but its maintenance appears species dependent. For
example, the SCO begins to differentiate at embryonic day 12.5
(E12.5) in mice, well developed by E16.5 (Estivill-Torrts et al.,
2001), and appears to be maintained through postnatal stages
(Corales et al., 2022). On the other hand, the SCO is well developed
at embryonic stages (3- to 5-month-old fetuses) but gradually
regresses the SCO structure after 5-month-old fetuses (Rodriguez
et al,, 2001). The SCO cells are significantly reduced in 1-year-
old infants and lose their secretory features in the adult stages
(Rodriguez et al., 2001).

Transcription factors

It has been reported that several transcription factors are critical
for the formation of the SCO. Ectopic expression of Engrailed 1
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(Enl), a homeobox transcription factor related to Wntl signaling,
interferes with the differentiation of circumventricular organs,
including the SCO (Louvi and Wassef, 2000). Enl expression is
also confirmed in the SCO at the RNA level based on Allen
Brain Atlas: Mouse Brain.? Deficiency in the function of Pax6, an
essential transcription factor for neurogenesis in the embryonic
and adult brain (Osumi et al., 2008), results in impairment of the
SCO differentiation in early brain development (Estivill-Torrus
et al,, 2001). The SCO’s structural and functional features as a
secretory organ are completely lacking in the Pax6%/5¢ mutant
mouse, suggesting that Pax6 is critical for SCO formation. Msx1,
a homeodomain transcription factor, is expressed in the SCO of
the mouse embryonic brain, and a mutation in MsxI gene causes
a defect in the SCO formation (Bach et al.,, 2003; Ramos et al,,
2004). However, since these transcription factors are related to
regionalization in early brain development, it remains unknown
whether abnormality in the SCO might be directly caused by
defects in these transcription factors or secondarily induced by
compartmentation deficits.

Expressions of RFX3 and RFX4, members of the regulatory
factor X gene family related to ciliogenesis, are also reported
in the SCO. Their mutation or misexpression causes a severe
hydrocephalus phenotype in mice, possibly by malformation of the
SCO (Blackshear et al., 2003; Baas et al., 2006; Xu et al., 2018).
Functional expression of CREB was also confirmed in the isolated
SCO cells in an aspect to the cAMP-PKA pathway (Nurnberger and
Schoniger, 2001; Schoniger et al., 2002).

As mentioned above, the secretory proteins from SCO could
be associated with several signaling pathways, such as integrin,
Wnt/B-catenin, and Notch signaling pathways (Figure 3B). Recent
studies suggested that these signaling pathways are involved in
multiciliated cell differentiation or hydrocephalus (Failler et al,
2021; Lewis and Stracker, 2021; Liu et al,, 2023), emphasizing
critical SCO roles on ciliogenesis and hydrocephalus caused by its
malfunction.

Proliferation and differentiation
potential of SCO cells:
Neurogenic/gliogenic and
embryonic/adult

A significant role of the SCO is maintaining CSF homeostasis
by forming RE which consists of SCO-spondin. However, several
lines of evidence suggest its contribution to adult neurogenesis.
Recently, we have reported that the SCO cells have a unique
feature as immature neuroepithelial cells in the adult mouse
brain (Corales et al,, 2022). The SCO cells in the adult brain
expressed known NSPC markers, i.e., Pax6, Sox2, and vimentin,
and a proliferating marker, PCNA (Figure 4). Neither expression
of another proliferation marker Ki67, indicating a G2/M phase,
nor incorporation of BrdU, an indicator for DNA synthesis in the
S phase, are undetectable, suggesting that the SCO cells have a
potential for proliferation but are quiescent for cell division in the
adult. The SCO cells also express other neuroepithelial cell markers,

2 https://mouse.brain-map.org/gene/show/13576
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such as Nestin, as well as Notch 1, Hesl and Hes3, Occludin,
E-cadherin, MSI-1, Sox9, and BMI-1 at the RNA level based on
Allen Brain Atlas.®> These data demonstrate that the adult SCO
cells maintain neuroepithelial cell characteristics, suggesting that
the SCO is a possible adult neural stem cell niche.

The quiescent SCO might express its neurogenic activity
by appropriate stimuli. For example, tanycytes in the adult
hypothalamus are a subtype of ependymal cells with a long radial
process (Rodriguez et al, 2005). It has been shown that sub-
population of the tanycytes contain stimuli-responsive NSPCs
(Lee et al., 2012; Cheng, 2013; Robins et al., 2013; Maggi et al.,
2014). A recent study has reported that tanycyte-like ependymal
cells in circumventricular organs (CVOs) and the central canal
(CC) show a neural stem cell-like phenotype in the adult mouse
brain (Furube et al, 2020). In the study, tamoxifen-induced
EGFP labeling under the control of Nestin-CreERT2 transgene has
identified NSPCs and shown that the EGFP-labeled ependymal cells
distribute in the organum vasculosum laminae terminalis (OVLT),
subfornical organ (SFO), CC, and the arcuate nucleus (Arc) of
the hypothalamus. Furthermore, EGFP-labeled ependymal cells
increased by stimulation with FGF-2/EFG (Furube et al., 2020). The
EGFP-labeled tanycyte-like ependymal cells of the OVLT and SFO
express both GFAP and Sox2 but not Pax6, while the cells of the CC
express those three marker proteins (Furube et al., 2020), which is
similar to our results in the SCO (Corales et al., 2022). However,
no EGFP-labeled ependymal cells in the SCO were mentioned
in the study (Furube et al,, 2020). Possibly, the SCO might be
activated by the other factors than FGF-2/EFG. In addition, SCO
cells are distinct from the tanycytes by structural features. The
SCO cells have primary cilia while tanycytes or tanycyte-like cells
are unciliated or unciliated/bi-ciliated, respectively (Langlet et al,,
2013; Mirzadeh et al.,, 2017). The cytoplasm of the tanycyte often
shows smooth endoplasmic reticulum (Wittkowski, 1998), while
the cytoplasm of SCO cells are filled with rough endoplasmic
reticulum (Rodriguez et al., 2001), consistent with their secretory
function. Therefore, even though the SCO cells and tanycytes share
a part of NSPC marker expression, they are different subtypes of
ependymal cells.

Although the SCO cells share many properties with NSPCs in
the gene expression, it is difficult to clarify whether they could
express proliferation activity and whether they are neurogenic
RG-like cells and/or gliogenic progenitors. At this point, what
kind of cells could be produced from the SCO remains unknown.
Considering its location near the posterior commissure and
the existence of oligodendrocyte precursor cells (OPCs) at the
periphery of the SCO (Corales et al.,, 2022), the SCO might be a
niche for oligogenesis rather than neurogenesis.

Another possible involvement of the SCO in adult neurogenesis
is obtained by transplantation of SCO cells into a lateral ventricle.
In the study by Rodriguez et al., tissue blocks containing the
SCO and the PC were transplanted into the left lateral ventricle
in 2-3 months-old Sprague-Dawley rats (Rodriguez et al., 1999).
It is observed that the grafted SCOs keep an ultrastructure
similar to those of the SCO in situ and have the ability of
production and secretion of SCO-spondin, resulting in the RF in
the explanted lateral ventricle. The transplantation using bovine

3 https://mouse.brain-map.org/
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Expression of NSPC markers in the SCO. Immunostaining of NSPC markers in the mouse SCO (Corales et al,, 2022).

SCO explants also support that the secretory active SCO can
induce cell proliferation. The bovine SCO cultured in vitro for a
few weeks express and secrete the SCO-spondin and TTR into
the culture medium (Schobitz et al, 2001; Montecinos et al.,
2005). Xenografts of bovine SCO explants into a lateral ventricle
of rats indeed promote cell proliferation in the ipsilateral than
contralateral SVZ niche (Guerra et al.,, 2015), suggesting that the
SCO might contribute to the proliferation of NSPCs and possibly
leading to neurogenesis through secreted factors CSF circulation in
the adult brain.

One possible interpretation for the increased PCNA positive
cells by the SCO transplant is that neuroprotective factors secreted
by the grafted SCO might enhance or maintain cell proliferation,
as suggested in the previous study where the SCO secretes
SCO-spondin or TTR (Schobitz et al,, 2001; Montecinos et al,
2005). This possibility can be supported by the contribution of
the SCO to the early embryonic brain development. Especially, the
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SCO has been reported to show its contribution to neurogenesis
during embryogenesis. In the embryonic stages, the SCO seems to
regulate cell proliferation and neuronal differentiation through the
secretion of the SCO-spondin (El-Bitar et al., 2001; Veraetal,, 2013,
2015). SCO-spondin knockdown experiments using chick embryos
have demonstrated that the protein released into embryonic CSF
is required for neurogenesis and regulation of neuroepithelial
cell proliferation/neuronal differentiation (Vera et al, 2013).
A subsequent study showed that low-density lipoprotein (LDL) and
SCO-spondin form a complex and that this interaction is essential
in modulating the neuroepithelium differentiation generated by
both molecules (Vera et al, 2015). However, in ovo inhibition
of SCO-spondin using shRNA in the chick embryo has reduced
neuronal cell number and increased PCNA-positive cells (Vera
et al,, 2013). A similar result was obtained by in vitro culture with
the explanted optic tecta in the SCO explant conditioned medium
and SCO-spondin-depleted embryonic CSF (Vera et al, 2015).
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These results are inconsistent with those from SCO transplantation
experiments. Cellular response to the SCO-spondin might be
different between embryonic and adult brains, or among species.

Conclusion

In this review, we highlighted a possible role of the SCO
in adult neurogenesis: as a neurogenesis/gliogenesis niche or
a neurogenesis/gliogenesis regulatory region through secretory
factors. Our knowledge about functions of the SCO in adult
neurogenesis remains limited due to lacking SCO specific
conditional knockout animals. Only a few studies related to
functional disruption of the SCO, especially with SCO-spondin
deficient animals, mainly focused on the relationship between
the RF formation, CSF flow, and hydrocephalus (Perez-Figares
et al,, 2001; Sepulveda et al., 2021). For example, immunological
blockage of the SCO function was able to induce a hydrocephalus
phenotype in adult rats (Vio et al., 2000). Recently, a series of
studies using zebrafish showed that a mutation in the SCO-spondin
gene (sspo) causes a phenotype with an abnormal ventral curvature
of the body axis and idiopathic scoliosis (Cantaut-Belarif et al,
2018; Lu et al., 2020; Rose et al.,, 2020). However, the effect of
SCO disruption on adult neurogenesis has not been investigated.
There are still enigmas on the SCO function on CSF homeostasis
and neurogenesis. Comprehensive transcriptome analysis of genes
expressed in the SCO and systematic analysis using SCO-specific
conditional knockout animals of the related genes would be
essential to elucidate the SCO contribution to adult neurogenesis.
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Adult neural stem cells (NSCs) in the mouse subventricular zone (SVZ) serve as
a lifelong reservoir for newborn olfactory bulb neurons. Recent studies have
identified a slowly dividing subpopulation of embryonic neural stem-progenitor
cells (NPCs) as the embryonic origin of adult NSCs. Yet, little is known about
how these slowly dividing embryonic NPCs are maintained until adulthood
while other NPCs are extinguished by the completion of brain development.
The extracellular matrix (ECM) is an essential component of stem cell niches and
thus a key determinant of stem cell fate. Here we investigated tissue inhibitors of
metalloproteinases (TIMPs)—regulators of ECM remodeling—for their potential
roles in the establishment of adult NSCs. We found that Timp2, Timp3, and Timp4
were expressed at high levels in slowly dividing NPCs compared to rapidly dividing
NPCs. Deletion of TIMP3 reduced the number of adult NSCs and neuroblasts
in the lateral SVZ. In addition, overexpression of TIMP3 in the embryonic NPCs
suppressed neuronal differentiation and upregulated the expression levels of
Notch signaling relating genes. These results thus suggest that TIMP3 keeps
the undifferentiated state of embryonic NPCs, leading to the establishment and
maintenance of adult NSCs.

TIMP3, adult neural stem cell, embryonic neural stem-progenitor cell, stem cell
maintenance, notch signaling

1. Introduction

In the subventricular zone (SVZ) of the adult mouse brain, neural stem cells (NSCs) remain
in the quiescent state and produce neurons throughout life (Morshead et al., 1994; Doetsch and
Alvarez-Buylla, 1996; Doetsch et al, 1999). Once activated, adult NSCs generate transit-
amplifying progenitors (TAPs) and then differentiate into neuroblasts. Neuroblasts later migrate
into the olfactory bulb and differentiate into interneurons, which integrate into existing circuitry
and modify innate and cognitive functions (Bond et al., 2015; Lledo and Valley, 2016). The
mechanism by which adult NSCs are established and maintained during development is under
exploration. Recent studies have revealed that a slowly dividing subpopulation of neural stem-
progenitor cells (NPCs) is set aside during development and later become adult NSCs in the SVZ,
while other NPCs divide rapidly and contribute to brain development by generating neurons and
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glial cells (Fuentealba et al., 2015; Furutachi et al., 2015). Compared
with the rapidly dividing NPCs that are extinguished after development,
slowly dividing NPCs must be maintained for a longer period to
generate adult NSCs. However, the regulatory mechanisms that
preferentially maintain slowly dividing NPCs are not fully understood.

Stem cells are maintained in specialized microenvironments, or
niches. In adult SVZ, niche-specific extracellular matrix (ECM) has
been characterized (Kerever et al., 2007; Kjell et al., 2020). Given the
crucial roles of the ECM in regulating NSC fate (Kazanis and Ffrench-
Constant, 2011; Faissner and Reinhard, 2015; Long and Huttner,
2019), we hypothesized that factors which modify the ECM may
be important for the long-term maintenance of slowly dividing NPCs.
ECM remodeling is controlled by the balance between matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs). MMPs degrade ECM proteins and promote ECM turnover
(Nagase and Woessner, 1999; Page-McCaw et al., 2007), while TIMPs
function as endogenous inhibitors of MMPs (Brew and Nagase, 2010;
Murphy, 2011). Increasing evidence has indicated the roles of MMPs
in the regulation of postnatal NSC proliferation in the SVZ. MMP12
regulates postnatal ECM organization and NSC proliferation (Shan
et al., 2018). MT5-MMP (MMP24) controls NSC quiescence by
cleaving N-cadherin (Porlan et al., 2014). However, the function of
TIMPs in embryonic NPCs or adult NSCs remains largely unknown.

Here we found that TIMP3 is expressed at a higher level in slowly
dividing NPCs than in rapidly dividing NPCs. Deletion of TIMP3
reduced the number of adult NSCs in the lateral SVZ. Meanwhile,
overexpression of TIMP3 suppressed neuronal differentiation of
embryonic NPCs. We also found that TIMP3 overexpression
enhanced the expression of genes related to Notch signaling pathway.
Our findings thus uncover a physiological role for TIMP3 in the
maintenance of neural stem-progenitor cells.

2. Materials and methods
2.1. Mice

Slc:ICR (ICR) and C57BL/6]]Jcl (B6]) mice were obtained from SLC
Japan and CLEA Japan. Rosa26-rtTA (#006965) and TRE-mCMV-
H2B-GFP mice (#005104) were obtained from The Jackson Laboratory.
Timp3 KO mice were produced using the gene-targeting technique
described previously (Kawamoto et al., 2006). Briefly, mice carrying the
mutant allele were backcrossed with B6] mice to generate KO mice in a
B6J background. All mice were maintained in a temperature- and relative
humidity-controlled (23+3°C and 50+ 15%, respectively) environment
with a normal 12-h light/dark cycle. They were housed two to six per
sterile cage (Innocage, Innovive) with chips (PALSOFT, Oriental Yeast),
and with irradiated food (CE-2, CLEA Japan) and filtered water available
ad libitum. Mouse embryos were isolated at various ages, with E0.5 being
considered the time of vaginal plug appearance. All animals were
maintained and studied according to protocols approved by the Animal
Care and Use Committee of The University of Tokyo.

2.2. Plasmid constructs

EGFP sequence was inserted into pCAGEN to generate pCAGEN-
EGFP. pCAG2-IRES-EGFP (pCAG2IG) was used as previously
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described (Kawai et al., 2017). The coding sequence of mouse Timp3
was inserted into pCAGEN and pCAG2IG to generate pCAGEN-
TIMP3 and pCAG2IG-TIMP3, respectively.

2.3. Injection of 9TB-dox

9-tert-Butyl Doxycycline (9 TB-Dox) HCI (Echelon Biosciences)
was dissolved in water to a final concentration of 2 pg/uL. 240-300 pg
was injected intraperitoneally.

2.4. Flow cytometry

The lateral ganglionic eminences (LGEs) were dissected and
subjected to enzymatic digestion with a papain-based solution
(Wako). Dissociated cells were incubated first for 15min on ice in
0.2% bovine serum albumin (BSA)/phosphate-buffered saline (PBS)
with primary antibodies—PE/Cy7 anti-CD133 (1:100, BioLegend
Cat# 141210, RRID:AB_2564069), APC anti-CD24 (1,100, BioLegend
Cat# 101814, RRID:AB_439716), and anti-Isolectin B, (biotin
conjugate) (1,1,000, Sigma-Aldrich Cat# L2140, RRID:AB_2313663)—
and then for 5min on ice in 0.2% BSA/PBS with Streptavidin PE
(1,500, eBioscience Cat# 12-4317-87). Cells were sorted on FACSAria
IITu (BD Bioscience). Debris and aggregated cells were removed by
gating based on forward and side scatter.

2.5. Quantitative RT-PCR analysis

Total RNA was isolated from sorted NPCs using RNAiso Plus
(Takara). Reverse transcription (RT) was performed with a maximum
of 0.5pg of total RNA using ReverTra Ace qPCR Master Mix with
gDNA remover (TOYOBO). The resulting cDNA was subjected to real-
time PCR analysis in LightCycler 480 II (Roche) with KAPA SYBR Fast
qPCR Kit (NIPPON Genetics). The amount of target mRNA was
normalized by that of Actb mRNA. Primer sequences were as follows:

Actb

Forward: 5-AATAGTCATTCCAAGTATCCATGAAA-3

Reverse: 5-GCGACCATCCTCCTCTTAG-3’

Timp2

Forward: 5-GTTGGAGGAAAGAAGGAGTATCTAA-3’

Reverse: 5’-ACAATGAAGTCACAGAGGGTA-3.

Timp3

Forward: 5-CCTGGCTATCAGTCCAAAC-3’

Reverse: 5’-GTTGCTGATGCTCTTGTCT-3.

Timp4

Forward: 5-ATCCATCTGTGCAACTACATT-3’

Reverse: 5’-GTTCTGGTGGTAGTGATGATTC-3’

Sdc2

Forward: 5-CTCATGGTGTCTGTCAATCA-3

Reverse: 5-CCAAATACATGCAGAATAACAATACTT-3.

2.6. Immunohistofluorescence analysis
Mice were subjected to perfusion fixation with ice-cold 4%

paraformaldehyde (Merck) in PBS. The brain was isolated and
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exposed to the same fixative at 4°C for 120 min (postnatal) or 90 min
(embryonic), equilibrated with 30% (w/v) sucrose in PBS, embedded
in OCT compound (Tissue TEK), and frozen. Coronal sections
(thickness of 12 pm) were exposed to Tris-buffered saline containing
0.1% Triton X-100 and 3% bovine serum albumin (blocking solution)
for 2h at room temperature, then incubated overnight at 4°C with
primary antibodies in blocking solution and for 2h at room
temperature with Alexa Fluor-conjugated secondary antibodies
(1:500, Thermo Fisher Scientific) and Hoechst 33342 (1:2000,
Molecular Probes) in blocking solution, finally mounted in Mowiol
(Calbiochem). Images were obtained with a laser confocal microscope
(Leica TCS-SP5, Leica Mica, or Zeiss LSM 880) and were processed
with LAS AF (Leica), ZEN (Zeiss), and Fiji (U.S. National Institutes of
Health) software. Primary antibodies were as follows: anti-Ascll
(1:500, BD Biosciences Cat# 556604, RRID:AB_396479), anti-
Collagen IV (1:50, Abcam Cat# ab6586, RRID:AB_305584), anti-Dcx
(1:1000, Abcam Cat# ab18723, RRID:AB_732011), anti-EGFR (1:500,
Fitzgerald Industries International Cat# 20-ES04, RRID:AB_231428),
anti-GFAP (1:1000, Abcam Cat# ab4674, RRID:AB_304558),
anti-GFP (1:2000, Abcam Cat# ab13970, RRID:AB_300798; 1:1000,
Nacalai Tesque Cat# GFO90R, RRID:AB_2314545), anti-Ki67 (1:500,
Agilent Cat# M7249, RRID:AB_2250503), anti-Sox2 (1:200, Cell
Signaling Technology Cat# 3728, RRID:AB_2194037; 1:500, Santa
Cruz Biotechnology Cat# sc-17320, RRID:AB_2286684), anti-S100p
(1:200, Sigma-Aldrich Cat# S2657, RRID:AB_261477), anti-Tbr2
(1:1000, Millipore Cat# AB15894, RRID:AB_10615604; 1:500, Abcam
Cat# ab23345, RRID:AB_778267), and anti-Tenascin C (1:50, Abcam
Cat# ab108930, RRID:AB_10865908).

2.7. Administration of thymidine analogs

For identifying slowly dividing NPCs, 5-ethynyl-2’-deoxyuridine
(EdU, Invitrogen, 5 mg/kg body weight) was injected intraperitoneally
four times at 3-h intervals at embryonic day (E) 10.5. EAU was
detected using Click-iT Plus EAU Cell Proliferation Kit for Imaging
(Invitrogen).

2.8. In utero electroporation

The introduction of plasmid DNA into NPCs in the embryonic
brain was performed as previously described (Tabata and Nakajima,
2001). In brief, plasmid DNA was injected into the lateral ventricle
with an injector (FemtoJet, Eppendorf), electrodes were positioned at
the flanking ventricular regions, and four-eight pulses of 35-45V for
50ms were applied at intervals of 950ms using an electroporator
(CUY21, NEPA GENE). The uterine horn was returned to the
abdominal cavity so that the embryos continued to develop. The
PCAGEN-EGFP plasmid was used to identify successfully
electroporated cells.

2.9. RNA-sequencing (Quartz-Seq) analysis
RNA extraction, reverse transcription, and amplification of cDNA

were performed on 1,000 cells aliquoted by FACS as described
previously (Sasagawa et al., 2013). In brief, total RNA was purified
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using AMPure XP RNA ¢DNA (Beckman) and was subjected to
reverse transcription with SuperScript III (Thermo Scientific). The
cDNA was purified using AMPure XP (Beckman). Primers were
digested by adding Exol (Takara). Poly-A tail was added with terminal
deoxynucleotidyl transferase (Roche). The cDNA was amplified using
MightyAmp DNA polymerase (Takara) and was purified using PCR
Extraction Kit (Nippon Genetics). Sequence data were obtained with
a 36-base single-end on the Illumina HiSeq2500 platform.
Approximately 2-4 million sequences were obtained from each
sample. Sequences were mapped to the mouse genome (mm9) using
ELAND v2 (Illumina). Only uniquely mapped reads with no base
mismatches were used. Reads were normalized by TMM (weighted
trimmed mean of M-values) normalization (Robinson and Oshlack,
2010) as implemented by the R package edgeR (RRID:SCR_012802)
(Robinson et al.,, 2009). Differential gene expression analysis was
performed using edgeR. Reads per kilobase of mRNA model per
million total reads (RPKM) was calculated to analyze gene expression
Processed data of RNA
Supplementary Table 1. Gene ontology and pathway enrichment
analysis were conducted with WebGestalt: WEB-based GEne SeT
AnalLysis Toolkit (RRID:SCR_006786) (Liao et al., 2019).

levels. sequence was shown in

2.10. Statistical analysis

Quantitative data are presented as means + SEM and were
compared with the two-tailed paired ¢ test or the two-tailed Student’s
t test as indicated using GraphPad Prism (RRID:SCR_002798). A
p value of <0.05 was considered statistically significant. The number
of animals in each experiment is stated in the respective figure legends.

3. Results

3.1. Timp2, Timp3, and Timp4 are highly
expressed in slowly dividing embryonic
NPCs and adult quiescent NSCs

We first compared the expression levels of TIMP family members
between rapidly and slowly dividing NPCs in the lateral ganglionic
eminences (LGEs). To monitor cell division frequency, we performed
a histone 2B (H2B)-GFP retention analysis (Furutachi et al., 2015).
Ubiquitous H2B-GFP expression was transiently induced at E9.5 by a
single 9-tert-butyldoxycycline (9 TB-Dox) injection into pregnant
Rosa-rtTA; TRE-mCMV-H2B-GFP mice. At E17.5, we collected two
populations of CD133*CD24 Isolectin B,~ NPCs from the LGE
according to H2B-GFP fluorescence intensity: the bottom 10% as the
rapidly dividing NPCs and the top 10% as the slowly dividing NPCs
(Figures 1A,B). Quantitative RT-PCR analysis revealed that the
abundance of Timp2, Timp3, and Timp4 mRNAs was significantly
higher in slowly dividing NPCs than in rapidly dividing NPCs
(Figure 1C).

We also analyzed the expression levels of TIMPs in the adult
SVZ. A previous study has performed single-cell RNA-sequencing
from quiescent NSCs (qQNSCs), activated NSCs (aNSCs), and TAPs
from SVZs of young adult (3 months old) mice (Dulken et al., 2017).
Reanalyzing the data, we found that Timp2, Timp3, and Timp4 were
expressed relatively at high levels in gNSCs compared to aNSCs and
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FIGURE 1
Timp2, Timp3, and Timp4 are highly expressed in slowly dividing NPCs. (A) The scheme for isolating rapidly dividing and slowly dividing NPCs. H2B-
GFP was transiently induced at E9.5 and the LGE was dissected at E17.5. NPCs were defined as cells positive for NPC marker CD133, negative for
neuronal marker CD24, and negative for endothelial marker Isolectin B,. (B) Representative flow cytometric histogram of H2B-GFP fluorescence
intensity. Rapidly dividing NPCs (bottom 10% of NPCs for H2B-GFP intensity) and slowly dividing NPCs (top 10% of NPCs for H2B-GFP intensity) were
collected. (C) Quantitative RT-PCR analysis of Timp2, Timp3, and Timp4 mRNAs. Data are means + SEM (n=3 independent experiments). *p<0.05 by
two-tailed paired t test.

TAPs (Figure 2). Together, these results suggest that Timp2, Timp3,
and Timp4 are highly expressed in quiescent subpopulations of both
embryonic NPCs and adult NSCs.

3.2. TIMP3 contributes to the establishment
or maintenance of adult NSCs in the lateral
SVz

We next sought to examine the role of TIMPs in the genesis of
adult NSCs. Here, we focused on TIMP3, given that TIMP2 has
been shown to promote neuronal differentiation (Pérez-Martinez
and Jaworski, 2005) and that TIMP4 is expressed relatively at a low
level in NPCs in the embryonic mouse forebrain compared to
TIMP2 and TIMP3 (La Manno et al., 2021). Since slowly dividing
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embryonic NPCs give rise to the majority of adult NSCs in the
lateral wall of the SVZ (Furutachi et al., 2015), We examined
whether TIMP3 is required for generating adult NSCs in the
corresponding area (Figure 3A). We used Timp3 knockout (KO)
mice (postnatal day (P) 61-P111), which are viable and fertile and
develop with no overt abnormalities (Kawamoto et al., 2006).
Crucially, Timp3 KO mice showed a reduced number of
GFAP*Sox2*S100p~ adult NSCs in the lateral SVZ compared with
wild-type (WT) mice (Figures 3B,C). We further followed the
effects of TIMP3 deletion on descendants of NSCs. Although the
number of GFAP"EGFR*S1003~ TAPs was not significantly changed
(Supplementary Figures 1A,B), the number of Dcx* neuroblasts was
decreased in Timp3 KO mice (Figures 3D,E). Therefore, TIMP3
appears to play an important role in increasing adult NSCs and
neurogenesis in the lateral SVZ.
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FIGURE 2

Timp2, Timp3, and Timp4 are highly expressed in gNSCs in the adult
SVZ. Expression of Timp2, Timp3, and Timp4 in qNSCs, aNSCs, and
TAPs (NPCs) from the SVZs of adult mice. Data were obtained from
the previous study (Dulken et al., 2017).

3.3. TIMP3 is not essential for the
emergence of slowly dividing embryonic
NPCs

We then asked whether TIMP3 regulates the emergence of slowly
dividing embryonic NPCs. Using Timp3 KO mice, we tested whether
TIMP3 deletion affects the abundance of slowly dividing NPCs.
We detected slowly dividing NPCs based on 5-ethynyl-2’-
deoxyuridine (EdU) retention at E17.5 after injecting it into pregnant
mice at E10.5 (Figure 4A). No significant difference, however, was
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found in the number of EdU-retaining slowly dividing Sox2* NPCs in
the dorsal LGE (dLGE) between WT mice and Timp3 KO mice
(Figures 4B,C). This result suggests that TIMP3 may not be required
for the establishment of slowly dividing embryonic NPCs.

3.4. TIMP3 contributes to the maintenance
of embryonic NPCs in the LGE

We then investigated the role for TIMP3 in the maintenance of
slowly dividing NPCs. Slowly dividing embryonic NPCs are expected
to be maintained in the undifferentiated state for a long period to
become adult NSCs. We thus assumed that expression of TIMP3 at a
high level might help maintain the undifferentiated state of slowly
dividing NPCs. To test this possibility, we overexpressed TIMP3 in
embryonic NPCs in the LGE at E14.5 by in utero electroporation
(Figure 5A). Overexpression of TIMP3 significantly increased the
percentage of Sox2*Ascll™ undifferentiated cells at E17.5
(Figures 5B,C). This indicates the role of TIMP3 in maintaining the
undifferentiated state of NPCs in the LGE.

3.5. TIMP3 promotes the maintenance of
embryonic NPCs in the neocortex

To test whether the maintenance of undifferentiated state mediated
by TIMP3 can also be seen in other brain regions, we ectopically
overexpressed TIMP3 in neocortical NPCs, in which the level of
endogenous Timp3 appears to be lower than that in NPCs located in the
LGE (Figure 6A; Supplementary Figure 2). Overexpression of TIMP3 at
E14.5 increased the fraction of Sox2"Tbr2" undifferentiated cells in the
ventricular zone (VZ) (Figures 6B,C). Furthermore, we found that
TIMP3 overexpression resulted in an increased proportion of GFP* cells
residing in the VZ and a reduced proportion of GFP* cells in the cortical
plate (CP) at E17.5 (Figures 6D,E). These results support the notion that
TIMP3 promotes maintenance of the undifferentiated state of NPCs.
Since cell cycle inhibition has been shown to promote NPC maintenance
(Furutachi et al.,, 2015), we looked into the possible role of TIMP3 in
regulating the cell cycle of NPCs. TIMP3 overexpression, however, did
not change the fraction of cells positive for the proliferation marker Ki67
among Tbr2™ cells in the VZ (Supplementary Figures 3A,B). Thus, the
increased proportion of cells remaining in the VZ was not likely
attributable to cell cycle arrest.

To investigate the mechanism by which TIMP3 promotes NPC
maintenance, we collected CD133*CD24~ NPCs positive for GFP by
FACS from the neocortex of E17.5 embryos and performed
RNA-sequencing (Quartz-Seq). 2,725 differentially expressed genes
(DEGs) were found using the R package edgeR (Robinson et al., 2009),
with 2,106 genes upregulated and 619 genes downregulated by TIMP3
overexpression (Supplementary Table 1). Pathway enrichment analysis
of DEGs showed that genes upregulated in TIMP3-overexpreesed
NPCs are enriched with those related to Delta-Notch signaling
(Figure 7A). TIMP3 overexpression increased the levels of Notch
receptors (Notchl and Notch3), Notch downstream effector (Heyl),
and Notch pathway co-factor (Rbpj) (Figure 7B). Furthermore,
overexpression of TIMP3 reduced the level of Neurogl, a proneural
transcription factor negatively regulated by Notch signaling
(Figure 7B). These results suggest that Notch signaling may
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FIGURE 3

TIMP3 deletion reduces adult NSCs and neuroblasts. (A) Schematic showing the location of lateral SVZ and the makers for each cell type. WT mice and
Timp3 KO mice were sacrificed at P61-P111. The lateral wall of the SVZ was analyzed. (B) Immunohistofluorescence analysis of GFAP, Sox2, and S1008.
Nuclei were stained with Hoechst 33342. Scale bar: 200pum. Arrowheads indicate GFAP*Sox2+S100p~ adult NSCs. (C) Quantification of
GFAP*Sox2*S100p~ adult NSCs. Data are means + SEM (n=3 and 4 animals for WT and Timp3 KO, respectively). **p<0.01 by two-tailed Student's t test
(D) Immunohistofluorescence analysis of Dcx. Nuclei were stained with Hoechst 33342. Scale bar: 200pm. (E) Quantification of Dcx* neuroblasts. Data
are means + SEM (n=3 and 3 animals for WT and Timp3 KO, respectively). *p<0.05 by two-tailed Student's t test.
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TIMP3 deletion does not change the number of slowly dividing embryonic NPCs. (A) Experimental design. EdU was injected intraperitoneally at E10.5
into pregnant WT and Timp3 KO mice. Brain sections were obtained at E17.5 and dLGE was analyzed. (B) Immunohistofluorescence analysis of Sox2
and staining for EAU. Nuclei were stained with Hoechst 33342. Scale bar: 50pm. Arrowheads indicate Sox2*EdU* slowly dividing NPCs.

(C) Quantification of EAU* slowly dividing cells among Sox2* NPCs in the dLGE. Data are means + SEM (n=6 and 4 embryos for WT and Timp3 KO,

be activated in TIMP3-overexpressed NPCs and keep their
undifferentiated state.

4. Discussion

The developmental process leading to the establishment of adult
tissue stem cells is a fundamental question. A slowly dividing
subpopulation of NPCs has been identified as the embryonic origin of
adult NSCs. The regulatory mechanism of this population, however,
is not well understood. In the present study, we show that TIMP3 is
preferentially expressed in slowly dividing NPCs—an embryonic
origin of adult NSCs—compared with rapidly dividing NPCs—a
cellular source of brain development. Deletion of TIMP3 reduced the
adult NSC pool in the lateral SVZ, without changing the initial
population of slowly dividing embryonic NPCs. These results
implicate TIMP3 in the long-term maintenance of slowly dividing
NPCs, an essential basis for the genesis of adult NSCs.

Frontiers in Neuroscience

How then does TIMP3 mediate the long-term maintenance of
neural stem-progenitor cells at a molecular level? Overexpression of
TIMP3 in the embryonic NPCs suppressed neural differentiation both
in the GE and in the neocortex. Importantly, TIMP3-overexpressed
NPCs showed increased levels of Notch1, Notch3, and Heyl, suggesting
that Notch signaling is activated in TIMP3-overexpressed NPCs.
Notch signaling plays a crucial role in the maintenance of the
undifferentiated state of both embryonic NPCs and adult NSCs
(Gaiano et al., 2000; Imayoshi et al., 2010; Kawaguchi et al., 2013;
Engler et al., 2018; Sueda et al., 2019; Zhang et al., 2019). High levels
of active Notchl and its downstream effector Hey1 in slowly dividing
NPCs have been implicated in robust maintenance of the
undifferentiated state from the embryonic to postnatal stages (Harada
et al., 2021). Notch3 has been shown to be responsible for the
maintenance of quiescent adult NSCs (Kawai et al., 2017; Than-trong
et al., 2018). Our results thus suggest that TIMP3 may maintain the
undifferentiated state of neural stem-progenitor cells potentially
through the activation of Notch signaling.
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TIMP3 overexpression suppresses neuronal differentiation in the developing LGE. (A) Schematic showing the experimental design and the markers for
each cell type. In utero electroporation was performed at E14.5 with plasmids expressing GFP, alone (control) or together with TIMP3. Embryos were
analyzed at E17.5. NPC, neural progenitor cell; IPC, intermediate progenitor cell. (B) Immunohistofluorescence analysis of GFP, Sox2, and Ascll. Nuclei
were stained with Hoechst 33342. Scale bars: 200pum. (C) Quantification of the proportion of Sox2*Ascll™ cells, Ascll® cells, and Sox2-Ascll™ cells
among GFP* cells. Data are means + SEM (n=6 and 7 embryos for control and Timp3, respectively). *p<0.05 by two-tailed Student’s t test.

Considering the canonical functions of TIMP3 in ECM
remodeling via MMP inhibition, it is of interest that gene ontology

and pathway enrichment analysis showed that upregulated genes in
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neocortical NPCs by TIMP3 overexpression include those related to

Hippo signaling, indicating the possibility that ECM dynamics were

altered by TIMP3 overexpression (Supplementary Figure 4).
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TIMP3 overexpression suppresses neuronal differentiation in the developing neocortex. (A) Schematic showing the experimental design and the
markers for each cell type. In utero electroporation was performed at E14.5 with plasmids expressing GFP, alone (control) or together with TIMP3. NPC,
neural progenitor cell; IPC, intermediate progenitor cell; VZ, ventricular zone; SVZ, subventricular zone; IMZ, intermediate zone; CP, cortical plate.

(B) Embryos were subjected to immunohistofluorescence analysis of GFP, Sox2, and Tbr2 at E15.5. Nuclei were stained with Hoechst 33342. Scale bar:
50pum. (C) Quantification of the proportion of Sox2*Tbr2- cells in the VZ among GFP* cells. Data are means + SEM (n=3 and 3 embryos for control and
TIMP3, respectively). *p<0.05 by two-tailed Student's t test. (D) Embryos were subjected to immunohistofluorescence analysis of GFP at E17.5. Nuclei
were stained with Hoechst 33342. Scale bar: 50um. (E) Distribution of GFP* cells. Data are means + SEM (n=3 and 3 embryos for control and TIMP3,

respectively). *p<0.05 by two-tailed Student’s t test.
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TIMP3 overexpression upregulates Notch signaling-related genes. (A) Pathway (WikiPathway) enrichment analysis of TIMP3-expressing NPCs enriched
genes (edgeR; p<0.05). The top 20 are ranked by FDR. (B) RPKM fold change relative to the average of control samples. Data are means + SEM (n=3
independent experiments). *p<0.05, **p<0.01, ***p<0.001 by two-tailed Student’s t test.

We performed immunostaining for Collagen IV and Tenascin C, two
major ECM proteins expressed in embryonic NPCs. However,
we could not detect obvious changes in their expression levels and
distribution by TIMP3 overexpression (Supplementary Figures 5A,B).
Thus, there might be other extracellular matrix proteins that are
regulated by TIMP3. For example, Sdc2 (coding for the ECM protein
Syndecan2) is highly expressed in slowly dividing NPCs than in
rapidly dividing NPCs (Supplementary Figure 6). We also found that
the level of Sdc2 mRNA was increased by TIMP3 overexpression
(Supplementary Figure 7). Of note, Syndecan2 and Syndecan3 have
been found to promote Notch signaling through direct interactions
with Notch3 and Notchl, respectively (Pisconti et al., 2010; Zhao et al.,
2012). It is thus possible that TIMP3 promotes the direct interactions
between syndecans and Notch receptors and thereby activates Notch
signaling (Supplementary Figure 8). Beside ECM remodeling, other
mechanisms might link TIMP3 to the activation of Notch signaling.
MT1-MMP (MMP14), a candidate target of TIMP3, is expressed in
the mouse developing forebrain (La Manno et al., 2021) and has been
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reported to negatively regulate Notch signaling by cleaving the Notch
ligand DII1 (Jin et al., 2011; Jiang et al., 2020). Therefore, TIMP3 may
activate Notch signaling via suppression of MTI-MMP. Future
investigation of MMPs and ECM remodeling would provide more
insight into downstream mechanisms.

The mechanisms responsible for different expression levels of
TIMP3 between slowly and rapidly dividing NPCs remain unclear. Of
note, previous RNA sequencing data (Harada et al., 2021) revealed
that cyclin-dependent kinase inhibitor p57 overexpression increased
the mRNA of Timp3 NPCs
(Supplementary Figure 9). Given that p57 is highly expressed in slowly

level in  neocortical
dividing NPCs compared to rapidly dividing ones, it is possible that
p57 itself or cell cycle arrest upregulates Timp3 expression level in
slowly dividing NPCs.

In conclusion, we have here unveiled the role of TIMP3 in the
maintenance of embryonic NPCs and adult NSCs in the mouse
subventricular zone. In the hippocampus, the other known neurogenic

region of the adult mammal brain, Timp3 was also enriched in quiescent
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NSCs and downregulated upon activation (Shin et al., 2015). Another
study has reported that Timp3 KO mice showed enhanced MMP activity
in the hippocampus and delayed acquisition of spatial memory compared
with WT mice (Baba et al., 2009). Since hippocampal neurogenesis is
considered to be involved in memory formation, it will be of interest to
examine the possible role of TIMP3 in hippocampal NSCs. Studies have
shown the roles of TIMP3 in the regulation of other tissue stem cells as
well. In mouse muscles, TIMP3 has been shown to suppress myogenic
differentiation (Liu et al., 2010). The only Drosophila timp is required for
normal oogenesis of the female germline stem cells (Pearson et al., 2016).
Our findings thus provide novel evidence supporting the role of TIMP3 in
long-term stem cell maintenance that may be shared by various adult
tissue stem cells.
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Neurogenesis ceases in most regions of the mammalian brain before or shortly
after birth, however, in a few restricted brain regions, the production of new
neurons proceeds into adulthood. Neural stem cells (NSCs) in these neurogenic
zones are integrated into niches that control their activity and fate. Most stem
cells in the adult brain are mitotically inactive and these cells can remain quiescent
for months or even years. One of the key questions is what are the molecular
mechanisms that regulate NSC maintenance and differentiation. Notch signaling
has been shown to be a critical regulator of stem cell activity and maintenance
in many tissues including in the nervous system. In this mini-review we discuss
the roles of Notch signaling and the functions of the different Notch receptors
and ligands in regulating neurogenesis in the adult murine brain. We review the
functions of Notch signaling components in controlling NSC quiescence and
entry into cell cycle and neurogenesis.

Notch, neural stem cells, neurogenesis, subventricular zone, dentate gyrus

Introduction

The mammalian brain is formed during embryogenesis and early postnatal life, with most
neurons being born before birth. However, in the 1960s, the field of neurogenesis was
revolutionized by the discovery that neurons are continually generated in distinct regions of the
adult mammalian brain including in the cerebral cortex and the hippocampus (Altman, 1962;
Altman and Das, 1965; Obernier and Alvarez-Buylla, 2019). Hitherto, it is widely accepted that
neurogenesis occurs throughout life in two specialized niches of the adult rodent brain, the
ventricular-subventricular zone (V-SVZ) and the dentate gyrus (DG) of the hippocampus
(Goncalves et al.,, 2016; Obernier and Alvarez-Buylla, 2019). Adult neurogenesis has been
documented in the brains of many vertebrate species including fish, rodents, birds and primates
and, although there is some controversy in the field, evidence suggests the production of neurons
also in brains of adult humans (Boldrini et al., 2018; Kempermann et al., 2018; Sorrells
etal., 2018).

Adult neural stem cells (NSCs) are the source of new neurons during adult neurogenesis.
NSCs are specialized radial glia (RG) that reside in dedicated niches in the walls of the lateral
ventricles (LV) forming the V-SVZ, and in the subgranular zone (SGZ) of the DG. V-SVZ NSCs
give-rise to different interneuron populations that migrate to the olfactory bulb (OB) and the
SGZ NSCs generate granule cells in the DG (Doetsch et al., 1999; Seri et al., 2001). NSCs in both
adult neurogenic niches express glial markers and are maintained in a quiescent state. Once
activated, quiescent NSCs (QNSCs) enter the cell cycle and become active NSCs (aNSCs). Several
NSC intrinsic and extrinsic factors have been shown to regulate adult neurogenesis through
altering the equilibrium between signals that maintain quiescence and those that induce NSC
activation (Berg et al., 2013; Tong et al., 2014; Matsubara et al., 2021). This equilibrium between
quiescence and activation defines the rate of neurogenesis as well as the long-term maintenance
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of NSCs and neurogenesis in the brain niches (Bonaguidi et al., 2011;
Encinas et al., 2011; Calzolari et al., 2015; Urban et al., 2016, 2019;
Basak et al., 2018; Obernier et al., 2018; Pilz et al., 2018). Cell death of
newborn neurons is also an important regulatory mechanism
controlling the generation of mature neurons in the adult mouse brain
(Sierra et al., 2010; Ryu et al., 2016; Pfisterer and Khodosevich, 2017).

In this review, we focus on the role of Notch signaling in the
control of NSC activity and neurogenesis and address some of the
unanswered questions about how this pathway plays different roles in
the generation of neurons in the adult brain.

NSCs of the adult neurogenic niches

NSCs in the adult V-SVZ and the SGZ niches share many
similarities, however, they also have important differences in the
organization, location and architecture of their niches and in their fate
potentials that will be discussed below [for reviews see (Goncalves
etal,, 2016; Obernier and Alvarez-Buylla, 2019; Urban et al., 2019)].

NSCs of the V-SVZ niche

NSCs in the adult V-SVZ (B1 cells) are generated by RGs during
embryonic development. The majority of the V-SVZ NSC precursors
are generated as early as embryonic day 13.5 and remain quiescent
through the late stages of embryogenesis until postnatal and adult
stages of life (Merkle et al., 2004; Fuentealba et al., 2015; Furutachi
et al,, 2015). V-SVZ NSCs are multipotent and are able to generate
multiple neuron subtypes, astrocytes and oligodendrocytes (Menn
et al.,, 2006; Mizrak et al., 2019; Obernier and Alvarez-Buylla, 2019).
Most adult NSCs in the V-SVZ remain in an inactive and mitotically
quiescent state, for long periods of time. A relatively small proportion
of the NSCs in the V-SVZ enter the cell cycle at any one point in time
and divide to generate more committed progeny. It has recently been
described that most V-SVZ NSCs undergo symmetric, differentiating
cell divisions but ~20% self-renew and remain in the V-SVZ for
several months before they generate progeny (Obernier et al., 2018).

NSCs of the V-SVZ are polarized with an apical cilium that
projects through the ependymal (E cells) lining of the ventricles into
the cerebrospinal fluid (CSF) of the LV, and a long basal process that
contacts blood vessels. The V-SVZ NSCs organize the E cells into
pinwheel structures (Mirzadeh et al., 2008). During adult life,
quiescent NSCs are activated to generate transient amplifying
progenitors (C cells), which can divide further (three to four times) to
give rise to neuroblasts (A cells) (Doetsch et al., 1999; Obernier et al.,
2018). The newly formed neuroblasts in the V-SVZ migrate to the OB
through the rostral migratory stream (RMS), where they differentiate
into local interneurons that integrate into the local circuitry (Obernier
and Alvarez-Buylla, 2019). V-SVZ NSCs are heterogeneous and,
depending on their location, give-rise to different subtypes of
interneurons of the OB (Merkle et al., 2007; Giachino et al., 2014;
Giachino and Taylor, 2014; Merkle et al., 2014).

In addition to the NSCs in the lateral wall (LW) of the LV, recently
gliogenic stem cells have been identified in the lateral septal wall
(LSW) (Mizrak et al., 2019; Delgado et al., 2021), as well as a novel
population of neurogenic NSCs in the dorsal septum (Lampada et al.,
2022). LSW NSCs are predominantly in a quiescent state and induce
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pinwheel structures in the ependymal lining of the LV (Lampada et al.,
2022). Stem cells in the LSW and V-SVZ have different lineage biases
toward glia or neurons, indicating some mode of differential fate
specification (Mizrak et al., 2019; Kjell et al., 2020; Delgado et al., 2021;
Lampada et al., 2022). The roles of the stem cell populations in the
forebrain outside the classic V-SVZ niche remain unclear.

NSCs of the SGZ niche

Like the NSCs of the V-SVZ, the NSCs of the adult SGZ of the DG
are formed during embryonic development. Their precursors acquire
a radial morphology reminiscent of adult NSCs, localize to the SGZ
of the DG and become quiescent during the early postnatal period
(Berg et al., 2019). In contrast to V-SVZ NSCs that mostly divide
symmetrically, NSCs in the SGZ predominantly divide asymmetrically
to generate a daughter stem cell and an intermediate progenitor cell
or an astrocyte (Bonaguidi et al., 2011). However, a fraction of SGZ
NSCs do divide symmetrically to expand the stem cell pool (Bonaguidi
etal., 2011; Obernier et al., 2018; Pilz et al., 2018).

DG NSCs predominantly generate glutamatergic granule neurons
and to a less extent astrocytes but not oligodendrocytes (van Praag
et al., 2002; Bonaguidi et al., 2011; Lugert et al., 2012; Rolando et al.,
2016; Bonzano et al., 2018; Pilz et al., 2018; Obernier and Alvarez-
Buylla, 2019). The adult SGZ contains morphologically discrete
populations of NSCs (Lugert et al., 2010, 2012). Radial and horizontal
NSCs (type-1 cells) in the adult SGZ give-rise to mitotic intermediate
progenitor cells (IPs; type-2 cells). IPs (type-2 cells) are subdivided
into early IPs (type-2a cells) and late IPs (type-2b cells) (Lugert et al.,
2012). SGZ NSCs generate early IPs (type-2a cells) through
asymmetric divisions. Early IPs (type-2a cells) self-replicate through
symmetric divisions and then generate late IPs (type-2b cells). Late IPs
(type-2b) give-rise to neuroblasts (type-3 cells), which is a pool of
committed progenitors that eventually differentiate into mature
granule cells of the DG (Lugert et al., 2012; Goncalves et al., 2016;
Engler et al., 2018b; Obernier and Alvarez-Buylla, 2019).

Notch signaling pathway overview

The mammalian genome contains four Notch receptor (NotchI-4)
and five canonical ligand (DIl1, DII3 and DIli4 and Jagl and Jag2)
genes. Both the receptors and their ligands are type I transmembrane
proteins, presented on the surface of cells and thus enabling direct
cell-to-cell communication (Figure 1). The receptors and the ligands
both contain EGF repeats in their ectodomains as well as specialized
domains for ligand-receptor interaction and activation. The ligands
have relatively short intracellular domains which are important for
surface presentation and activation of the Notchs by promoting
endocytosis and mechanical conformational changes in the receptor
extracellular domains (Figure 1; Giaimo and Borggrefe, 2018; Zhang
etal,, 2018; Sprinzak and Blacklow, 2021).

Notch receptors are synthesized in the endoplasmic reticulum
(ER) as proproteins and are then proteolytically processed by a Furin-
like protease and post-translationally modified to generate the mature
heterodimeric receptor. The mature Notch receptors are expressed on
the plasma membrane with the Notch extracellular domain (NECD)
linked to the transmembrane-intracellular domain through a calcium
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FIGURE 1

Schematic representation of the Notch signaling cascade. Notchs and their cognate ligands (Deltas and Jaggeds) are transmembrane proteins. Notch
signaling occurs between cells that are in contact with one another. Notch signaling is activated when a ligand on a signal-sending cell binds to the
Notch extracellular domain (NotchECD) on a signal-receiving cell. The Notch/ligand interaction triggers the ubiquitination (Ub) of the ligand
intracellular domain, which results in endocytosis into the signal-sending cell.
change on the NotchECD and reveals a proteolytic cleavage site for ADAM10/17 in the negative regulatory region (NRR) of the receptor. Two

Endocytosis generates a pulling force that causes a conformational

consecutive proteolytic cleavage events on the transmembrane portion of the Notch receptor are initiated. The first cleavage event by ADAM and the
second by y-secretase. These cleavage events release the Notch intracellular domain (NotchlICD) into the cytoplasm of the signal-receiving cell. The
The NotchlCD translocates translocate to the nucleus where it interacts with the DNA-binding protein CSL and the co-activator Mastermind (MAML) to

transcription of target genes.

promote target gene transcription. Some Notch targets include genes of the Hes and Hey families. When Notch signaling is OFF, Notch receptors at
the cell surface are heterodimers where the ADAM cleavage site is occluded. CSL is in the nucleus and interacts with co-repressors to inhibit the

bridge (Figure 1; Giaimo and Borggrefe, 2018; Zhang et al., 2018;
Sprinzak and Blacklow, 2021).

Binding of a Notch to a ligand triggers the ubiquitination of the
ligand, which results in endocytosis of the ligand and the bound
NECD into the signal-sending cell. An endocytosis-mediated
conformational change on the NECD reveals a proteolytic cleavage
site for ADAM10/17 in the negative regulatory region (NRR) of the
Notch receptor which facilitates the removal of the NECD. In the
absence of a Notch/ligand interaction, the LNR (Lin-12/Notch Repeat)
domains within the NRR prevent access and cleavage by ADAM
proteases at the NECD, maintaining the Notch receptor in an inactive
conformation (Sanchez-Irizarry et al., 2004; Gordon et al., 2007, 2009;
Weinmaster and Fischer, 2011; Meloty-Kapella et al., 2012; Musse
et al.,, 2012; Giaimo and Borggrefe, 2018; Handford et al., 2018;
Lovendahl et al., 2018; Salazar and Yamamoto, 2018; Sprinzak and
Blacklow, 2021). Cleavage by ADAM prevents reassociation of the
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ectodomain and results in intramembrane proteolysis of the remaining
Notch transmembrane protein fragment by y-secretase to release the
intracellular domain (ICD) of the receptor. Apart from being present
at the cell membrane, y-secretase is also present in intracellular
membrane compartments, including endosomes and lysosomes. It has
been documented that y-secretase can cleave Notch at the plasma
membrane as well as in endocytic compartments, however it remains
unclear whether y-secretase primarily processes Notch receptors at
the plasma membrane, within endocytic vesicles following Notch
endocytosis, or in both compartments (Gupta-Rossi et al., 2004;
Chyung et al., 2005; Hansson et al., 2005; Lange et al., 2011; Salazar
and Yamamoto, 2018; Schnute et al., 2018; Steinbuck and Winandy,
2018). The intracellular domain of Notch proteins acts as a
transcriptional regulator by binding to the CSL DNA-binding protein
(RBPj, CBF1, Suppressor of Hairless, Lag-1), recruiting transcriptional
coactivators and epigenetic regulators to target genes (Figure 1; Bray,
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2016; Giaimo and Borggrefe, 2018; Lovendahl et al., 2018; Oswald and
Kovall, 2018; Falo-Sanjuan and Bray, 2020; Sprinzak and
Blacklow, 2021).

The NICD-CSL-MAML trimeric complex then recruits other
co-activators and histone acetyltransferases to promote transcriptional
activation of target genes. In the absence of Notch signal activation,
CSL remains in the nucleus and interacts with several co-repressors to
inhibit target gene transcription (Bray, 2016; Giaimo and Borggrefe,
2018; Lovendahl et al., 2018; Oswald and Kovall, 2018; Falo-Sanjuan
and Bray, 2020; Sprinzak and Blacklow, 2021). The best characterized
Notch targets genes include members of the hairy and enhancer of
split (Hes) and hairy and enhancer of split-related with YRPW motif
(Hey) families (Figure 1). HES and HEY proteins in the brain control
the expression of several proneural genes (Ascll, Atohl, Neurogl and
Neurog2) and are therefore important for NSC cell fate determination
and neuronal differentiation (Bigas and Porcheri, 2018; Engler et al.,
2018b; Urban et al., 2019).

Notch signaling is an important cell fate regulator in different
organs, including in the brain, from embryogenesis through to adult
homeostasis (Bray, 2016; Ho et al., 2018; Engler et al., 2018b; Ho et al.,
2020). Control of NSC activity and fate is crucial for brain development
and homeostasis. Misregulation of the Notch pathway in the central
nervous system has been implicated in various pathological
conditions, from progressive neurodegenerative diseases to cancer
(Giachino et al., 2015; Zhang et al., 2018; Ho et al., 2020; Parmigiani
etal., 2020, 2022). In this review, we will mainly discuss the regulation
and function of the Notch signaling pathway in adult neurogenesis
under homeostatic conditions with a focus on rodents and
genetic experiments.

Notch signaling in adult neurogenesis

Expression of all four Notch receptor paralogs has been
documented in various cell types of the adult mouse brain including
by NSCs (Notchl, Notch2 and Notch3), astrocytes (Notchl and
Notch2), neurons (Notch1 and Notch2), endothelial cells (Notch1 and
Notch4) and vascular smooth muscle cells and pericytes (Notch3)
(Basak et al., 2012; Ehret et al., 2015; Llorens-Bobadilla et al., 2015;
Shin et al., 2015; Kawai et al., 2017; Rieskamp et al., 2018; Engler et al.,
2018a; Zhang et al., 2019; Ho et al., 2020). Furthermore, Notch
receptors and many of their ligands are expressed by NSCs, progenitors
and neuroblasts throughout the adult neurogenic lineage. However,
downstream targets of the Notch pathway (Hes and Hey transcription
factors) are only expressed by NSCs. This indicates that Notch
signaling in the neurogenic niches is highly regulated and not only
due to receptor or ligand expression by a cell (Figure 2A; Stump et al.,
2002; Irvin et al., 2004; Nyfeler et al., 2005; Carlen et al., 2009; Aguirre
et al,, 2010; Lugert et al., 2010; Basak et al., 2012; Kawaguchi et al.,
2013; Giachino et al., 2014; Lavado and Oliver, 2014; Ehret et al., 2015;
Kawai et al., 2017; Semerci et al., 2017; Engler et al., 2018a,b; Zhang
etal, 2018; Sueda et al,, 2019; Zhang et al., 2019; Harada et al., 2021).
Notch signaling can be regulated at multiple levels modulating the
strength and dynamics of the signal outcome. The expression patterns
of different Notch receptors and ligands, different modifications
affecting ligand-receptor interactions and factors affecting the
transcriptional activity of the Notch pathway contribute to differential
regulation of NSC behavior and consequently adult neurogenesis.
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Differential cell autonomous functions
of Notch receptors on NSCs

Loss of function experimental approaches manipulating the
expression of different components of the Notch pathway by NSCs
combined with lineage tracing of the NSC population and their
progeny have uncovered crucial roles for Notch signaling in adult
mouse neurogenesis. Early studies investigated a cell autonomous role
of Notch signaling in neurogenesis by ablating Rbpj, the common
downstream effector of all Notch receptors. Rbpj deletion in NSCs of
the V-SVZ and SGZ of the adult mouse brain caused an initial
transient increase in neurogenesis that is followed by a total depletion
of the NSC pool and loss of neurogenesis in the long-term (Ehm et al.,
2010; Imayoshi et al., 2010; Lugert et al., 2010). These data indicated
that Notch signaling plays a pivotal role in the regulation of NSC
maintenance in both V-SVZ and SGZ neurogenic niches. However,
any Rbpj-dependent but Notch-independent effects on adult
neurogenesis could not be excluded by these experiments, and
therefore further studies investigated the precise role of individual
Notch receptors during adult neurogenesis.

The Notchl receptor was found to be an important mediator of
maintenance of a pool of proliferating undifferentiated cells in the
adult SGZ and conditional deletion of Notchl from NESTIN positive
progenitors led to a decrease in NSCs, IPs, NBs and mature neurons
(Ables et al., 2010). Similarly, in the V-SVZ, ablation of NotchI from
NESTIN positive progenitors resulted in a persistent defect in adult
neurogenesis accompanied by a loss of mitotic progenitors and NBs.
Interestingly, it was shown that Notch1 promotes the maintenance of
aNSCs. Genetic ablation of Notch1 from NSCs led to selective loss of
the aNSC pool while gNSCs remain unchanged (Basak et al., 2012).
qNSCs induced to enter cell cycle during regeneration and aging
became Notch1-dependent and consequently failed to fully reinstate
neurogenesis following Notchl deletion (Basak et al., 2012). This
indicates that the QNSCs and aNSCs are in the same linage and that
Notchl is required at the activated stage (Basak et al., 2012). The
observation that conditional deletion of Rbpj or Notch1 from NSCs of
the V-SVZ causes partially different phenotypes left open the
possibility that other Notch receptors could functionally compensate
the signals that repress activation of gNSCs through Rbpj.

Single cell transcriptomic analysis of NSCs in the adult V-SVZ
reveals that Notch2 expression is enriched in gNSCs (Llorens-
Bobadilla et al., 2015). Engler et al. (2018a), performed conditional
Notch2 deletion in NSCs and revealed that Notch2 regulates adult
NSC quiescence in the V-SVZ. Combinatorial conditional genetic
deletion of Notchl and Notch2 and Rbpj in NSCs uncovered distinct
functions of Notch1 and Notch2 in regulating neurogenesis (Engler
etal., 2018a).

Genome-wide gene expression analysis showed that Notch2
deletion from V-SVZ NSCs affected genes associated with NSC
proliferation and differentiation (Engler et al., 2018a). Indeed, QNSCs
were rapidly activated and entered cell cycle shortly after deletion of
Notch2, NotchlNotch2 or Rbpj, but were not affected by Notchl
deletion. The loss of Notch2 led to an initial precocious differentiation
and increased neurogenesis in the V-SVZ resulting in more neurons
in the OB. However, 300 days after Notch2 deletion the NSC pool had
been exhausted leading to reduced V-SVZ neurogenic capacity, and a
concomitant

premature aging-like phenotype. Importantly,

Notch1Notch2 and Rbpj deletion gave similar phenotypes highlighting
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FIGURE 2
Notch signaling in adult neurogenesis. (A) Expression patterns of Notch ligands, receptors and downstream effectors in the neuronal lineage and cells
of the adult NSC niche. Expression of Notch receptor paralogues and Rbpj has been documented in all cell types of the mouse adult-born neuronal
lineage from NSCs to neurons. However, downstream effectors of the Notch signaling cascade (Hes and Hey factors) are present only in NSCs in both
quiescent and activated states. DIl and Jagged ligands are expressed throughout the lineage apart from quiescent NSCs. (B) Functions of the Notch
receptors and their common downstream effector, Rbpj, in the V-SVZ. Notchl plays a role on the maintenance of the activated NSCs whereas Notch2
and Notch3 maintain NSC quiescence in the adult V-SVZ. Rbpj deletion and concomitant NotchINotch2 deletion result in similar phenotypes
highlighting that Rbpj-mediated Notch signaling regulates NSC maintenance downstream of both Notchl and Notch2 receptors.

that Rbpj-mediated Notch signaling regulates NSC maintenance
downstream of both Notch1 and Notch2 (Engler et al., 2018a).
Similarly, Notch2 deletion in Hes5 positive SGZ NSCs induced a
rapid loss of gNSCs and an increase in proliferative progenitors, as
well as NBs (Zhang et al., 2019). The effects culminated in a premature
exhaustion of the SGZ NSC pool and neurogenic decline by 100 days
after gene inactivation (Zhang et al., 2019). RNA-sequencing revealed
that Notch2 deletion downregulated quiescent NSC-associated genes
while genes associated with NSC activation were upregulated (Zhang
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et al., 2019). Notch2 activation by expression of the active form of
Notch2 (Notch2ICD) in SGZ NSCs maintained gNSCs, blocked NSC
entry into cell cycle, and decreased mitotic progenitor, NB and neuron
production (Zhang et al., 2019). Single cell RNA-sequencing of adult
SGZ NSCs and their progeny indicate that quiescent adult NSCs
express genes associated with different signaling pathways in the niche
(Shin et al,, 2015). Genes related by Notch signaling, including Notch2,
are downregulated upon NSC exit from quiescence and entry into
mitosis, further supporting the role of Notch2 in the regulation of
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NSC quiescence (Shin et al., 2015). Recently, a population of quiescent
NSCs with latent neurogenic potential was identified in the dorsal
LSW of adult mice (Lampada et al., 2022). These dorsal LSW NSCs
are dependent on Notch2 signaling which regulates quiescence and
prevents their entry into the cell cycle and neurogenesis. These LSW
NSCs respond to acute stress and elevated serotonin levels (Lampada
et al., 2022). Notch2 deletion increases proliferation and NB
production in the dorsal LSW and generates new GABAergic
interneurons that integrate into septal nuclei but which do not migrate
to the OB (Lampada et al., 2022).

Similar to Notch2, Notch3 has also been described to play an
important role in the maintenance of quiescent NSCs in the adult
V-SVZ. Notch3 is expressed by qNSCs located at the lateral and
ventral walls of the V-SVZ (Kawai et al., 2017). Germline deletion
of Notch3 led to a decrease in QNSCs, TAPs, NBs and Calbindin
positive OB neurons without affecting the pool of aNSCs. It was
suggested that QNSCs in Notch3 knockout mice increase their
activation but fail to complete lineage progression (Kawai et al.,
2017). Nevertheless, acute knockdown of Notch3 in NSCs in the
lateral wall of the adult V-SVZ promotes gNSCs activation (Kawai
et al., 2017; Rieskamp et al., 2018). Notch3 has also been associated
with gNSCs in the adult SGZ. Using a transgenic mouse model
overexpressing Notch3, Notch3 expression reduced precursor cell
activation and proliferation without affecting levels of neurogenesis
in the adult DG (Ehret et al., 2015).

Collectively, a differential mode of function of three Notch
receptors expressed by NSCs has unveiled a pleiotropy in Notch signal
function in vivo. Interestingly, the functions of the different Notch
receptors are not compensated in NSCs. While Notch1 plays a role in
the maintenance of aNSCs, Notch2 and Notch3 maintain NSC
quiescence in both the adult V-SVZ and SGZ (Figure 2B; Ables et al.,
2010; Ehm et al., 2010; Imayoshi et al., 2010; Basak et al., 2012; Ehret
etal, 2015; Kawai et al., 2017; Engler et al., 2018a; Zhang et al., 2019).
Even though the distinct functions of the Notch receptors can
be attributed, at least in part, to their differential expression patterns
on the different types of cells in the adult neurogenic lineages, an
overlap in Notch1, Notch2 and Notch3 receptor expression by NSCs
is clear (Ehret et al., 2015; Kawai et al., 2017; Engler et al., 2018a). The
precise mechanism underlying the differential mode of function of
Notch receptors and how they control different aspects of NSCs
activity remains elusive.

Notch-mediated transcriptional
responses in NSCs

Several transcriptional targets of the Notch pathway have been
directly implicated in the maintenance and activation of quiescent
NSCs and in their subsequent neuronal differentiation. Hes5
expression distinguishes NSCs from intermediate progenitors in the
neurogenic niches of the adult brain. However, both quiescent and
activated NSCs in the V-SVZ and SGZ express Hes5 (Lugert et al.,
2010, 2012; Giachino et al, 2014). The dynamics of Hes factor
expression have been shown to control the balance between quiescent
and activated states of NSCs during neurodevelopment. Specifically,
Hes1/Hes5 levels oscillate out-of-phase with AsclI, thereby promoting
proliferation of mouse embryonic NSCs (Imayoshi et al., 2013). It
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remains unclear whether Hes factors are sustained or oscillatory in
adult NSCs in vivo, however, Hes1 expression does oscillate in some
cells in cultured slices of the neurogenic regions of the adult brain
(Sueda et al., 2019). Higher levels of HesI expression were observed
in QNSCs compared to aNSCs in both the V-SVZ and SGZ (Sueda
etal, 2019; Sueda and Kageyama, 2020). Conditional deletion of HesI
in NSCs of Hes3/Hes5/HeyI knockout mice resulted in an activation
of Ascll expression and a transient increase in neurogenesis. This
eventually resulted in depletion of the NSCs and termination of
neurogenesis. Conversely, sustained HesI expression repressed Ascll
expression and inhibited neurogenesis (Sueda et al., 2019; Sueda and
Kageyama, 2020). Recently it has been suggested that the
Notch-HEY1 axis also plays an important role in adult NSC ontogeny
and long-term maintenance of quiescent embryonic NSCs through
to adulthood. Interestingly, Heyl has a non-oscillatory expression in
NSCs (Harada et al., 2021).

The quiescence of adult NSCs has been linked to the expression
of inhibitor of DNA-binding factors (IDs) in both the V-SVZ and
SGZ (Llorens-Bobadilla et al., 2015; Shin et al., 2015; Blomfield
etal, 2019; Zhang et al., 2019). In mammals, the Id family consists
of four genes, Id1-4, that have been linked with stemness and
proliferation (Niola et al., 2012). Id2 and Id3 expression are
associated with quiescence in the adult V-SVZ (Llorens-Bobadilla
et al., 2015). Id3 and Id4 were shown to be expressed by qNSCs in
the DG and were both downregulated by mitotic cells (Shin et al.,
2015). The ID1, ID3 and ID4 proteins are expressed in the SGZ of
the DG of adult mice, and ID4 is expressed by the majority of the
RG, and primarily by qNSCs (Blomfield et al., 2019). ID factors
interact directly with Hesl to form heterodimers. These
heterodimers are responsible for releasing the negative feedback
autorepression of Hesl on its own promoter, in this way retaining
HesI expression and NSC maintenance (Bai et al., 2007). By
combining mathematical modeling with analysis of published
single-cell transcriptomic data, it was found that Notch signaling
and ID factors control neurogenesis in a complementary manner.
ID expression maintains NSCs in a quiescence state by blocking
proneural gene expression and activity. Downregulation of IDs
releases the complete repression of proneural activity mediated by
sustained high levels of Hes expression. This promotes cell cycle
entry by enabling proneural factor expression (Boareto et al., 2017).
Recently, it was uncovered that quiescence in the adult SGZ is
maintained by the expression of ID4 downstream of Notch2
signaling. Gene expression analysis and chromatin
immunoprecipitation experiments identified Id4 as a direct target
of Notch2 signaling. Id4 knockdown partially rescues the
proliferation defect induced by Notch2ICD overexpression in SGZ
NSCs, indicating that Notch2 and ID4 control proliferation in a
complementary fashion in vitro. Genetic deletion and
overexpression of Id4 in adult SGZ NSCs confirmed that ID4
maintains NSC quiescence in vivo (Zhang et al., 2019).

Ligand-mediated regulation of Notch
signaling in NSCs

The activation of Notch receptors on adult NSCs requires their
interaction with cells expressing a ligand, underlying the
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importance of the niche microenvironment in Notch signal
regulation (Figure 1). DII1 and Jaggedl were found to control
Notch signaling in the V-SVZ and SGZ of adult mice (Nyfeler
et al., 2005; Kawaguchi et al., 2013; Lavado and Oliver, 2014;
Semerci et al.,, 2017). Apart from activating Notch on neighboring
cells (trans interaction) DIl ligands are able to inactivate Notch
signaling within the same cell (cis interaction/inhibition)
(Sprinzak et al., 2010). In the adult V-SVZ, DII1 was suggested to
play an essential role in the maintenance of QNSCs (Kawaguchi
et al., 2013). DIl deletion from V-SVZ NSCs decreased the
number of QNSCs while increasing the number of aNSCs, TAPs
and NBs. DIII is expressed by cells negative for NICD expression
that resided in close proximity to quiescent V-SVZ NSCs.
Therefore, a model whereby DIll-expressing aNSCs control the
dormancy of quiescent NSCs has been proposed (Kawaguchi et al.,
2013). Jaggedl expression has been detected in both the
neurogenic V-SVZ and DG regions of the adult brain (Stump
et al., 2002; Irvin et al., 2004). Jaggedl was found to be expressed
in the V-SVZ in a mutually exclusive manner to Notchl. Mice
double hemizygous null for Jaggedl and Notchl show reduced
mitosis in the V-SVZ (Nyfeler et al., 2005). Ablation of Jagged1l
from adult V-SVZ neurospheres blocks NSC self-renewal
potential, but do not affect their differentiation potential in vitro
2005).
neurospheres with a dimeric soluble Jagged1 induces NSC self-

(Nyfeler et al, Conversely, treatment of V-SVZ
renewal and promotes neurogenic capacity in vitro. These findings
suggest that Jagged]l plays a role in the maintenance of NSCs in
the V-SVZ (Nyfeler et al., 2005). Similar to the V-SVZ, Jagged1
was found to play an essential role in neurogenesis in the adult
SGZ by regulating NSC maintenance and proliferation.
Conditional genetic deletion of Jagged! from SGZ NESTIN
positive progenitors caused a transient increase in neurogenesis.
However, Jaggedl deletion eventually led to depletion of the SGZ
NSC pool and obstructed neurogenesis (Lavado and Oliver, 2014).

It has been shown that Fringe-modified Notch receptors
respond differently to ligand activating signals and modulate Notch
activity. Fringe proteins (Lunatic, Manic and Radical in mammals)
are p3-N-acetylglucosaminyltransferases that modify O-fucose on
epidermal growth factor-like (EGF) repeats in the NECD. Specific
fringe modifications therefore can enhance Notch binding to DII1
resulting in activation of Notch signaling whereas others inhibit
Notch activation by Jaggedl (Bray, 2016; Kakuda and Haltiwanger,
2017; Zhang et al., 2018). Recently, it has been described that
Lunatic fringe (LENG) is selectively expressed by NSCs in the adult
SGZ together with Notchl. Additionally, Jaggedl was found to
be expressed by amplifying neural progenitor cells and DII1 by
granule neurons of the DG, in close proximity to the NSCs. LENG-
mediated Notch signaling was therefore suggested to control SGZ
NSC maintenance in the adult brain since genetic deletion of Lfng
from NSCs leads to increased NSC proliferation, reduced numbers
of amplifying neural progenitors and an increased tendency for
astrocytic differentiation. Similar to Lfng, DIl deletion leads to an
increase in mitotic NSCs and less amplifying neural progenitors. On
the other hand, genetic deletion of Jagged! causes NSCs to re-enter
the cell cycle leading to an increase in amplifying neural progenitor
production (Semerci et al., 2017). In summary, Notch signaling and
its ligands play pivotal roles as niche molecules in the control of
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NSC activity and neurogenesis in the V-SVZ and SGZ of the
DG. How the same pathway activated by different receptors can
have such distinct functions in the different cells of the neurogenic
lineages remains to be determined.

Discussion

In this review, we present an overview of our current knowledge
about how the Notch signaling controls adult neurogenesis, with
emphasis given to the roles of the pathway in NSC activity. It is now
widely accepted that Notch signaling plays a pivotal role on NSC
maintenance and neurogenesis. Different Notch receptor paralogues
are able to control either the quiescent or activated state of NSCs
through Rbpj and transcriptional regulation of target genes. In
addition to Notch receptors, several Notch ligands and downstream
transcriptional effectors play key roles in NSC maintenance and
neurogenesis. However, the precise molecular mechanism that
differentially controls Notch signaling in NSCs remains elusive and
needs further investigation. The pleiotropic functions of Notch
signaling in adult neurogenesis could be attributed to the complex
nature and regulation of the pathway. Differential ligand-mediated
activation of Notch receptors might control the quiescent or activated
NSC state and maintenance. Additionally, differential transcriptional
responses downstream of the Notch receptors might control the
activation state of NSCs. It is intriguing to speculate that different
Notch receptors modulate distinct gene networks and/or overlapping
gene networks with distinctive strengths and dynamics. Additionally,
the architecture of the NSC niches certainly adds another level of
complexity to the regulation of Notch signaling in NSCs. Notch
signaling mediates cell-to-cell communication between neighboring
cells, and niche cells control NSC behavior, it could be that the
expression of Notch ligands and/or other Notch interactors within
the niche affects NSC fate and maintenance. The identification of new
upstream or downstream effectors of the Notch signaling pathway
will pave the way to a better understanding of NSC biology and
fate switch.

There are still a number of important open questions about the
role of Notch signaling in adult neurogenesis that need to be addressed
in the future. Many of these unknowns are manifested in the fact that
our current knowledge of Notch signaling cannot explain why cells in
the same neurogenic niche express multiple Notch receptors which
regulate either none compensated different processes or exert
different functions.

Although it is clear that different Notch receptors play different
roles in regulating the activity and fate of NSCs, how this is
achieved for receptors that interact with the same set of ligands
and use the same DNA binding molecule (CSL protein) is still not
known. For example, it still remains unclear whether Notch
receptors (Notchl-3) compete with each other for ligands,
downstream effector proteins or target genes in order to modulate
the response of the cell to different Notch receptor signals.
Additionally, it is not known whether different ligands can activate
Notch receptors to induce different downstream effectors of the
pathway within the same cell. Although Notchl has been shown
to be target of its own signal in some cells, it remains to be shown
whether Notch receptors can cross regulate the expression of other
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Notch receptors at the transcriptional level in adult NSCs. Finally,
the discrete or compensatory roles of the individual Notch ligands
in the adult neurogenesis remain to be elucidated. In summary,
there remains much to be learnt about the Notch signaling in the
control of NSCs in the adult brain, and future findings may have
important implications for other organs and even in diseases
including cancer.
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Newborn neurons show immature bipolar morphology and continue to migrate
toward their destinations. After the termination of migration, newborn neurons
undergo spatially controlled dendrite formation and change into a complex
morphology. The mechanisms of dendritic development of newborn neurons
have not been fully understood. Here, we show that in the postnatal olfactory
bulb (OB), the Sema3E-PlexinD1 signaling, which maintains bipolar morphology
of newborn neurons, also regulates their dendritic development after the
termination of migration in a dendritic domain-specific manner. Genetic ablation
of Sema3E or PlexinD1 enhanced dendritic branching in the proximal domain of the
apical dendrites of OB newborn granule cells, whereas PlexinD1 overexpression
suppressed it in a Rho binding domain (RBD)-dependent manner. Furthermore,
RhoJ, a small GTPase that directly binds to PlexinD1RBD in vascular endothelial
cells, is expressed in migrating and differentiating newborn granule cells in the
OB and is also involved in the suppression of proximal branching of their apical
dendrites. These results suggest that the Sema3E-PlexinD1-RhoJ axis regulates
domain-specific dendrite formation of newborn neurons in the postnatal OB.

postnatal neurogenesis, ventricular-subventricular zone, olfactory bulb, newborn
neurons, dendrites, PlexinD1, RhoJ

Introduction

The brain of postnatal mammals contains neural stem cells (NSCs), which have the ability
to generate new functional neurons. In the ventricular-subventricular-zone (V-SVZ) lining the
lateral walls of the lateral ventricles, the largest neurogenic niche in the postnatal brain, newborn
neurons generated from NSCs migrate toward the olfactory bulb (OB), a primary center for odor
information processing (Bressan and Saghatelyan, 2020; Nakajima et al., 2021). After reaching
the OB, most of the newborn neurons terminate their migration in the granule cell layer (GCL),
develop their complex dendrites to precisely connect with preexisting OB circuits, and
differentiate fully into granule cells, the major inhibitory interneurons in the OB (Luskin, 1993;
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Lois and Alvarez-Buylla, 1994). Eliminating newborn neurons or
blocking their synaptic transmission causes disruption of normal
olfactory behaviors (Breton-Provencher et al., 2009; Sakamoto et al.,
2014; Muthusamy et al., 2017). Thus, the integration of newborn
neurons into mature OB circuits is critical for olfactory functions, and
could be accomplished by appropriate dendritogenesis. However, its
mechanism is still largely unknown.

In the OB, granule cells have short basal dendrites extending in the
basal domain and a single long apical dendrite consisting of an
unbranched proximal domain and a highly ramified distal domain
(Price and Powell, 1970; Petreanu and Alvarez-Buylla, 2002; Kelsch
etal,, 2008). In the apical dendrite of granule cells, while the proximal
domain receives centrifugal inputs from olfactory higher centers, the
distal domain receives peripheral inputs from mitral/tufted cells,
projection neurons in the OB (Shepherd et al., 2004). Therefore, the
dendritic domains of granule cells are integrated into functionally
distinct OB circuits, and their morphological regulation could be the
basis of granule cell functions. Previous studies suggest that olfactory
input (Saghatelyan et al., 2005) and 5T4 (Yoshihara et al., 2012) promote
dendritic branching in the distal domain of the apical dendrites.
However, the mechanism for suppression of dendritic branching in the
proximal domain of apical dendrites remains unknown.

The secreted protein Sema3E and its receptor PlexinD1 are
involved in morphogenesis of the nervous and vascular systems
during development (Gay et al., 2011; Oh and Gu, 2013). In the central
nervous system (CNS), PlexinDI1 signaling is involved in the
regulation of migration (Bribian et al., 2014; Sawada et al., 2018),
survival (Cariboni et al., 2015), axonal elongation (Chauvet et al.,
2007; Deck et al., 2013; Burk et al., 2017), and connections (Pecho-
Vrieseling et al., 2009; Ding et al., 2011; Fukuhara et al., 2013; Mata
etal., 2018) of neural cells. However, the role of PlexinD1 signaling in
dendritogenesis in the CNS remains unclear. We have previously
shown that PlexinD1 signaling suppresses the formation of
filopodium-like lateral protrusions (FLPs), which branch laterally
from the proximal domain of the leading process of migrating
newborn neurons, thereby maintaining their immature bipolar
morphology (Sawada et al., 2018). Therefore, we hypothesized that
PlexinD1 signaling also suppresses dendritic branching in the
proximal domain of apical dendrites in newborn granule cells after
migration termination.

In this study, we show that PlexinD1 signaling is involved in the
suppression of proximal branching of apical dendrites in newborn
granule cells. We also show that this domain-specific regulation is
controlled by the small GTPase Rho], a direct binding partner
of PlexinD1.

Methods
Animals

Wild-type (WT) C57BL/6] mice were purchased from Japan
SLC. PlexinDI-flox mice (Zhang et al, 2009) were described
previously. Sema3E-KO mice (Gu et al., 2005) were provided by Dr.
Fanny Mann (Institut de Biologie du Developpement de Marseille)
and Dr. Christopher E. Henderson (Columbia University). RhoJ-KO
mice were described previously (Kim et al., 2014). Both male and
female animals were used in this study. All animals were maintained
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with their mother mouse during weaning and within 7 mice per cage
after weaning on a 12 h light/dark cycle with ad libitum access to food
and water. All of the animal experiments were performed in
accordance with the guidelines and regulations of Nagoya City
University (Approval No. 21-028).

Lentiviral vectors and plasmids

CSII-CMV-RfA-IRES2-Venus and CSII-EF-Venus lentiviral
vectors were provided by Dr. Hiroyuki Miyoshi (RIKEN Tsukuba
BioResource Center). CSII-CMV-PlexinD1-IRES2-Venus and CSII-
CMV-PlexinD1ARBD-IRES2-Venus were described previously
(Sawada et al, 2018). The pLV-CMV-tdTomato-IRES-Cre was
provided by Dr. Magdalena G6tz (Munich University). These viral
vectors and the packaging vectors (pCAG-HIVgp and pCMV-VSV-
G-RSV-Rev) were co-transfected into HEK293T cells using
polyethylenimine to generate lentiviral particles, and then the culture
supernatants were concentrated by centrifuging at 8,000 rpm for 16h
at 4°C using a refrigerated microcentrifuge (MX-307, Tomy) and
resuspended with sterile phosphate buffered saline (PBS).

pEGFPC2 and pEGFPC2-Rho] were described previously
(Kusuhara et al., 2012; Fukushima et al., 2020). pPCAGGS-DsRed was
described previously (Sawada et al, 2018). These plasmids were
amplified using E. coli and purified using a PureLink HiPure Plasmid
Midiprep kit (Invitrogen).

In vitro V-SVZ cell culture

The V-SVZ cell culture was performed as described previously
(Sawada et al., 2018). Briefly, the V-SVZ tissues were dissected from
PO-1 WT, PlexinDI*, and PlexinD™" pups and dissociated with
trypsin-EDTA (Invitrogen). The cells were washed two times in L-15
medium (Invitrogen) containing 40 pg/mL DNase I (Roche), seeded
on coverglass (Matsunami) in 24-well cell culture plates, and cultured
in Neurobasal medium (GIBCO) containing 10% fetal bovine serum,
2% NeuroBrew-21 (MACS Miltenyi Biotec), 2mM L-glutamine
(GIBCO), and 50 U/mL penicillin-streptomycin (GIBCO). At 4days
in vitro (div), 1 pL of lentiviral particles was added into the culture
medium. At 10 div, cells were fixed with 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB) for 15min at room temperature (RT)
and subjected to immunocytochemistry.

In vivo lentiviral infection and
electroporation

Injection of lentiviral suspension and plasmid solution was
described previously (Ota et al., 2014; Sawada et al., 2018). For
lentiviral infection, a 2uL volume of lentiviral suspension was
stereotaxically injected into the V-SVZ (1.8 mm anterior, 1.4mm
lateral to lambda and 1.5-2.0 mm deep) of male and female pups at
postnatal day 1 (P1). For in vivo electroporation of P1 male and female
pups, a 2L volume of plasmids (3.5pg/pL) containing 0.05% Fast
Green was stereotaxically injected into the lateral ventricle (1.8 mm
anterior, 1.2mm lateral to lambda and 2.0mm deep), and
electroporation was performed using an electroporator (CUY-21SC,

frontiersin.org


https://doi.org/10.3389/fnins.2023.1143130
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Sawada et al.

Nepagene) with a forceps-type electrode (CUY650P7, Nepagene).
Lentivirus-injected or electroporated pups were allowed to recover on
a heating pad and returned to their home cage.

Immunohistochemistry and
immunocytochemistry

Immunohistochemistry was performed as described previously
(Sawada et al., 2018). Briefly, the brain was fixed by transcardiac
perfusion with 4% PFA in 0.1 MPB, and postfixed overnight in the
same fixative at 4°C. Sixty-micrometer-thick coronal sections were
prepared using a vibratome (VT-1200S, Leica) and incubated for
30min at RT in blocking solution (10% normal donkey serum and
0.2% Triton X-100 in PBS). The sections were then incubated overnight
at 4°C with the primary antibodies, and then for 2h at RT with biotin-
or Alexa Fluor-conjugated secondary antibodies (1:1,000, Invitrogen)
in the blocking solution. For immunocytochemistry, fixed cells were
incubated for 30 min at RT in blocking solution, overnight at 4°C with
the primary antibodies, and then for 2h at RT with Alexa Fluor-
conjugated secondary antibodies (1:1,000, Invitrogen) in the blocking
solution. The signal amplification and visualization were performed
using the Vectastain Elite ABC kit (Vector Laboratories) and Tyramide
Signal Amplification (Thermo Fisher Scientific), respectively. The
following primary antibodies were used: mouse anti-pIII-tubulin
(Tuj1) (1:1,000, Sigma); rat anti-CD31 (1:100, BD Pharmingen); rabbit
anti-doublecortin (Dcx) (1:200, Cell Signaling Technology); guinea pig
anti-Dcx (1:500, Chemicon); rabbit anti-DsRed (1:1,000, Clontech);
rabbit anti-GFP (1:500, MBL); rat anti-GFP (1:500, Nakalai Tesque);
rabbit anti-NeuN (1:1,000, abcam); goat anti-PlexinD1 (1:100, abcam);
goat anti-PlexinD1 (1:100, R&D systems) antibodies. Nuclei were
stained with Hoechst 33342 (1:5,000, Sigma).

Confocal image acquisition, quantification,
and dendritic tracing of granule cells

Image acquisition and dendritic tracing of granule cells were
performed as previously described (Sawada et al., 2018). Images of
labeled granule cells of the postnatal OB were acquired by scanning at
2 pum intervals using an LSM 700 confocal laser-scanning microscope
(Carl Zeiss) with a 20x objective lens (NA 0.8). For characterization
of RhoJ"“™-positive cells, three regions-of-interest (ROIs) were
randomly selected from three consecutive sections (one ROI per
section) from every sixth 60pum-thick OB section and image
acquisition was performed, and all of the positive cells in the ROIs
were counted. The obtained proportions of RhoJ”“-positive cells
were reported as mean + SEM (n =3 mice). Acquired z-stack images
of virally labeled neurons were traced, reconstructed, and quantified
using Neurolucida and Neurolucida Explorer software (MBF
Bioscience) (Sawada et al., 2018). For analysis of apical and basal
dendrites, all of the labeled granule cells showing complete neuronal
morphologies observed in every sixth section were traced and
analyzed. For analysis of dendritic branching in the proximal domain
of the apical dendrite, all of the labeled granule cells showing
>100 pm-length apical dendrites from soma were analyzed in this
study. Dendritic branching in all domains of granule cells was
expressed as branching in the dendritic domain per cell. For validation
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of PlexinD1 expression in neuronal culture, the signal intensity in the
cell surface of labeled cells was measured using ZEN software (Carl
Zeiss), and the average signal intensity (per pm), and normalized
value (average value of control groups is 1.0) were calculated as
reported previously (Sawada et al., 2018).

Statistical analysis

All of the data were two-tailed and analyzed using EZR (Kanda,
2013). The data distribution was analyzed by the Kolmogorov-Smirnov
test. The equality of variance between groups was analyzed by the F
test. Comparisons between two groups were analyzed by unpaired
t-test or Mann-Whitney U-test. Comparisons among multiple groups
were analyzed by one-way ANOVA test followed by a post-hoc Tukey-
Kramer test, or Kruskal-Wallis test followed by a post-hoc Steel-Dwass
test. All the numerical data are presented as the mean+SEM and
p-values less than 0.05 were considered statistically significant.

Results

PlexinD1 signaling specifically suppresses
dendritic branching in the proximal domain
of the apical dendrite of newborn granule
cells in the postnatal OB

In the GCL of the postnatal OB, while Sema3E is expressed in
mature granule cells, PlexinD1 is expressed in the leading process of
migrating newborn neurons and is involved in suppressing FLP
formation to maintain their immature morphology (Sawada et al.,
2018). In this study, we investigated whether Sema3E-PlexinD1
signaling is also involved in the suppression of dendritic branching in
the proximal domain of the apical dendrite of newborn granule cells
that have terminated their migration.

First, we injected lentivirus encoding Venus into the V-SVZ of
Sema3E*~ (control) and Sema3E~~ (Sema3E-KO) mice (Gu et al., 2005)
at postnatal day 1 (P1) and analyzed the dendritic morphology of Venus+
granule cells in the GCL at 10days post infection (dpi) (Figure 1A). The
branch number in the proximal domain of the apical dendrite was
significantly increased in Sema3E-KO mice compared with control mice
(Figures 1B-D), suggesting that Sema3E suppresses dendritic branching
in the proximal domain of the apical dendrite of newborn granule cells.

Next, to investigate the expression and role of PlexinD1 in this
process, brain sections were stained with a PlexinD1 antibody. The
PlexinD1 signal was observed in the proximal domain of the apical
dendrite of differentiating granule cells (Supplementary Figure S1A).
For functional analyses of PlexinD1, we used lentivirus encoding
tdTomato and Cre recombinase. The decrease of PlexinD1 proteins by
these vectors was confirmed in primary neuronal cultures
(Figures 1E,F). To examine the function of PlexinD1 in vivo,
we injected these lentiviral vectors into the V-SVZ of PlexinDI1*/"*
(control) and PlexinD 1"/** (PlexinD1-cKO) mice (Zhang et al., 2009)
at P1 and analyzed the dendritic morphology of tdTomato+ granule
cells (Figure 1G). At 10 dpi, similar to the phenotype observed in
Sema3E-KO mice, the branch number in the proximal domain of the
apical dendrite was significantly increased by PlexinD1 deficiency
(Figures 1H-J). Moreover, at 28 dpi, when granule cells morphologically
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FIGURE 1

Sema3E-PlexinD1 signaling suppresses dendritic branching in the proximal domain of the apical dendrite of granule cells in the postnatal OB.

(A) Experimental scheme in Sema3E-KO mice. (B,C) Representative projection images of Venus+ granule cells in control (B) and Sema3E-KO (C) mice
at 10 dpi. (D) Dendritic branch number in the proximal domain of the apical dendrite in control (n=527 cells from 4 mice) and Sema3E-KO (n=962 cells
from 5 mice) mice. (E) Experimental scheme of PlexinD1-cKO culture. (F) Representative images of DsRed+ (red) Tujl+ (white) cultured control and
PlexinD1-cKO neurons. Green indicates PlexinD1. Graph indicates relative PlexinD1 intensity in the infected neurons (control, n=35 cells; PlexinD1-cKO,
n=30 cells; three independent experiments). (G) Experimental scheme in PlexinD1-cKO mice. (H,l) Representative projection images of Venus+ granule
cells in Control (H) and PlexinD1-cKO () mice at 10 dpi. (J) Dendritic branch number in the proximal domain of the apical dendrite in control (=206
cells from 6 mice) and PlexinD1-cKO (n=139 cells from 5 mice) mice at 10 dpi. (K) Classification of dendritic domains in granule cells. (L,M)
Representative dendritic tracing of Venus+ granule cells in control [(L); n=200 cells from 5 mice] and PlexinD1-cKO [(M); n=138 cells from 5 mice]
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FIGURE 1 (Continued)

mice. (N—P) Dendritic branch number in the distal [(N); control, n=200 cells from 5 mice; KO, n=138 cells from 5 mice], proximal [(O); control, n=200
cells from 5 mice; KO, n=138 cells from 5 mice], and basal [(P); control, n=200 cells from 5 mice; KO, n=138 cells from 5 mice] domains in control and
PlexinD1-cKO mice at 28 dpi. Pink arrows indicate dendritic branches in the proximal domain of apical dendrites. GCL, granule cell layer. *p<0.05,
***p<0.005. Scale bars: (B), (C), (H), (1), (K), 20 pm; (F), 10pm. Bars indicate mean+SEM.

mature (Petreanu and Alvarez-Buylla, 2002), the whole dendritic
morphology of tdTomato+ granule cells was traced (Figure 1K).
We found that the dendritic branch number in the proximal but not
the distal or basal domain in tdTomato+ granule cells was significantly
increased in PlexinDI1-cKO mice compared to that in control mice
(Figures 1L-P). The dendritic length of the apical and basal dendrites
was not significantly different between control and PlexinD1-cKO mice
(Supplementary Figures S1B-E). Taken together, these results suggest
that Sema3E-PlexinD1 signaling is specifically involved in the
suppression of dendritic branching in the proximal domain of the
apical dendrite of newborn granule cells in the postnatal OB.

PlexinD1's RBD is involved in the
PlexinD1-mediated suppression of
dendritic branching at proximal domain of
apical dendrites in newborn granule cells

The intracellular domain of Plexins has a Rho binding domain
(RBD), which regulates cytoskeletal dynamics through binding to
various Rho family small GTPases (Gay et al., 2011) (Figure 2A). To
study the role of PlexinD1 and its RBD in dendritic development of
newborn granule cells, we generated lentiviral vectors encoding
PlexinD1 or its deletion mutant of RBD (PlexinD1ARBD), and
confirmed their overexpression in primary neuronal cultures
(Figures 2A-D). To examine the effects of PlexinD1 overexpression
on the dendritic branching in vivo, we injected these lentiviruses into
the V-SVZ and analyzed the dendritic morphology of infected granule
cells in the OB at 10 dpi (Figure 2E). Overexpression of PlexinD1
decreased the number of dendritic branches in the proximal domain
of the apical dendrite (Figures 2EG,I). This effect was partially
diminished when lentiviruses encoding PlexinD1ARBD were injected
(Figures 2H,I). These results suggest that RBD is involved in the
suppression of dendritic branching in the proximal domain of the
apical dendrites of newborn granule cells by PlexinD1 overexpression.

Rhoj is expressed in migrating and
differentiating granule cells, and
suppresses dendritic branching of proximal
domain of their apical dendrites

Rho], a member of Rho family small GTPases, is highly expressed
in vascular endothelial cells and involved in Sema3E’s repulsive effect
by directly binding to the PlexinDIRBD to promote F-actin
depolymerization (Fukushima et al., 2011, 2020). In the developing
retina, RhoJ is expressed in not only vascular endothelial cells but
also neurons (Fukushima et al., 2020). However, the function of Rho]
in the CNS remains unknown. Since RBD is involved in the
PlexinD1-induced suppression of dendritic branching in the
proximal domain of apical dendrites (Figure 2), we hypothesized that
RhoJ contributes to this process.

Frontiers in Neuroscience

First, to identify RhoJ-expressing cells in the V-SVZ-OB pathway,

+/CFP mice (Kim et al.,

we analyzed GFP-expressing cell types in Rho
2014), in which EGFP replaces exon 1 of the Rho]J gene and is expressed
under the control of the endogenous RhoJ promoter. EGFP was strongly
expressed in the CD31+ vascular endothelial cells not only in the retina
(Fukushima et al., 2020) but also in the brain (Figure 3A). We found
that EGFP was not expressed in Dcx+cells in the V-SVZ, but was
expressed in a subset of Dcx+and NeuN+ cells in the core and GCL of
the OB (Figures 3B-E). These results suggest that newborn neurons
express Rho] during migration and maturation in the postnatal OB.

Next, to investigate the effect of forced expression of Rho]J on the
dendritogenesis of newborn granule cells, plasmids encoding an
EGFP-fused RhoJ were introduced into the V-SVZ by in vivo
electroporation, and the dendritic morphology of labeled granule cells
in the GCL was analyzed at 10 dpi (Figure 3F). The forced expression
of RhoJ in granule cells significantly suppressed both their dendritic
branching in the distal and proximal domains (Figures 3G-J) and
dendritic length in the distal domain (Figure 3G; control,
340.0+28.5 um; Rho]J, 224.5+29.0 pm; p=0.0063, unpaired t-test).
These results suggest that Rho] overexpression has an inhibitory effect
on dendritic branching and outgrowth in vivo.

Finally, to study the function of RhoJ on dendritogenesis of newborn
granule cells, we introduced plasmids encoding DsRed into the V-SVZ
of RhoJ*°™ (control) and RhoJ*™° (RhoJ-KO) mice by in vivo
electroporation and analyzed their dendritic morphology (Figure 3K).
The dendritic branch number in the proximal but not distal or basal
domain in DsRed+ granule cells was significantly increased in RhoJ-KO
mice (Figures 3L-0). The dendritic length of the apical and basal
dendrites was not significantly different between control and RhoJ-KO
mice (Supplementary Figures S1B,F-H). Furthermore, the increase of
dendritic branching in the proximal domain in RhoJ-KO neurons was
partially diminished by PlexinD1 overexpression (Figures 3L-0).
Together, these results suggest that Rho] is specifically involved in the
suppression of dendritic branching in the proximal domain of the apical
dendrite of newborn granule cells in the postnatal OB.

Discussion

In this study, we demonstrated that Sema3E-PlexinD1 signaling
is involved in the domain-specific dendritic branching of newborn
granule cells in the postnatal OB. Furthermore, we showed that Rho],
a small GTPase that directly binds to PlexinDI, is expressed in
newborn granule cells during migration and maturation in the
postnatal OB and involved in the proximal domain-specific inhibition
of dendritic branching. These results provide new insights into the
dendritogenesis of newborn neurons in the postnatal brain.

In the postnatal OB, granule cells receive centrifugal inputs in the
proximal domain of the apical dendrite (Kaneko et al., 2006; Whitman
and Greer, 2007; Yokoyama et al., 2011; Komano-Inoue et al., 2014).
The distal domain of the apical dendrite undergoes many branchings,
whereas the proximal domain maintains an unbranched state
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(Shepherd et al., 2004). Excessive centrifugal input to newborn granule
cells may result in strong GABA-mediated feedback to mitral/tufted
cells and excessively downregulated neuronal transmission from the
OB toward the olfactory higher centers. Therefore, granule cells need a
mechanism to inhibit dendritic branching in the proximal domain of
the apical dendrite to prevent them from receiving too much centrifugal
input. Our results indicate that PlexinD1 signaling not only determines
the final positioning of newborn neurons by suppressing FLP formation
during migration (Sawada et al., 2018), but also maintains the proximal
domain of the apical dendrite unbranched after migration termination,
thereby ensuring proper reception of centrifugal inputs.

Previous studies suggested that olfactory input (Saghatelyan et al.,
2005) and 5T4 (Yoshihara et al., 2012) promote dendritic branching in
the distal domain of granule cells. In contrast, the mechanism inhibiting
their dendritic branching in the proximal domain has remained
unknown. In this study, PlexinDI1- or RhoJ-deficiency specifically
enhanced dendritic branching in the proximal domain of the apical

Frontiers in Neuroscience

dendrite without affecting overall dendritic morphology or length in
newborn granule cells. In newborn neurons migrating in the OB,
PlexinD1 signaling suppresses FLP formation without affecting leading
process formation (Sawada et al., 2018). Moreover, newborn neurons
start to express Rho] during their migration and maturation in the
OB. Thus, our results suggest that Sema3E-PlexinD1-Rho] signaling is
involved in the proximal domain-specific suppression of branching both
in the leading process during migration (Sawada et al., 2018) and in the
apical dendrite after migration termination (this study).

FLPs are the cellular protrusions that link termination of migration
and initiation of dendritogenesis in newborn neurons in the postnatal
OB, and the timing of their formation is regulated by local PlexinD1
endocytosis during the process of migration termination (Sawada et al.,
2018). Racl is locally activated in the proximal domain of the leading
process to form FLPs (Sawada et al., 2018). On the other hand, this study
showed that RhoJ suppresses dendritic branching in the proximal
domain of apical dendrites. Since RhoJ, which is activated by
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Rhod is expressed in migrating and differentiating granule cells in the postnatal OB and involved in the suppression of their dendritic branching in the
proximal domain of the apical dendrite. (A) Representative images of the coronal V-SVZ sections in RhoJ*¢* mice stained for GFP (green), Dcx (red), and
CD31 (cyan). Nuclei were stained with Hoechst 33342 (Blue). (B—D) Representative images of the coronal OB sections in RhoJ*<" mice stained for GFP
(green), Dcx (red), and NeuN (cyan). Boxed area in (B) was enlarged in (C) and (D). White arrows, yellow arrowheads, and cyan arrowheads (C) and

(D) indicate GFP+Dcx+NeuN-, GFP+Dcx+NeuN+, and GFP+Dcx-NeuN+ granule cells, respectively. (E) Proportions of RhoJ*<P-positive cells in the OB
(n=3 mice; 144 cells analyzed). (F) Experimental scheme for RhoJ overexpression experiment. (G) Representative dendritic tracings of control (=32 cells
from 4 mice) and RhoJ-overexpressing (n=36 cells from 8 mice) granule cells at 10 day-post injection (dpi). (H=J) Dendritic branch numbers of distal
[(H); control, n=32 cells from 4 mice; RhoJd, n=36 cells from 8 mice], proximal [(I); control, n=231 cells from 4 mice; RhoJ, n=67 cells from 8 mice], and
basal [(J); control, n=32 cells from 4 mice; RhoJ, n=36 cells from 8 mice] domains in control and RhoJ-overexpressing granule cells at 10 dpi.
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FIGURE 3 (Continued)

(K) Experimental scheme for RhoJ loss-of-function experiment. (L) Representative dendritic tracings of control (n=43 cells from 3 mice), RhoJ-KO
(n=47 cells from 3 mice), and PlexinD1-overexpressing RhoJ-KO (n=24 cells from 4 mice) granule cells at 14 dpi. (M—O) Dendritic branch numbers of
distal [(M); control, n=43 cells from 3 mice; RhoJ-KO, n=47 cells from 3 mice; RhoJ-KO+PlexinD1, n=24 cells from 4 mice], proximal [(N); control,
n=137 cells from 3 mice; RhoJ-KO, n=140 cells from 3 mice; RhoJ-KO+PlexinD1, n=128 cells from 4 micel, and basal [(O); control, n=43 cells from 3
mice; RhoJ-KO, n=47 cells from 3 mice; RhoJ-KO+PlexinD1, n=24 cells from 4 mice] domains in control, RhoJ-KO, and PlexinD1-overexpressing RhoJ-
KO granule cells at 14 dpi. (P) Mechanism of dendritic branching in the proximal domain of the apical dendrite in granule cells in the postnatal OB. Pink
arrows indicate dendritic branches in the proximal domain of the apical dendrite. V-SVZ, ventricular-subventricular zone; LV, lateral ventricle; RMS, rostral
migratory stream; GCL, granule cell layer. *p<0.05, ***p<0.005. Scale bars: (A), (B), (G), (L), 20pm; (C), (D), 10pm. Bars indicate mean+SEM.

Sema3E-PlexinD1 signaling, is localized in the perinuclear region and
involved in F-actin depolymerization in vascular endothelial cells
(Fukushima et al., 2020), it is possible that Rho] is also localized in the
proximal leading process and involved in the proximal domain-specific
suppression of branching in migrating and maturing newborn neurons.
Considering that PlexinD1 overexpression effects are partially
diminished by RBD deletion (Figure 2I) or Rho] deficiency (Figure 3N),
our findings suggest that in newborn neurons, PlexinD1 activates Rho]
and inactivates Racl to suppress FLP formation during maintenance of
migration, and its downregulation by local endocytosis relieves Racl
inhibition and decreases Rho] activation to promote FLP formation
during termination of migration (Figure 3P). Thus, we propose that the
PlexinD1-mediated regulation of the two opposing Rho GTPases has an
advantage in the efficient transition from maintenance to termination of
migration by controlling their timing of the branching of
newborn neurons.

Conclusion
In this study, we showed a domain-specific mechanism for dendritic
development in newborn granule cells in the postnatal OB. These

results contribute to a better understanding of the development and
function of newborn neurons in the postnatal OB circuits.
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SUPPLEMENTARY FIGURE S1

Dendritic length of newborn granule cells in PlexinD1-cKO and RhoJ-KO
mice (A) Representative image of differentiating granule cells stained for Dcx
(green) and PlexinD1 (red). Arrows indicate the signal of PlexinD1 protein in
the proximal domain of the apical dendrite. (B) Classification of dendrites in
newborn granule cells. (C—H) Length of apical dendrites (C, F), dendritic
branch in the proximal domain of the apical dendrite (D, G), and basal
dendrites (E, H) of granule cells in PlexinD1-cKO (C-E) and RhoJ-KO (F=H)
mice. Scale bar, 10 pm. Bars indicate mean + SEM.
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The dentate gyrus (DG) of the hippocampus regulates stress-related emotional
behaviors and ensures neurogenesis throughout life. Neurotrophin-3 (NT-3) is a
neurotrophic factor that reqgulates neuronal differentiation, survival, and synaptic
formation in both the peripheral and central nervous systems. NT-3 is expressed
in the adult DG of the hippocampus; several chronic stress conditions enhance
NT-3 expression in rodents. However, functional modulation of the adult DG by
NT-3 signaling remains unclear. To directly investigate the impact of NT-3 on DG
function, NT-3 was overexpressed in the hippocampal ventral DG by an adeno-
associated virus carrying NT-3 (AAV-NT-3). Four weeks following the AAV-NT-3
injection, high NT-3 expression was observed in the ventral DG. We examined
the influence of NT-3 overexpression on the neuronal responses and neurogenic
processes in the ventral DG. NT-3 overexpression significantly increased the
expression of the mature DG neuronal marker calbindin and immediate early
genes, such as Fos and Fosb, thereby suggesting DG neuronal activation. During
neurogenesis, the number of proliferating cells and immature neurons in the
subgranular zone of the DG significantly decreased in the AAV-NT-3 group.
Among the neurogenesis-related factors, Vegfd, Lgr6, Bmp7, and Drd1 expression
significantly decreased. These results demonstrated that high NT-3 levels in the
hippocampus regulate the activation of mature DG neurons and suppress the
early phase of neurogenic processes, suggesting a possible role of NT-3 in the
regulation of adult hippocampal function under stress conditions.

NT-3, hippocampus, neurogenesis, dentate gyrus, maturation, AAV

Introduction

The hippocampus is a limbic structure implicated in the regulation of stress responses and
pathophysiology of depression. The dentate gyrus (DG) is a part of the hippocampus that
receives cortical inputs from the entorhinal cortex and projects them to the CA3 pyramidal cells.
The DG is one of the few areas of the mammalian brain in which adult neurogenesis occurs
(Ming and Song, 2005; Kempermann et al., 2015). The neurogenic processes include
proliferation, differentiation, survival, and functional maturation. These processes are positively
or negatively regulated by external stimuli, such as learning, exercise, antidepressant treatment,
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and stress (Warner-Schmidt and Duman, 2006; Zhao et al., 2008;
Leschik et al., 2021; Segi-Nishida and Suzuki, 2022).

Neurotrophin-3 (NT-3) is a neurotrophic factor that is known to
regulate neuronal survival, differentiation, and synaptic function in
both the peripheral and central nervous systems (Ernfors et al., 1994;
Barbacid, 1995). In hippocampal neuronal cultures, NT-3 induced the
expression of calbindin, a mature neuronal marker in the DG, and
c-fos, a product of an immediate early gene (IEG) (Collazo et al,,
1992), suggesting the effect of NT-3 on neuronal maturation and
activation. In developmental neural stem cell culture, certain reports
have demonstrated that NT-3 inhibits mitosis and lengthens the cell
cycle (Ghosh and Greenberg, 1995; Lukaszewicz et al., 2002; Simpson
et al., 2003), while others have reported that NT-3 promotes cell
division and survival rate (Barnabe-Heider and Miller, 2003; Lu et
al., 2011).

Although several studies have been reported, the role of NT-3 in
adult neurogenesis in vivo remains unclear. One report revealed that
the differentiation and survival, but not proliferation, of neuronal
precursor cells were impaired in the DG of mice lacking NT-3
(Shimazu et al., 2006). However, another report demonstrated that the
proliferation of neural stem cells in the subventricular zone, another
neurogenic region in adults, was increased in NT-3 heterozygous
mice, suggesting a suppressive role of NT-3 in neural stem cell
proliferation (Delgado et al., 2014).

In rats, NT-3 is highly expressed in the central nervous system
during development; however, its expression declines as these regions
mature (Maisonpierre et al., 1990). Nevertheless, high expression of
NT-3 is maintained in the hippocampus even in adult rats (Katoh-
Semba et al., 1996). Although NT-3 is highly expressed in the DG
compared to other hippocampal regions, such as CAl and CA3
(Smith et al., 1995), its effects of NT-3 on the function of mature
neurons in the DG remain unclear. We previously reported that
chronic administration of antidepressants, such as fluoxetine, or
electroconvulsive seizures, decreases NT-3 expression in the DG of
adult mice (Imoto et al, 2017). Conversely, a previous study
demonstrated that NT-3 expression was increased in the hippocampus
following chronic unpredictable mild stress (Jiang et al., 2014). In
addition, corticosterone administration increased NT-3 expression in
the DG (Smith et al., 1995). However, whether increased NT-3 alters
the neurogenic processes and neuronal maturation in the DG in vivo
remains unclear.

The hippocampus reportedly plays functionally distinct roles in
the dorsal and ventral regions (Fanselow and Dong, 2010), and both
the regions respond to stress (Hawley et al., 2012; Maras et al., 2014).
While the dorsal region is thought to be involved in stress-induced
learning and memory changes, the ventral region contributes to stress
response and emotions such as anxiety. Specifically, increased
neurogenesis in the ventral DG reportedly contributes to stress
resilience (Anacker et al., 2018), suggesting that identification of the
key signaling pathway in the ventral DG would be important to
understand the underlying mechanisms of stress response and
emotion. While NT-3 is expressed in both the dorsal and ventral DG,
we hypothesized that modulation of the N'T-3 signals could alter the
adult neurogenic processes and neuronal responses in the ventral DG.

In this study, we investigated the influence of high levels of NT-3
expression on the adult neurogenic processes and neuronal responses
in the ventral DG using an adeno-associated virus (AAV) expression
system. Elucidation of the function of NT-3 in the DG in vivo would
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result in a better understanding of the role of NT-3 in adult
neurogenesis, as well as in the stress response.

Materials and methods
Experimental animals

Seven-to eight-week-old male C57BL/6 N mice (23-25 g) were
purchased from Japan SLC (RRID5295404; Hamamatsu, Japan). The
mice were housed in groups of six per cage. All the mice were housed
under standard conditions (24 + 2°C, 55% + 5% humidity) with a 12
h light/dark cycle and ad libitum access to water and food. Weight
gain of each mouse was recorded during the experiments to monitor
the physical conditions of the animals. All the mice were habituated
for longer than 1 week before the experimental procedures were
performed. Animal use and procedures were performed according to
the guidelines prescribed by the National Institute of Health and
approved by the Animal Care and Use Committee of the Tokyo
University of Science (approval number K20009, K21007, K22007).

AAV preparation and hippocampal
administration

For the generation of AAV carrying NT-3 (AAV-NT-3) vector
plasmids, an NT-3 coding sequence was amplified using polymerase
chain reaction (PCR) from mouse hippocampal cDNA and inserted
into the pcDNA3 plasmid (Thermo Fisher Scientific, Waltham, MA,
USA). A CMV-NT-3 cassette was inserted into the Mlul-EcoRV site
of the pAAV-EF1a-DIO EYFP vector (Addgene #27056). For the
generation of AAV carrying enhanced green fluorescent protein
(AAV-EGFP), the NT-3 gene in the AAV-NT-3 was replaced with a
gene encoding EGFP. To generate AAV-EFla-Emerald-GFP
(EmGFP), an EmGFP sequence was amplified using PCR from the
pcDNA 6.2-GW/EmGFP-miR (Thermo Fisher Scientific) and inserted
into the KpnI-EcoRV site of the pAAV-EF1a-DIO EYFP vector
(Addgene #27056). AAV2/rh10 particles were produced as previously
described with minor modifications (Shinohara et al., 2018). Briefly,
the AAV-rep2/caprhl0 expression plasmid (Addgene #112866),
pHelper vector (#240071, Agilent Technologies, Santa Clara, CA), and
the constructed AAV-vector plasmid were transfected into the
AAV-293 cells (Agilent, #240073) using Lipofectamine 2000 (Thermo
Fisher Scientific). The transfected AAV-293 cells were collected,
resuspended in artificial cerebrospinal fluid, frozen, and thawed four
times 3 days after transfection. Cell debris was eliminated by
centrifugation at 10,000x g for 10 min, and the supernatant containing
the virus was collected. The viral suspension was incubated with
benzonase (Merck, Darmstadt, Germany) to degrade the residual
DNA. The prepared AAV solution was aliquoted and stored at
—80°C. The AAV titers were quantified using PCR. Under anesthesia
with medetomidine (0.3 mg/kg, ZENOAQ, Fukushima, Japan),
midazolam (4 mg/kg, Sandoz, Tokyo, Japan), and butorphanol (5 mg/
kg, Meiji Seika Pharma, Tokyo, Japan) mixture, the mouse brain was
fixed with stereotaxic instruments (Narishige, Tokyo, Japan). An AAV
solution of 500 nL per injection site (2.5 x 10°® copies) was
stereotaxically injected at two sites in each hemisphere into the DG
using a PV-820 Pneumatic PicoPump (World Precision Instruments,
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Hessen, Germany) through a glass micropipette (World Precision
Instruments) made with a PN-30 micropipette puller (Narishige). The
stereotaxic coordinates were targeted to the ventral DG:3.2 mm
posterior to the bregma, 2.7 mm lateral to the midline, and 3.0 mm
ventral to the skull surface at the bregma according to a mouse brain
atlas (Paxinos and Franklin, 2012). To visually detect viral infection,
5 x 107 copies of AAV-EF-1a-EmGFP were co-injected with
AAV-NT-3 and AAV-EGFP in the DG of the hippocampus. The data
were excluded from the analysis if fluorescence was not observed
in the DG.

RNA extraction and real-time PCR

The mice were decapitated, and coronal brain slices (1 mm) were
cut using a tissue slicer. To isolate the ventral DG, the hippocampal
DG from the coronal brain slice of bregma —2.0 mm to —4.0 mm
(Paxinos and Franklin, 2012) was dissected under a stereoscopic
microscope. Total RNA was extracted using the Reliaprep RNA Cell
Miniprep System (Promega, Madison, WI, USA) and reverse
transcribed using ReverTra Ace (Toyobo, Osaka, Japan) followed by
real-time PCR using the StepOne system (Applied Biosystems, Foster
City, CA) and Thunderbird SYBR qPCR mix (Toyobo). The expression
levels of each gene were quantified using standardized external
dilutions. The relative expression levels of the target genes were
normalized to those of 18S rRNA. The specificity of each primer set
was confirmed by melt-curve analysis and the product size was
examined using gel electrophoresis. Primer sequences for each gene
are listed in Table 1.

TABLE 1 List of primers used for qPCR analysis.

10.3389/fnins.2023.1178555

Immunoblot

The mice were decapitated; coronal brain slices (1 mm) were
cut using a tissue slicer and the ventral DG of the hippocampus
was dissected under a stereoscopic microscope. The isolated DG
was homogenized in a protein lysis buffer (50 mM Tris HCI pH
7.4, 150 mM NacCl, 0.5% sodium deoxycholate, 2 mM EDTA, 1
mM EGTA, 1% TritonX-100) containing protease inhibitor
cocktail (Nacalai tesque, Kyoto, Japan) on ice and centrifuged at
16,000x g for 20 min at 4°C. Supernatants containing 10 pg
proteins were separated on 12.5% sodium dodecyl sulfate (SDS)-
polyacrylamide gel by electrophoresis and transferred onto the
polyvinyl difluoride membrane. The membrane was first blocked
with 5% skim milk in Tris-buffered saline for 1 h at room
temperature and subsequently incubated with rabbit anti-NT-3
antibody (1:4500, kindly provided by Drs. Furuichi and Semba;
Katoh-Semba et al., 1996), rabbit anti-GFP monoclonal antibody
(1:500, #598, Medical and biological laboratories, Japan,
RRID:AB_591819), or mouse anti-f-actin monoclonal antibody
(1:4000, MA5-15739, Thermo Fisher Scientific,
RRID:AB_10979409) at 4°C overnight. After washing, the
membrane was incubated with horseradish peroxidase conjugated
goat anti-rabbit IgG (1:5000, Jackson ImmunoResearch, Jackson
ImmunoResearch, West Grove, PA, 111-035-144,
RRID:AB_2307391) or horse anti-mouse IgG (1:2000, Vector
Laboratories Inc., Burlingame, CA, PI-2000, RRID:AB_2336177)
secondary antibody for 1 h at room temperature, and the bands
were visualized with EzZWestLumiOne (WSE-7110, ATTO, Tokyo,
Japan) by LAS-4000 (GE Healthcare Life Science, Pittsburgh, PA).

Gene Forward (5’ to 3’) Reverse (5’ to 3’)

Nif3 AGTTTGCCGGAAGACTCTCTC GGGTGCTCTGGTAATTTTCCTTA
Trke CTGAGTGCTACAATCTAAGCCC CACACCCCATAGAACTTGACAAT
Calb1 TCTGGCTTCATTTCGACGCTG ACAAAGGATTTCATTTCCGGTGA
Fos CAGAGCGGGAATGGTGAAGA TCGGTGGGCTGCCAAAATAA
Fosb TTTTCCCGGAGACTACGACTC GTGATTGCGGTGACCGTTG
Arc AGCGGGACCTGTACCAGAC AGCTGCTCCAGGGTCTTG
Egrl TATGAGCACCTGACCACAGAG GCTGGGATAACTCGTCTCCA
Bdnf GACAAGGCAACTTGGCCT AC ACTGTCACACACGCTCAGCTC
Npasd CAGATCAACGCCGAGATTCG CACCCTTGCGAGTGTAGATGC
Vegfa GCTGCACCCACGACAGAAG CGCTGGTAGACATCCATGAAC
Figf/Vegfd TTGAGCGATCATCCCGGTC GCGTGAGTCCATACTGGCAAG
Wat2 CTCGGTGGTGGAATCTGGCTCTG CACATTGTCACACATCACCCT
Fadé TCTGCCCCTCGTAAGAGGAC GGGAAGAACGTCATGTTGTAAGT
Lgr6 GAGGACGGCATCATGCTGTC GCTCCGTGAGGTTGTTCATACT
Bump2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC
Bmpd TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT
Bmp7 ACGGACAGGGCTTCTCCTAC ATGGTGGTATCGAGGGTGGAA
Drd1 ACAGCAGCCCCTCCGATAG GTTAGACCTGGGCAGATGAAG
Ibal/Aifl ATCAACAAGCAATTCCTCGATGA CAGCATTCGCTTCAAGGACATA

Frontiers in Neuroscience

65

frontiersin.org



https://doi.org/10.3389/fnins.2023.1178555
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Kasakura et al.

Sample isolation, immunohistochemistry
and 5-ethynyl-2’-deoxyuridine (EdU)
detection

EdU and 5’-bromo-2’-deoxyuridine (BrdU)
administration

To label dividing cells during the S-phase of mitosis, mice were
administered BrdU (150 mg/kg, intraperitoneal [i.p.], Nacalai Tesque)
twice a day, 2 to 4 days before the AAV injection, or EAU (100 mg/kg,
i.p., Abcam, Cambridge, UK) 2 h before sacrifice.

Brain isolation and section preparation

For NT-3 immunostaining, mice were deeply anesthetized and
transcardially perfused with cold saline followed by 0.25%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) and were post-fixed at 4°C for 24 h. For other immunostaining
procedures, mice were perfused with cold saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and were post-
fixed at 4°C for 48 h. The brains were cryoprotected in 20% sucrose
for 48 h, then 30% sucrose for 24 h and stored at —80°C until further
use. Serial sections (30 pm thick) were cut through the entire
hippocampus using a cryostat (Leica 1510, Leica Microsystems,
Wetzlar, German) and stored in 30% glycerol and 30% ethylene glycol
in 0.02 M phosphate buffer (pH 7.4) at —20°C until staining.

Immunohistochemistry and EdU detection

The sections were washed with phosphate-buffered saline (PBS)
and blocked using 10% equine serum (Cytiva, Tokyo, Japan, SH30074)
in PBS containing 0.3% Triton X-100 (PBST) at room temperature for
60 min, followed by overnight incubation with rabbit anti-NT-3
(1:450), rabbit anti-doublecortin (DCX) (1:1000; Cell Signaling
Technology, Danvers, MA, #4604, RRID:AB _561007), rabbit anti-
calbindin (1:8000; Swant, Marly, Switzerland, CB38, AB_10000340),
rabbit anti-FosB (1:1000; Abcam, ab184938, RRID: AB_2721123),
mouse anti-NeuN (1:1000, Merck Millipore, Burlington, MA,
MAB377, RRID: AB_2298772), rabbit anti-TrkC (1:1600, Cell
Signaling Technology, #3376, RRID: AB_2155283), rabbit anti-
pErk1/2 (1:200, Cell Signaling Technology, #4370, RRID:AB_2315112),
rabbit anti-pPLC y1 (1:100,Cell Signaling Technology #8713,
RRID:AB_10890863), and rabbit anti-Ibal (1:4000; Wako, Okasa,
Japan, 019-19,741, RRID: AB_839504) at 4°C. For BrdU
immunostaining, the sections were incubated in 50% formamide in 2
x saline sodium citrate buffer for 2 h at 60°C, followed by incubation
in 2 M hydrogen chloride at 37°C for 30 min and neutralized with 0.1
M boric acid (pH 8.5) at room temperature for 10 min before blocking.
After blocking, the sections were incubated overnight with
monoclonal rat anti-BrdU (1:8000; Abcam, ab6326, RRID:AB_305426)
at 4°C. After washing with PBST, the sections were incubated using
donkey anti-rabbit IgG antibody conjugated with Alexa Fluor 555
(1:300 or 1:1000, Thermo Fisher Scientific, A-31572,
RRID:AB_162543), rabbit anti-mouse IgG antibody conjugated with
Alexa Fluor 555 (1:300, Thermo Fisher Scientific, A-21427,
RRID:AB_2535848) and donkey anti-rat IgG antibody conjugated
with Alexa Fluor 555 (1:1000, Abcam, ab150154, RRID:AB_2813834)
for 60 min. After washing with PBST, the sections were incubated with
4’,6-diamidino-2-phenylindole (DAPI; 1:10000; Merck Millipore) and
mounted on slides with Mowiol (Merck Millipore) after washing with
PBS. For Ibal and pERK staining, after washing with PBST, sections
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were incubated with biotinylated goat anti-rabbit IgG (1:200; Vector
Laboratories Inc., Burlingame, CA, BA1000, RRID: AB_2313606) for
60 min. The sections were washed with PBST and incubated with the
ABC Vectastain Kit (Vector), and antigen detection was performed
with 0.02% 3,3’-diaminobenzidine (Wako, 049-22,831) staining. After
washing, the sections were mounted on slides with Entellan New
(Merck Millipore). EAU Detection was performed using Click-iT EAU
imaging kit (Thermo Fisher Scientific), followed by mitotic staining
with Alexa Fluor 555. In situ Apoptosis Detection kit was used for
evaluating the levels of apoptosis according to the manufacturer’s
instructions (TaKaRa, MK500, Shiga, Japan).

Quantification of EAU-, BrdU-,
doublecortin-, calbindin-, Ibal-, TrkC-, and
FosB-positive cells

For EdU-labeled cell quantification in the dorsal and ventral DG,
we used modified unbiased stereology protocol, which has been able
to successfully quantify thymidine-analog labeling (West et al., 1991;
Malberg et al., 2000). Briefly, every sixth section of the entire DG (30
pm) was selected to ensure that same cells will not be counted in two
sections with the first half defined as the dorsal DG and the second
half as the ventral DG. EdU-positive (+) cells were counted in the
subgranular zone (SGZ) in either dorsal or ventral DG for cell
proliferation using a fluorescent microscope (BZX-700, Keyence,
Osaka, Japan). The SGZ was defined as a two cell-body width zone
along the border of the granule cell layer and hilus. The sum of cell
counts was multiplied by 6 to provide an estimate of the total number
of EAU (+) cells in each DG region.

For BrdU-labeled cell quantification, 3-6 sections of the ventral
DG were photographed using a microscope. The number of BrdU
(+) cells is presented as the number of cells per 10,000 pm” area in
the granule cell layer (GCL) in the DG using computer-assisted
image analysis (Image], NIH, Bethesda, MD, USA). For neuronal
differentiation of BrdU-labeled cells, six slices were analyzed to
determine if BrdU-labeled cells were colabeled with NeuN. For DCX
(+) cell quantification, two or three sections of the ventral DG were
photographed using a microscope. DCX (+) cells, in which dendrites
did not reach the molecular layer, were subcategorized as DCX (+)
cells with short dendrites, whereas DCX (+) cells, in which dendrites
reached the molecular layer and had complex processes, were
subcategorized as DCX (+) cells with long and branched dendrites.
The number of DCX (+) cells was measured as the number of cells
per 100 pm along the SGZ in the DG using Image] software. To
quantify calbindin and TrkC immunoreactivity, three sections of the
DG were photographed under a microscope. The molecular layer or
GCL of the DG was set as the region of interest (ROI) and each ROI
was measured. The average signal intensity of immunoreactivity in
the molecular layer or GCL in the DG was quantified using Image]J
software. To measure the Ibal immune-positive area, the grayscale
image was converted into a binary image, and the Ibal immune-
positive area was measured within the ROI. To quantify FosB
immunoreactivity, three sections of the ventral DG were
photographed under a microscope. The number of FosB (+) cells is
presented as the number of cells per 10,000 pm? area in the GCL in
the DG using computer-assisted image analysis (QuPath, Bankhead
etal., 2017).
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Statistical analyses

All the data are presented as the mean + standard error of mean.
Statistical analysis was performed using the unpaired Student’s ¢-test
or Welch’s ¢-test. Statistical significance was set at p < 0.05. Before
performing ¢-test, normality of the data was examined using the
Shapiro-Wilk test. If the data did not pass the normality test, a
nonparametric test, the Mann-Whitney U test, was performed.
Detailed statistical data are presented in Supplementary Table S1. All
the analyses were performed using PRISM 9 software (GraphPad, San
Diego, CA).

Results

Overexpression of NT-3 in the DG of the
hippocampus

To examine the influence of NT-3 on adult neurogenesis in the
DG, we used AAVrh10-CMV-NT-3 virus (AAV-NT-3) for NT-3
overexpression or AAVrh10-CMV-EGFP virus (AAV-EGFP) for
control. To visually confirm viral infection, 10% AAVrh10-EFla-
EmGFP was mixed with these vectors and injected into the ventral
DG of the hippocampus. Four to 5 weeks after viral injection, GFP
expression was observed in the GCL and hilus region of the DG in
both the groups (Figures 1A,B). In the GCL, most of the GFP-positive
cells were neuronal marker NeuN-positive and immature neuronal
marker DCX-negative (Supplementary Figure 1A), suggesting that the
cells overexpressing NT-3 in the GCL were mostly mature neurons.
However, strong immunostaining signals for the anti-NT-3 antibody
were detected, especially in the hilus of the DG in the AAV-NT-3
group (Figure 1B). A robust increase in the NT-3 expression was
confirmed by immunoblotting and real-time PCR analysis
(Figures 1C,D, left), while no effect was observed in the NT-3 receptor
Trkc expression by N'T-3 overexpression (Figure 1D, right).

Since a high amount of NT-3 could exert a toxic effect, we
evaluated the levels of microglial activation and apoptotic cell death
in NT-3 overexpression. No difference was observed in the immune-
positive area of Ibal immunostaining in the molecular layer between
the AAV-EGFP and AAV-NT-3 groups (Supplementary Figures 1B,C).
We further quantified Ibal(Aifl) mRNA expression in the DG;
however, these were similar in both groups (Supplementary Figure 1D).
In addition, few apoptosis-positive signals were detected in the GCL
and hilus regions in both groups (Supplementary Figure 1E).

The responses of DG neurons to high NT-3
expression

In cultured hippocampal neurons, NT-3 increases the expression
of calbindin and c-fos (Collazo et al., 1992; Boukhaddaoui et al.,
2001). We examined the influence of high NT-3 levels on calbindin
expression in mature neurons of the ventral DG. The calbindin
immunoreactivity signals in the GCL and molecular layer of the
ventral DG were significantly enhanced in the AAV-NT-3 group
(Figures 2A,B). We also confirmed that the mRNA expression of
Calbl in the ventral DG significantly increased in the AAV-NT-3
group (Figure 2C). We subsequently examined whether neuronal
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FIGURE 1

Overexpression of neurotrophin-3 (NT-3) in the DG of the
hippocampus by AAV carrying NT-3 injection. (A) Time course of the
experimental procedure. (B) The expression of GFP (green) and NT-3
(red) in the DG 4-5 weeks following AAV injection. Scale bars: 100
pm. (C) Confirmation of NT-3 protein overexpression in the DG.
Typical immunoblots for anti-NT-3, anti-GFP, and anti-p-actin were
shown. Each lane indicates different DG samples 4-5 weeks
following AAV injection. (D) The confirmation of NT-3 mRNA
overexpression (left, p = 0.0012) and the effect of NT-3
overexpression on the gene expression of Trkc (right, p = 0.3282) in
the ventral DG. n = 8 each for the AAV-enhanced GFP group and
AAV-NT-3 group. Data are expressed using dot plots and means +
standard error of mean. **p < 0.01. n.s., not significant.

activation in the DG was modulated by NT-3 overexpression. FosB,
including AFosB, is an indicator of prolonged cellular activity (Nestler
etal,, 1999). Therefore, we performed immunohistochemical analysis
using FosB to evaluate the neuronal activity in the ventral DG. FosB-
positive cells in the GCL were significantly increased in the AAV-NT-3
group (Figures 2D,E). We also examined the gene expression in
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The response of hippocampal ventral DG neurons to high NT-3 expression. (A) The effect of NT-3 overexpression on the expression of mature
neuronal marker, calbindin, in the ventral DG. Representative coronal images for GFP (left, scale bars: 100 pm) and anti-calbindin immunostaining
(middle, scale bars: 100 pm) in the ventral DG are shown. The images on the right show the squares in the middle images (scale bars: 50 pm).

(B) Quantification of the intensity of calbindin immunoreactivity in the granule cell layer (GCL, p = 0.0117) and molecular layer (ML, p = 0.0131).n = 5
for AAV-EGFP group and n = 4 AAV-NT-3 group. (C) The effect of NT-3 overexpression on the gene expression of Calbl (p = 0.001) in the ventral DG.
n = 8 each for AAV-EGFP group and AAV-NT-3 group. (D) The expression of FosB in the ventral DG. Scale bars: 100 pm. (E) Quantification of FosB (+)
cell numbers in the GCL. p = 0.0007, n = 11 for AAV-EGFP group and n = 10 AAV-NT-3 group. Data are expressed using dot plots and means +
standard error of mean. *p < 0.05; *#*p < 0.01; ***p < 0.001.
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several types of IEGs in the ventral DG. NT-3 overexpression
moderately, but significantly, increased the expression of Fosb, Fos,
Arc, Egrl, and Bdnf, but not Npas4 (Figure 3). These results suggest
that NT-3 signaling directly or indirectly activates mature neurons in
the GCL in vivo.

The influence of high NT-3 expression on
the early phase of the neurogenic process
in the DG of the hippocampus

Hippocampal adult neurogenesis is a multistep process, which
includes proliferation, neuronal differentiation, and survival. We
evaluated the effects of high NT-3 expression on the cell
proliferation. EAU was administered 2 h before sacrifice to label the
proliferating cells (Figure 4A). EdU-positive cells were detected in
the SGZ of the DG (Figure 4B). The number of EdU-positive cells

10.3389/fnins.2023.1178555

significantly decreased in the AAV-NT-3 group in the SGZ of both
dorsal and ventral DG (Figure 4C), demonstrating a suppressive
effect of NT-3 on cell proliferation in the entire DG. We
subsequently examined the expression of an immature neuronal
marker, DCX in the ventral DG. DCX-positive cells were
subclassified into those with short dendrites and those with long
and branched dendrites (Figures 4D,E, left). The number of
DCX-positive cells with either short or long dendrites in the SGZ
significantly decreased in the AAV-NT-3 group (Figure 4E). Most
of the newborn cells in the DG reportedly die during 2-3 weeks
following proliferation in mice (Ueno et al., 2019). To examine the
effect of high NT-3 expression on the survival of newborn cells,
BrdU was administered 2-4 days before AAV injection (Figure 4A).
The number of BrdU-positive cells in the ventral DG was counted
at 31-33 days of cell age (Figure 4F). While no difference was
observed in the survival rate between the AAV-EGFP and
AAV-NT-3 groups, the ratio of NeuN-positive cells in the
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(p = 0.1349) are shown. n = 8 each for AAV-EGFP group and AAV-NT-3
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The effect of NT-3 overexpression on early phase of neurogenic process in the DG of the hippocampus. (A) Time course of the experimental
procedure. (B) The effect of NT-3 overexpression on proliferation in the DG. Representative coronal images for EdU detection in the DG are shown.
The arrows represent EdU(+) cells. (C) Quantification of EAU (+) cells in the subgranular zone (SGZ) of the dorsal (p = 0.008) and ventral (p = 0.0005)
DG. n = 4 for AAV-EGFP group and n = 5 for AAV-NT-3 group. (D) The effect of NT-3 overexpression on cell number of doublecortin (DCX) (+)
immature neurons in the ventral DG. Representative coronal images for anti-DCX immunostaining in the DG are shown. (E) DCX (+) cells with short or
long dendrite in the SGZ (left). GCL, granule cell layer; ML, molecular layer. The numbers of DCX (+) cells with short dendrites (middle, p = 0.0002)
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FIGURE 4 (Continued)

#p < 0.01; ***p < 0.001. n.s., not significant. Scale bars: 100 pm.

and DCX (+) cells with long dendrites (right, p = 0.039) are shown (n = 5 each for AAV-EGFP group and AAV-NT-3 group). (F) The effect of NT-3
overexpression on cell survival in the ventral DG. Representative coronal images for anti-BrdU immunostaining in the DG are shown. The arrows
represent BrdU (+) cells. (G) The number of BrdU (+) cells (left, p = 0.4138) and the ratio of NeuN (+) cells among BrdU (+) cells (right, p = 0.144) in the
ventral DG. n = 5 each for AAV-EGFP group and AAV-NT-3 group. Data are expressed using dot plots and means + standard error of mean. *p < 0.05;
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Downstream signaling of NT-3 overexpression in the ventral DG.
Representative coronal images for pERK (A), and pPLCy1 (C) in the
ventral DG are shown. Arrows in panels (A,C) show immune-positive
cells. Scale bars: 100 pm. (B,D) Quantification of pERK (+) cells in the
GCL (B, p = 0.0733), and pPLCy1(+) cells in the hilus of the ventral
DG (D, p = 0.3609). n = 6 for AAV-EGFP group and n = 5 for AAV-
NT-3 group. Data are expressed using dot plots and means +
standard error of mean. n.s., not significant.

BrdU-positive population tended to decrease (p = 0.1440), although
not significantly (Figure 4G). These results suggest that high NT-3
expression suppressed the early phase of the neurogenic process but
had no effect on the late survival process.

The influence of high NT-3 expression on
the intracellular signaling in the DG of the
hippocampus

To explore the target cells for NT-3 signaling, we assessed the

effect of NT-3 overexpression on its downstream signaling. We
initially confirmed the localization of NT-3 receptor TrkC. In the
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Allen brain atlas database, Trkc mRNA expression is present in the
GCL and hilus regions (Lein et al., 2007; Supplementary Figure 2A).
Consistent with this, TrkC immunoreactivities were detected in the
molecular layer, GCL, and hilus region in the AAV-EGFP and
AAV-NT-3 group, while TrkC expression was decreased in the
AAV-NT-3 group (Supplementary Figure 2B). These results indicate
that NT-3 regulates downstream signaling via TrkC in these regions
within DG, which may be subject to feedback regulation by long-
term overexpression of NT-3. To determine whether NT-3
DG,
phosphorylation of extracellular signal-regulated kinase (pERK)

overexpression activates intracellular signaling in
and phospholipase C y1 (pPCL y 1) were examined. pERK positive
cells were scattered within the GCL. This activation tended to
increase with NT-3 overexpression (Figures 5A,B). On the other
hand, pPLC y 1 positive cells were present in a small number of cells
in the hilus region. This activation was not significantly altered by

NT-3 overexpression (Figures 5C,D).

Neurogenic-related gene expression
changes of hippocampal DG neurons by
high NT-3 expression

Since our data suggested that NT-3 overexpression enhances
neuronal activity and maturation in the DG, we would presume that
it also regulates gene expression in an activity-dependent manner
(Flavell and Greenberg, 2008). To investigate the mechanism of
reduced neurogenesis by NT-3 overexpression, we examined the
gene expression changes in factors related to neurogenic signals,
such as vascular endothelial growth factor (VEGF) and Wnt (Lie et
al., 2005; Han et al., 2015) in the DG. We found that the expression
of Vegfd (Figf), but not Vegfa, was significantly decreased by NT-3
overexpression (Figure 6A). The expression of Wnt2 and Fzde6,
which encode the Wnt receptor, was not altered by NT-3
overexpression, but Lgr6, which encodes the receptor involved in
Wnt/B-catenin signaling (Liu et al, 2019), was significantly
decreased in the AAV-NT-3 group (Figure 6B). We also investigated
the expression of bone morphogenetic protein (BMP) families,
which positively or negatively control the proliferation and
neuronal differentiation in the DG during both development and
adult neurogenesis (Mira et al., 2010; Mori et al., 2020). The
expression of Bmp7, but not Bmp2 and Bmp4, was significantly
decreased in the AAV-NT-3 group (Figure 6C). We further found
that the expression of dopamine receptor type 1 (Drdl), which
mediates pro-neurogenic signals in the DG (Mishra et al., 2019),
significantly decreased in the AAV-NT-3 group (Figure 6D). These
findings may demonstrate that NT3 overexpression in the DG
triggers activity-dependent gene expression that regulates the early
phase of neurogenic processes.
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FIGURE 6
The gene expression changes of neurogenesis-related genes in the ventral DG by high NT-3 expression. (A,B) The effect of NT-3 overexpression on
the expression of neurogenesis stimulant factors. Expression of Vegfa (p = 0.2118), Figf (Vegfd) (p = 0.0248), Wnt2 (p = 0.9160), Fz6 (p = 0.8397),
Lgr6 (p = 0.0003) are shown. (C) The expression of bone morphogenetic protein (BMP) families. Expression of Bmp2 (p = 0.1325), Bmp4 (p =
0.7984), and Bmp7 (p < 0.0001) are shown. (D) The expression of D1 receptor (Drd1; p = 0.0031). n = 8 each for AAV-EGFP group and AAV-NT-3
group. Data are expressed using dot plots and means + standard error of mean. *p < 0.05; *#*p < 0.01; ***p < 0.001. n.s., not significant.

Discussion

In this study, we investigated the influence of high levels of NT-3
expression on the neuronal responses and neurogenic processes in the
mouse hippocampal DG using the AAV expression system. We found
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that the expression of the mature DG neuronal markers, calbindin and
IEGs, such as Fosb and Fos, was moderately increased by NT-3
overexpression. We also demonstrated that NT-3 overexpression in
the DG results in the suppression of the early processes of
neurogenesis, including cell

proliferation. Considering the
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neurogenesis-related factors, the expression of Vegfd, Lgr6, Bmp7, and
Drdl was significantly decreased. AAV mostly infected mature
neurons in the GCL layer and cells in the hilus region of the DG. Since
NT-3 is a release factor, neuronal/cell function would be affected not
only in infected cells but also in surrounding ones.

During development, endogenous NT-3 is essential for the
survival of peripheral sensory and sympathetic neurons (Ernfors et
al., 1994; Farinas et al., 1994). In the adult central nervous system,
NT-3 is highly expressed in the hippocampal DG (Smith et al., 1995).
Importantly, several lines of evidence have demonstrated that NT-3
is a key regulator for the neurogenic processes, including
proliferation, differentiation, and survival, in the DG of the
hippocampus. A previous study demonstrated that the survival and
neuronal differentiation, rather than proliferation, of the neuronal
precursor cells were impaired in mice in which NT-3 expression was
suppressed specifically in the brain using Nestin-Cre line (Shimazu
et al., 2006). In the present study, we found that high expression of
NT-3 in the DG with viral manipulation suppressed the proliferation
but did not alter the survival. These findings suggest that the
physiological levels of NT-3 do not affect the proliferation of neuronal
precursor cells in the DG, but rather that excess amounts of NT-3 act
to suppress cell proliferation. While we speculated that NT-3
overexpression can regulate cell survival, we did not observe a
significant difference in the survival in NT-3 overexpression. These
findings indicate that the physiological concentrations of NT-3 may
be sufficient to maintain cell survival even though NT-3 is
overexpressed. Interestingly, another study proposed that NT-3 can
inhibit cell proliferation in the subventricular zone localized in the
walls of the lateral ventricles, another neurogenic region in adults
(Delgado et al, 2014). This study demonstrated that NT-3
heterozygous mice as well as endothelial NT-3 specific knockout
Tie2-cre mice showed increased cell proliferation, suggesting an
inhibitory effect of NT-3 on proliferation. This study may suggest that
the inhibitory effect of NT-3 could occur in the SGZ of the DG in
mice with NT-3 overexpression.

The role of NT-3 in neuronal differentiation remains unclear. We
found a decrease in doublecortin-positive cells upon NT-3
overexpression but cannot distinguish whether this is due to inhibition
of proliferation or neuronal differentiation. BrdU-labeled newborn
cells at 31-33 days of cell age showed a decreasing trend in NeuN-
positive neuronal differentiation, although survival remained
unchanged. The effect of high expression of NT-3 on neuronal
differentiation can be clarified by future analysis of surviving cells in
with  other
neuronal differentiation.

combination differentiation =~ markers  for

NT-3 overexpression resulted in an increase in Calbl and FosB
expression in the mature granule cells of the DG, suggesting that NT-3
directly or indirectly modulate their function. Hippocampal NT-3
expression is increased by chronic stress and corticosterone (Smith et
al., 1995; Jiang et al.,, 2014). Expression of c-Fos was reportedly
moderately increased in the ventral DG just after chronic social defeat
stress (Anacker et al., 2018). Thus, we hypothesized that the stress-
induced increase in NT-3 levels could contribute to the activation of
mature neurons in the DG. A recent study reported that direct
activation of the ventral DG promotes susceptibility to chronic stress
(Anacker et al., 2018). Further research is warranted to clarify the
influence of increased NT-3 levels in the ventral DG on emotional
behaviors and stress responses.
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We also found that gene expression of other types of IEGs and
BDNF was enhanced by high levels of NT-3 in the DG. The
of TrkC
phosphorylation sites that recruit various intracellular signaling

cytoplasmic domains receptors contain tyrosine
molecules, including mitogen-activated protein (MAP) kinase,
phosphoinositide 3-kinase (PI3K), and PLC-y (Huang and Reichardt,
2003). Moreover, high NT-3 concentration can reportedly induce
activation of adenosine 3’,5’-cyclic monophosphate (cAMP) response
element binding (CREB) in cultured hippocampal neurons (Han et
al., 2016), which regulate activity-dependent IEGs and BDNF
expression (Esvald et al., 2022). Therefore, we investigated whether
NT-3 overexpression could alter the downstream signaling pathways
of NT-3-TrkC. In the present study, we detected pERK and pPLC-vy in
different cells in the GCL or hilus of the DG. However, we did not
observe a robust change in the downstream signals. Since our findings
demonstrated that NT-3 overexpression supressed proliferation, other
downstream signals or key signals could be altered by NT-3
overexpression in the SGZ of DG; however, this remains unclear.
Future studies are warranted to identify the cell types in which TrkC
is expressed and to identify NT-3 downstream signals according to the
time course.

VEGF and Wnt signaling promote neural stem cell proliferation
in the adult DG (Lie et al., 2005; Han et al., 2015). We found that the
expression levels of Vegfd and Lgré were significantly reduced by NT-3
overexpression. VEGF-D is a ligand for VEGF receptor 2 (Flk1) and
VEGEF receptor 3 (Flt4) (Achen et al., 1998), both of which promote
neural stem cell proliferation (Segi-Nishida et al., 2008; Han et al,,
2015). The expression of Vegfd in hippocampal neurons is regulated
by nuclear calcium signaling, including Ca**/calmodulin-dependent
protein kinase IV (CaMKIV) (Mauceri et al., 2011). The influence of
persistent NT-3 on intracellular calcium signaling needs to be
investigated. LGR6 binds to R-spondins and enhances Wnt/p-catenin
signaling (Gong et al., 2012), which regulates adult hippocampal
neurogenesis including stem cell proliferation (Lie et al., 2005).
However, the contribution of LGR6 to hippocampal neurogenesis
remains largely unknown. Investigating whether LGR6 is expressed in
neural stem cells, and the influence of NT-3 on Wnt/f-catenin
signaling is warranted.

BMP is a factor that inhibits neural stem cell proliferation (Bond
et al,, 2012). Unexpectedly, the expression level of Bmp?7 in the DG
was reduced by NT-3 overexpression. The proliferation of neural stem
cells has been investigated in mice in which the BMP receptor Bmprla
was ablated in the hippocampal DG of adult mice (Mira et al., 2010).
The proliferation of neural stem cells was increased shortly following
Bmprla ablation. However, 4 weeks after Bmprla ablation, the
proliferation of neural stem cells was reduced in mice. Therefore,
chronic suppression of BMP signaling may reduce neural stem cell
proliferation. Chronic NT-3 expression for 4 weeks in this study may
have caused a chronic decrease in the signaling of BMP7, resulting in
a decrease in the proliferating cells. We also found that the expression
of the dopamine receptor gene Drdl was reduced by NT-3
overexpression. D1 receptor agonists reportedly enhance neural stem
cell proliferation by positively regulating the Wnt/f-catenin signaling
pathway in the hippocampus of Parkinson’s disease rats (Mishra et
al., 2019).

This study demonstrates that increased NT-3 expression in the
DG possesses the potential to negatively regulate hippocampal
neurogenesis in vivo. Since hippocampal neurogenic processes are
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inhibited by chronic stress (Mitra et al., 2006; Van Bokhoven et al.,
2011; Campos et al,, 2013) and hippocampal NT-3 expression is
increased by chronic stress (Smith et al., 1995; Jiang et al., 2014), we
hypothesized that NT-3 is a key neurotrophic factor that suppresses
adult hippocampal neurogenesis during chronic stress. However, it
should be noted that Ntf3 expression in the overexpression group
increased by more than 30-fold. The increase in the N#f3 expression in
the DG owing to chronic unpredictable stress and 7 days of
corticosterone treatment was approximately 1.5- to 2-fold (Smith et
al., 1995; Jiang et al., 2014). Thus, the results of this study may not
merely mimic the influence of stress-induced increase in the NT-3
levels in the DG. Thus, comparing the levels of NT-3 protein
production and/or downstream signaling between stress conditions
and the overexpression system used in this study is warranted. In
addition, we observed that NT-3 immunostaining signals localized to
cells in the hilus region. The relationship between the stress-induced
increase in Ntf3 expression and cellular accumulation at the protein
level needs to be investigated. Appropriate control of NT-3 expression
reveal the role of increased NT-3

may expression in

stressful environments.
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Neural precursors generate neurons in the embryonic brain and in restricted
niches of the adult brain in a process called neurogenesis. The precise control of
cell proliferation and differentiation in time and space required for neurogenesis
depends on sophisticated orchestration of gene transcription in neural precursor
cells. Much progress has been made in understanding the transcriptional regulation
of neurogenesis, which relies on dose- and context-dependent expression of
specific transcription factors that regulate the maintenance and proliferation of
neural progenitors, followed by their differentiation into lineage-specified cells.
Here, we review some of the most widely studied neurogenic transcription factors
in the embryonic cortex and neurogenic niches in the adult brain. We compare
functions of these transcription factors in embryonic and adult neurogenesis,
highlighting biochemical, developmental, and cell biological properties. Our goal
is to present an overview of transcriptional regulation underlying neurogenesis in
the developing cerebral cortex and in the adult brain.

neurogenesis, transcription factor, embryonic, adult, bHLH, homeodomain, forkhead,
Zebl

Introduction

Neurogenesis happens primarily during embryonic stages, while the nervous system
develops, although some regions in the adult brain retain the capacity to generate new neurons
throughout life (Jurkowski et al., 2020). In both cases, neural progenitors need to balance their
own proliferation with the production of differentiated cells to ensure that appropriate numbers
of neurons and glia are made. During embryonic neurogenesis, progenitors first proliferate
through symmetric divisions until about E11.5, when they change their division mode and start
producing neurons through asymmetric divisions. Once all necessary neurons have been
generated, they will begin generating glial cells in an irreversible switch that signifies the end of
embryonic neurogenesis (Martynoga et al., 2012). Because transitions between phases cannot
be reversed, accurate control of proliferation vs. differentiation is paramount to ensure the
correct development of the nervous system. Postnatally, some radial glial cells become the
specialized neural stem cells (NSCs) for postnatal and adult neurogenesis (Bond et al., 2020). In
neurogenic regions [subventricular zone, hippocampus and hypothalamus, reviewed in
Jurkowski et al., 2020], NSCs generate intermediate progenitor cells through asymmetric
division. Intermediate progenitor cells expand rapidly and eventually differentiate into neuronal
progenitor cells that migrate to their destination where they integrate into neuronal circuitry
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TABLE 1 Role of different transcription factors in embryonic neurogenesis.

10.3389/fnins.2023.1217596

DNA-binding domain Transcription  Role References
factor
Basic helix-loop-helix (b HLH) HES1 Represses neuronal differentiation of NSC pool Ishibashi et al. (1994), Nakamura et al.
(2000), Shimojo et al. (2008), Dhanesh et al.
(2016), and Gozlan and Sprinzak (2023)
Heterogenous differentiation of NSCs Kobayashi et al. (2009) and Kobayashi and
Kageyama (2011)
NGN2 Proneural differentiation of NSCs, regulation of Nieto et al. (2001), Parras et al. (2002), Britz
progenitor maturation and of neuronal vs. glial fate et al. (2006), Mattar et al. (2008), Miskinyte
decision etal. (2018), and Han et al. (2021)
ASCL1 Lineage commitment of NPCs to neuronal fate Castro et al. (2011) and Vasconcelos and
Castro (2014)
Defines neurogenic patterning and cortical folding Han et al. (2021)
Homeodomain PAX6 Controls balance between neural stem cell (NSC) self- Estivill-Torrus et al. (2002), Sansom et al.
renewal and neurogenesis (2009), Mi et al. (2013), and Manuel et al.
(2015)
Dorsoventral patterning of the mammalian Toresson et al. (2000) and Yun et al. (2001)
telencephalon
SOX2 Promotes progenitor proliferation and prevents Miyagi et al., 2008
differentiation
Zinc finger +leucine zipper + forkhead FOXG1 Maintains balance between proliferation and Xuan et al. (1995), Dou et al. (1999),
domain differentiation in neural progenitors Hanashima et al. (2002), Shen et al. (2006),
Eagleson et al. (2007), and Siegenthaler et al.
(2008)
FOXM1 Maintains stem cell pluripotency and self-renewal Kalin et al. (2011) and Wu et al. (2014)
capacity of stem cells
FOXP1 Maintains progenitor pool by promoting progenitor Pearson et al. (2020)
self-renewal
Promotes progenitor differentiation Braccioli et al. (2017)
FOXP2 Induces generation of intermediate progenitors Tsui et al. (2013)
FOXP4 Promotes progenitor differentiation Rousso et al. (2012) and Li et al. (2023)
FOXO 1/3/4 Mediate antiproliferative TGF-B signaling in early neural | Seoane et al. (2004)
progenitors
Zinc finger homeodomain ZEB1 Neuronal differentiation, and migration Jiang et al. (2018) and Wang et al. (2019)
Cleavage plane orientation in progenitors Liu et al. (2019)

upon terminal differentiation. Contrastingly to embryonic
neurogenesis, adult NSCs can simultaneously generate glial cells
through a much less understood process.

The balance between proliferation and differentiation of neural
stem and progenitor cells requires exquisite control at the
transcriptional level. Transcriptional control of embryonic and adult
neurogenesis relies on shared transcription factors (TFs) that become
spatially confined over time, are expressed at specific timepoints, or
both. The cell type-specific transcriptional activity of such neurogenic
TFs is mediated by epigenetic signatures, chromatin changes, and
other protein partners. In this mini-review, we provide a brief
overview focusing on the role of some of the best-characterized TFs
that control neurogenesis in the embryonic dorsal telencephalon
(Table 1) and in the adult subgranular zone (SGZ) of the hippocampus
and the subventricular zone (SVZ) of the lateral ventricles (Table 2).
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For more comprehensive analyses of the role of specific TFs, we refer
the reader to appropriate reviews.

bHLH transcription factors in
neurogenesis

Transcription factors of the bHLH (basic helix loop helix)
superfamily work as dimers and bind DNA through a basic domain at
their amino terminal end (Jones, 2004). Several bHLH TFs play
important and sometimes opposing roles during embryonic and
adult neurogenesis.

HES (Hairy and Enhancer of Split homologs) family members of
the bHLH TF family are effectors of the Notch signaling pathway
(Ohtsuka et al, 1999). During corticogenesis, they regulate cell
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TABLE 2 Role of different transcription factors in postnatal/adult neurogenesis.

10.3389/fnins.2023.1217596

DNA-binding domain Transcription factor Role References
Basic helix-loop-helix (bHLH) HES1 Promotes/ regulates quiescence and proliferation Zhang et al. (2015), Sueda et al. (2019),
of NSCs and Kaise and Kageyama (2021)
NGN2 Neuronal differentiation of progenitors Ozen et al. (2007), Roybon et al. (2009),
and Arai et al. (2017)
ASCL1 Activation of quiescent NSCs, drives Imayoshi et al. (2013), Andersen et al.
differentiation of NSPCs to neurogenic fate (2014), Urbén et al. (2016), Pilz et al.
(2018), and Harris et al. (2021)
Defines SGZ and SVZ cells with long-term Kim et al. (2011)
neurogenic potential
Homeodomain PAX6 Generation of neuronal progenitors and their Hack et al. (2005), Kohwi et al. (2005),
specification into dopaminergic periglomerular and Brill et al. (2008)
phenotype
SOX2 NSC maintenance Ferri et al. (2004) and Favaro et al. (2009)
Zinc finger +leucine zipper + forkhead FOXG1 Proliferation of neuronal progenitors in Shen et al. (2006), Tian et al. (2012), and
domain neurogenic niches Wang et al. (2022)
FOXJ1 Maintains progenitor proliferation in SVZ Jacquet et al. (2009) and Jacquet et al.
through cell autonomous and non-autonomous (2011)
mechanisms
FOXO 1/3/4 Maintains the population of quiescent NSCs Renault et al. (2009), Webb et al. (2013),
Liet al. (2017), and Schiffner et al. (2018)
Zinc finger homeodomain ZEB1 Self-renewal of active radial glia-like cells to favor = Gupta et al. (2021)
an astroglial fate, shift in cell division polarity

proliferation, differentiation, and fate specification by maintaining
stemness of progenitors and controlling the timing of differentiation
(Kageyama et al., 2007; Gozlan and Sprinzak, 2023) in neuroepithelial
and radial glial cells. Of the different Hes genes, HesI is the most
widely studied in the context of corticogenesis. HESI levels in cortical
neuronal progenitors experience cyclic oscillations, which are essential
for the maintenance of neuronal progenitors (Shimojo et al., 2008).
These oscillations result from the combination of HesI expression
induction by Notch signaling, an autoinhibitory effect of HESI on its
own transcription and the great instability of the HesI mRNA and
protein (Takebayashi et al., 1994; Hirata et al., 2002). In its capacity as
an antineurogenic bHLH repressor (Nakamura et al., 2000), HES1 acts
in two different ways. First, it represses expression of its target genes
by directly binding to their promotors in a complex with co-repressors
like Groucho/TLE-1 (Jiménez et al., 1997; Dhanesh et al., 2016).
Second, HESI interferes with the transcriptional activity of target TFs
by binding to and sequestering E proteins such as E47, which are
required by TFs like ASCLI to function (Sasai et al., 1992; Dhanesh
etal., 2016). Downstream targets of HES1 include cell-cycle regulators
like the CDK inhibitor Cdknl1B (Murata et al., 2005), Gadd45g, cyclins
D2 and E2, and the Notch ligand DIlI (Shimojo et al., 2008). In
addition, HESI also inhibits expression of several proneural bHLH
TFs, including Ascll and Neurog2 (Shimojo et al., 2008). HES1
fluctuations drive oscillatory expression of these TFs and help
maintain the progenitor population, especially during early stages of
corticogenesis (Shimojo et al.,, 2011). In turn, expression, or lack
thereof of the proneural bHLH TFs AsclI and Neurog2 define four
different progenitor states, with expression of both TFs representing
the least lineage restricted progenitors and those expressing only
Neurog2 committed to a neuronal lineage (Han et al, 2021).
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Furthermore, combined expression of Ascll and Neurog2 leads to
cross-repression and to the production of Notch ligands that maintain
proliferation in neighboring cells (Han et al., 2021).

During adult neurogenesis, sustained levels of HES1 are needed
to keep aNSCs in the SVZ and SGZ in a quiescent state (Sueda et al.,
2019), as constant, high HES] indirectly leads to increased CDKN1A
levels, inhibiting cell cycle progression (Maeda et al., 2023). This is
accomplished through the interaction of HESI with ID1, which
represses HES1 autoinhibition (Bai et al., 2007). As NSCs activate,
oscillating expression of HESI drives a concomitant oscillatory
expression of ASCL1, which is critical for NSC activation (Andersen
et al,, 2014). In fact, lower levels of ASCL1 are linked to higher
numbers of resting NSCs (Urbén et al., 2016) and a proliferation vs.
differentiation bias in progenitors (Imayoshi et al., 2013), while ASCL1
protein levels drop over time to ensure the maintenance of the aNSC
pool (Harris et al., 2021).

Homeobox transcription factors in
neurogenesis

There are 11 different classes of homeobox transcription factors,
characterized by a helix-turn-helix homeodomain motif that mediates
their binding to DNA (Holland et al., 2007). We discuss PAX6 and
SOX2 here, but the roles of 21 homeobox TFs in vertebrate forebrain
development have been comprehensively reviewed elsewhere (Leung
etal., 2022).

PAX6 belongs to the paired-box homeodomain transcription
factor family, harboring a second DNA binding domain, the paired
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box, in addition to the homeodomain (Dahl et al., 1997). PAX6 is one
of the main regulators of cortical neurogenesis, controlling cell cycle
length and exit in a dose and context dependent manner [reviewed in
Manuel et al. (2015)]. As such, loss of Pax6 leads to shorter cell cycle
length and a premature switch from proliferative to neurogenic
divisions during early neurogenesis, with more pronounced effects in
areas of higher Pax6 expression (Estivill-Torrus et al., 2002; Mi et al.,
2013). However, at later stages, Pax6 loss leads to a longer cell cycle
(Estivill-Torrus et al., 2002) and its overexpression decreases the
number of proliferating progenitors in rostral and medial areas at
E15.5 (Manuel et al., 2006). These results highlight the context
dependent actions of this TF, which is needed both for progenitor
proliferation and for neurogenesis. Interestingly, the effects of PAX6
during corticogenesis, except for its patterning role, are mediated by
the paired-box, and not by the homeodomain (Haubst et al., 2004).
PAX6 regulates progenitor cell proliferation in part by controlling
expression of several genes involved in the G1/S transition, including
cyclins and Cdks (Sansom et al., 2009; Mi et al., 2013). PAX6 has been
shown to directly inhibit Cdk6 expression, thereby reducing Rb
phosphorylation and slowing down G1 progression (Mi et al., 2013).
Regarding neurogenesis, PAX6 directly induces expression of Tbr2,
which confers intermediate progenitor identity (Quinn et al., 2007;
Sansom et al., 2009). In addition, PAX6 also stimulates expression of
Neurog2, and participates in a transcriptional network with
NEUROG?2, ASCL1 and HESI1 to control the outcome of neural
progenitor cell division (Sansom et al., 2009).

During adult neurogenesis, PAX6 seems to play a similar role
controlling proliferation and neuronal differentiation of aNSCs (Hack
etal., 2005; Maekawa et al., 2005). In the SGZ, PAX6 induces expression
of Neurog2 and NeuroDI (Xu et al, 2021), which are needed to
maintain NSC progenitors and induce neuronal fate, respectively
(Roybon et al., 2009). It also acts through FABP7 to maintain NSC and
progenitor cell proliferation and prevent exhaustion of the stem cell
pool (Osumi et al., 2008). In the SVZ and the rostral migratory stream
(RMS), PAX6 is needed to regulate neuronal precursor proliferation
and for periglomerular neuron fate (Hack et al., 2005).

SOX2 (SRY-box binding transcription factor 2) is a member of the
Sox family of transcription factors, which consists of 9 subfamilies
(SoxA, SoxB1, SoxB2, SoxC, SoxD, SoxE, SoxE SoxG, SoxH). Sox2 is
part of the SoxBI subgroup (together with SoxI and Sox3; Wegner,
2010) and is a master regulator of stemness in development and adult
tissues (Sarkar and Hochedlinger, 2013). It is a pioneer factor that can
initiate transcription in epigenetically silenced chromatin regions
(Dodonova et al., 2020). SOX transcription factors bind the consensus
sequence TTGT through their high-mobility-group (HMG) box
(Wegner, 2010), with specificity of individual SOX factors conveyed
by DNA regions flanking the consensus motif (Sarkar and
Hochedlinger, 2013). SOX2 is expressed throughout embryonic and
adult neurogenesis, as well as in pluripotent embryonic stem cells and
Sox2 knockout (KO) is lethal during early embryogenesis (Avilion
et al, 2003). In the developing brain SOX2 promotes progenitor
proliferation and prevents cell differentiation, functions that overlap
with SOX1 and SOX3 (Wegner and Stolt, 2005; Miyagi et al., 2008).
Interestingly, Sox2 hypomorphism also affects differentiation into
GABAergic interneurons in the cortex and olfactory bulb at E17.5
(Cavallaro et al., 2008).

In the adult CNS, SOX2 is expressed in all neurogenic niches, and
conditional deletion of Sox2 results in impaired NSC proliferation,
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increased apoptosis, and reduced neurogenesis in the SVZ and SGZ
(Ferri et al., 2004; Favaro et al., 2009). The wide-ranging functions of
SOX2 in the brain are reviewed in more detail in Pevny and Nicolis
(2010) and Mercurio et al. (2019).

Forkhead transcription factors in
neurogenesis

Forkhead transcription factors are characterized by the presence
of the so-called forkhead domain, which mediates their interaction
with DNA. This domain consists of three a-helices and three p-sheets
surrounded by two loops that form the “winged” region (Hannenhalli
and Kaestner, 2009). Forkhead family members are classified into 19
subfamilies from FoxA to FoxS (Jackson et al., 2010). Members of the
FoxG, Fox], FoxM, FoxO, and FoxP subfamilies have been implicated
in embryonic and/or adult neurogenesis and play sometimes opposing
roles in the regulation of neural stem cell behavior.

Foxgl KO animals die at birth with severe brain hypoplasia
(Xuan et al.,, 1995; Dou et al., 1999) and heterozygous animals
display decreased cortical, hippocampal and striatal size, along with
reduced numbers of TBR2+ intermediate progenitors (Shen et al.,
2006; Eagleson et al., 2007; Siegenthaler et al., 2008). Those changes
reflect the role of FOXGI in maintaining the correct balance
between proliferation and differentiation in neural progenitors,
with lack of FoxgI leading to lengthening of the cell cycle and
premature cell cycle exit (Xuan et al., 1995; Hanashima et al., 2002).
At the molecular level, FOXG1 antagonizes TGF-B signaling by
repressing the expression of TGF-B family members BMP2, 4, 6,
and 7, which are all ectopically upregulated in Foxgl KOs. This
repression requires the DNA binding domain of FOXG1 (Dou et al.,
1999; Hanashima et al., 2002). FOXGI also interferes with the
ability of the TGF-B signaling effectors SMADs to promote
expression of CDK inhibitors. The SMAD partner FAST-2 is needed
for the transcriptional activation of Cdkn2b, but binding of FOXG1
to FAST-2 interferes with TGF-B signaling and antagonizes its
growth inhibition effects (Dou et al., 2000). To activate Cdknla
expression, SMAD proteins need to form a complex with members
of the FOXO subfamily (Seoane et al., 2004). FOXGI can reduce
Cdknla expression levels by repressing expression of Foxol (Vezzali
et al., 2016). Furthermore, FOXG1 interacts with FOXO at the
protein level, forming a ternary complex with SMADs that can no
longer activate Cdknla expression (Seoane et al., 2004). In addition,
FOXGI inhibition of Cdknla expression can also be mediated by its
interaction with the polycomb protein BMI-1 (Fasano et al., 2009).
FOXGI could also potentially interfere with the expression of
Cdknlb, as its expression is stimulated by BMP treatment
(Nakamura et al., 2003; Sharov et al., 2006) and by expression of
Foxol, 3 and 4 (Medema et al., 2000).

FOXGT1 has also been indirectly linked to Notch signaling, as it
interacts with TLE1, which enhances the repressive ability of FOXG1
(Yao et al., 2001). This interaction has been shown in vitro and in the
E15.5 developing telencephalon. Moreover, TLE1 enables the
interaction between FOXG1 and HESI1, which increases HES1-
mediated transcriptional repression (Yao et al., 2001), suggesting that
FOXG1 might act to amplify the effect of Notch signaling in early
neural progenitors, as all three proteins are expressed in cultures
derived from E12.5 telencephalic progenitors.
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Other forkhead family members are also involved in neurogenesis.
FOXML1 stimulates expression of genes needed for G1/S transition and
DNA replication, while simultaneously diminishing protein stability
of CDK inhibitors (Kalin et al., 2011). These roles could explain why
cortical progenitors derived from E14 ER'™Cre FoxMI1" animals
display a reduction in the number of neurospheres formed after
tamoxifen addition (Wang et al., 2011). FOXM1 also regulates
expression of Sox2 and Bmil, which are necessary for neural
progenitor self-renewal (Wang et al., 2011). However, conditional
deletion of Foxm1 does not lead to major abnormalities in the brain
(Schiiller et al., 2007), suggesting the presence of compensatory
mechanisms. From the FOXP family members, FOXP1 works to
maintain the progenitor pool by promoting progenitor self-renewal,
at least in part through the induction of vertical division angles and
symmetric divisions (Pearson et al., 2020). However, FOXP1 has also
been shown to inhibit Notch signaling in the developing cortex,
thereby promoting progenitor differentiation (Braccioli et al., 2017).
FOXP2 might regulate the generation of TBR2+ intermediate
progenitors (Tsui et al., 2013) and FOXP4 promotes neuronal
differentiation of neural progenitors by repressing N-Cadherin
expression, therefore favoring detachment from the ventricular zone
(Rousso et al., 2012; Li et al., 2023).

FOXGT1 is strongly expressed in the SGZ of the dentate gyrus and
the lateral ventricle SVZ (Shen et al., 2006; Schiffner et al., 2023). In
aNSCs of the DG, FOXGI plays a similar role of balancing
proliferation and differentiation as it does in embryonic progenitors
(Wang et al., 2022), with partial or total loss leading to defects in size
and morphology of this anatomical structure. Progressive loss of
progenitors, altered neuronal differentiation and reduced neuronal
survival have been described in these mutant animals, as well as a
failure to form the secondary radial glia scaffold (Shen et al., 2006;
Tian et al., 2012). Remarkably, generation of olfactory interneurons in
the SVZ does not seem to be affected by heterozygous lack of Foxgl
(Shen et al.,, 2006), suggesting a region-specific function of FOXG1 in
adult neurogenesis.

FOXO1 and FOXO3 are also expressed in aNSCs of the SVZ
and the SGZ (Paik et al., 2009; Renault et al., 2009). In a Foxo1/3/4
triple mutant, aNSCs get depleted over time due to decreased self-
renewal and increased activation of progenitors early on (Paik
et al., 2009; Schiffner et al., 2018). These effects are due to
increased expression of cyclins and CDKs and decreased
expression of CDK inhibitors, as well as derepression of the
centrosomal gene Aspm, a known regulator of NSCs divisions
(Paik et al., 2009). Very similar results are obtained in Foxo3 single
KO animals (Renault et al., 2009). Transcriptional analysis has
revealed that FOXO3 targets are enriched in cell quiescence-
related genes, oxidative stress response and cell metabolism,
further supporting the notion that FOXO proteins are necessary
to maintain the population of quiescent NSCs over the lifespan of
the animals by preventing excessive cell cycle reentry (Renault
et al., 2009; Ro et al, 2013). This transcriptional control is
mediated in part by the interaction of FOXO3 with the
methylcytosine dioxygenase TET2 (Li et al., 2017). Moreover,
FOX3 restricts the neurogenic effects of ASCL1 in adult NPCs by
preventing ASCL1-dependent transcription (Webb et al., 2013)
Additionally, lack of Foxo3 also impacts the outcome of aNSC
progeny, with a bias toward astrocytes and reduced production of
neurons and oligodendrocytes (Renault et al., 2009).
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Finally, FOXJ1 has also been linked to adult neurogenesis in the
SVZ of the lateral ventricle. This TF is required for ependymal cell
specification during the transition to postnatal stages (Jacquet et al.,
2009), but it also defines a subpopulation of progenitors that rely on
FOX]J1 expression for its proliferative ability (Jacquet et al., 2011).
FOX]J1 deficient progenitors produce fewer neurospheres and are
biased toward a glial fate, with defective neurogenic potential.
Interestingly, beyond the cell autonomous effect of FOXJ1 in the
FOXJ1+ lineage, an additional non-autonomous effect on the
remaining aNSCs in the SEZ has been described (Jacquet et al., 2011).

ZEB1 in neurogenesis

The transcription factor ZEB1 (zinc finger E-box binding
homeobox 1) is emerging as a new regulator of self-renewal and fate
choice in the CNS. The ZEB family of TFs consists of two members,
Zebl and Zeb2, which are both core regulators of epithelial-
mesenchymal transition (Vandewalle et al, 2009). Epithelial-
mesenchymal transition is developmental program that has more
recently garnered attention for its role in stemness and lineage
regulation (Goossens et al., 2017). Zebl-mutant mice show aberrant
T cell development, underlining its involvement in lineage regulation
(Higashi et al., 1997). Structurally, ZEB proteins comprise of two
C,H,-type zinc finger domains that flank a central homeodomain. The
zinc finger domains are necessary for DNA binding, with each zinc
finger independently binding to separate E-box muotifs in gene
promoters with the consensus sequence 5-CACCT(G)-3; Sekido
et al, 1996, 1997; Remacle et al., 1999). The homeodomain mediates
interaction with other proteins (e.g., CTBP, YAP) that are necessary
for transcriptional regulation (Furusawa et al., 1999; Feldker et al.,
2020). Depending on their interaction partners, ZEB TFs can activate
or repress transcription, with E-cadherin repression and Vimentin
activation being the best-known examples (Vandewalle et al., 2009).
Phosphorylation of Thr-867 is necessary for nuclear import of ZEB1
(Llorens et al., 2016), otherwise the effects of post-transcriptional
ZEB1 modifications are poorly understood.

In embryonal neurogenesis, ZEB1 is expressed in the
subventricular zone and overlaps with proliferating progenitor cells
between E14 and E18 (Yen et al., 2001). Constitutive deletion of Zebl
causes defects in proliferation of embryonic neural progenitors in the
ventricular zone of the lateral ventricles and the hypothalamus at
E15.5 (Liu et al., 2008). ZEB1 blocks neuronal lineage progression as
well as migration of cortical neuroblasts (Wang et al, 2019).
Conditional loss of ZebI at E14.5 does not affect cell proliferation or
radial glia cell maintenance but causes premature neuronal
differentiation (Wang et al., 2019). Zebl overexpression at E14.5
results in reduced neurogenesis, migration defects and subcortical
band heterotopia (Wang et al., 2019).

In the adult brain, ZEB1 is important for the self-renewal of adult
hippocampal radial glia-like (RGL) cells. ZebI loss in RGL cells results
in their precocious differentiation into the neuronal lineage (Gupta
et al.,, 2021). This is accompanied by reduced differentiation into the
astroglial lineage, but it remains to be resolved whether this is due to
an as-yet unspecified role of ZEBI in glial fate determination or a
natural consequence of the increased neurogenesis. Hence, ZEB1
blocks neuronal lineage progression during embryonal and adult
neurogenesis. In adult neural stem/progenitor cells, ZEB1 is associated
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with activation and proliferation, and loss of ZebI results in depletion
of the stem cell pool. Contrastingly, ZEB1 functions in neural
progenitors during embryonic neurogenesis appear to be separated in
time, with Zebl loss affecting proliferation of progenitors in a
constitutive knockout model, but not of later radial glia cells when
deleted at E14.5 (Liu et al., 2008; Wang et al., 2019). In both adult and
embryonic neurogenesis, Zeb1 loss is associated with a change in cell
division type (symmetric vs. asymmetric) which promotes
differentiation of the stem/progenitor cell pool. Interestingly, Zeb1 loss
during embryogenesis promoted asymmetric divisions that prevented
expansion of neural progenitors (and therefore caused premature
differentiation), whereas in the adult hippocampus Zebl KO causes
increased symmetric divisions of neural stem/progenitor cells which
are necessary for self-renewal, thus promoting their differentiation
(Liu et al., 2019; Gupta et al., 2021).

Conclusion

Although neurogenic transcription factors are expressed during
embryonic and adult neurogenesis their functions often show differences
during both processes. These differences include increased spatial
confinement and spatial heterogeneity in adult neurogenic niches,
different activities in neural progenitor cells at various developmental
stages, and/or different effects on downstream progenitor cells. It is
important to consider epigenetic modifications, post-translational
modifications, and differential expression of interacting partners at
different developmental stages to unravel the functions of each
neurogenic transcription factor at specific points in time and space. For
example, changes in ASCLI post-translational degradation result in
different behavior of adult neural stem cells in juvenile and adult
hippocampal neurogenesis (Harris et al., 2021). Integrated analysis of
neurogenic transcription factors across development and aging is
needed to reveal the specific co-factors contributing to the differential
functions in embryonic and adult neurogenesis.
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Experiencing chronic stress significantly increases the risk for depression.
Depression is a complex disorder with varied symptoms across patients.
However, feeling of sadness and decreased motivation, and diminished feeling of
pleasure (anhedonia) appear to be core to most depressive pathology. Odorants
are potent signals that serve a critical role in social interactions, avoiding
danger, and consummatory behaviors. Diminished quality of olfactory function
is associated with negative effects on quality of life leading to and aggravating
the symptoms of depression. Odor hedonic value (I like or | dislike this smell) is
a dominant feature of olfaction and guides approach or avoidance behavior of
the odor source. The neural representation of the hedonic value of odorants is
carried by the granule cells in the olfactory bulb, which functions to modulate
the cortical relay of olfactory information. The granule cells of the olfactory bulb
and those of the dentate gyrus are the two major populations of cells in the adult
brain with continued neurogenesis into adulthood. In hippocampus, decreased
neurogenesis has been linked to development or maintenance of depression
symptoms. Here, we hypothesize that chronic mild stress can alter olfactory
hedonics through effects on the olfactory bulb neurogenesis, contributing to
the broader anhedonia phenotype in stress-associated depression. To test this,
mice were subjected to chronic unpredictable mild stress and then tested on
measures of depressive-like behaviors, odor hedonics, and measures of olfactory
neurogenesis. Chronic unpredictable mild stress led to a selective effect on odor
hedonics, diminishing attraction to pleasant but not unpleasant odorants, an
effect that was accompanied by a specific decrease in adult neurogenesis and
of the percentage of adult-born cells responding to pleasant odorants in the
olfactory bulb.

olfactory bulb, odor hedonics, adult neurogenesis, chronic mild stress, emotional
alteration
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Introduction

Depressive symptoms can be complex and vary widely between
individuals as well as within individuals with recurrent episodes. In
major depressive disorder (MDD), core symptoms include anhedonia
and diminished motivation. In humans, depression is often also
associated with disturbance in olfactory sensory function (Negoias
et al., 2016; Croy and Hummel, 2017; Pabel et al., 2018; Athanassi
et al,, 2021). Like depression, olfactory sensory function is complex
(including features such as familiarity, intensity, and identity) with
the hedonic perception of odor dominating. Hedonic value is
generally the first criterion used by humans to describe and
categorized odorants (Schiffman, 1974; Richardson and Zucco, 1989;
Yeshurun and Sobel, 2010) and represents a valuable source of
information for decision-making and guiding goal-oriented
motivated behaviors. Across species (including humans), the hedonic
value of odorants is a critical driving force for food intake or social
interactions supporting survival and regulation of the emotional
state. Interestingly, odor hedonic value (pleasantness) is the
dimension of olfactory perception most strongly affected in
depression (Naudin et al., 2012). Consequently, altered odor hedonics
can cause disturbances in food intake or mood which worsen
depressive symptoms and contribute significantly to negative
outcomes across a range of diseases with comorbid depression. The
critical neural substrate influencing odor hedonics appears to be the
granule cell layer of the olfactory bulb (OB), a modulator of the first
cortical relay of olfactory information (Kermen et al., 2016).
Optogenetic inhibition of granule cell activity modulates approach
behavior to odorants in rodents, which is used to evaluate whether
an odorant is pleasant or unpleasant in an animal model (Kermen
et al.,, 2016; Midroit et al., 2021). The granule cells, significantly
influence processing of hedonic information and interestingly are the
largest population of cells with ongoing adult neurogenesis (Lledo
and Valley, 2016). Stem cells located in the subventricular zone of the
lateral ventricles give rise to neuroblasts that migrate along the rostral
migratory stream to reach the OB and functionally integrate the
pre-existing network (Alvarez-Buylla and Garica-Verdugo, 2002;
Carlén et al., 2002; Belluzzi et al., 2003; Carleton et al., 2003; Magavi
etal., 2005). These new neurons are key elements of odor processing
by shaping the activity of the relay cells (Schoppa and Urban, 2003;
Lledo et al,, 2005; Lledo and Saghatelyan, 2005). The other major
brain structure with high rates of adult neurogenesis, is the
hippocampus (Lledo et al., 2006; Kempermann, 2015). Prior work
has implicated alterations in hippocampal neurogenesis on both the
development and response to treatment for depression (Santarelli
et al., 2003; Planchez et al., 2019). Like the hippocampus, the OB
serves a significant role in cognitive processes, memory formation
and retrieval, and emotional regulation (Bagur et al., 2021; Mofleh
and Kocsis, 2021; Salimi et al., 2022).

Despite prior work implicating disturbance in neurogenesis
in hippocampus with depression few studies have investigated the
and OB
neurogenesis and olfactory processing (Lledo and Valley, 2016;

relationship between depressive-like behaviors
Siopi et al., 2016). Chronic stress is known to increase the risk for

depression, alter morphology and functioning of the
hippocampus including alteration of adult neurogenesis (McEwen

and Magarinos, 1997). Prior work has established that chronic
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unpredictable mild stress (CUMS) can reliably induce behavioral
profiles in mice that resemble depressive symptoms in humans
(Pothion et al., 2004; Nollet et al.,, 2012; van Boxelaere
et al., 2017).

Here, the aim of this work was to test the impact of CUMS on
olfactory hedonics in mice, its effects on adult OB neurogenesis, and
the activity of adult-born neurons during hedonic valuation. In
CUMS exposed and control mice, behavioral measures of both
depressive-like and anxiety-like behaviors (Willner et al., 1987; Papp
and Moryl, 1994; Willner, 2017) were assessed. In conjunction, the
hedonic processing of olfactory signals was tested in an olfactory
preference test (Kermen et al., 2016; Midroit et al., 2021). Finally,
measures of adult-born neuron number and activity were measured
in the OB of mice following hedonic preference testing. The CUMS
protocol led to higher levels of anhedonia and increased anxiety-like
behaviors compared with control mice. Importantly, the CUMS
paradigm induced olfactory hedonic alteration, significantly
diminishing interest in pleasant but not unpleasant odorants. At the
cellular level, CUMS decreased the density of adult-born neurons in
the OB as well as the percentage of adult-born neurons responding
to pleasant but not unpleasant odorants.

Materials and methods
Animals

Twenty adult male C57Bl6/] mice (8 weeks, Charles River
Laboratories, UArbresle, France) were used in this study. Mice were
randomly assigned to one of two groups, one control group (n=10;
housed in groups of five in standard laboratory cages) and one
stressed group (n=10; placed in individual standard laboratory
cages). All experiments were done in accordance with the European
Community Council Directive of 22nd September 2010
(2010/63/UE) and the National Ethics Committee (Agreement
APAFIS#20702_2019072614086203_v2). Mice were kept on a 12h
light/dark cycle at a constant temperature of 22°C with food and
water ad libitum except during the stress protocol (Table 1). All
efforts were made to minimize animal suffering.

TABLE 1 CUMS protocol stressors (see Supplementary Table 1 for
examples of daily sequences of events).

Sawdust bedding removed About 6h
Mouse cage change Permanent
Cage titling at 45° About 1h
Wet sawdust (200 mL of water for 100 g 3to12h

sawdust)

Nycthemeral rhythm perturbation About 3h through the night

Food and water deprivation About 12h

Mice pair housed (with or without dry or wet About 3h or through the night

sawdust)

Mice hung by their tail About 1 min

Change sawdust Twice (each hour)
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Chronic unpredictable mild stress

The CUMS protocol was performed every day over 7 weeks in
which mice were subjected to mild stressors several times per day
(Table 1). Some stressors were combined such as: cage tilting and wet
sawdust, mice were housed 2 per cage for food and water deprivation,
mice were placed 2 per cage for cage tilting, etc. Details of the
procedure are described in Supplementary Table 1. All stress
manipulations were performed in a room different from the housing
room. When no overnight stress was planned, mice were returned to
and remained in the housing room.

Behavioral testing

Sucrose Preference Test. Animals were placed in a cage with free
access to two pipettes connected to two bottles of water: one contained
only water and the other one contained 1% sucrose dissolved in water.
The test was conducted during 3 days (d1 to d3). The sucrose solution
was freshly prepared each day. To avoid neophobia, sucrose at 1% was
presented to all animals for a period of 24 h, a week before the test.
During the test, the pipettes and bottles containing sucrose were
reversed every 12h to avoid potential side biases. Sucrose preference
was calculated as follow: Sucrose Consumption (mg)/Total
Consumption (mg). Preference of CUMS mice was expressed as a
percentage of that of control mice.

Light/Dark Box test. This apparatus is composed of two
compartments: one (2/3 of the box) is directly highly illuminated
(8201m) and the other on (1/3 of the box) is dark. The animal can move
freely from one compartment to another. For testing, a single mouse
was placed in the left corner of the highly illuminated compartment of
the box and the trajectory of the mouse was video recorded and
analyzed using A2V Volcano®. The time spent in the illuminated side
was used as a measure of anxiety-like behavior with avoidance of the
brightly lit area being considered a measure of heightened anxiety-like
behavior. The test lasted 5 min and the box was cleaned after each trial.

OpenField test. Animals were placed in an OpenField maze
composed of a wall-enclosed area to prevent the mouse from escaping.
For testing, a single mouse was placed at the top left corner, several
motor and behavioral activities were video recorded for 5min,
including: time spent in the inner zone, number of entries into the inner
zone, duration of grooming, number of fecal boli deposited, latency and
number of rearing events (mouse standing on their hind limbs). An
increased number of fecal boli, increased rearing, decreased latency of
rearing and decreased grooming as well as decreased time spent in the
inner zone were used as metrics of increased anxiety-like behavior.

Odor hedonic value assessment. Based on work done in mice
(Kermen et al., 2016; Midroit et al., 2021), we selected six odorants for
this test: three well documented to have positive hedonic values
(Limonene + Lim; 5,989-27-5; 0.2% dilution for 1 Pa vapor), Citronellol
(Citro; 106-22-9; 17.8% dilution for 1Pa vapor) and Camphor (Cam;
76-22-2; 0.46% dilution for 1Pa vapor) and three with well-
documented negative hedonic values (Guaiacol (Gua; 90-05-1; 2.08%
dilution for 1 Pa vapor), P-cresol (Cre; 6,032-29-7; 1.8% dilution for
1 Pavapor), and Pyridine (Pyr; 110-86-1; 2% dilution for 1Pa vapor)).
Hedonic preference was defined as approach and avoidance behavior
and was validated in reference to investigation times for biologically
relevant odors with known aversive or appetitive properties (Kermen
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etal, 2016). All odorants were diluted on the day of the test in order to
have similar vapor pressures (1Pa; similar perceived intensity)
(Mandairon et al., 2006; Moreno et al., 2009).

The test was performed on the one hole-board apparatus as
follows: 60 pL of pure odorant was put on cotton batting and placed at
the bottom of a pot covered with bedding. The pot was put in the
central hole of the board. Mice were placed at the bottom right corner
of the board and allowed to freely explore for 2 min. After the 2min
test, the mouse and the pot were removed, and the board was cleaned.
The order of odor presentation was randomized. The total time spent
exploring the hole (as measured by a photobeam break at the hole
entrance) was recorded for each mouse.

Neurogenesis assessment

Sacrifice. To identify populations of cells that were activated in
response to a given odorant, mice were odor stimulated for 1hour
with either an unpleasant odorant (Guaiacol; 100 uL of odorant at
1Pa) or a pleasant odorant (+Limonene; 100 pL of odorant at 1 Pa).
Odorants were presented in a tea ball. One hour after the end of odor
stimulation, mice were sacrificed by Urethane injection (2g/kg)
followed by intracardiac perfusion of 50mL of cold fixative
(paraformaldehyde 4% in PBS, pH 7.4). Brains were dissected, sunk
in sucrose and sectioned (14 pm thick).

BrdU injections. Adult-born cells of the OB require several days to
migrate from the subventricular zone to the OB, where they
differentiate into mature granule and periglomerular cells. To
determine the impact of CUMS on integration and differentiation of
adult-born cells in the OB, mice were injected with bromodeoxyuridine
(BrdU; Sigma; 50 mg/kg in saline three times daily at 2h intervals, i.p.)
20d after the beginning of stress procedure. The CUMS procedure
continued for several weeks following BrdU injection, with animals
being sacrificed at the completion of behavioral testing (38d after the
BrdU injections). This time course of BrdU administration allowed for
assessment of CUMS effects on the birth, differentiation, and survival
of adult-born cells in the OB during the CUMS procedure.

BrdU immunocytochemistry. The protocol has been described in
detail previously (Forest et al., 2019). Sections were incubated overnight
in a mouse anti-BrdU antibody (1:100, Millipore Bioscience Research
Reagents) at 4°C followed by a biotinylated anti-mouse secondary
antibody (1:200, Vector Laboratories) for 2h. The sections were then
processed through an avidin-biotin-peroxidase complex (ABC Elite Kit,
Vector Laboratories). Following dehydration in graded ethanols, the
sections were defatted in xylene and coverslipped in DPX (Fluka, Sigma).

Double labelling BrdU/cFos immunocytochemistry. To investigate
the density of BrdU-positive cells responding to pleasant and
unpleasant odorants, double labelling was performed using mouse anti
BrdU (1/100, Merck) and monoclonal rat anti c-Fos (1/2000, Synaptic
System) respectively. Appropriate secondary antibodies were used
(goat anti-mouse Alexa 546 (1/200, Molecular probes); goat anti-rat
Alexa 488 (1/200, Molecular probes) to label cBrdU+/-Fos+ cells.

Data analysis (BrdU and c-Fos levels)

Every fifth coronal section of the olfactory bulb was processed for
immunostaining (sampling interval =70 pm; 3-5 sections per animal
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were analyzed). Within each analyzed section, every BrdU-positive
cell was counted in the granule layer of the right OB using mapping
software (Mercator, Explora Nova, La Rochelle, France) coupled to a
Zeiss microscope. The mean positive cell density was calculated and
averaged within each experimental group.

Fluorescent counting was done using AxioVision (Zeiss) software
coupled to a pseudo-confocal Zeiss microscope. We calculated the
percentage of BrdU+ cells expressing c-Fos per mouse and averaged
the values per group (23+5 cells per animal were assessed). As an
additional control, we also counted the density of c-Fos+/BrdU~ in the
OB (3 sections were analyzed and averaged per animal). All counting
was done blind with regards to the identity and treatment group of
the animal.

Statistics

All analyses were performed using Rstudio. For behavioral
experiments were used, preliminary tests including Kolmogorov—
Smirnov and Levene tests for normality for all data. This resulted in
the use of parametric tests: repeated measures analysis of variance
(ANOVA) (day as factor) followed by Bonferroni-corrected post-hoc
t-tests for the sucrose consumption test and two-ways ANOVA (group
and hedonic as factors) followed by Bonferroni-corrected post hoc
t-tests for the olfactory preference test and cellular analysis. For other
behavioral tests and analysis of cellular densities, the 2 experimental
groups were compared using two sample t-tests. Unilateral t-tests were
used when prior evidence of effects of the CUMS model on depressive-
like behavior and anxiety in rodents were reported (Antoniuk et al.,
2019; Markov, 2022). The validity of the t-test positive results was
confirmed using permutation tests. No statistical methods were used
to predetermine sample sizes, but our sample sizes were similar to
those reported in previous publications (Forest et al., 2019). Data
collection and animal assignation to the various experimental groups
were randomized and data collected blind to condition.

Results

Chronic unpredictable mild stress induced
emotional changes in adult mice

To confirm the effectiveness of the CUMS protocol to alter
expression of anxiety and depressive-like behaviors, sucrose preference
was assessed in mice over 3 days (Goodwill et al., 2019). The repeated
measures ANOVA revealed a day effect on sucrose consumption in
CUMS compared to control group (F(2,18)=3.82, p=0.04). More
precisely, CUMS mice showed a significant reduction of sucrose
consumption at D2 and D3 compared to controls (unilateral one
sample t-test D1 p=0.6; D2 p=0.006; D3 p=0.03; Figure 1A).

To assess the impact of CUMS on the level of anxiety-like
behaviors, mice were tested on two standard behavioral assays, the
Light/Dark Box and the OpenField. The Light/Dark Box test relies on
the relative time spent exploring each of the two compartments (one
illuminated and the other dark). A decrease in time spent in the
illuminated compartment is used as a measure of increased of anxiety-
like behavior. Results showed that the CUMS group spent less time in
the illuminated compartment compared to the control group
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(unpaired unilateral ¢-test, p=0.02; permutation test, p=0.03, 100,000
permutations; Figure 1B), suggesting a higher level of anxiety in
CUMS mice. Similarly, the middle of the OpenField, is generally
considered more anxiogenic. Thus, the amount of time that the animal
spent in the inner zone (center) of the setup, and the number of entries
into center was used as an index of anxiety-like behavior. Here, no
significant differences were found between CUMS and control mice
(unpaired t-test, p=0.96 and p=0.93 respectively; Figures 1Ci,ii). As
additional measures, CUMS mice spent a similar amount of time to
control animals grooming (unpaired t-test, p=0.25; Figure 1Ciii).
We observed an increase in time spent rearing (unpaired t-test,
p=0.005; permutation test, p<0.0001, 100,000 permutations;
Figure 1Civ) and a decrease of latency to rear (unpaired t-test,
p=0.0003; permutation test, p=0.001, 100,000 permutations;
Figure 1Cv) in CUMS compared to control mice. To ensure that these
effects were not due to changes in locomotor activity, we assessed the
total distance travelled by animals in the OpenField for the two groups
and found no difference between control and CUMS groups (unpaired
t-test, p=0.44; Figure 1Cvi). Taken together, these results suggest that
CUMS influences multiple aspects of anxiety and depressive-
like behavior.

Chronic unpredictable mild stress induced
alterations in odor hedonics

Odor hedonics were automatically assessed using an odor preference
test (Mandairon and Linster, 2009), and the time the mouse investigated
the odorants was used as an index of odor hedonics (Kermen et al., 2016;
Midroit et al., 2021; Figure 2 and Supplementary Figure 1) As expected,
investigation time of pleasant odorants was higher compared to
unpleasant ones in control mice (2-ways-ANOVA, odor effect:
F(1.36)=5.039, p=0.03; Bonferroni post-hoc test, p=0.02; Figure 2).
Interestingly, we observed a significant effect of experimental group
(CUMS versus control: 2-ways-ANOVA; F(1.36)=8.035, p=0.007) and
an interaction (F(1.36)=4.2, p=0.04) indicating that the effect of the
experimental group depends on the odor hedonic value. In particular, the
investigation time of the pleasant odorants was lower in the CUMS group
compared to the control one (Bonferroni post hoc test, p=0.007; Figure 2)
while the investigation time of the unpleasant odorants remained
unchanged (Bonferroni post hoc test p=0.9; Figure 2).

Chronic unpredictable mild stress altered
adult neurogenesis and reduced the
density of adult-born cells responding to
pleasant odorants in the OB

We then tested whether the altered odor hedonic perception after
CUMS protocol was associated with changes in olfactory neurogenesis.
To do this, we labelled a cohort of adult-born cells integrating in the
OB during CUMS protocol by injecting BrdU 20days after the
beginning of the CUMS procedure. This delay allows neuroblasts to
migrate from the subventricular zone to the OB and integrate into the
pre-existing neural network. We assessed adult-born cell density in the
granule cell layer. We found a lower density of BrdU-positive cell in the
OB in CUMS compared to control group (unpaired bilateral ¢-test,
p=0.006; permutation test, p=0.0043, 924 permutations; Figure 3A).
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FIGURE 1
CUMS protocol impacted the mouse emotional behavior. (A) The percentage of sucrose consumption was lower at d2 and d3 in CUMS compared to
control (Ctrl) mice. (B) The CUMS mice showed a significant decrease of time spent in the illuminated compartment compared to the control group in
the Light/Dark Box test. (Ci) No difference was found between groups in terms of time spent. (Cii) nor number of entries in the center of the OpenField
apparatus. (Ciii) The CUMS mice showed similar levels of grooming to controls, (Civ) however they displayed more rearing, (Cv) and reared sooner
than control mice. (Cvi) Locomotion of mice was not altered by CUMS. Points represent individual data means + s.e.m. Statistical significance depicted
as ***p <0.001, **p <0.01, and *p < 0.05. n = 10/group.

We then assessed the effect of CUMS on the activity of adult-born
neurons responding to pleasant versus unpleasant odorants by
analyzing c-Fos expression in BrdU labeled cells 1h following
stimulation with either a hedonically pleasant or unpleasant odorant.
Using 2-way-ANOVA, we found an effect of experimental group
(F(1.36)=19.837, p=0.0007), of odor hedonics (F(1.36)=5.039,
p=0.03) and an interaction (F(1.36) =6.634, p=0.02) indicating that
the effect of the experimental group depended on the odor hedonics.
Specifically, we found that while the percentage of double labelled
BrdU/c-Fos cells is not different between the two experimental groups
in response to unpleasant odorant (Bonferoni post-hoc test, p=0.3;
Figure 3B), a lower percentage of double labelled cells was found in
response to pleasant odorant in CUMS compared to control group
(Bonferoni post-hoc test, p=0.0002; Figure 3B). This was not due to an
overall decrease in neuronal activity in the OB of CUMS animals.
Indeed, when assessing the density of c-Fos+/BrdU-labeled cells), a
2-way-ANOVA revealed no effect of experimental group
(F(1.13)=0.45, p=0.51), nor of the hedonic value of odorants
(F(1.13)=0.972, p=0.7) (Figure 3C). Thus, the decrease in BrdU/c-Fos
double labelling reflects less involvement of adult-born neurons in
processing pleasant odorants in CUMS group, and not an overall
decrease in sensitivity of CUMS animals to pleasant odorants.
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Discussion

In the current experiments, the CUMS paradigm evoked patterns
of behavior consistent with increased anxiety and depressive-like
behavior and also altered olfactory hedonics. Specifically, our findings
confirmed that CUMS induced depressive-like state, with evidence of
anhedonia in the sucrose preference test. We also observed an
increased anxiety-like behavior in the Light/Dark Box test and the
assessment of rearing behavior in the open field. Importantly, we made
the novel observation that that CUMS altered odorant hedonics by
specifically lowering interest for pleasant odorants. To date, the focus
of studies assessing the effect of stress and depression on olfactory
perception focus on threshold or intensity (Schablitzky and Pause,
2014). Here, in order to focus on odor hedonics, we chose the strategy
of using largely supraliminal concentration of odorants so that the
mice, even if they had an altered threshold for odor detection, could
still detect the odorant. This is confirmed by the fact that the level of
investigation of unpleasant odorants is the same for control and
CUMS mice. In addition, simple discrimination is known to
be unaffected by chronic stress (Athanassi et al., 2021). While olfactory
hedonics is almost never studied in rodent models of stress, several
studies in humans have found that pleasant odorants were perceived
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CUMS protocol altered the perception of pleasant odorants. (Top)
Experimental set up. (Bottom) (Ctrl) mice spent more time
investigating pleasant odorants compared to unpleasant ones. Odor
investigation time of the unpleasant odorants was similar between
control and CUMS mice while it was reduced for the pleasant
odorants in CUMS compared to control group. Points represent
individual data means + s.e.m. Statistical significance depicted as
*p < 0.05. n=10/group.

as less pleasant in patients with depression (anhedonia) and
unpleasant ones perceived as more unpleasant (negative alliesthesia)
(Atanasova et al., 2010; Naudin et al., 2012; Kazour et al., 2020). In the
present study, no difference between control and CUMS groups were
found in response to unpleasant odorants suggesting a specific effect
of CUMS on the perception of pleasant odorant but a preserved
avoidance behavior for unpleasant odorants.

A neural signature of odor hedonics is believed to reside in the
granule cell layer of the OB (Kermen et al., 2016). As OB granule cells
are born throughout life, we investigated the impact of CUMS on
adult neurogenesis. More specifically, we studied the impact of CUMS
on the density of adult-born in the OB and their response to odorants
to test a possible neural bases for observed effects on olfactory
hedonics. First, our results showed that CUMS decreased the density
of adult-born neurons in the OB. The lower cell density in the OB
could be the result of a reduction of adult-born cell survival in the OB
and/or of cell proliferation in the subventricular zone. Here, the time
course of labeling was designed to assess aggregate effects on
proliferation, integration, and survival of newly born cells, but did not
test for selective effects on proliferation. Thus, the contribution of
CUMS effects on proliferation versus survival remains open since
other studies using various stressors showed different effects on
olfactory proliferation (Yang et al., 2011; Belnoue et al., 2013; Siopi
etal,, 2016; Czarnabay et al., 2019; Wang et al., 2022). The diversity of
findings may indicate that the impact of stress on neurogenesis may
rely on either discrete (proliferation vs. survival) or synergistic
(proliferation and survival) mechanisms in the OB as well as the
hippocampus since in the hippocampus, neurogenesis levels and more
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specifically cell proliferation is altered after stress (corticosterone
injections), or CUMS (Guo et al.,, 2009; Roni and Rahman, 2015;
Huang et al., 2019; Li et al., 2021, 2022; Parul et al., 2021). Here, we did
not test for changes in hippocampal neurogenesis in our model. While
some olfactory associative tasks may involve the hippocampus (Kesner
etal, 2011), many of them do not and do not modulate hippocampal
neurogenesis (Kaut and Bunsey, 2001; Kaut et al., 2003; Sultan et al.,
2010,2011; Mandairon et al., 2011). Moreover, the olfactory preference
task that we use here is a spontaneous olfactory task that do not rely
on learning or recall. Thus, even though many studies have found
alterations in hippocampal neurogenesis by CUMS, there is no
evidence that hippocampal recruitment is involved in olfactory
preference testing. Thus it is unlikely that CUMS effects on
hippocampal neurogenesis explain olfactory anhedonia.

Interestingly, hippocampal (Huang et al., 2019) and bulbar (Lledo
et al., 2006; Hitoshi et al., 2007; Siopi et al., 2016) neurogenesis are
restored after anti-depressive treatment. It would be interesting in this
context to assess the effect of anti-depressive treatment on
olfactory hedonics.

Here, we provided evidence of impaired activity of adult-born
granule cells in response to pleasant but not unpleasant odorants after
CUMS. Indeed, stressed animals not only displayed lower neurogenesis
but also a weaker integration of these cells to the mature network of adult-
born granule cells processing pleasant odorants specifically. This suggests
that adult born neurons involved in processing pleasant but not
unpleasant odorants are not correctly integrated. This suggests a specific
sensitivity of OB sub circuits that underlie response to pleasant odorants
and could be due to a vulnerability of olfactory sensory neurons
recognizing specific molecular features of pleasant odorants and/or a
vulnerability of feedback projections to the OB that may modulate
survival of newly born cells. This alteration of odor hedonics and bulbar
neurogenesis is consistent with recent studies revealing a link between
adult-born neuron activity in the hippocampus and hedonic behavior
with alleviated depression-like behaviors and an increased resilience
against chronic stress when the activity of adult-born neurons is increased
(Anacker et al., 2018; Rawat et al., 2022). Finally, granule cells coding for
olfactory hedonics regulate mitral cell activity projecting directly to the
olfactory tubercle, another key structure of odor hedonics (Midroit et al.,
2021). Therefore, any functional alterations of adult-born granule cells in
the OB would modulate olfactory processing in the OB and possibly also
one of its direct targets, the olfactory tubercle, contributing to odor
hedonic impairment.

Olfactory perception and emotional behavior have a bidirectional
relationship with olfactory disturbances leading to behavioral profiles
indicative of depression-like state in rodents and humans and vice-
versa (Atanasova et al., 2008; Croy and Hummel, 2017; Taalman et al.,
2017; Rochet et al., 2018). Since the OB is tightly linked to the limbic
system whose structures are involved in emotional regulation, changes
in OB outputs can also modify emotional circuit functioning and
behavior (Eiland et al., 2012; Ma et al., 2021). Conversely, alteration of
structures of the emotional circuit after stress, like the amygdala,
which projects to the OB granule cells (Wen et al., 2019), can lead to
change in olfactory processing and perception. Altogether, this may
explain why the olfactory perception can be a marker of depression
(Croy and Hummel, 2017). Finally, strategies increasing adult
hippocampal neurogenesis can alleviate anhedonia (Eliwa et al., 2021),
leading to questions about whether a similar mechanism could be
employed in the olfactory bulb.
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CUMS protocol altered adult-born survival and the activity of adult-neurons involved in pleasant odorant processing. (A) The density of BrdU-positive
cells was lower in CUMS compared to controls. (B) The percentage of BrdU-positive cells responding to pleasant odorants was lower in CUMS mice
compared to controls while no difference was found in response to unpleasant odorants. (C) The density of c-Fos + cell is similar between groups and
hedonic value of odorants. (D) Photo of BrdU* cells (red arrows), c-Fos + cell (green arrows) and BrdU+/c-Fos + double-labelled cells (white arrows).

Points represent individual data means + s.e.m. Statistical significance depicted as **p <0.001. n =5 control and 4 CUMS mice stimulated with pleasant
odorants and n =3 control and 4 stressed mice stimulated with unpleasant odorants.
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In summary, these represent the first study linking CUMS with
altered hedonic processing of odorants, a phenotype that is associated
with increased anxiety and depressive-like behavior. We provide
novel data indicating that CUMS effects on either integration and
activity of adult- born cells may underlie alterations in olfactory
hedonics. However, more specific characterization of the activity and
interaction of adult-born and pre-existing neurons would be an asset
to better understand the mechanistic underpinnings of the altered
odor hedonics observed here. Such change in OB activity could
contribute significantly to our understanding of the mechanisms of
hedonic disturbance of olfactory signals in human population and
their contribution to either symptom presentation or worsening
quality of life in depressed populations. In addition to enhancing our
understanding of the mechanisms underlying impairments in
pleasant odor perception in depression, our findings could provide
useful information to set up more naturalistic, non-pharmacological
approaches to improve olfactory perception, and thereby overall
well-being of individuals who have suffered from chronic stress.
Indeed, by demonstrating a specific effect of CUMS on positive odor
hedonics, future studies could focus on the effects of olfactory
training on the hedonic response to odors in order to assess if its
effects are mediated by an increase in olfactory hedonic perception.
Furthermore, fostering training with consensual pleasant odorants
could be more efficient in improving mood disorders in humans,
than previous studies using odorants without considering their

hedonic value (Umezu, 1999; Ceccarelli et al., 2004; de Almeida
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2004; Tokumo et al., 2006; Faturi et al.,
Cryan and Sweeney, 2011;

etal., 2022).

etal., 2010; Linck et al.,

2018;

2010;
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Aging is associated with impairments in learning, memory, and cognitive flexibility,
as well as a gradual decline in hippocampal neurogenesis. We investigated the
performance of 6-and 14-month-old mice (considered mature adult and late
middle age, respectively) in learning and memory tasks based on the Morris water
maze (MWM) and determined their levels of preceding and current neurogenesis.
While both age groups successfully performed in the spatial version of MWM
(sSMWM), the older mice were less efficient compared to the younger mice when
presented with modified versions of the MWM that required a reassessment of
the previously acquired experience. This was detected in the reversal version of
MWM (rMWM) and was particularly evident in the context discrimination MWM
(cdMWM), a novel task that required integrating various distal cues, local cues,
and altered contexts and adjusting previously used search strategies. Older mice
were impaired in several metrics that characterize rMWM and cdMWM, however,
they showed improvement and narrowed the performance gap with the younger
mice after additional training. Furthermore, we analyzed the adult-born mature
and immature neurons in the hippocampal dentate gyrus and found a significant
correlation between neurogenesis levels in individual mice and their performance
in the tasks demanding cognitive flexibility. These results provide a detailed
description of the age-related changes in learning and memory and underscore
the importance of hippocampal neurogenesis in supporting cognitive flexibility.

adult-born neurons, aging, cognitive flexibility, hippocampal neurogenesis, neuronal
maturation, search strategies, spatial learning

Introduction

In humans and animals, aging is associated with a gradual impairment of learning, memory,
and executive function (Salthouse, 2009; Samson and Barnes, 2013; Nyberg and Pudas, 2019;
McQuail et al., 2020). Aging is also associated with a decrease in cognitive (behavioral)
flexibility - the ability to switch between mental tasks, adapt to new environments, and adjust
strategies in response to changing circumstances. Cognitive flexibility is a critical component of
the executive function and deficits in cognitive flexibility may contribute to age-related
cognitive decline.
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Not all cognitive functions show deterioration with age, as certain
aspects such as procedural, automatic, and verbal memory tend to
be preserved during normal aging (Nyberg and Pudas, 2019; McQuail
et al,, 2020). Furthermore, the decline in certain cognitive functions
can be partially mitigated by increased learning and cognitive training.
While a wide range of specialized tests can detect subtle age-related
changes in cognitive performance in humans, there is a limited
repertoire of such tests available for animal models, such as rodents.
As a result, certain nuanced features affected by aging may go
unnoticed due to the lower resolution of behavioral tasks designed
for animals.

Another hallmark of aging is the decrease in production of new
neurons in the dentate gyrus (DG) of the hippocampus, a brain region
that supports neurogenesis in humans and animals long after birth
(Kuhn et al., 1996; Encinas et al, 2011; Boldrini et al., 2018;
Kempermann et al., 2018; Pilz et al., 2018; Shetty et al., 2018; Sorrells
et al., 2018; Lazutkin et al., 2019; Tobin et al., 2019; Toda et al., 2019;
Urban et al., 2019; Bottes et al., 2021; Ibrayeva et al., 2021; Wu et al.,
2023). Adult-born hippocampal neurons are believed to play diverse
roles, including their involvement in distinguishing subtle differences
in familiar contexts (pattern separation), supporting behavioral
flexibility, and promoting active forgetting (Saxe et al., 2006; Clelland
et al,, 2009; Arruda-Carvalho et al, 2011; Sahay et al, 2011b;
Burghardt et al., 2012; Niibori et al., 2012; Tronel et al., 2012; Aimone
et al,, 2014; Akers et al., 2014; Epp et al., 2016; McAvoy et al., 2016;
Anacker and Hen, 2017; Toda et al., 2019; Yu et al., 2019; Lods et al.,
2021; Koehl et al., 2022). A growing body of evidence indicates that
decreased hippocampal neurogenesis is associated with impaired
performance in a variety of learning and memory tasks [e.g., MWM
and contextual fear conditioning (Hernandez-Mercado and Zepeda,
2021)]; moreover, experimental enhancement of neurogenesis has
been shown to improve performance in relevant cognitive tests (Sahay
et al,, 2011a; McAvoy and Sahay, 2017; Berdugo-Vega et al., 2020;
Montaron et al., 2020).

In this study we aimed to investigate whether the effects of aging
can be detected using a novel set of tasks that we developed to assess
changes in cognitive flexibility in mice (Amelchenko et al., 2023).
We show that aging leads to the adoption of ineflicient and spatially
imprecise search strategies, resulting in impaired learning; however,
this deficiency can be overcome through an extended training period.
Furthermore, we sought to characterize the decline in production of
neural stem and progenitor cells that accompanies aging. We found a
pronounced correlation between the levels of immature and mature
neurons in the dentate gyri of individual mice and their performance
in tasks that require cognitive flexibility. Thus, our study reveals
age-dependent impairment of several features that characterize
learning, memory, and cognitive flexibility in mice and provides
evidence for a correlation between adult hippocampal neurogenesis
and cognitive flexibility.

Materials and methods
Mice
Adult male Nestin-CFPnuc mice (Mignone et al., 2004; Encinas

et al., 2006; Enikolopov et al., 2015) maintained on C57BL/6]
background, were used for all experiments. Prior and during the
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experiment, mice were housed in groups of 2-4 animals per cage
under standard conditions with 12/12 h light-dark cycle, in cages
36x21x13.5 cm, with food and water available ad libitum. All
experiments were conducted in compliance with the requirements,
regulations, and guidelines issued by the National Institutes of Health
and Stony Brook University.

We examined mice of different ages, dividing them into two
groups. The first group consisted of mice that were 6 months old at the
start of the behavioral training sessions (referred to as the 6MO group,
n = 13). The second group consisted of mice that were 14 months old
at the start of the behavioral training sessions (referred to as the 14MO
group, n = 15). The same animals from the 6MO and 14MO groups
were used for all experiments.

Cell labeling

To label dividing cells in the brain, experimental animals were
injected with 5-ethynyl-2’-deoxyuridine (EdU, 123 mg/kg, Invitrogen,
USA) intraperitoneally (Podgorny et al., 2018; Ivanova et al., 2022) 6
weeks before behavioral training. After the injection, all mice were
returned to their home cages and housed under conventional
conditions before the beginning of behavioral experiments.

Morris water maze training

Mice were transferred from the animal facility to the experimental
room 1 h prior to the beginning of the experimental procedures. The
mice were subjected to three consecutive Morris water maze-
(MWM)-based tasks: spatial MWM (sMWM), followed by reversal
MWM (rMWM), which was followed by context discrimination
MWM (cdMWM). For the training in the sMWM (Figure 1), animals
were presented with a circular pool (120 cm in diameter) made of blue
plastic (Noldus, the Netherlands). The water was made opaque with
non-toxic white paint and maintained at 23-24°C. Several distal cues
were affixed to the walls surrounding the pool. Each mouse performed
five 60 s trials per day, with 30 min inter-trial intervals, for five
consecutive days, with the objective to locate a submerged platform
positioned 0.5 cm below the water surface in one of the virtual
quadrants (the target quadrant, T). At the beginning of each trial, a
mouse was released into the pool from one of three virtual quadrants
that did not contain the platform. If a mouse failed to find the
platform, the experimenter gently guided it to the platform. The
mouse was allowed to remain on the platform for 30 s. The platform
position remained constant throughout the five training days. On day
6, the mice underwent a spatial memory test involving swimming for
60 s in the pool without the platform.

Training in rIMWM (Figure 1) started 2 h after the sSMWM
memory test. The hidden platform was reintroduced to the pool but
was placed in the quadrant opposite to that used during SMWM
training. The distal cues on the walls remained the same and were
located at the same positions relative to the pool. The mice were given
three additional days to learn the new platform location. The overall
procedure was identical to that described for sMWM. On day 9, the
mice were subjected to a 60 s memory test without the platform.

c¢dMWM training (Figure 1) began 2 h after the rMWM memory
test (day 9). The same blue plastic pool and the same distal cues on the
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FIGURE 1

Experimental timeline. Mice were trained in succession of three
tasks: spatial MWM (sMWM) learning - days 1-5, sSMWM memory
test — day 6; reversal MWM (rMWM) learning — days 6—-8, IMWM
memory test — day 9; context discrimination (cdMWM) learning in
daily alternating blue (B) and white (W) pools with a pair of local cues,
that context-dependently signaled platform location — days 9-14,
cdMWM memory tests in the blue and white pools — day 15. Blue
ring represents the blue swimming pool, white ring represents the
white swimming pool, small grey circle represents platform location,
note different platform location in different tasks; yellow star and
green triangle represents local cues introduced for training in the
cdMWM task.

walls were used. The platform was relocated to a new quadrant and
two local cues (beacons) — a yellow rubber ball and a multicolor
pyramid - were suspended 20 cm above the water surface. One beacon
was placed above the platform (the goal cue), while the other was
positioned above the opposite quadrant (the false cue). On the
following day (day 10), each mouse was placed in a pool identical to
the blue pool except it was constructed from white plastic. This pool
was located in the adjacent room with different distal cues on the
walls. Two beacons identical to those used in the blue pool (a ball and
a pyramid) were suspended above the pool, but the goal cue and the
false cue were switched, i.e., if the ball indicated the platform location
in the blue pool, it served as the false cue in the white pool, while the
pyramid became the new goal cue. The assignment of beacons
indicating the platform location was counterbalanced between the
pools: for half of the animals in each group in a particular pool the
goal cue was the ball, whereas for the other half in the same pool
the goal cue was the pyramid. Therefore, to choose the correct local
cue indicating the platform location, each mouse needed to
discriminate among the contextual factors of the room, pool color, and
distal cues. Each mouse underwent five daily sessions lasting 60 s each,
and after reaching the platform was allowed an additional 30 s on the
platform. The pools were alternated daily for six days (day 9 through
day 14). On day 15, the mice underwent 60 s memory tests in the blue
and white pools, separated by a 2 h interval. The timeline of the tasks
is depicted in Figure 1.

Behavioral parameters and analysis

Animals’ behavior was recorded with the video camera mounted
above the pool. For behavioral tracking, EthoVision XT, versions 8 and
17 (Noldus, the Netherlands) was used, and the following behavioral
parameters were extracted from the video: escape latency — time to
reach the platform in training trial; fraction of time spent in each
quadrant (in %) in the memory test. For the classification analysis of
the search strategies, we used the Pathfinder software (Cooke et al.,
2019). Raw tracking files with xy coordinates over time were extracted
from the EthoVision XT and uploaded to the Pathfinder. The following
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parameters, empirically determined for our combination of the pool
and platform size and location were used: Goal Position (x,y): varied
between SMWM, rMWM, cdMWM; Goal Diameter (cm): 10; Maze
Diameter (cm): 120; Maze Centre (x,y): 0,0; Angular Corridor Width
(degrees): 20; Chaining Angular Width (cm): 15; Thigmotaxis Zone
Size (cm): 15. A trial was truncated when the animal reached goal
location. As a result, each track was assigned to one of the seven search
strategies: direct path, directed search, focal search, indirect search,
scanning, random search, thigmotaxis (from the most spatially precise
and efficient to the least one). In wild-type healthy rodents, learning
leads to a decrease of the fraction of inefficient, spatially imprecise
search strategies (presumably, hippocampal-independent) and is
accompanied by an increase of the fraction of more efficient, spatially
specific, and, presumably, hippocampal-dependent, strategies
(indirect search, focal search, directed search, direct path) (Garthe
etal,, 2009, 2014, 2016; Cooke et al,, 2019). The repertoire of strategies
used in every trial was presented as a percentage of each strategy used
by animals for each group. The ideal path error (IPE) extracted from
the Pathfinder output file was calculated as follows: the summed error
of the search path (cm) = the cumulative actual path distance (cm) - the
cumulative ideal path (cm). This parameter served as another metric
to characterize effectiveness of search strategies: the IPE is expected to
be lower if mostly spatially precise strategies were used, and higher if
mostly spatially imprecise strategies were used. The preference score
was calculated as the time spent in the target (T) quadrant divided by
the cumulative time spent in both the T quadrant and the opposite (O)
quadrant: (time in T) x 100/(time in T + time in O) was used to directly
compare the quadrant discrimination between the experimental
groups. The correct first choice (CFC) score was calculated by
subtracting the latency to reach the goal cue from the latency to reach
the false cue.

Immunohistochemistry

After the completion of behavioral testing, mice were deeply
anesthetized with a mixture of Zoletil 100 (40 mg/kg) and xylazine (5
mg/kg) and transcardially perfused with 30 mL of ice-cold PBS
followed by 30 mL of 4% paraformaldehyde (PFA) in phosphate buffer
(PBS), pH 7.4. Brains were removed from the skull and postfixed in
4% PFA overnight at 4°C. The following day, the brains were
transferred into PBS and stored until sectioning. Free-floating 50
pm-thick sagittal sections were obtained using a Leica VT1000S
vibratome (Leica, Germany). The sections were collected in PBS and
kept in PBS at 4°C or in cryoprotectant (1 volume of ethylene glycol,
1 volume of glycerin, and 2 volumes of PBS) at —20°C until staining.
For permeabilization and blocking, sections were incubated in a
solution containing 2% Triton-X100 in PBS (2% TBS) and 5% normal
goat serum (Abcam, USA, ab7481) for 1 h at room temperature on a
rocking platform. Next, the sections were incubated with primary
antibodies in 0.2% TBS and 3% normal goat serum overnight at room
temperature on a rocking platform. After washing three times in 0.2%
TBS, sections were incubated with secondary antibodies in 0.2% TBS
and 3% normal goat serum for 2 h at room temperature in darkness
on a rocking platform. The following antibodies were used: guinea pig
anti-DCX (1:2000, Millipore, USA, AB2253) and goat anti-guinea pig
AlexaFluor 647 (1:500, Molecular Probes, USA, A21450); mouse anti-
NeuN (1:1000, Millipore AB377) and goat anti-mouse AlexaFluor 488

frontiersin.org


https://doi.org/10.3389/fnins.2023.1232670
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Amelchenko et al.

(1:400, Molecular Probes, A32723). After three washings in 0.2% TBS,
the click reaction was performed with AlexaFluor 555 Azide,
triethylammonium salt (Invitrogen, USA, A20012) according to Salic
and Mitchison (2008) and Ivanova et al. (2022). After three washes in
0.2% TBS and three washes in PBS, the sections were glass-mounted
using Fluorescent Mounting Medium (DAKO, USA, $3023). The glass
slides were dried horizontally overnight at room temperature in
darkness, then stored at 4°C until imaging.

Imaging and cell counting

Cell counting was performed by means of design-based stereology
(Encinas and Enikolopov, 2008). One brain hemisphere was randomly
selected for each animal. The hemisphere was sagittally sectioned in
the lateral-to-medial direction, from the beginning of the lateral
ventricle to the midline, thus covering the entire DG region. The
sections were 50 pm thick and were collected in six parallel sets; thus,
each set was comprised of sections that were 300 pm apart from each
other in the brain. One set of 8-9 sections on average, covering the
DG, was used for cell counting. The sections were imaged using a
spinning-disc confocal microscope (Andor Revolution WD, Oxford
Instruments, UK) with the iQ 3.1 software (Oxford Instruments, UK)
and a 20x NA 0.75 objective (Nikon, Japan). All images were imported
into Imaris software (v.7.6.4, Bitplane, UK) and cells were counted
manually by an experimenter who was blinded to the group
assignment. The cell counts for the section set were averaged,
normalized to the average number of sections from all animals, and
then multiplied by 6 and by 2 (the number of wells and hemispheres,
respectively) to represent the total number of cells per two hippocampi.

To control the validity of cell counts, we compared the impact of
between-sample variability of cell counts (i.e., the variance of cell
counts within a set of brain sections from the same animal) with the
impact of between-animals variability. We calculated the mean
coeflicient of error (CE) for the mice and compared it to the group
variance (CV) (Slomianka am% West, 2005; Basler et al., 2017;

mean CE| ampling
CVgroup
indicate that between-sample variability in cell counts contributed less

Slomianka, 2021). A ratio less than 0.5 would

than 50% to the overall variability between the animals, a value
considered to be acceptable as a measure of the results’ validity in most
cases (Slomianka, 2021).

Statistical analysis

Statistical analysis was performed using Prism (version 6.04,
GraphPad Software, USA) and SPSS (version 28.0.0, IBM, USA).
We used unpaired (independent samples, repeated measures) design
for the experiments. For the analysis of escape latencies we used
two-way repeated measures ANOVA followed by multiple
comparisons with Sidak’s correction, with a family-wise significance
level set to 0.05 (a = 0.05). For the analysis of the effect of age on the
search strategies, we used Generalized Linear Mixed Model (GLMM).
The response variable was the strategy used by an animal to reach
platform in each trial. If a spatially precise strategy (direct path,
directed search, focal search, indirect search) was used, it was scored
“17; if a spatially imprecise strategy (scanning, random search,
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thigmotaxis) was used, it was scored “0 Age and the day of training
were the predictor variables; subjects (individual animals) were added
to model a random effect. A separate GLMM analysis was conducted
for each of the MWM tasks. The results were presented as odds ratio
(OR) of using precise search strategies over imprecise search strategies
in the aged (14MO) group compared to the mature adult (6MO)
group; a significant difference for the between-group pairwise
comparison was determined with Bonferroni correction. The ideal
path error (IPE) data were analyzed with two-way repeated measures
ANOVA followed by multiple comparisons with Sidak’s correction.

To assess the distribution of time spent in quadrants in the test
trials for uniformity we applied the Dirichlet distribution, using the
“Dirichlet package” (Maugard et al., 2019). If the distribution was
found to diverge from a uniform distribution, we performed post-hoc
single sample t-tests with Bonferroni correction to compare the
percentage of time spent in a particular quadrant with a theoretical
value of 25%. The average distributions of the track points (mouse
locations) in the test trials were represented as heatmaps generated in
Ethovision XT. For the preference score (transformed with probit
function from non-normally distributed data to normally distributed)
and the CFC score analysis, we used Mann-Whitney #-test.

For the cell counts, we used Mann-Whitney f-test, with a
significance level set to 0.05 (a = 0.05). A total of 10 mice from the
6MO group and 14 mice from the 14MO group were examined. In the
6MO group, one animal had pronounced hydrocephaly and was
excluded from the analysis. The brain sections from two other animals
showed unexpectedly high number of DCX* cells [three-fold higher
than in the other 24 animals; values identified as outliers using the
ROUT method (Motulsky and Brown, 2006)] and were excluded from
the further cell count analysis. In the 14MO group, sections from one
animal were damaged during staining and processing and could not
be included in the cell number analysis. Of note, these four mice did
not differ significantly from the remaining mice in each of the
behavioral tests.

To assess potential joint variation of individual behavioral
parameters and neurogenesis, we performed correlation analysis.
We used (a) escape latencies (averaged across five training trials) or
cumulative number of precise search strategies used by individual
mice on specific days of training (ranging from 0 - if a mouse did not
use any of precise search strategies in each of five training trials, to
5 — if a mouse used only precise search strategies in each of five
training trials), and (b) cell counts (DCX* and EdU"NeuN*DCX' cells
per DG) for the same animals. We used Spearman rank correlation
(following D’Agostino & Pearson omnibus normality test), with a
significance level set to 0.05 (& = 0.05).

Graphs were plotted in Prism, the “Dirichlet package,” and
Ethovision XT. Images were obtained in Imaris. Final figures were
prepared in Inkscape 1.1.

Results
Experimental design

To investigate the effects of aging on learning, memory,
behavioral flexibility, and neurogenesis, we focused on two age

groups: mice that are considered mature adult (6 months old, the
6MO group) and those considered to be of late middle age (14
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months old, the 14MO group), i.e., on the ages before the overt
manifestation of impairments characteristic of old age (Flurkey et al.,
2007). We assessed the animals’ performance in a series of consecutive
MWM tasks designed to evaluate various behavioral domains and
analyzed several parameters to quantify the age-related changes
(scheme in Figure 1). Additionally, we tagged dividing cells using the
thymidine analog EAU, administered 6 weeks prior to the start of the
MWM series.

Both the 6MO and 14MO groups were first trained for 5 days to
locate a hidden escape platform in the standard spatial MWM
(sMWM) task (Figure 1). On day 6, the platform was removed, and a
memory test was conducted. Next, the same animals underwent 3
days of training (days 6-8) in the reversal MWM (rMWM) task where
the platform was moved to the quadrant opposite to that used in the
sMWM task. Following another memory test without the platform on
day 9, the mice underwent training for 6 days (days 9-14) in the
context discrimination MWM (cdMWM), with the color of the pool
(blue and white) and the position of the beacons (a ball and a pyramid)
alternating daily. The training in cdMWM was followed by memory
tests in both pool configurations, with the platform removed. To
evaluate the overall fitness of the animals for the task series,
we measured an average swimming speed on days 1, 6, and 10 of
training and found no significant differences between the 6MO and
14MO groups, indicating comparable locomotor activity of the mice
of both ages (Figure 2).

Learning, search strategies, and memory in
the sMWM, rMWM, and cdMWM tasks in 6-
and 14-month-old mice

sMWM

Both groups of mice successfully learned the platform location, as
evidenced by a significant reduction in escape latencies throughout
the training period (Figure 3A). Two-way repeated measures ANOVA
indicated a significant effect of the training day (p < 0.0001), but not
of the animals’ age or the training day X age interaction (p > 0.05 for
both). Post-hoc comparison using SidaKs correction revealed a
decrease in escape latencies from day 1 to day 5 of training in both the
6MO group (p < 0.0001) and the 14MO group (p < 0.0001), indicating
improved performance in the sMWM task for both age groups.

We further analyzed the navigation strategies used by the mice
during the search for the escape platform. For each trial, the overall

10.3389/fnins.2023.1232670

search path was assigned to one of seven distinct search strategies
(Cooke et al., 2019), ranging from inefficient spatially imprecise (e.g.,
thigmotaxis and random search), to highly efficient spatially precise
(e.g., directed path, directed search and focal search). Over the 5 days
of sSMWM training, both groups showed an increase in the proportion
of spatially precise search strategies and a decrease in spatially
imprecise strategies (Figure 3B).

As another approach to characterize the use of different search
strategies by the 6MO and 14MO groups, we applied Generalized
Linear Mixed Model (GLMM) analysis to determine the relationship
between the outcome variable (search strategy) and predictor variables
(age and day of training). The GLMM did not reveal a significant effect
of the training day X age interaction (p = 0.990) or of age alone (p =
0.895), but it did indicate a significant effect of training day (p < 0.001)
(Figure 3C). Thus, in the sSMWM task, the age of the animals did not
affect the odds of using spatially precise search strategies compared to
spatially imprecise strategies.

As yet another measure of the efficiency of the platform search,
we determined the ideal path error (IPE), which represents the
difference between the ideal path (a straight line from the release site
to the platform) and the actual path taken by the mouse during the
search. Both groups showed a significant decrease in the IPE from day
1 to day 5 of the sSMWM task (effect of training day: p < 0.0001), with
no effect of age (p = 0.1269), or the training day X age interaction (p
= 0.8977) (Figure 3D). This indicated improved performance during
learning, without significant difference in IPE between the 6MO and
14MO groups.

We next assessed the performance of the mice in the memory test
by examining whether the time spent searching the platform was
uniformly distributed between the quadrants. Using the Dirichlet
distribution to account for the constant-sum constraints of the MWM
test (Maugard et al., 2019), we found that in both age groups the
distribution of time spent in the four quadrants significantly deviated
from a uniform distribution (6MO: p < 0.0001; 14MO: p < 0.0001,
Bonferroni correction applied here and later) (Figure 3E). Post-hoc
single sample ¢-tests revealed that the mice spent more time in the
target (T) quadrant than would be expected by chance (25%) (6MO:
P <0.0001; 14MO: p < 0.0001). Heatmaps depicting the average spatial
distributions of the track points (i.e., mouse locations in the pool
during the sessions) further confirmed that mice from both age
groups localized their search to the general area of the platform
(Figure 3E). Lastly, to compare the ability of the two groups to
discriminate the quadrants, we calculated quadrant preference scores

Day 6, trial 1 Day 10, trial 1
25.0
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Average swim speed measured in course of training
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Behavior in spatial MWM (sMWM) of 6-month-old (6MO, n = 13) and 14-month-old (14MO, n = 15) mice. (A) Escape latencies (time to reach a hidden
platform) during training; ****p < 0.0001 for each of two groups, ns — p > 0.05 (two-way ANOVA, multiple comparisons with Sidak's correction), data
presented as Mean + SEM; (B) Search strategies in sSMWM; each block of stacked bars indicates strategies used for the 5 trials for each day; (C) Odds
ratio of spatially precise strategies use in 14MO compared with the 6MO in SMWM; ns — p > 0.05 (p values determined by fitting a generalized linear
mixed effect model with binomial distribution); (D) Ideal path error (IPE) in SMWM; ****p < 0.0001 for each of two groups, ns — p > 0.05 for effect of
age (two-way ANOVA, multiple comparisons with Sidak’s correction), data presented as Mean + SEM; (E) Time spent in quadrants (in %) during test
following SMWM training; each column represents an animal and each color represents the percent of time spent in each quadrant. Mean value for the
fraction of time spent in each quadrant is represented by a black dash line and the error bar on the mean is approximated with the inverse Fisher
information, ****p < 0.0001, in black symbols the results of Dirichlet distribution analysis are shown, in white symbols the results of post-hoc single
sample t-test comparison (with Bonferroni correction) with the theoretical value 25% are shown; heatmaps represent average distribution of the track
points (mouse locations) in the pool during test trial; (F) Preference score, relative time spent in T quadrant in test, dots represent individual values, ns
— p > 0.05, data presented as Mean + SEM.
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and found no overall difference between the 6MO and 14MO groups
(Mann-Whitney t-test) (Figure 3F). Thus, each of the applied tests
and metrics indicates that spatial learning and memory in the s MWM
task were not impaired in the older mice compared to the
younger mice.

rMWM

We next assessed the re-learning ability of the mice by presenting
them with the IMWM task. A two-way repeated measures ANOVA of
the escape latencies revealed significant effects of the training day (p <
0.0001) and of the animals’ age (p = 0.0033); it did not indicate a
significant interaction between the training days and age (p > 0.05).
Post-hoc comparison with Sidak’s correction showed a decrease in
escape latencies from day 6 to day 8 of training in both the 6MO and
14MO groups (day 8 vs day 6: p = 0.0104 for 6MO and p = 0.0016 for
14MO) (Figure 4A), indicating improved performance in the rMWM
task for both age groups. Furthermore, the between-groups comparisons
showed that the 14MO group had longer escape latency than the 6MO
group on day 6 (p = 0.0263), with a trend toward longer latencies on
days 7 and 8 (p = 0.056 and p = 0.059, respectively) (Figure 4A). These
findings suggest that while both the 6MO and 14MO mice were capable
of learning the new platform location, the 14MO mice exhibited
significant impairment compared to the 6MO mice.

The impaired learning of the 14MO group was further
corroborated by the analysis of search strategies. Initially, both groups
predominantly utilized spatially imprecise strategies (Figure 4B, day 6
trial 1). However, starting from trial 2 on day 6 and continuing on days
7 and 8, the 6MO mice demonstrated a higher reliance on spatially
precise strategies compared to the 14MO mice (Figure 4B).

The GLMM analysis revealed a significant effect of age (p = 0.003),
but no effect of the training day or the training day X age interaction
(p = 0.100 and p = 0.388, respectively) (Figure 4C). The odds ratio
(OR) of using spatially precise over spatially imprecise strategies in the
14MO group compared to the 6MO group were 0.166 (p = 0.005) on
day 6, 0.381 (p = 0.076) on day 7, and 0.366 (p = 0.056) on day 8.

For the IPE, a two-way repeated measures ANOVA revealed a
significant effect of the training day (p = 0.0001) and age (p = 0039),
but not of the day X age interaction (p = 0.0685) (Figure 4D). Further
post-hoc analysis revealed a significantly higher IPE in the 14MO
group than in the 6MO group on days 6 and 7 (p = 0.0098 and 0.0427,
respectively). Together, these metrics indicate a pronounced learning
deficit in the 14MO mice compared to the 6MO mice.

In the memory test, the distribution of time spent in the four
quadrants significantly deviated from a uniform distribution for both
groups (6MO: p < 0.0001; 14MO: p < 0.0001) (Figure 4E). Post-hoc
single sample t-tests demonstrated that in each group mice spent more
time in the T quadrant and less time in the opposite (O) quadrant than
would be expected by chance: p = 0.0003 for 6MO and p = 0.0005 for
14MO for the T quadrant and p = 0.0004 for 6MO and p = 0.0012 for
14MO for the O quadrant. The heatmaps illustrated that the spatial
distributions of the track points for mice from both groups were
localized to the area of the platform location (Figure 4E). The
preference scores for the 6MO and 14MO groups did not differ
significantly (p > 0.05, Mann-Whitney ¢-test) (Figure 4F). Finally, as
an additional approach to evaluate the animals’ memory for the
platform location, we determined the correct first choice score (CFC
score) by subtracting the latency to reach the (former) platform
location in the ’IMWM task from the latency in the sSMWM task. There
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was no difference in the CFC scores between the groups (p > 0.05,
Mann-Whitney t-test) (Figure 4G). Thus, while the spatial learning of
the older mice was impaired in the rMWM task compared to the
younger mice, their memory remained unaffected.

cdMWM

Next, we compared the performance of both age groups in
cdMWM, a complex paradigm which included varying contexts and
local cues, in addition to the varying platform position relative to the
distal cues characteristic of the sMWM and rMWM tasks. Mice were
exposed to daily alternating contexts (pool color) and different
positions of the local cues [beacons (Figure 5)]. Two-way ANOVA of
escape latencies revealed significant effects of the training day (p <
0.0001) and age (p = 0.0266), but no significant interaction between
training day and age (p > 0.05). When analyzing the daily performance,
post-hoc comparisons indicated a longer escape latency in the 14MO
group than in the 6MO group on day 11 in the blue pool (p = 0.039)
(Figure 5A). These results suggest that learning in the cdMWM task
was affected in the 14MO group.

The analysis of search strategies supported the observation of
impaired learning in the 14MO group. In both groups the contribution
of spatially precise strategies, such as direct path, increased compared
to the sMWM and rMWM tasks, starting from the first trial on day 9
(likely due to the introduction of the local cues) (Figure 5B). The
reliance on spatially precise search strategies gradually increased over
the training days in both groups; however, during the initial days of
training, 14MO mice exhibited a noticeable delay in their adoption of
these efficient strategies compared to the younger mice. Nevertheless,
by the end of training, the disparity in the use of spatially precise
strategies between the older and younger mice diminished.

The GLMM analysis indicated significant effects of the training
day and age (p < 0.001 and p < 0.001, respectively), but not of the day
X age interaction (p = 0.979) (Figure 5C). The ORs for using efficient
strategies were significantly lower for the 14MO group compared to
the 6MO group: 0.278 (p = 0.003) on day 9, 0.393 (p = 0.034) on day
10, 0.276 (p = 0.005) on day 11, 0.351 (p = 0.018) on day 12, 0.365 (p
=0.045) on day 13, and 0.361 (p = 0.078) on day 14.

Significant effects of the training day and age were also observed
for the IPE (p < 0.0001, p = 0.0289, respectively), but the day X age
interaction was non-significant (p = 0.213). Post-hoc analysis revealed
significantly higher IPE in the 14MO group compared to the 6MO
group on day 9 (p = 0.0228) (Figure 5D). Taken together, the results
with cdMWM indicate a significant learning deficit in the 14MO mice
compared to the 6MO mice.

In the memory test, similar to the sMWM and rMWM tasks, the
distribution of time spent by both groups in the four quadrants of both
pools significantly deviated from a uniform distribution (p < 0.0001
both for the 6MO and 14MO groups in the blue and in the white pool)
(Figure 5E). Post-hoc single sample t-tests revealed that while the 6MO
group spent significantly more time in the T quadrant than in the O
quadrant of the blue pool, the fraction of time spent by the 14MO
group in each quadrant did not significantly differ from the expected
chance value of 25% (6MO: T quadrant: p < 0.0001, O quadrant: p =
0.7291; 14MO: T quadrant: p > 0.05 for both the T and O quadrants).
In the white pool, both the 6MO and 14MO groups spent more time
in the T quadrant than the chance value of 25% (p < 0.0001), while
there was no significant difference in time spent by either group in the
O quadrant (p > 0.05).
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FIGURE 4
Behavior in reversal MWM (rMWM) of 6-month-old (6MO, n = 13) and 14-month-old (14MO, n = 15) mice. (A) Escape latencies (time to reach a
hidden platform) during training; black asterisks: *p < 0.05 for day 6 vs day 8 for each of two groups, **p < 0.01 effect of age; green symbols: 14MO vs
6MO, *p < 0.05 (two-way ANOVA, multiple comparisons with Sidak’s correction), data presented as Mean + SEM; (B) Search strategies in rMWM; each
block of stacked bars indicates strategies used for the 5 trials for each training day; (C) Odds ratio of spatially precise strategies use in 14MO compared
with the 6MO in rIMWM; **p < 0.01 (p values determined by fitting a generalized linear mixed effect model with binomial distribution); (D) Ideal path
error (IPE) in rIMWM; black asterisks: both groups or between-group comparison **p < 0.01 for day 6 vs day 8 for each of two groups, **p < 0.01
effect of age; green asterisks: 14MO vs 6MO, *p < 0.05, **p < 0.01 (two-way ANOVA, multiple comparisons with Sidak’s correction), data presented as
Mean + SEM; (E) Time spent in quadrants (in %) during test following SMWM training; each column represents an animal and each color represents the
percent of time spent in each quadrant. Mean value for the fraction of time spent in each quadrant is represented by a black dash line and the error bar
on the mean is approximated with the inverse Fisher information, **p < 0.01, ****p < 0.0001, in black symbols the results of Dirichlet distribution
analysis are shown, in white symbols the results of post-hoc single sample t-test comparison (with Bonferroni correction) with the theoretical value
25% are shown; heatmaps represent average distribution of the track points (mouse locations) in the pool during test trial; (F) Preference score, relative
time spent in T quadrant in test, dots represent individual values, ns — p > 0.05, data presented as Mean + SEM; (G) Correct first choice (CFC) score
(latency to reach the false cue — latency to reach goal cue); ns — p > 0.05, data presented as Mean + SEM.
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determined by fitting a generalized linear mixed effect model with binomial distribution); (D) Ideal path error (IPE) in cdMWM; black symbols: *p < 0.05
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spent in each quadrant is represented by a black dash line and the error bar on the mean is approximated with the inverse Fisher information, ****p <
0.0001, ns = p > 0.05, in black symbols the results of Dirichlet distribution analysis are shown, in white symbols the results of post-hoc single sample
t-test comparison (with Bonferroni correction) with the theoretical value 25% are shown; heatmaps represent average distribution of the track points
(mouse locations) in the pool during test trial; (F) Preference score, relative time spent in T quadrant in test; dots represent individual values, ns — p >
0.05, data presented as Mean + SEM; (G) Correct first choice (CFC) score (latency to reach the false cue — latency to reach goal cue); ns — p > 0.05,
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These findings were further illustrated by the heatmaps: in the blue
pool, there was a higher density of track points in the area of platform, but
asecond focus of higher track point density was observed in the opposite
quadrant; in the white pool, the density of track points was higher in the
area of the platform in both groups (Figure 5E).

The preference scores and CFC scores did not significantly differ
between the 6MO and 14MO groups in either pool (p > 0.05, Mann-
Whitney t-test) (Figures 5FG). To address the possibility that in the
test session with the local cues present, mice might have initially
visited the goal cue but, in the absence of the platform, explored other
locations in the pool, and this may have blurred the difference in the
preference scores, we compared the preference scores obtained
during the first 10 s of the 60-s test trial in the cdMWM task; no
between-group differences in preference scores were observed in
either pool (p > 0.05). Thus, while the cumulative time spent in the T
quadrant was altered in 14MO mice in the blue pool (but not in the
white pool), analysis of their behavior toward the cues did not show
any difference compared to the 6MO mice, suggesting that memory
in 14MO mice was similar to that of 6MO mice.

In summary, compared to the younger 6MO mice, 14MO mice
exhibited intact learning in the sSMWM task but showed deficits in the
rMWM and cdMWM tasks. Furthermore, we did not find evidence
of memory impairment in 14MO mice after multiple days of training
in the SsSMWM, rMWM, and cdMWM tasks.

Hippocampal neurogenesis and the MWM
task performance of individual mice

Certain aspects of learning and memory, particularly in complex
settings, have been shown to rely on ongoing hippocampal
neurogenesis. As the division of neural stem cells and production of
new neurons in the DG continuously decline with age (Kuhn et al.,
1996; Ben Abdallah et al., 2010; Encinas et al., 2011; Kirschen and Ge,
2019), it is plausible that age-related changes in animals’ performance
in the learning and memory tests are associated with the changes in
hippocampal neurogenesis. Therefore, we investigated neurogenesis
in 6MO and 14MO mice and explored its potential connection to their
test performance.

Six weeks prior to the start of learning and memory training (i.e.,
8 weeks at the time of the final cdAMWM test, Figure 1), mice from
both age groups were administered a synthetic thymidine analog
EdU. Following completion of the test, the mice hippocampi were
examined for the EAU labeling and expression of NeuN and DCX
markers. The EAU signal identifies cells that were undergoing DNA
duplication at the time of EdAU administration, NeuN expression
marks differentiated neurons in the DG, and DCX expression marks
advanced neuronal precursors and immature neurons (Kronenberg
et al., 2003; Encinas and Enikolopov, 2008; Podgorny et al., 2018).
Thus, EdAUNeuN*DCX" cells correspond to newly generated fully
differentiated mature neurons derived from progenitors that were
dividing at the time of the EdU administration; DCX" cells encompass
a broad range of neuronal precursors; and EdU*DCX" cells correspond
to neuronal precursors that were in the cell cycle at the time when the
label was injected (representative images are shown in Figures 6A,B).

We found a significantly lower number of EdUY,
EdUNeuN*DCX-, and DCX" cells in the DG of 14MO mice
compared to 6MO mice (p < 0.0001, p = 0.0018, and p < 0.0001,

Frontiers in Neuroscience

10.3389/fnins.2023.1232670

respectively) (Figures 6C-E), in line with previous reports (Bondolfi
et al, 2004; van Praag et al., 2005; Gil-Mohapel et al., 2013). As
expected, we did not detect any EQU*DCX" cells in either group.
Notably, when we assessed the impact of between-sample
mean CESampling
Cngroup
ratio was lower than 0.5 for each cell count in either group: 0.282 and
0.25 for the EAU" cells in the 6MO and 14MO groups, respectively;
0.20 and 0.0133 for the EAU"NeuN*DCX cells in the 6MO and 14MO,
respectively; and 0.130 and 0.0803 for the DCX" cells in the 6MO and
14MO groups, respectively. This indicates that the variability

variability on the total variability, we found that the

introduced by the sampling procedure was less than half of the total
variability, thus, supporting the validity of our cell counts (particularly
relevant for the older animals).

Given the involvement of newly generated hippocampal neurons in
a range of behavioral responses, we further investigated whether the
number of newly produced cells in individual animals correlated with
their performance in the learning and memory tasks. Specifically,
we correlated the numbers of DCX" and EdU*NeuN*DCX"™ cells
(representing immature and mature neurons, respectively) in each mouse
with their escape latency and with their use of spatially precise strategies
during the initial days of training in the sMWM, rMWM, and cdAMWM
tasks (day 1, day 6, and days 9-10 of the training sequence, respectively).

On the first day of training in sMWM we did not find a significant
correlation (Spearmans r here and later) between the number of DCX*
immature neurons in individual animals and their task performance
(Figure 7A). Of note, the evident bimodal distribution of the cell
counts reflects the difference in the number of these cells between the
6MO and 14MO groups.

During the initial training in rMWM, the correlation between the
number of DCX" cells and the animal’s escape latency or use of spatially
precise search strategies did not reach statistical significance (Figure 7B,
r=-0.3643, p = 0.0801, r = 0.3867, p = 0.0619, respectively). However,
on the first and second days of training in cdMWM (in the blue and
white pools, respectively), there were significant correlations between
the number of DCX" cells and the escape latencies (Figure 7C (left
graph), day 9: r = —0.4292; p = 0.0364; day 10: r = —0.5576; p = 0.0046).
Additionally, there was a trend for a correlation between the number
of DCX* cells and the use of spatially precise search strategies on the
first day of cdMWM (Figure 7C (right graph), day 9: r = 0.4023, p =
0.0513), and a significant correlation on the second day of cddMWM
(Figure 7C (right graph), day 10: r = 0.4512, p = 0.0269).

On the first day of training in the sSMWM, the number of adult-
born differentiated neurons (EdU*NeuN*DCX") was correlated with
the escape latency, but not with the use of spatially precise search
strategies (r = —0.4774, p = 0.0183 and r = —0.1152, p = 0.5920,
respectively) (Figure 7D). The number of adult-born differentiated
neurons (EAUNeuN*DCX") showed correlations with the escape
latency (Figure 7E, r = —0.6649, p = 0.0004) and the use of spatially
precise search strategies (r = 0.4567, p = 0.0249) on the first day of
training in the rMWM task. Furthermore, the number of mature
neurons correlated with the average escape latency (day 9: r = —0.6224,
p =0.0012; day 10: r = —0.4749, p = 0.0190) and the use of spatially
precise search strategies (day 9: r = 0.6699, p = 0.0003; day 10: r =
0.4554, p = 0.0253) during the initial days of training in cdAMWM
(Figure 7F). Moreover, when comparing the data for the mice in the
two age groups, we found a significant correlation (p = 0.0205) and a
highly significant correlation (p < 0.0001) between the number of
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mature neurons and their escape latencies on day 6 of rMWM, and on
days 9 and 10 of cdMWM, respectively, in individual 14MO mice but
not in 6MO mice. Importantly, this correlation in 14MO mice
disappeared by the end of training in each of these tasks (day 8 of
rMWM, days 13 and 14 for cdMWM, all p > 0.05; not shown). Taken
together, these findings suggest that individual animals with higher
levels of adult-born immature and mature neurons perform better at
the beginning of training in tasks that require flexible adaptation to
the changed demands of the task.

Discussion

Our results highlight a decline in cognitive flexibility during the adult
period of mice lifespan. This decline is manifested as a reduced ability to
adjust previous experiences in order to solve tasks that involve new
combinations of familiar cues and contexts. Notably, the impairment of
cognitive flexibility in older animals can be partially mitigated through
additional training. Furthermore, our results suggest a correlation
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between the decline in cognitive flexibility within individual animals and
a decrease in the numbers of recently generated mature neurons or
immature neuronal precursors in their hippocampi. Together, our results
suggest that while adult hippocampal neurogenesis may not be essential
for learning a new task, it plays a critical role in circumstances that require
the modification of previously acquired experience.

We focused our investigation on mature adult-middle age period of
the mice lifespan (6 and 14 month at the start of the training series) to
mitigate the effect of some of the confounding factors of the young and
old age (e.g., sexual maturation, continuous growth, and metabolic
changes in younger mice and increase in the markers of senescence and
inflammation and decrease in locomotor activity and grip strength in
older mice) (Flurkey et al., 2007; Yanai and Endo, 2021). Furthermore, this
period is also characterized by the least relative changes in various
behavioral tests related to learning and memory, anxiety, and pain
sensitivity (e.g., MWM, Barnes maze, fear conditioning, open field,
marble burying, shock sensitivity) (Yanai and Endo, 2021). Indeed,
consistent with previous studies (Frick et al., 2000; de Fiebre et al., 2006;
Driscoll et al., 2006; Gil-Mohapel et al., 2013; Shoji and Miyakawa, 2019;
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cdMWM with the numbers of adult-born immature (DCX*) and mature (EdU*NeuN*DCX") neurons.

Yanai and Endo, 2021), we did not observe learning or memory deficits
in the older group compared to the younger group in the conventional
spatial version of the MWM (sMWM). We also did not detect aging
effects on the repertoire of search strategies in the sSMWM, furthermore,
in both groups we observed a gradual increase of spatially precise search
strategies during the learning trials, in line with published findings
(Garthe et al., 2009; Garthe and Kempermann, 2013; Gil-Mohapel et al.,
2013; Bowers et al., 2020). Moreover, the responses of both age groups
were similar across all metrics that we used to assess mice behavior.
However, differences between the age groups were detected when
mice were tested in the reversal version of the MWM (rMWM), which
requires a degree of cognitive flexibility. Older mice exhibited longer
escape latencies, a reliance on spatially imprecise search strategies, and
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increased IPE compared to younger mice. Interestingly, the difference
between the groups was evident only at the beginning of the rMWM
training, with the difference in corresponding metrics becoming
non-significant by the end of training. Of note, the differences in
reversal learning in the MWM have been reported for mice of
contrasting ages (2 and 18 months) (Hamich et al., 2021), but not
when comparing mature adult and aged mice (Frick et al., 2000; de
Fiebre et al., 2006; Shoji and Miyakawa, 2019).

The differences between older and younger mice were particularly
evident in the cdMWM task (Amelchenko et al., 2023), which
introduced additional variables such as alternating local cues and
contexts and required further reevaluation and adjustment of the
previously successful strategies. The older mice exhibited impaired
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performance during learning, as compared to the younger mice; this
was evident across multiple metrics, including escape latency, the use
of spatially imprecise search strategies during training, odds ratio of
using efficient strategies, IPE, and time spent in the correct quadrant
during the memory test (Figure 5). Similar to the rMWM task, the
performance gap between the age groups diminished with additional
training (which may explain comparable memory scores in both
groups). Note that if the cdMWM had been presented as the first task,
without prior exposure to the sMWM or rMWM, it would have
primarily assessed the mice’s capacity for learning and memory, rather
than cognitive flexibility which involves exposure to preceding rounds
of learning and the ability to readjust the learned strategy in a
novel setting.

Our findings demonstrate a remarkable degree of correlation
between the level of hippocampal neurogenesis in individual animals
and their performance in tasks that rely on cognitive flexibility
(Figure 7), in line with previous reports (Drapeau et al., 2003; Leuner
etal., 2004; Gil-Mohapel et al., 2013). Notably, this correlation was only
partially revealed in allegedly simpler tasks that focus on efficient
learning and memory, but, unlike cdMWM, do not require (sMWM)
or have a lesser requirement for (rMWM) the reevaluation of
previously acquired knowledge and adaption to new environment.
Moreover, our results suggest that cells at different stages of neuronal
differentiation play distinct roles in tasks requiring cognitive flexibility:
specifically, the number of immature DCX" hippocampal neurons
correlated with individual animals’ performance in the cdMWM task,
but not in the SMWM or rMWM tasks; in contrast, the number of
mature EQU* neurons correlated with performance in all three tasks.

Potentially, the increased physical activity and enriched
environment during the training period and process of learning itself
may affect the cascade of neuronal differentiation at various stages:
stem and progenitor cell division, selective cell elimination,
differentiation, and maturation of the young neurons of different
ontogenic age and their integration into the preexisting circuitry
(Kempermann et al., 1997; van Praag et al., 1999; Bergami et al., 2015;
Denoth-Lippuner and Jessberger, 2021). In our experimental setting
this might be particularly relevant to the DCX* population, the bulk
of which was born and has been maturing during the training period
and therefore may be affected by the tasks themselves. However, the
EdU"NeuN"DCX" cells correspond to the cohort that was born at
the time of the EAU administration, i.e., 6 weeks before the start of the
training sequence, and have already differentiated and matured by the
start of the training sequence; thus, their number is unlikely to
be affected by the training process.

Interestingly, the correlation between neurogenesis and
performance was specifically observed in the older animals. Notably,
in older mice the correlation between the number of differentiated
neurons and escape latency was present during the first days of
training (day 6 for rMWM and days 9 and 10 for cdMWM) but
disappeared by the end of training (days 8 for ’MWM and days 13 and
14 for cdMWM). This may indicate that mature adult-born neurons
are crucial when the animal is adjusting its relevant experience but
become less critical at the later stages, when the performance of older
animals approaches that of younger ones. Together, our results provide
further evidence for the association between hippocampal
neurogenesis and cognitive flexibility, particularly in older animals.

Our study underscores the importance of employing multiple
metrics to characterize animal behavior in complex tasks, such as those
assessing cognitive flexibility. Studies in which the escape latency,
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determined at a single time point, serves as a sole measure of the
animals’ performance, may miss important differences. Dissecting the
animals’ patterns of spatial navigation into defined spatially precise and
spatially imprecise (and thus efficient and inefficient, respectively)
strategies and following them across each trial reveals fine differences
and provides critical insights into the learning process (Garthe et al.,
2009; Garthe and Kempermann, 2013; Gil-Mohapel et al., 2013; Cooke
etal, 2019; Berdugo-Vega et al., 2020; Bowers et al., 2020; Hernandez-
Mercado and Zepeda, 2021; Yanai and Endo, 2021; Villarreal-Silva
etal, 2022). Supplementing these parameters with additional metrics,
such as OR, IPE, comparison of quadrant time distribution, path
heatmaps, preference score, CFC score, and the correlation analysis
between individual animals’ performance and their level of
hippocampal neurogenesis, offers a more comprehensive and precise
representation of learning, memory, and cognitive flexibility.

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 approved by Institutional Animal Care and Use
Committee of the Stony Brook University. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

EA, DB, KA, GE, and AL designed the experiments. EA, DB, OC, and
AL performed experiments. GE and KA provided funding. All authors
interpreted the results, made direct, and intellectual contribution to the
project, and approved the final version of the manuscript.

Funding

This study was supported by grants ROl AG057705-01 and R0O1
AGO076937-01 to GE from the National Institute on Aging and by
grant 20-15-00283 to DB and KA (learning and memory tasks in aged
mice) from the Russian Science Foundation.

Acknowledgments

The authors thank Yulia Orlova and Lidiya Zamyatina for
technical assistance. The authors thank Jie Yang (Renaissance School
of Medicine at Stony Brook University Biostatistical Consulting Core)
for her consultation on statistical analysis.

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.

frontiersin.org


https://doi.org/10.3389/fnins.2023.1232670
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Amelchenko et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Aimone, J. B, Li, Y, Lee, S. W,, Clemenson, G. D., Deng, W., and Gage, F. H. (2014).
Regulation and function of adult neurogenesis: from genes to cognition. Physiol. Rev.
94, 991-1026. doi: 10.1152/physrev.00004.2014

Akers, K. G., Martinez-Canabal, A., Restivo, L., Yiu, A. P, De Cristofaro, A.,
Hsiang, H. L., et al. (2014). Hippocampal neurogenesis regulates forgetting during
adulthood and infancy. Science 344, 598-602. doi: 10.1126/science.1248903

Amelchenko, E., Bezrriadnov, D. V., Chekhov, O. A., Ivanova, A., Kedrov, A. V.,
Anokhin, K. V, et al. (2023). Cognitive flexibility is selectively impaired by radiation and
is associated with differential recruitment of adult-born neurons. J. Neurosci. Press. doi:
10.1523/J]NEUROSCI.0161-22.2023

Anacker, C., and Hen, R. (2017). Adult hippocampal neurogenesis and cognitive flexibility
- linking memory and mood. Nat. Rev. Neurosci. 18, 335-346. doi: 10.1038/nrn.2017.45

Arruda-Carvalho, M., Sakaguchi, M., Akers, K. G., Josselyn, S. A., and Frankland, P. W.
(2011). Posttraining ablation of adult-generated neurons degrades previously acquired
memories. J. Neurosci. 31, 15113-15127. doi: 10.1523/JNEUROSCI.3432-11.2011

Basler, L., Gerdes, S., Wolfer, D. P, and Slomianka, L. (2017). Sampling the mouse
hippocampal dentate gyrus. Front. Neuroanat. 11:123. doi: 10.3389/fnana.2017.00123

Ben Abdallah, N. M., Slomianka, L., Vyssotski, A. L., and Lipp, H. P. (2010). Early
age-related changes in adult hippocampal neurogenesis in C57 mice. Neurobiol. Aging
31, 151-161. doi: 10.1016/j.neurobiolaging.2008.03.002

Berdugo-Vega, G., Arias-Gil, G., Lopez-Fernandez, A., Artegiani, B.,
Wasielewska, J. M., Lee, C. C,, et al. (2020). Increasing neurogenesis refines hippocampal
activity rejuvenating navigational learning strategies and contextual memory throughout
life. Nat. Commun. 11:135. doi: 10.1038/s41467-019-14026-z

Bergami, M., Masserdotti, G., Temprana, S. G., Motori, E., Eriksson, T. M., Gobel, J.,
et al. (2015). A critical period for experience-dependent remodeling of adult-born
neuron connectivity. Neuron 85, 710-717. doi: 10.1016/j.neuron.2015.01.001

Boldrini, M., Fulmore, C. A,, Tartt, A. N., Simeon, L. R., Pavlova, L., Poposka, V., et al.
(2018). Human hippocampal neurogenesis persists throughout aging. Cell Stem Cell
22:e585, 589-599.€5. doi: 10.1016/j.stem.2018.03.015

Bondolfi, L., Ermini, E, Long, J. M., Ingram, D. K., and Jucker, M. (2004). Impact of
age and caloric restriction on neurogenesis in the dentate gyrus of C57BL/6 mice.
Neurobiol. Aging 25, 333-340. doi: 10.1016/S0197-4580(03)00083-6

Bottes, S., Jaeger, B. N, Pilz, G. A., Jorg, D. ., Cole, J. D., Kruse, M., et al. (2021). Long-
term self-renewing stem cells in the adult mouse hippocampus identified by intravital
imaging. Nat. Neurosci. 24, 225-233. doi: 10.1038/s41593-020-00759-4

Bowers, M., Liang, T., Gonzalez-Bohorquez, D., Zocher, S., Jaeger, B. N., Kovacs, W. ].,
et al. (2020). FASN-dependent lipid metabolism links neurogenic stem/progenitor cell
activity to learning and memory deficits. Cell Stem Cell 27:e111, 98-109.el1. doi:
10.1016/j.stem.2020.04.002

Burghardt, N. S., Park, E. H., Hen, R., and Fenton, A. A. (2012). Adult-born
hippocampal neurons promote cognitive flexibility in mice. Hippocampus 22,
1795-1808. doi: 10.1002/hipo.22013

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

Cooke, M. B., Oleary, T. P, Harris, P.,, Ma, R., Brown, R. E., and Snyder, J. S. (2019).
Pathfinder: open source software for analyzing spatial navigation search strategies.
FI1000Res 8:1521. doi: 10.12688/f1000research.20352.1

De Fiebre, N. C., Sumien, N., Forster, M. ], and De Fiebre, C. M. (2006). Spatial
learning and psychomotor performance of C57BL/6 mice: age sensitivity and reliability
of individual differences. Age (Dordr.) 28, 235-253. doi: 10.1007/s11357-006-9027-3

Denoth-Lippuner, A., and Jessberger, S. (2021). Formation and integration of new
neurons in the adult hippocampus. Nat. Rev. Neurosci. 22, 223-236. doi: 10.1038/
541583-021-00433-z

Drapeau, E., Mayo, W,, Aurousseau, C., Le Moal, M., Piazza, P. V,, and Abrous, D. N.
(2003). Spatial memory performances of aged rats in the water maze predict levels of
hippocampal neurogenesis. Proc. Natl. Acad. Sci. U. S. A. 100, 14385-14390. doi:
10.1073/pnas.2334169100

Driscoll, I., Howard, S. R., Stone, J. C., Monfils, M. H., Tomanek, B., Brooks, W. M.,
et al. (2006). The aging hippocampus: a multi-level analysis in the rat. Neuroscience 139,
1173-1185. doi: 10.1016/j.neuroscience.2006.01.040

Encinas, J. M., and Enikolopov, G. (2008). Identifying and quantitating neural stem
and progenitor cells in the adult brain. Methods Cell Biol. 85, 243-272. doi: 10.1016/
S0091-679X(08)85011-X

Frontiers in Neuroscience

10.3389/fnins.2023.1232670

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.

Encinas, J. M., Michurina, T. V., Peunova, N., Park, J. H., Tordo, J., Peterson, D. A.,
et al. (2011). Division-coupled astrocytic differentiation and age-related depletion of
neural stem cells in the adult hippocampus. Cell Stem Cell 8, 566-579. doi: 10.1016/j.
stem.2011.03.010

Encinas, J. M., Vaahtokari, A., and Enikolopov, G. (2006). Fluoxetine targets early
progenitor cells in the adult brain. Proc. Natl. Acad. Sci. U. S. A. 103, 8233-8238. doi:
10.1073/pnas.0601992103

Enikolopov, G., Overstreet-Wadiche, L., and Ge, S. (2015). Viral and transgenic
reporters and genetic analysis of adult neurogenesis. Cold Spring Harb. Perspect. Biol.
7:a018804. doi: 10.1101/cshperspect.a018804

Epp, J. R,, Silva Mera, R., Kohler, S., Josselyn, S. A., and Frankland, P. W. (2016).
Neurogenesis-mediated forgetting minimizes proactive interference. Nat. Commun.
7:10838. doi: 10.1038/ncomms10838

Flurkey, K., Currer, J. M., and Harrison, D. E. (2007). Mouse models in aging research.
Mouse Biomed. Res. 111, 637-672. doi: 10.1016/B978-012369454-6/50074-1

Frick, K. M., Burlingame, L. A., Arters, J. A., and Berger-Sweeney, J. (2000). Reference
memory, anxiety and estrous cyclicity in C57BL/6NIA mice are affected by age and sex.
Neuroscience 95, 293-307. doi: 10.1016/S0306-4522(99)00418-2

Garthe, A., Behr, J., and Kempermann, G. (2009). Adult-generated hippocampal
neurons allow the flexible use of spatially precise learning strategies. PLoS One 4:e5464.
doi: 10.1371/journal.pone.0005464

Garthe, A., Huang, Z., Kaczmarek, L., Filipkowski, R. K., and Kempermann, G. (2014).
Not all water mazes are created equal: cyclin D2 knockout mice with constitutively
suppressed adult hippocampal neurogenesis do show specific spatial learning deficits.
Genes Brain Behav. 13, 357-364. doi: 10.1111/gbb.12130

Garthe, A., and Kempermann, G. (2013). An old test for new neurons: refining the
Morris water maze to study the functional relevance of adult hippocampal neurogenesis.
Front. Neurosci. 7:63. doi: 10.3389/fnins.2013.00063

Garthe, A., Roeder, I., and Kempermann, G. (2016). Mice in an enriched environment
learn more flexibly because of adult hippocampal neurogenesis. Hippocampus 26,
261-271. doi: 10.1002/hipo.22520

Gil-Mohapel, J., Brocardo, P. S., Choquette, W., Gothard, R., Simpson, J. M., and
Christie, B. R. (2013). Hippocampal neurogenesis levels predict WATERMAZE
search strategies in the aging brain. PLoS One 8:¢75125. doi: 10.1371/journal.
pone.0075125

Hamieh, A. M., Camperos, E., Hernier, A. M., and Castagne, V. (2021). C57BL/6 mice
as a preclinical model to study age-related cognitive deficits: executive functions
impairment and inter-individual differences. Brain Res. 1751:147173. doi: 10.1016/j.
brainres.2020.147173

Hernandez-Mercado, K., and Zepeda, A. (2021). Morris water maze and contextual
fear conditioning tasks to evaluate cognitive functions associated with adult
hippocampal neurogenesis. Front. Neurosci. 15:782947. doi: 10.3389/fnins.2021.782947

Ibrayeva, A., Bay, M., Pu, E,, Jorg, D. ], Peng, L., Jun, H., et al. (2021). Early stem cell
aging in the mature brain. Cell Stem Cell 28:¢957, 955-966.e7. doi: 10.1016/j.
stem.2021.03.018

Ivanova, A., Gruzova, O., Ermolaeva, E., Astakhova, O., Itaman, S., Enikolopov, G.,
etal. (2022). Synthetic thymidine analog labeling without misconceptions. Cells 11:1888.
doi: 10.3390/cells11121888

Kempermann, G., Gage, F. H., Aigner, L., Song, H., Curtis, M. A,, Thuret, S., et al.
(2018). Human adult neurogenesis: evidence and remaining questions. Cell Stem Cell
23, 25-30. doi: 10.1016/j.stem.2018.04.004

Kempermann, G., Kuhn, H. G., and Gage, E. H. (1997). More hippocampal neurons
in adult mice living in an enriched environment. Nature 386, 493-495. doi:
10.1038/386493a0

Kirschen, G. W, and Ge, S. (2019). Young at heart: insights into hippocampal
neurogenesis in the aged brain. Behav. Brain Res. 369:111934. doi: 10.1016/j.
bbr.2019.111934

Koehl, M., Ladeveze, E., Montcouquiol, M., and Abrous, D. N. (2022). Vangl2, a Core
component of the WNT/PCP pathway, regulates adult hippocampal neurogenesis and
age-related decline in cognitive flexibility. Front. Aging Neurosci. 14:844255. doi:
10.3389/fnagi.2022.844255

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. doi:
10.1002/cne.10945

frontiersin.org


https://doi.org/10.3389/fnins.2023.1232670
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1152/physrev.00004.2014
https://doi.org/10.1126/science.1248903
https://doi.org/10.1523/JNEUROSCI.0161-22.2023
https://doi.org/10.1038/nrn.2017.45
https://doi.org/10.1523/JNEUROSCI.3432-11.2011
https://doi.org/10.3389/fnana.2017.00123
https://doi.org/10.1016/j.neurobiolaging.2008.03.002
https://doi.org/10.1038/s41467-019-14026-z
https://doi.org/10.1016/j.neuron.2015.01.001
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/S0197-4580(03)00083-6
https://doi.org/10.1038/s41593-020-00759-4
https://doi.org/10.1016/j.stem.2020.04.002
https://doi.org/10.1002/hipo.22013
https://doi.org/10.1126/science.1173215
https://doi.org/10.12688/f1000research.20352.1
https://doi.org/10.1007/s11357-006-9027-3
https://doi.org/10.1038/s41583-021-00433-z
https://doi.org/10.1038/s41583-021-00433-z
https://doi.org/10.1073/pnas.2334169100
https://doi.org/10.1016/j.neuroscience.2006.01.040
https://doi.org/10.1016/S0091-679X(08)85011-X
https://doi.org/10.1016/S0091-679X(08)85011-X
https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1073/pnas.0601992103
https://doi.org/10.1101/cshperspect.a018804
https://doi.org/10.1038/ncomms10838
https://doi.org/10.1016/B978-012369454-6/50074-1
https://doi.org/10.1016/S0306-4522(99)00418-2
https://doi.org/10.1371/journal.pone.0005464
https://doi.org/10.1111/gbb.12130
https://doi.org/10.3389/fnins.2013.00063
https://doi.org/10.1002/hipo.22520
https://doi.org/10.1371/journal.pone.0075125
https://doi.org/10.1371/journal.pone.0075125
https://doi.org/10.1016/j.brainres.2020.147173
https://doi.org/10.1016/j.brainres.2020.147173
https://doi.org/10.3389/fnins.2021.782947
https://doi.org/10.1016/j.stem.2021.03.018
https://doi.org/10.1016/j.stem.2021.03.018
https://doi.org/10.3390/cells11121888
https://doi.org/10.1016/j.stem.2018.04.004
https://doi.org/10.1038/386493a0
https://doi.org/10.1016/j.bbr.2019.111934
https://doi.org/10.1016/j.bbr.2019.111934
https://doi.org/10.3389/fnagi.2022.844255
https://doi.org/10.1002/cne.10945

Amelchenko et al.

Kuhn, H. G., Dickinson-Anson, H., and Gage, F. H. (1996). Neurogenesis in the
dentate gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation.
J. Neurosci. 16, 2027-2033. doi: 10.1523/J]NEUROSCI.16-06-02027.1996

Lazutkin, A., Podgorny, O., and Enikolopov, G. (2019). Modes of division and
differentiation of neural stem cells. Behav. Brain Res. 374:112118. doi: 10.1016/j.
bbr.2019.112118

Leuner, B., Mendolia-Loffredo, S., Kozorovitskiy, Y., Samburg, D., Gould, E., and
Shors, T.J. (2004). Learning enhances the survival of new neurons beyond the time when
the hippocampus is required for memory. J. Neurosci. 24, 7477-7481. doi: 10.1523/
JNEUROSCI.0204-04.2004

Lods, M., Pacary, E., Mazier, W,, Farrugia, E, Mortessagne, P., Masachs, N, et al.
(2021). Adult-born neurons immature during learning are necessary for remote memory
reconsolidation in rats. Nat. Commun. 12:1778. doi: 10.1038/s41467-021-22069-4

Maugard, M., Doux, C., and Bonvento, G. (2019). A new statistical method to analyze
Morris water maze data using Dirichlet distribution. FI000Res 8:1601. doi: 10.12688/
f1000research.20072.2

Mcavoy, K. M., and Sahay, A. (2017). Targeting adult neurogenesis to optimize
hippocampal circuits in aging. Neurotherapeutics 14, 630-645. doi: 10.1007/
s13311-017-0539-6

Mcavoy, K. M., Scobie, K. N, Berger, S., Russo, C., Guo, N., Decharatanachart, P, et al.
(2016). Modulating neuronal competition dynamics in the dentate gyrus to rejuvenate
aging memory circuits. Neuron 91, 1356-1373. doi: 10.1016/j.neuron.2016.08.009

Mcquail, J. A., Dunn, A. R,, Stern, Y., Barnes, C. A., Kempermann, G., Rapp, P. R, et al.
(2020). Cognitive Reserve in Model Systems for mechanistic discovery: the importance
of longitudinal studies. Front. Aging Neurosci. 12:607685. doi: 10.3389/fnagi.2020.607685

Mignone, J. L., Kukekov, V., Chiang, A. S., Steindler, D., and Enikolopov, G. (2004).
Neural stem and progenitor cells in nestin-GFP transgenic mice. . Comp. Neurol. 469,
311-324. doi: 10.1002/cne.10964

Montaron, M. E, Charrier, V., Blin, N., Garcia, P, and Abrous, D. N. (2020).
Responsiveness of dentate neurons generated throughout adult life is associated with
resilience to cognitive aging. Aging Cell 19:e13161. doi: 10.1111/acel.13161

Motulsky, H. J., and Brown, R. E. (2006). Detecting outliers when fitting data with
nonlinear regression — a new method based on robust nonlinear regression and the false
discovery rate. BMC Bioinformatics 7:123. doi: 10.1186/1471-2105-7-123

Niibori, Y., Yu, T. S., Epp, J. R., Akers, K. G., Josselyn, S. A., and Frankland, P. W.
(2012). Suppression of adult neurogenesis impairs population coding of similar contexts
in hippocampal CA3 region. Nat. Commun. 3:1253. doi: 10.1038/ncomms2261

Nyberg, L., and Pudas, S. (2019). Successful memory aging. Annu. Rev. Psychol. 70,
219-243. doi: 10.1146/annurev-psych-010418-103052

Pilz, G. A, Bottes, S., Betizeau, M., Jorg, D. J., Carta, S., Simons, B. D,, et al. (2018).
Live imaging of neurogenesis in the adult mouse hippocampus. Science 359, 658-662.
doi: 10.1126/science.aa05056

Podgorny, O., Peunova, N., Park, J. H., and Enikolopov, G. (2018). Triple S-phase
labeling of dividing stem cells. Stem Cell Rep. 10, 615-626. doi: 10.1016/j.
stemcr.2017.12.020

Sahay, A., Scobie, K. N., Hill, A. S., O'carroll, C. M., Kheirbek, M. A., Burghardt, N. S.,
etal. (2011a). Increasing adult hippocampal neurogenesis is sufficient to improve pattern
separation. Nature 472, 466-470. doi: 10.1038/nature09817

Sahay, A., Wilson, D. A., and Hen, R. (2011b). Pattern separation: a common function
for new neurons in hippocampus and olfactory bulb. Neuron 70, 582-588. doi: 10.1016/j.
neuron.2011.05.012

Salic, A., and Mitchison, T. J. (2008). A chemical method for fast and sensitive
detection of DNA synthesis in vivo. Proc. Natl. Acad. Sci. U. S. A. 105, 2415-2420. doi:
10.1073/pnas.0712168105

Frontiers in Neuroscience

108

10.3389/fnins.2023.1232670

Salthouse, T. A. (2009). When does age-related cognitive decline begin? Neurobiol.
Aging 30, 507-514. doi: 1041016/j.neurobiolaging.z008.09.023

Samson, R. D, and Barnes, C. A. (2013). Impact of aging brain circuits on cognition.
Eur. J. Neurosci. 37, 1903-1915. doi: 10.1111/ejn.12183

Saxe, M. D., Battaglia, F.,, Wang, ]. W., Malleret, G., David, D. J., Monckton, J. E., et al.
(2006). Ablation of hippocampal neurogenesis impairs contextual fear conditioning and
synaptic plasticity in the dentate gyrus. Proc. Natl. Acad. Sci. U. S. A. 103, 17501-17506.
doi: 10.1073/pnas.0607207103

Shetty, A. K., Kodali, M., Upadhya, R., and Madhu, L. N. (2018). Emerging anti-aging
strategies-scientific basis and efficacy. Aging Dis. 9, 1165-1184. doi: 10.14336/
AD.2018.1026

Shoji, H., and Miyakawa, T. (2019). Age-related behavioral changes from young to old
age in male mice of a C57BL/6] strain maintained under a genetic stability program.
Neuropsychopharmacol. Rep. 39, 100-118. doi: 10.1002/npr2.12052

Slomianka, L. (2021). Basic quantitative morphological methods applied to the central
nervous system. J. Comp. Neurol. 529, 694-756. doi: 10.1002/cne.24976

Slomianka, L., and West, M. J. (2005). Estimators of the precision of stereological
estimates: an example based on the CA1 pyramidal cell layer of rats. Neuroscience 136,
757-767. doi: 10.1016/j.neuroscience.2005.06.086

Sorrells, S. E, Paredes, M. E, 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

Tobin, M. K., Musaraca, K., Disouky, A., Shetti, A., Bheri, A., Honer, W. G., et al.
(2019). Human hippocampal neurogenesis persists in aged adults and Alzheimer's
disease patients. Cell Stem Cell 24:¢973, 974-982.3. doi: 10.1016/j.stem.2019.05.003

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

Tronel, S., Belnoue, L., Grosjean, N., Revest, J. M., Piazza, P. V., Koehl, M, et al. (2012).
Adult-born neurons are necessary for extended contextual discrimination. Hippocampus
22,292-298. doi: 10.1002/hipo.20895

Urban, N, Blomfield, I. M., and Guillemot, E. (2019). Quiescence of adult mammalian
neural stem cells: a highly regulated rest. Neuron 104, 834-848. doi: 10.1016/j.
neuron.2019.09.026

Van Praag, H., Kempermann, G., and Gage, E H. (1999). Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2,
266-270. doi: 10.1038/6368

Van Praag, H., Shubert, T., Zhao, C., and Gage, E. H. (2005). Exercise enhances
learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680-8685. doi:
10.1523/JNEUROSCI.1731-05.2005

Villarreal-Silva, E. E., Gonzalez-Navarro, A. R., Salazar-Ybarra, R. A,
Quiroga-Garcia, O., Cruz-Elizondo, M. A. J., Garcia-Garcia, A., et al. (2022). Aged rats
learn Morris water maze using non-spatial search strategies evidenced by a parameter-
based algorithm. Transl. Neurosci. 13, 134-144. doi: 10.1515/tnsci-2022-0221

Wu, Y., Bottes, S., Fisch, R., Zehnder, C., Cole, . D., Pilz, G. A., et al. (2023). Chronic
in vivo imaging defines age-dependent alterations of neurogenesis in the mouse
hippocampus. Nat. Aging 3, 380-390. doi: 10.1038/s43587-023-00370-9

Yanai, S., and Endo, S. (2021). Functional aging in male C57BL/6] mice across the
life-span: a systematic behavioral analysis of motor, emotional, and memory function
to define an aging phenotype. Front. Aging Neurosci. 13:697621. doi: 10.3389/
fnagi.2021.697621

Yu, R. Q,, Cooke, M., Seib, D. R., Zhao, J., and Snyder, J. S. (2019). Adult neurogenesis
promotes efficient, nonspecific search strategies in a spatial alternation water maze task.
Behav. Brain Res. 376:112151. doi: 10.1016/j.bbr.2019.112151

frontiersin.org


https://doi.org/10.3389/fnins.2023.1232670
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.16-06-02027.1996
https://doi.org/10.1016/j.bbr.2019.112118
https://doi.org/10.1016/j.bbr.2019.112118
https://doi.org/10.1523/JNEUROSCI.0204-04.2004
https://doi.org/10.1523/JNEUROSCI.0204-04.2004
https://doi.org/10.1038/s41467-021-22069-4
https://doi.org/10.12688/f1000research.20072.2
https://doi.org/10.12688/f1000research.20072.2
https://doi.org/10.1007/s13311-017-0539-6
https://doi.org/10.1007/s13311-017-0539-6
https://doi.org/10.1016/j.neuron.2016.08.009
https://doi.org/10.3389/fnagi.2020.607685
https://doi.org/10.1002/cne.10964
https://doi.org/10.1111/acel.13161
https://doi.org/10.1186/1471-2105-7-123
https://doi.org/10.1038/ncomms2261
https://doi.org/10.1146/annurev-psych-010418-103052
https://doi.org/10.1126/science.aao5056
https://doi.org/10.1016/j.stemcr.2017.12.020
https://doi.org/10.1016/j.stemcr.2017.12.020
https://doi.org/10.1038/nature09817
https://doi.org/10.1016/j.neuron.2011.05.012
https://doi.org/10.1016/j.neuron.2011.05.012
https://doi.org/10.1073/pnas.0712168105
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://doi.org/10.1111/ejn.12183
https://doi.org/10.1073/pnas.0607207103
https://doi.org/10.14336/AD.2018.1026
https://doi.org/10.14336/AD.2018.1026
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/cne.24976
https://doi.org/10.1016/j.neuroscience.2005.06.086
https://doi.org/10.1038/nature25975
https://doi.org/10.1016/j.stem.2019.05.003
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1002/hipo.20895
https://doi.org/10.1016/j.neuron.2019.09.026
https://doi.org/10.1016/j.neuron.2019.09.026
https://doi.org/10.1038/6368
https://doi.org/10.1523/JNEUROSCI.1731-05.2005
https://doi.org/10.1515/tnsci-2022-0221
https://doi.org/10.1038/s43587-023-00370-9
https://doi.org/10.3389/fnagi.2021.697621
https://doi.org/10.3389/fnagi.2021.697621
https://doi.org/10.1016/j.bbr.2019.112151

& frontiers

@ Check for updates

OPEN ACCESS

Ashok K. Shetty,
Texas AGM University School of Medicine,
United States

Jiangin Niu,

Army Medical University, China
Walter Low,

University of Minnesota Twin Cities,
United States

Henrik Ahlenius,

Lund University, Sweden

Daniel A. Peterson
daniel.peterson@rosalindfranklin.edu

Stanley F. Bazarek,

Department of Neurosurgery, Brigham and
Women's Hospital, Harvard Medical School,
Boston, MA, United States

09 June 2023
31 July 2023
17 August 2023

Bazarek SF, Thagi M, King P, Mehta AR, Patel R,
Briggs CA, Reisenbigler E, Yousey JE, Miller EA,
Stutzmann GE, Marr RA and Peterson DA (2023)
Engineered neurogenesis in naive adult rat
cortex by Ngn2-mediated neuronal
reprogramming of resident oligodendrocyte
progenitor cells.

Front. Neurosci. 17:1237176.

doi: 10.3389/fnins.2023.1237176

© 2023 Bazarek, Thagqi, King, Mehta, Patel,
Briggs, Reisenbigler, Yousey, Miller, Stutzmann,
Marr and Peterson. 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

Frontiers in Neuroscience

Original Research
17 August 2023
10.3389/fnins.2023.1237176

Engineered neurogenesis in naive
adult rat cortex by Ngn2-mediated
neuronal reprogramming of
resident oligodendrocyte
progenitor cells

Stanley F. Bazarek®, Mentor Thagqi®?, Patrick King*?,
Amol R. Mehta?, Ronil Patel?, Clark A. Briggs?,

Emily Reisenbigler'?, Jonathon E. Yousey*?, Elis A. Miller?,
Grace E. Stutzmann®?, Robert A. Marr*? and

Daniel A. Peterson#*

!Center for Stem Cell and Regenerative Medicine, The Chicago Medical School, Rosalind Franklin
University of Medicine and Science, North Chicago, IL, United States, 2Center for Neurodegenerative
Disease and Therapeutics, The Chicago Medical School, Rosalind Franklin University of Medicine and
Science, North Chicago, IL, United States

Adult tissue stem cells contribute to tissue homeostasis and repair but the
long-lived neurons in the human adult cerebral cortex are not replaced,
despite evidence for a limited regenerative response. However, the adult cortex
contains a population of proliferating oligodendrocyte progenitor cells (OPCs).
We examined the capacity of rat cortical OPCs to be re-specified to a neuronal
lineage both in vitro and in vivo. Expressing the developmental transcription
factor Neurogenin2 (Ngn2) in OPCs isolated from adult rat cortex resulted in their
expression of early neuronal lineage markers and genes while downregulating
expression of OPC markers and genes. Ngn2 induced progression through a
neuronal lineage to express mature neuronal markers and functional activity as
glutamatergic neurons. In vivo retroviral gene delivery of Ngn2 to naive adult
rat cortex ensured restricted targeting to proliferating OPCs. Ngn2 expression
in OPCs resulted in their lineage re-specification and transition through an
immature neuronal morphology into mature pyramidal cortical neurons with
spiny dendrites, axons, synaptic contacts, and subtype specification matching
local cytoarchitecture. Lineage re-specification of rat cortical OPCs occurred
without prior injury, demonstrating these glial progenitor cells need not be put
into a reactive state to achieve lineage reprogramming. These results show it
may be feasible to precisely engineer additional neurons directly in adult cerebral
cortex for experimental study or potentially for therapeutic use to modify
dysfunctional or damaged circuitry.

oligodendrocyte precursor cell, NeuroD1 transcription factor, Neurogenin 2, NG2 cell,
reprogramming and differentiation, neuronal replacement, neural stem/progenitor
cells
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Introduction

Direct in vivo reprogramming of resident tissue cells to re-specify
cell lineage has been achieved in the pancreas (Zhou et al., 2008) and
heart (Qian et al., 2012; Song et al., 2012), providing a potential
approach to therapeutic cell replacement that could avoid the
immunogenicity, time, and expense of grafting exogenous cells
(Bazarek and Peterson, 2014; Torper and Gotz, 2017). However,
neurons are specified into highly distinct subtypes (Molyneaux et al.,
2007) and effective neuronal replacement will require engineering
authentic, subtype-specific neurons (Bazarek and Peterson, 2014).
Whereas neuronal turnover has been demonstrated in adult human
hippocampus (Eriksson et al., 1998) and striatum (Ernst et al., 2014),
the human cerebral cortex is normally devoid of adult neurogenesis
(Kornack and Rakic, 2001; Bhardwaj et al., 2006) with a limited
regenerative response reported following ischemic cortical injury (Jin
et al., 2006; Lindvall and Kokaia, 2015).

The demonstration that expressing select developmental
transcription factors in cultured mouse astrocytes resulted in their
conversion to functional, subtype-specific neurons (Heins et al., 2002;
Heinrich et al., 2010; Kempf et al., 2021) suggested that direct in vivo
conversion of resident glia to neurons could be a potential approach
for brain repair Indeed, a growing number of studies show in vivo
conversion of astrocytes to various neuronal subtypes in mouse spinal
cord (Tai et al., 2021; Zhou et al., 2021) and mouse striatum (Giehrl-
Schwab et al., 2022; Zhang et al., 2022). Reprogramming in the
cerebral cortex and hippocampus reportedly requires the targeted glia
to be in a reactive state to achieve neuronal induction (Buffo et al.,
2005; Grande et al., 2013; Guo et al., 2013; Heinrich et al., 2014;
Lentini et al., 2021). However, injury responses are highly variable and
poorly defined and may not feature in dysregulated circuitry, such as
epilepsy, addictive disorders, and psychiatric disorders, where newly
engineered neurons could play a modulatory role (Southwell
etal., 2014).

Despite reports of success with neuronal reprogramming in a
number of brain regions, approaches to direct in vivo reprogramming
have recently come under criticism. The controversy largely stems
from a lack of certitude that pre-existing neurons were not
inadvertently targeted, as this would make interpretation of the
outcomes problematic (Calzolari and Berninger, 2021; Wang et al.,
2021; Chen et al.,, 2022; Cooper and Berninger, 2022). Suggested
considerations to allay concerns in further studies included
demonstrating cell-specific targeting of reprogramming factors and
demonstrating progression from early to late neuronal lineage states
as confirmation of an induced neuron.

With this perspective in mind, we undertook a study to reprogram
oligodendrocyte progenitor cells (OPCs). OPCs, also known as NG2
Glia, represent an attractive alternative to astrocytes as a target cell for
neuronal reprogramming. OPCs have a diverse developmental origin
that may contribute to their apparent regional heterogeneity in the
adult CNS, with cortical OPCs arising postnatally from the dorsal
ventricular zone (Newville et al., 2017). OPCs are characterized by
their expression of Olig2, Sox10, NG2, and Pdgfa. Definitive OPCs
gradually reduce expression of NG2 and Pdgfa upon progressing to
terminal differentiation as oligodendrocytes (Nishiyama et al., 2016).
OPCs are the largest dividing cell population in the healthy, naive
adult cortex (Dawson et al., 2003), respond to injury (Simon et al.,
2011; von Streitberg et al., 2021), and homeostatically maintain a
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latticed distribution (Hughes et al,, 2013) throughout the entire
cortical region. As their primary role is understood to be a reserve
population to proceed to terminal differentiation as oligodendrocytes
when needed, OPCs offer an abundant and renewable cell population
for neuronal reprogramming.

Here we show that retroviral gene delivery of the transcription
factor neurogenin2 (Ngn2) can reprogram isolated adult rat OPCs
into functional neurons and produce phenotypically mature neurons
from naive OPCs in the adult rat cortex. We isolated gray matter OPCs
from adult rat cortex and screened developmental transcription
factors for functional neuronal induction capacity (Heinrich et al.,
2011). Ngn2 reprogrammed OPCs into functional neurons in vitro
and subsequent in vivo expression of Ngn2 in normally proliferating
naive OPCs reprogrammed these cells through a transitional
immature neuronal phenotype into mature glutamatergic pyramidal
neurons with authentic dendritic arbor, axonal extension, and synaptic
contacts from pre-existing neurons. Our results demonstrate direct in
vivo engineering of mature neurons in multiple areas of the naive adult
rat cortex. Engineering precise neuronal subtypes by reprogramming
resident glia in this fashion may prove useful for experimental and
potentially therapeutic manipulation of neuronal circuitry in the
intact brain and for endogenous cell replacement following disease or
neurological injury.

Materials and methods
OPC isolation and culture

Adult Hooded Long Evans Rats (n=4) were deeply anesthetized,
guillotined, and brains removed. Brains were cut into 2 mm slabs with
a coronal brain matrix and the neocortex carefully dissected to avoid
inclusion of white matter under a dissecting microscope in chilled
HBSS buffer. Tissue was dissociated using a papain-based neural
dissociation kit (Miltenyi) and cells were selected for the O4 antigen
via Magnetic Activated Cell Sorting (MACS) and cultured as described
previously (Dincman et al., 2012). OPCs were grown and passaged on
PDL/laminin coated plastic dishes or glass coverslips in OPC growth
medium (DMEM/F12, BSA (0.1%), N2 (1%), PDGFaa (10ng/mL),
FGF2 (20ng/mL), and Insulin (5pg/mL)) at 5% CO,. Cells were
passaged, cryopreserved, and maintained as a primary cell line with
no later than passage 7 used in experiments.

Differentiation assays

Differentiation potential was assessed by replacing OPC growth
media with Oligodendrocyte Differentiation Media (DMEM/F12, N2
(1%), B-27 Supplement (B27 1%), Penicillin/Streptomycin/Fungizone
(PSF 1%), Insulin (50 ng/mL), Triiodothyronine (T3 40 ng/mL)) or
Astrocyte Differentiation Media (DMEM/F12, Fetal Bovine Serum
(10%), PSF (1%)). Experiments were performed in triplicate.

Neuronal reprogramming

OPCs were transduced with OPC growth media containing
retroviral constructs carrying the transgene for candidate neurogenic
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transcription factors (Supplementary Table S1). In vitro screening
studies initially used a mixture of the constitutive CAG promoter or
the OPC-specific NG2 promoter in different constructs. No advantage
was conferred by NG2-promoter expression and to avoid potential
silencing with neuronal differentiation, we chose to standardize on the
CAG promoter for our studies. After 24 h, transduction media was
replaced with Neuronal Reprogramming Media (Neuralbasal Media,
B27 (2%), Glutamax (1%), PSF (1%)) at 10% CO2 with BDNF (20 ng/
mL) added on Day 5 and every 4days thereafter with no media
changes (Heinrich et al., 2011). For co-culture experiments, PN1 rat
neurons (derivation described in Sun et al., 2008) were plated onto
reprogrammed neurons within 48 h of their transduction. Experiments
were performed in triplicate. Time-lapse imaging studies were
conducted using a Leica SP8 resonance confocal microscope equipped
with an environmental stage (Okolab) and cultures were maintained
at 37°C and 5% CO, for the duration of the imaging session.

Immunofluorescence staining for cell
culture

Coverslips were transferred and rinsed in a well of PBS and fixed
in 4% paraformaldehyde (0.1 M phosphate buffer). Three rinses in
Tris-buffered saline (TBS) preceded a 1h block in 5% donkey
serum/0.25% TritonX-100/TBS solution (TBS++). For multiple
immunostaining, sections were incubated overnight (at 4°C on a
shaker table) with primary antibodies diluted in TBS with 0.25%
TritonX-100 (TBS+). Primary antibodies used are listed in
Supplementary Table S2. Following two 30min block/rinses with
TBS++, sections were incubated for 2h with Alexa Fluor 488
(Molecular Probes), Cy3, or Cy5 (Jackson Immunoresearch) diluted
in TBS+ (1:500) for 2h at room temperature. Following two 15-min
rinses with TBS, cells were counterstained with DAPI, rinsed with
TBS, and coverslips were mounted onto slides, with a glycerol-
polyvinyl alcohol plus DABCO (1,4 diazabicyclo [2.2.2] octane; Sigma
D2522, Sigma-Aldrich, Inc., St. Louis, MO, United States)
PVA-DABCO solution to self-seal and prevent fading, and stored at
4°C in the dark. Negative controls lacking primary antibodies were
run along samples.

In vitro quantitation

To assess the efficiency of both viral transduction and neuronal
conversion, the number of total cells (DAPI), virally transduced cells
(GFP), and converted neurons (beta-III-tubulin) was estimated at
each time in the screening assay by systematic sampling of coverslips
in triplicate. Coverslips were imaged on an Olympus Spinning Disk
(DSU) confocal microscope under the control of stereological software
(StereolInvestigator, MBF Bioscience, Inc.) to achieve systematic,
fractionated sampling. The entire coverslip was defined as a contour
and the sampling density adjusted to acquire images at 10 sites with a
randomized start site. This approach assured that all regions of the
coverslip had an equal probability of being sampled. Confocal stacks
(20 focal planes at 1 pm intervals) were automatically collected by the
software at each site for each channel of fluorescence. Cells of each
phenotype (DAPI, GFP, and beta-III-tubulin) were counted using the
software to obtain an estimate of total cells (DAPI), transduction
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efficiency (GFP cells over DAPI cells), and conversion efficiency (beta-
III-tubulin cells over GFP cells) per coverslip. The extent of
colocalization of beta-III-tubulin was also calculated. As the physical
parameters of the coverslip did not change, the results are expressed
as the sum of the 10 fields sampled. Efficiency calculations were
defined as the mathematical ratio of the mean values.

Molecular analysis

Cells were rinsed with PBS and harvested with no more than
5x10° cells resuspended in 1 mL CCM, then lysed and extracted with
the RNeasy Plus Micro kit (Qiagen) using larger volumes for the
purification of RNA from cells protocol. RNA concentrations were
obtained using a Nanodrop 1000 (Thermo Scientific) using 1.5uL
RNA. Each sample was then assessed for quality using the Experion
Capillary Electrophoresis System (Bio-Rad). Samples were diluted,
denatured and prepared according to the manufacturer’s directions for
the Experion RNA HighSens analysis kit (Bio-Rad). They were run on
the same chip as an extraction negative control and a positive control
and compared using the Bio-Rad Experion software (v3.2.243.0) to a
supplied denatured, diluted RNA ladder. Only samples with an RQI
(RNA Quality Indicator) number greater than 7.0 were used for
arrays. 400 ng of RNA from each sample was reverse transcribed using
the ImpromlII Reverse Transcription system (Promega, manufacturer’s
directions). 91 pL of RNase-free water was added to the cDNA for
each sample. The PCR component mix was made up using iTaq
Universal SYBR Green supermix (Bio-Rad) for 96-well format A for
use in a Bio-Rad iCycler as instructed by the manufacturer (Qiagen).
Each sample was pipetted into a Rat Neurogenesis array (Qiagen
PARN-404Z) and performed on a Bio-Rad iCycler. The same
threshold was set for all arrays and controls checked. The rat genomic
DNA contamination control indicated the absence of genomic
DNA. The positive PCR control wells were within 2 cycles of a Ct of
20, indicating a lack of inhibitors. Data was analyzed using the RT2
Profiler PCR Array Data Analysis software (v3.5) from Qiagen. Three
reference genes that had a difference in Ct values of <2 across all
samples were chosen to analyze the data. Delta-delta Ct was calculated
for each well to find genes that were under and over expressed by more
than 4 fold in the 7dpt and 15dpt day groups when compared to the
OPC control cells.

Electrophysiological recordings

Electrophysiological recordings were conducted at room
temperature (22°C) using standard whole-cell patch-clamp
techniques, extracellular artificial cerebrospinal fluid gassed with 95%
0,/5% CO, and containing (in mM) 130 NaCl, 2.5 KCl, 2.0 CaCl,, 1.2
MgSO,, 1.25 KH,PO,, 25 NaHCO; and 10 dextrose, and intracellular
solution containing 135K-gluconate, 2.0 MgCl,, 4.0 Na,-ATP, 0.4
Na-GTP, 10 Na-phosphocreatine and 10 HEPES adjusted to pH 7.3
with KOH. Cells were selected based upon neuron-like morphology
and GFP marker expression (n=15 from triplicate preparations).
Recordings were conducted in both current-clamp and voltage-clamp
modes with cell potential adjusted to —70 mV using Axon Instruments
Multiclamp 700B amplifier, Digidata 1,440 analog-digital converter
and pClamp 10.2 software. Input resistance was measured with —20
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PA, 500msec current steps and neuron-like excitability (action
potential firing) was tested using 500 msec current steps ranging from
—50 to +100 pA in current-clamp. Sodium currents and spontaneous
excitatory postsynaptic currents (SEPSCs) were measured in voltage-
clamp. SEPSCs were detected and measured offline using Minianalysis
software with threshold amplitude set to 7.5 pA to avoid false positives
from noise. Datasets of three 1-min recording epochs before, during
and after CNQX per cell (n=4) were analyzed by 1-way ANOVA
followed by Tukey’s multiple comparisons test.

Viral-vector preparation

3rd generation (self-inactivating) VSV-G pseudotyped Murine
Moloney Leukemia Virus vector were produced by transfection of
packaging (Gag/Pol, VSV-G) and vector plasmids into 293 T cells
with the retroviral vectors collected into the cell culture supernatant
or into Opti-MEM medium (serum free) for concentration by
ultracentrifugation (Tiscornia et al., 2006). All vector transgenes
were driven by the CAG promoter and co-expressed eGFP or dsRed
under an internal ribosomal entry site (IRES) sequence. See
Supplementary Table S1 for the origins of each retroviral
vector plasmid.

In vivo delivery and histology

Seven to eight week-old young adult male Long Evans Hooded
rats were purchased from Harlan Sprague Dawley (Indiana,
United States) for sole use in this study. Rats were housed two to three
per cage under standard laboratory conditions with a light/dark cycle
of 12h with food and water ad libitum. All experiments were
performed according to and approved by national and institutional
guidelines (NIH, IACUC). Intracranial injection procedures adopted
to minimize mechanical trauma to the cortex included careful
drilling of a skull opening so that no mechanical compression of the
dura or parenchyma occurs, use of a small gage needle to superficially
create an opening in the dura for insertion of the delivery needle
without contact with the cortical surface, and use of a specially
designed 33G needle (Hamilton Neuros Syringe) to minimize needle
track volume combined with slow delivery of viral volume. With
these procedures, neuronal loss is confined to the volume of the 33G
needle and hypertrophy of astrocytes is confined to the lining of the
needle track and the cortical surface at the site of insertion. Rats were
randomly assigned to viral delivery groups for the different
transgenes. Viral injections were done for each transgene in groups
of three to minimize wastage of the virus. Rats within each group
were randomly assigned for collection of brains at the different
analysis times. Rats were anesthetized with Isoflurane inhalant and
injected with 3ul of concentrated retroviral CAG-eGFP (3 x 10%) or
CAG-Neurogenin2-IRES-eGFP  (3x10%) using a
stereotaxic injector (Stoelting) with delivery at 0.2 pL/min into either

motorized

the right motor cortex or the right entorhinal cortex. The following
coordinates were used: for motor cortex [from Bregma (mm):
nosepiece —0.3; A/P: +0.5; M/L: —2.5; D/V(from dura): —2.0 raised
0.1 every minute] and for entorhinal cortex [from Bregma (mm):
nosepiece: —7.0; A/P: £9.2; M/L: —5.0; D/V(from dura): —4.5 raised
0.1 every 1 m 30 s].
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Brains were collected at 1 and 2-3 weeks post injection following
transcardial perfusion with 0.9% saline wash, followed by 4%
paraformaldehyde (PFA) in phosphate buffer, then post-fixed in 4%
PFA overnight at 4°C, equilibrated in 30% sucrose, and sectioned at
40pm on a freezing stage microtome (Leica). Using unstained
wet-mounted sections, all brains were screened for the detection of
native GFP expression; brains that did not contain fluorescent cells or
brains where the injection reached the corpus callosum or otherwise
were not entirely within the cortex were not included in the study.
sizes were GFP (27) and Ngn2 (27). For
immunofluorescence staining, net inserts (Corning Costar) were used

Final group

to transfer free-floating sections between solutions and minimize
handling. To remove cryoprotectant, all sections were rinsed multiple
times in TBS followed by 3h block in TBS++. For multiple
immunostaining, sections were incubated for 72 h (at 4°C on a shaker
table) with primary antibody diluted in TBS+. Primary antibodies and
dilutions used are listed in Supplementary Table S2. Following two 1 h
blocks with TBS++, sections were incubated for 48 h with Alexa Fluor
488 (Molecular Probes), Cy3, or Cy5 (Jackson Immunoresearch)
diluted in TBS+ (1:500) for 2h at room temperature. Following two
15-min rinses with TBS, all sections were mounted onto slides, cover
slipped with PVA-DABCO mounting media, and stored at 4°C in the
dark. Negative controls lacking primary antibodies were run along
samples. The use of different reporter genes in some cases prevented
the blinding of investigators to group identity.

Microscopy and imaging

Confocal images were acquired using an Olympus DSU,
Olympus Fluoview XV, Fluoview 500, or Leica SP8 resonance
confocal microscope. Appropriate apertures and Nyquist sampling
were used to acquire optimal resolution confocal stacks. Signal
intensity was set objectively against a signal distribution histogram
and with reference to positive and negative imaging controls to
ensure an appropriate acquisition without oversaturation. Three-
dimensional colocalization of signal was performed by generation
of orthogonal views or through rendered three-dimensional
visualization with rotation and orthogonal sectioning of the image
volume using NeuroLucida software (MBF Bioscience, Inc.).
Figures were composed in Adobe Photoshop with minimal
adjustment to normalize signal distribution between panels and
images were not otherwise manipulated.

Quantitative stereology

The Navigator feature of the Leica LASX software was used to
acquire a three-dimensional virtual tissue section of all sections
containing GFP-positive cells. Imaging was performed on a Leica SP8
resonance confocal microscope using the 25x0.95 NA water
immersion lens with a z-axis sampling interval of 1 pm to generate a
focal series throughout the entire section thickness. All image stacks
were stitched together to generate a virtual section. The series of
virtual sections for each site of gene delivery were sampled using the
Stereolnvestigator software (MBF Bioscience, Inc.) to implement
Optical Fractionator sampling to produce an estimate of total cell
number (Peterson, 2004; Peterson, 2014). The sampling parameters
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used were: section series- every third section; area fraction 65 x 65 pm
counting frame and a 125x 125 pm sampling grid; optical disector
height of 12 pm with a mean section thickness of 24.6 (+1.04) pm. This
sampling density generated a mean coefficient of error (CE) value of
0.16 (£0.02). Cells were counted as they first came into focus using the
optical disector counting rules and scored for single or multiple
expression of fluorescent labeling. Data was summarized and analyzed
using Prism 9.4 software (GraphPad, Inc.) with an initial ANOVA
followed by a Bonferroni post-hoc test for significance with significance
accepted at p <0.05.

Results

Characterization of adult-derived rat
cortical OPCs

To prepare for future studies of neurogenic engineering in rat
models of injury and dysfunction, we isolated and cultured adult rat
cortical OPCs for use as an in vitro assay to identify successful
transcription factors for subsequent in vivo cortical delivery to induce
neurons from resident non-reactive OPCs (Figures 1 A-C). To screen
developmentally relevant pro-neuronal transcription factors
(Imayoshi and Kageyama, 2014) (Supplementary Table S1), adult
OPCs were isolated from cortical gray matter to replicate the target
cell population for in vivo reprogramming. OPCs were selected for
expression of the O4 antigen (Dincman et al., 2012) from dissociated
adult rat neocortical gray matter, and could be cultured with the ability
to expand, passage, and cryopreserve cells (Figures 1B,D). All adult
cortical-OPCs expressed pan-oligodendroglial markers, Olig2 and
Sox10 (Nishiyama et al., 2009) (Figure 1E) and NG2 (Figure 1F), but
displayed maturational heterogeneity within the OPC lineage with a

10.3389/fnins.2023.1237176

concomitant loss of nestin and increased O4 expression as cells
progressed from early bipolar to later multipolar morphologies
(Figure 1F). Under OPC growth conditions, most cells retained an
OPC phenotype and the premyelinating oligodendrocyte marker RIP
was rarely observed (Figure 1G). However, under oligodendrocyte
differentiation conditions, RIP became strongly expressed (Figure 1H)
confirming that the isolated OPCs were indeed within the
oligodendroglial lineage and could proceed to terminal differentiation
as oligodendrocytes with appropriate instruction.

In vitro neuronal reprogramming

of
(Supplementary Table S1) cloned into retroviral vectors resulted in

Delivery neurogenic transcription factors
robust expression of the neuronal lineage marker 3-III-tubulin by
7days (Figures 2A-E) following delivery of the single factors
Neurogenin2 (Ngn2; 50% efficiency) or NeuroD1 (50% efficiency),
and to a lesser extent with the combined delivery of Ascll and DIx2
(15% efficiency), but not in any of the other combinations, including
GFP-reporter control (0%) and Pax6 (0%). Ngn2-induced neurons
(Ngn2-iNs) expressed {3-II1-tubulin as early as 3 days post transduction
(dpt) and expressed Map2 (Figure 2E”). Non-infected cells continued
to express Olig2 and O4, while these were downregulated in Ngn2-
infected cells (Figure 2F). Initial transduction efliciency was
approximately 60% and of those GFP-expressing cells, neuronal
conversion efficiency was approximately 25% (i.e., 15% of total cells;
Figures 2G,H).

To confirm lineage progression from OPCs to induced neurons,
we performed time-lapse imaging over 70 h from four to 6 days post-
infection and conducted a trajectory analysis on the lineage
progression of individual cells (Figure 3). Single frame images from

Experimental Design
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Derivation of adult rat cortical oligodendrocyte progenitor cells (OPCs). Experimental Design: (A) Genes encoding relevant developmental transcription
factors were cloned into a retroviral vector with a fluorescent reporter gene. (B) Adult rat cortical gray matter was dissociated and O4-positive
oligodendrocyte progenitor cells (OPCs) were selected, cultured, and transduced by retroviral delivery. p-IlI-tubulin expression of reporter-labeled cells
served as a readout of neuronal induction. (C) Retrovirus containing successful constructs is then delivered to the cortex of a naive animal to infect
resident proliferating OPCs and induce neuronal reprogramming. Characterization of Adult Cortical OPCs: (D) Cultured O4-selected phase-bright
multipolar cells with morphology consistent with an OPC identity. (E) Cells stain positive for pan-oligodendroglial lineage markers Olig2 and Sox10

(F) Isolated OPCs are NG2-positive and demonstrate a concomitant loss of nestin and increased O4 expression as cells progressed from early bipolar
to later multipolar morphologies. (G) Under growth conditions, only the most elaborate O4-positive cells contained detectable staining for the
premyelinating oligodendrocyte marker RIP. However, under oligodendrocyte differentiation media, (H) nearly all OPCs matured into RIP-positive
oligodendrocytes, while maintaining expression of Olig2
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FIGURE 2
In vitro screen for reprogramming to phenotypic neurons. Screening Assay: OPC cultures received retroviral vectors for neurogenic transcription
factors and were evaluated for neuronal induction based upon expression of the early neuronal marker p-1ll-tubulin. (A) GFP alone or (B) Pax6-GFP
transduced OPCs but did not induce p-llI-tubulin. Co-delivery of (C) Ascll-dsRed and DIx2-dsRed or (D) NeuroD1-GFP did induce p-IlI-tubulin.
(E) Ngn2-GFP strongly induced B-IlI-tubulin, and induced neurons also expressed Map2. (F) Only non-transduced OPCs (non-GFP cells) continue to

express Olig2 or O4 (arrowheads), indicating successful lineage respecification by Ngn2. Efficiency of Ngn2-induction: (G) The total number of cells in
culture (DAPI) was reduced by about 20% over the course of the screening assay (14 days). Not all cells were transduced and the number of GFP-
positive cells declined by about 90% over the course of the assay. Ngn2 successfully induced neurons, but the number of B-Ill-tubulin cells decreased
by 80% by day 14. At all times, nearly 100% of #-Ill-tubulin cells were GFP-positive. Thus, loss of GFP positive cells occurred mainly in the portion that

apparent conversion efficiency increased

did not successfully convert into neurons. Values are mean + standard deviation. (H) When stated in terms of efficiency, retroviral-Ngn2 transduced
60% of the cells and induced B-Ill-tubulin in 25% of those cells (i.e., 15% of total cells). Thus, over time, as the number of GFP cells declined, the

each day during the imaging period (Figures 3A-C) illustrate
morphological progression from multipolar short processes of OPCs
to the eventual long processes typical of neuronal morphology that
contact neighboring cells. The dynamic nature of this interaction can
be seen in the Supplementary Video S1 (https://doi.org/10.5281/
zenodo.8189544). Immunostaining immediately following confirmed
the expression in these cultures of the mature neuronal marker, NeuN
(Figures 3D-F).

As an assessment of neuronal function following Ngn2 delivery, a
neurogenesis-themed PCR array found that GFP-control vector
largely matched the expression profile of OPCs while Ngn2-iNs
upregulated neuronal genes (ie. DCX, Grinl) and the pro-neuronal
transcription factor NeuroD1, but downregulated Olig2 by 7 dpt
(Figures 4A,B). When co-cultured with P1 rat cortical neurons,
Ngn2-iNs developed elaborate dendritic processes with punctate
synaptophysin-positive contacts (Figures 4C-E), showed strong
neuron-like voltage gated sodium current (Figure 4F), generated
action potentials upon depolarization (Figure 4F), and displayed
spontaneous excitatory post-synaptic currents that were inhibited by
the glutamatergic AMPA receptor blocker, CNQX (Figures 4L]). Thus,
in addition to showing morphological and phenotypic features
consistent with a neuronal identity, Ngn2-iNs evidence a similarity in
transcriptional profile. Furthermore, Ngn2-iNs exhibited functional
contacts and neuronal membrane properties consistent with a
glutamatergic phenotype.
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Specificity of in vivo retroviral delivery for
cortical OPCs

We next asked if in vivo retroviral delivery of Ngn2 could also
reprogram non-reactive OPCs within the naive rat cerebral cortex into
neurons. As predicted from the fact that OPCs are the primary
proliferative cells in the naive adult cortex, we found that GFP-reporter
labeled cells expressed the pan-oligodendroglial marker, Olig2, with
characteristic OPC morphology (Figures 5A,B). Based upon viral
delivery parameters, each injection infected a fraction of Olig2-
positive cells in this cortical volume in the rat, reflecting the
proportion of OPCs undergoing cell cycle at the time of retroviral
availability. With GFP-reporter only delivery, infected cells rarely
express markers for immature (DCX) neurons and then only weakly.
However, GFP-positive cells did not co-express markers for mature
(NeuN) neurons, mature astrocytes (S10083), or microglia (Ibal) at
7 days post injection (dpi; Figures 5A-D). By using detection of soma-
localized S1008 for astrocytes, we were able to unambiguously exclude
co-localization of astrocytes with retroviral GFP-reporter (Figure 5D).

Olig2 is a transcription factor expressed throughout the
oligodendrocyte lineage apart from mature oligodendrocytes, while
Sox10 is a transcription factor expressed from early OPCs to terminal
oligodendrocytes. OPCs begin to downregulate expression of NG2 as
they progress to becoming mature oligodendrocytes. To further
characterize the proliferating cell population targeted by retroviral
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Trajectory analysis of morphological changes with reprogramming
Ngn2-eGFP at 4 DPI

Phenotypic confirmation of neuronal reprogramming
NeuN

Ngn2-eGFP at 7 DPI

FIGURE 3

at 5 DPI

at 6 DPI

Merged

Trajectory analysis of Ngn2-expressing OPCs during the process of neuronal reprogramming. Trajectory analysis: Following retroviral delivery of Ngn2-
eGFP (0 days post-infection or DPI), OPC cultures were observed by time-lapse imaging. A video summarizing the changes with neuronal
reprogramming is included as Supplementary Material and can also be found at https://doi.org/10.5281/zenodo.8189544. (A—C) Four cells (a—d) are
shown at 24 h intervals as they move, change morphology, and remodel their neurite extensions (see video for a dynamic view). Cells a and b exhibit a
multipolar morphology at 4 DPI, while cells ¢ and d are already showing more bipolar processes at this time. By 6 DPI, all four cells exhibit rounded cell
bodies and distinct neurite processes that connect with neighboring induced neurons. Neuronal phenotype confirmation: (D—F) Cultures were fixed
and immunostained at 7 DPI, revealing that nearly all GFP-positive cells expressed the neuronal marker, NeuN. Morphological progression and NeuN-

positive cells were not observed in control cultures receiving retroviral eGFP-only delivery.

gene delivery, which infects only dividing cells, we analyzed control
eGFP-only in vivo retroviral delivery at the 7 day post-injection
interval and found that 85.9% (+2.6%) were Sox10+/NG2+ OPCs and
the remaining 13.8% (£2.7%) were Sox10+/NG2— oligodendrocytes.
Thus, 99.7% (+0.03%) of GFP-expressing cells are OPCs or OPCs
progressing toward terminal differentiation. As only proliferating
OPCs were targeted by retroviral delivery, only 23.4% (£5.8%) of
OPCs present at the point of retroviral delivery expressed GFP.

In vivo cortical neuronal reprogramming by
Ngn2

Retroviral delivery of Ngn2 induced DCX expression in nearly all
Ngn2-GFP-positive cells by 7 days (Figures 6A-D). Ngn2-iNs began
to express NeuN, although at weaker levels than pre-existing neurons
by 7 dpi. Given the robust process extension and morphological
remodeling observed of Ngn2-iNs in vitro at a similar time (Figure 3
and Supplementary Video S1), it is perhaps not surprising that in vivo
Ngn2-iNs exhibited substantial process extension and complexity with
cell polarity suggesting a transitional immature neuronal morphology
(Figure 6E). These Ngn2-iNs also expressed the early neuronal lineage
marker DCX, confirming their progression through a neuronal
lineage (Figure 6E).

As Ngn2 reprogramming in vitro also drove very high expression
of NeuroD1 (Figures 4A,B), we next asked if in vivo Ngn2
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reprogramming alone was sufficient to generate pyramidal neuronal
morphology with glutamatergic subtype specification. By 3 weeks,
Ngn2-iNs were observed in superficial layers of the cortex
(Figures 7A-C) showing a continuum of progression toward a mature
neuronal morphology with distinct dendritic and axonal processes
and, in all cases, distinctly co-expressing the mature neuronal marker
NeuN. In all cases, signal co-expression was assessed in three-
dimensions to verify that signals overlap in the same cellular
compartments. All neurons, including the Ngn2-iNs, were closely
associated with Iba-1-positive microglia (Figures 7A-C), but no
microglia were observed to co-express GFP, indicating the absence of
non-specific GFP uptake.

Ngn2-iNs were also observed by 3 weeks in deep cortical layers
(Figures 7D-F) that distinctly co-expressed NeuN and exhibited
cytoarchitecturally — appropriate pyramidal cortical neuron
morphology, including primary and basal dendrites, dendritic arbor
elaboration, and dendritic spines. Evaluation of GFAP-positive cells
confirmed the absence of GFP expression in astrocytes. Separate
Ngn2-GFP gene delivery to the phylogenetically older entorhinal
cortex (allocortex) also resulted in the generation of induced neurons
by 3 weeks (Figures 7G-I) demonstrating that OPCs in regions other
than neocortex may be amenable to neuronal reprogramming.

In vitro data had demonstrated that Ngn2-iNs established functional
glutamatergic contacts (Figure 4). To determine if Ngn2-iNs generated
following in vivo gene delivery adopt a glutamatergic neuronal subtype

specification, GFP-positive Ngn2-iNs were examined for co-expression
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FIGURE 4

mean + SEM, F (2, 6) = 23.28, p = 0.0015.

Ngn2 Expression Reprograms OPCs into Functional Neurons. Neuronal Induction-Gene Expression: (A) Control GFP-only transduced cells exhibited a
largely similar gene expression profile to OPCs in a neurogenesis pathway PCR array, while Ngn2-induced neurons demonstrate distinct gene
expression changes. (B) There was greater than a 4-fold expression increase in Ngn2-induced neurons for selected genes relevant to neuronal lineage,
including NeuroD1 and DCX. Olig2, a pan-oligodendroglial lineage marker was actually reduced by more than 4-fold. Neuronal Induction-Membrane
Properties: (C) Ngn2-GFP induced neurons (green) co-cultured with neonatal primary rat cortical neurons elaborate Map2-positive processes (blue).
Primary neurons stain only with Map2. (D) There were extensive synaptophysin-positive contacts (red) on Ngn2-GFP dendrites. Inset shows
synaptophysin staining alone. (E) Synaptic contacts were also found on dendrites near the soma and frequently on the soma itself. In vitro patch clamp
recordings demonstrate (F) strong sodium currents (G) repetitive firing of action potentials upon depolarizing injection, and (H) spontaneous excitatory
post-synaptic current activity that is (1) largely blocked by the glutamatergic AMPA receptor antagonist CNQX, indicative of synaptic input. Values are
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of the cortical glutamatergic neuronal markers Tbrl and Cam-II-
kinase-o. Evaluation of three-dimensional imaging (Figures 7J-L)
revealed that both markers were detected, indicating that rat cortical
OPCs had been reprogrammed by Ngn2 expression alone in the absence
of prior injury into a glutamatergic neuronal subtype. We next evaluated
dendrites and dendritic spines on Ngn2-iNs (Figures 7M-0) and
identified synaptophysin-positive contacts on both GFP-positive
dendrites and dendritic spines indicating the presence of morphological
contacts with the pre-existing cortical circuitry.

Stereological quantification of neuronal
reprogramming

We performed stereological quantitation (Figure 8) to assess the
number of GFP-positive cells in total for neocortical retroviral gene
delivery of both control GFP-only and Ngn2-GFP at three time points
(7, 14, and 21 days post-delivery). Cells were counted based upon their
expression of GFP alone, or coexpression with the early neuronal
lineage marker DCX (7 and 14 day groups) or the mature neuronal
marker NeuN (21day group). The volume of cortex occupied by
GFP-positive cells did not differ between control and Ngn2 induction
at any time point but did reveal a decline over time (Figure 8A). The
basis for this volumetric decline can be seen by the estimation of total
GFP-positive cell number (Figure 8B). Although there was no
difference at any time between control GFP-only and Ngn2-GFP
conditions, overall the populations of cells declined. The extent of
initial gene delivery distribution within the cortex varies from subject
to subject. This variable, and likely other nuances of intracerebral
delivery, contributed to substantial variance with the result that
statistical evaluation by ANOVA did not produce adequate
significance to proceed with subsequent between group tests.
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Estimation of the number of GFP-positive cells that showed
neuronal lineage commitment (Figure 8C) demonstrated that the Ngn2-
induced groups significantly generated induced neurons compared to
the control GFP-only group. In fact, the control GFP-only group had few
GFP-positive cells that were weakly DCX-positive. Despite the weakness
of staining, these cells were included in the counts for 7 and 14 day
groups. In the 21day group for the GFP-only control condition, no
GFP-positive cells were detected that co-expressed NeuN apart from a
single GFP-positive cell that showed weak positivity for NeuN. This cell
was included in the count, which also enabled statistical testing to
be performed for the 21 day group. When evaluated for neuronal lineage
commitment as a percentage of GFP-positive cells (Figure 8D), the
weakly DCX-positive cells in the control GFP-only condition represent
less than 4% of GFP-positive cells in the 14 day group. The single weakly
NeuN positive cell represents less than 1% of GFP-positive cells in the
21day group. In contrast, neuronal lineage commitment is significantly
higher in the Ngn2-induced condition, with more than 85% of
GFP-positive cells identified as neurons by 21 days.

Discussion

In this report, we demonstrate that delivery of a single transcription
factor, Ngn2, can reprogram resident cortical OPCs into
morphologically mature, subtype-specific pyramidal neurons in
multiple rat cortical regions (including neocortex and allocortex) that
are otherwise entirely devoid of neurogenesis. The relatively rapid
expression of mature neuronal features we observed in vitro and in vivo
may be explained by the reports that forced Ngn2 expression produces
rapid expression of many mature neuronal transcriptional programs
(Masserdotti et al., 2015; Kempf et al., 2021). Although possibly still in
the process of maturing, these Ngn2-iNs receive multiple contacts on
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FIGURE 5

In vivo retroviral delivery of GFP reporter-only control infects proliferating OPCs but does not induce any detectable neuronal phenotype. In Vivo
Retroviral Delivery-GFP Reporter Only Control: As retrovirus infects only dividing cells and the vast majority of proliferating cells in the naive brain are
OPCs, it was expected that this population would be targeted by retroviral delivery. By 7 days following in vivo cortical delivery of retroviral-GFP control
vector, a distinct population of transduced cells was observed. (A) GFP-positive cells with a complex branching morphology consistent with NG2 Glia
were uniformly distributed. A systematic, quantitative examination of coexpression with GFP revealed that 99.7% of GFP-positive cells observed in the
control condition were positive for the OPC marker Olig2 (red) or Sox10 (not shown) by 7 DPI. (B) GFP-positive cells were distributed amongst mature
neurons (NeuN, blue) and were often closely associated with, but distinct from, neurons. NeuN-positive cells were never observed to coexpress GFP.
To verify that no GFP-positive cells were other neural cell types, adjacent sections were stained for (C) Ibal (red) to detect microglia or (D) S1008 (red)
to detect astrocytes. In no case were GFP-positive microglia or astrocytes observed, as would be predicted for a naive brain without previous injury
where these cells are not actively proliferating. Staining for the early neuronal marker DCX revealed an absence of DCX expression in GFP-only positive

10.3389/fnins.2023.1237176

cells (DCX detection in the hippocampal dentate gyrus within the same section was used as a positive control for validation of imaging parameters).

their dendrites and dendritic spines from pre-existing neurons.
Neuronal electrophysiological properties were evident in Ngn2-iNs by
1 week in vitro. By using retroviral delivery of the reprogramming
factor, we avoided targeting preexisting neurons, as has been a
possibility with AAV delivery (Calzolari and Berninger, 2021; Wang
etal, 2021; Chen et al., 2022; Cooper and Berninger, 2022). However,
this experimental design also precluded employing the strategy of prior
injury, reportedly important to achieve reprogramming (Grande et al.,
2013; Guo et al.,, 2013; Heinrich et al., 2014; Torper and Gotz, 2017;
Lentini et al., 2021), as this would have induced proliferation in a
broader population of cells and prevented our goal of targeting the
OPC population. Nevertheless, retroviral delivery of Ngn2 to
proliferating OPCs resulted in their reprogramming into neurons,
suggesting that the cortical environment of the adult rat can continue
to foster neuronal maturation.

Specificity of reprogramming factor
delivery

Retroviral transgene expression is restricted to cells undergoing
cell division and thus also serves as a marker of cell cycle (Morshead
and van der Kooy, 1992; Torper and Gotz, 2017). We therefore
anticipated that retroviral delivery of reprograming factors to the naive
cortex would primarily target OPCs (Dawson et al., 2003), while also
serving as a control for the inability to infect pre-existing post mitotic
neurons. This straightforward delivery strategy also avoids potential
false positive detection due to leaky expression of Cre under
OPC-specific promoters that has been responsible for mistaken in vivo
differentiation of OPCs to neurons (Richardson et al., 2011). Although
a previous report (Guo et al., 2013) identified retroviral infection of
astrocytes in mouse cortex, these cells only proliferate several days
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following an injury, and astrocyte proliferation may be misidentified
and overstated due to the extent of GFAP upregulation (Burda and
Sofroniew, 2014; Dimou and Gotz, 2014). This study design avoided
any prior injury or activation of glial cells into a reactive state that
would also stimulate proliferation in other cell types (Hampton et al.,
2004), resulting in the absence of any retrovirally-delivered GFP
detected in cells other than the constitutively proliferating OPC
population. Thus although it is possible that occasional proliferating
pericytes, endothelial cells, microglia, or astrocytes could potentially
be included among infected cells, on a population basis, these other cell
types were not detected to express GFP and the infected cell population
was primarily OPCs, consistent with the non-reactive milieu at the
time of viral infection. In control GFP-only conditions, we observed a
portion of the GFP-expressing cells were Sox10-positive without NG2
expression. It is possible that some of these cells may have been
oligodendrocytes proliferating at the time of retroviral delivery (Simon
et al,, 2011). The remaining population may have been OPCs at the
time of retroviral delivery that subsequently downregulated NG2 as
they progressed over the 7 days toward terminal differentiation as
oligodendrocytes, a number and timeframe that is consistent with
another report (Shimizu et al., 2020). Furthermore, we were able to
exclude the participation of SVZ-derived neuroblasts as the source of
our identified Ngn2-iNs based upon their absence in control GEP-only
conditions and the identification of Ngn2-iNs in the entorhinal cortex,
the most remote cortical region from the anterior SVZ.

Ngn2 reprogramming induced progression
through neuronal lineage

Neurons have distinct phenotypic subtypes and the generation of
new generic neurons without these properties and without appropriate
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FIGURE 6

Reprogramming in vivo OPCs by Ngn2 induces neuronal lineage commitment. In Vivo Retroviral Delivery-Ngn2-GFP: Within 7 days, delivery of
Ngn2-GFP resulted in a population of cells (four of which are identified by a, b, ¢, and d) expressing the GFP reporter (A,B). Ngn2-induction also

initiated neuronal lineage commitment evidenced by their co-labeling with DCX (D) and in some cells there may be some weak expression of NeuN
(C), indicating a further progression toward neuronal maturation. Ngn2-induced Transitional Morphology: (E) Ngn2-GFP-positive cells exhibited
elaborate process extension with the adoption of defined cell polarity, similar to the dynamic morphological transition observed in vitro in Figure 4
Cells indicated in the boxed regions are shown at right with their co-expression of DCX. The elaboration of polarized cell morphology, extensive
varicose process extension, weak NeuN expression, and discontinuous DCX staining suggests adoption of early neuronal lineage with eventual
transition from DCX-positive neuroblasts to NeuN-positive neurons with a mature morphology. While some very weak DCX staining was observed at
7 days following retroviral GFP control delivery, this distinct DCX-positive phenotype and polarized cell morphology was only observed following

retroviral Ngn2-delivery.

morphology may be of limited value for repair. Thus, our goal was to
achieve reprogramming of naive OPCs to distinct neuronal subtypes
with cytoarchitecturally appropriate neuronal morphology. An
important validation to the authenticity of neuronal reprogramming
is the progression from earlier to more mature neuronal phenotypes
(Calzolari and Berninger, 2021). Both our in vitro and in vivo data
demonstrated that expression of Ngn2 in OPCs resulted initially in a
transition in morphology and the expression of early neuronal lineage
commitment markers. By following the morphological trajectory of
cultured rat OPCs expressing GFP, the transition to a neuronal
morphology could be confirmed in individual cells and the expression
of mature neuronal markers subsequently confirmed.

Following in vivo delivery, Ngn2-iNs begin to adopt more mature
neuronal morphologies and express more mature phenotypic markers
and evidence of synaptic contact with the pre-existing neuronal
circuitry. Newly Ngn2-engineered neurons were detected in both
more superficial and deep layers of the motor cortex (neocortex) and
also the phylogenetically distinct entorhinal cortex (allocortex). The
appropriate pyramidal neuron phenotype of Ngn2-iNs was confirmed
by their expression of the cortical glutamatergic neuronal markers that
matched adjacent pre-existing mature neurons and indicates
phenotypic subtype specification, consistent with the in vitro
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functional data indicating glutamatergic specification. The adoption
of cytoarchitecturally appropriate, location specific morphology also
suggests competence to respond to remaining local environmental
factors in establishing final maturation. For example, inverted
pyramidal neurons comprise a small projection neuron subset
confined to the deep cortical layers (Mendizabal-Zubiaga et al., 2007),
and this morphology is appropriately induced in a subset of Ngn2-iNs
in the deep layers. Similarly, entorhinal Ngn2-iNs adopt a location
appropriate morphology. Thus, our ability to target OPCs almost
exclusively by using retroviral gene delivery and the demonstrated
progression from earlier to mature neuronal lineage validate that these
are newly generated neurons and argue against the concerns that have
been identified with some previous studies (Calzolari and Berninger,
2021; Wang et al., 2021; Chen et al., 2022; Cooper and Berninger, 2022).

Authenticity of neuronal reprogramming

Apart from a single weakly NeuN-positive cell observed in one
GFP-control subject at 21 days, no GFP-neurons were detected in
control GFP-only injected animals. Nevertheless, the observation of
morphologically appropriate neurons emerging by 21 days following
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FIGURE 7

Morphologically mature neurons induced by in vivo Ngn2-reprogramming. Superficial cortical layers: by 3 weeks, Ngn2-GFP induced neurons showed
an advancement in neuronal lineage commitment as evidenced by a more mature and cytoarchitecturally appropriate neuronal morphology.
Superficial cortical layers contained induced neurons exhibiting a continuum of morphological maturation, but also showing coexpression of the
mature neuronal marker NeuN (blue). (A) Some Ngn2-GFP-positive cells evidenced less maturation by 3 weeks, exhibiting incomplete process polarity,
varicosities in processes and a lack of dendritic spines, but still expressing NeuN as evidence of neuronal lineage commitment. However, Ngn2-
induced neurons did not co-express Ibal (red), indicating the absence of non-specific uptake of GFP by microglia. (B) Other Ngn2-induced neurons
exhibited a distinctly mature neuronal morphology with dendritic branching and a descending axon that left the plane of section within 50 pm from the
soma along with strong NeuN co-expression. (C) Yet other Ngn2-induced neurons exhibited a less complex morphology, but still strongly expresses
NeuN. GFP signal outside of the boxed region belongs to other induced neurons and their processes that lay beyond the focal planes included in this
image. Images are presented as a maximum projection of a number of focal planes to provide a three-dimensional representation. Deep cortical
layers: Deeper cortical layers also contained Ngn2-induced newly-generated neurons with layer-appropriate cytoarchitecture including an Ngn2-
induced neuron (D) with an inverted pyramidal morphology only seen in cortical layer V neurons. Orthogonal projections in the XZ and YZ planes at

(Continued)
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FIGURE 7 (Continued)

the level indicated by the yellow lines are included for each maximum projection image to validate coexpression of staining in three-dimensions.
Confocal image stacks showing three examples of Ngn2-induced neurons (D—F) confirm these cells are NeuN positive (blue); arrowheads indicate
removal of GFP-signal. Panels (D,E) also illustrate the absence of GFP coexpression in GFAP-positive astrocytes (red). In fact, no GFAP-positive
astrocytes were observed to express GFP. Entorhinal cortex (Allocortex): In addition to the motor cortex, OPCs can be induced by retroviral Ngn2
delivery to convert to a neuronal lineage in other cortical regions. Retroviral delivery of Ngn2-GFP to the entorhinal cortex (allocortex) also induced
new neurons by 3 weeks, including this example in entorhinal cortical layer Ill (G,H). However not all infected cells survived the reprogramming
instruction as shown by the dying cell to the left of a cytoarchitecturally appropriate new neuron. The successfully reprogrammed new neuron on the
right also expresses NeuN (I) as evidenced by the three-dimensional image shown digitally sectioned at the planes indicated at the blue lines. The
boxed region in inset validates the colocalization with NeuN following the removal of the GFP-signal overlay (arrow). Neuronal subtype specification:
The subtype specification of GFP-positive Ngn2-induced new neurons (J; arrow) to a glutamatergic phenotype is shown by their co-expression of
Tbrl (blue) and Cam-II-kinase (red). This expression is identical to adjacent pre-existing neurons (asterisk). (K) Inset shows digital resectioning of a
confocal image stack at the planes indicated at the blue lines with digital removal of the GFP signal (arrow) leaving the combined Tbrl (blue) and Cam-
II-kinase (red) signal. (L) Digital removal of the Tbrl signal leaves only the Cam-II-kinase expression, cumulatively demonstrating the coexpression of
these glutamatergic phenotype markers in the induced neuron. Dendritic spine and synaptic contact formation: Apical and basal dendrites of all
newly-generated neurons contain abundant small spines (M,N) shown in different orientations from a confocal image stack. Three-dimensional
rendering of dendrites and spines (O) reveals that both spines (arrowheads) and dendritic shafts (arrows) receive synaptophysin-positive contacts (red)
indicating that preexisting axons are making synaptic contact with the newly-generated neurons.

retroviral delivery of Ngn2 led us to examine the possibility of a fusion
event or other artifact, whereby GFP was simply transferred to a
pre-existing neuron. Fusion events have been reported in neonatal
brain, where it was mediated by infected microglia, but not in adult
cortex (Ackman et al., 2006). We carefully examined Ngn2-iNs using
high-resolution imaging and 3-dimensional rendering and found no
cases of process fusion or double nuclei. Ngn2-iNs were contacted by
Ibal-positive microglia, as were pre-existing neurons but in no cases
were the Ibal cells also GFP-positive. Furthermore, Ngn2-iNs passed
through an immature, DCX-expressing neuronal state with advanced
morphological complexity prior to the appropriate neuronal
morphology seen later. In addition, Ngn2-iNs are not synchronous in
their lineage progression and display a range of maturation, further
arguing against transfer of GFP to pre-existing neurons.

Efficiency of neuronal reprogramming

The reduction in number of infected cells prior to maturation
suggests that only fully reprogrammed Ngn2-iNs survive the
reprogramming experience (Gascon et al., 2016). This low survival
rate is not entirely surprising as 50-80% of adult newborn dentate
granule cells die in an environment that is normally supportive of
adult neurogenesis (Dayer et al., 2003; Sandoval et al., 2011). Similar
outcomes in efficiency of neuronal reprogramming have been linked
to regional heterogeneity of astrocytes (Hu et al., 2019) and this may
also be true of OPCs. The efficiency of neuronal reprogramming is
consistent with that seen in our in vitro data and in other reports (Guo
et al., 2013), suggesting the possible death of cells that fail to achieve
full re-specification. Furthermore, we estimate that only some 25% of
available OPCs were targeted using retroviral delivery of the
reprogramming factor. Increasing the number of cells targeted and the
reprogramming efficiency to generate more induced neurons will be a
goal for future studies.

Reprogramming capacity of the naive rat
cortex

There are two additional aspects that distinguish this report from
most previous studies investigating cortical neuronal reprogramming.
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Previous studies in mouse cortex made the point that activation of
astrocytes or glial progenitor cells by injury prior to delivery of
reprograming factors was needed to achieve neuronal induction (Guo
et al., 2013; Heinrich et al, 2014; Lentini et al, 2021). Using
transcription factors alone for neuronal re-specification had not
achieved this goal, suggesting that the prior injury or pathology was
needed to generate a reactive or environmental state where the cells
could be amenable to reprogramming (Grande et al., 2013; Guo et al.,
2013; Heinrich et al., 2014; Torper and Gotz, 2017). In the present
study, our retroviral targeting design avoided the establishment of an
injury response state and provided insight as to the autonomous
capacity of transcription factors to re-specify lineage (Guo et al., 2013;
Heinrich et al., 2014). We reasoned these data could then also provide
insight in regard to experimental or potential therapeutic modulation
oflocal circuitry in disorders without a proximal injury response, such
as psychiatric or addictive disorders (Southwell et al., 2014). This is
not to say that an injury response after delivery of the reprogramming
factor may not play a role in the process of lineage respecification. For
example, some astrocytic hypertrophy was observed at the injection
sites at 7 days post-injection and more severe cortical injury models
note substantial proliferation of microglia and NG2-positive cells
within 2-4 days (Hampton et al., 2004; Simon et al., 2011; von
Streitberg et al., 2021). However, the data reported here demonstrate
that neuronal reprogramming is possible without previously
generating a reactive state in the target cell.

Another distinguishing feature of the present study is that the
capacity for neuronal reprogramming is demonstrated in the naive rat
cortex, not the mouse cortex, which most studies to date have used.
While mouse models are undeniably powerful research tools, many
other important disease and behavior models have been developed
using rats. Here, we demonstrate that cortical neuronal
reprogramming is possible in naive rat CNS, supporting the feasibility
of extending studies of cell lineage specification into this important
research tool.

Conclusion

This study is primarily a proof of concept for developing OPC
reprogramming for neural regeneration. While, there is some possibility
that retroviral vectors could be developed for safe use in the clinic in the
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Stereological quantitation of OPC infection by retroviral delivery and subsequent neuronal reprogramming outcomes. (A) The volume of cortex
containing GFP-positive cells following retroviral delivery did not differ between the control, GFP-only vector, and the experimental, Ngn2-GFP vector,
at any time point. However, the reduction in cell survival over time is reflected in the declining volume occupied by GFP-positive cells over time.

(B) The determination of total number of GFP-positive cells likewise showed no difference between GFP-only and Ngn2-GFP infection at any time
point, although a decline in total number is evident over time. (C) GFP-positive cells were quantified for coexpression of the early neuronal lineage
marker DCX at 7 days or 14 days, or coexpression with the mature neuronal lineage marker NeuN at 21 days. The GFP-only control group contained
only few cells expressing some weak DCX labeling at early time points and only a single cell was observed to weakly express NeuN at 21days. The
number of GFP-positive cells expressing neuronal markers in the Ngn2-GFP group is significantly higher at all time points. (D) When expressed as a
percentage of GFP-positive cells for each condition at each time point, retroviral delivery of Ngn2 resulted in a high percentage of all remaining GFP-
positive cells being induced neurons at all time points.

future, it is far more likely that therapeutic delivery would ultimately Data availabi llty statement
utilize a host of other vector systems with better safety profiles. However,
complex retrovirus vectors are being used clinically (Jogalekar et al., The raw data supporting the conclusions of this article will
2022) and past incidence of simple retroviral vector oncogenesis  be made available by the authors, without undue reservation.
(Hacein-Bey-Abina et al., 2008) has been linked to the oncogenic nature

of the transgene itself and not to the vector alone (Woods et al., 2006). It

Ethics statement

should also be noted that the expression of differentiation factors should
inhibit oncogenesis (Lacomme et al., 2012).

While further studies are needed to elucidate the mechanisms of
neuronal lineage re-specification, increase the efficiency of
reprogramming OPCs into neurons, and to evaluate the functional
integration of newly induced neurons into existing neuronal circuitry,
the present study demonstrates the feasibility of neuronal
reprogramming in the naive rat cortex. These data suggest that direct
in vivo fate reprogramming of resident non-reactive OPCs may
provide a potential avenue for repair in the adult brain, both for
neuronal replacement to restore circuitry and conceivably for
neuronal addition to modulate circuitry in neurological disorders.
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PSmad3+/0Olig2— expression
defines a subpopulation of
gfap-GFP+/Sox9+ neural
progenitors and radial glia-like
cells in mouse dentate gyrus
through embryonic and postnatal
development

Kyoji Ohyama*, Hiroshi M. Shinohara, Shoichiro Omura,
Tomomi Kawachi, Toru Sato and Keiko Toda

Department of Histology and Neuroanatomy, Tokyo Medical University, Tokyo, Japan

In mouse dentate gyrus, radial glia-like cells (RGLs) persist throughout life and play
a critical role in the generation of granule neurons. A large body of evidence has
shown that the combinatorial expression of transcription factors (TFs) defines cell
types in the developing central nervous system (CNS). As yet, the identification of
specific TFs that exclusively define RGLs in the developing mouse dentate gyrus
(DG) remains elusive. Here we show that phospho-Smad3 (PSmad3) is expressed
in a subpopulation of neural progenitors in the DG. During embryonic stage
(E14-15), PSmad3 was predominantly expressed in gfap-GFP-positive (GFP+)/
Sox2+ progenitors located at the lower dentate notch (LDN). As the development
proceeds (E16-17), the vast majority of PSmad3+ cells were GFP+/Sox2+/
Prox1,.,+/Ki67+ proliferative progenitors that eventually differentiated into granule
neurons. During postnatal stage (P1-P6) PSmad3 expression was observed in
GFP+ progenitors and astrocytes. Subsequently, at P14—-P60, PSmad3 expression
was found both in GFP* RGLs in the subgranular zone (SGZ) and astrocytes in
the molecular layer (ML) and hilus. Notably, PSmad3+ SGZ cells did not express
proliferation markers such as PCNA and phospho-vimentin, suggesting that they
are predominantly quiescent from P14 onwards. Significantly PSmad3+/GFP+
astrocytes, but not SGZ cells, co-expressed Olig2 and S100p. Together, PSmad3+/
Olig2— expression serves as an exclusive marker for a specific subpopulation of
GFP+ neural progenitors and RGLs in the mouse DG during both embryonic and
postnatal period.

KEYWORDS

Smad3, GFAP, Olig2, SGZ, radial glia-like cells, astrocytes, dentate gyrus

Introduction

Using gfap-GFP transgenic mice expressing GFP under the control of mouse gfap promoter,
it has previously been shown that gfap-GFP+ (GFP+) progenitors around the dentate notch
(DN) contribute to granule neurons in the dentate gyrus (DG) during development (Altman
and Bayer, 1990; Seki et al., 2014). The GFP+ progenitors have also been suggested to contribute
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to other cell types: radial glia-like cells (RGLs) and protoplasmic
astrocytes (Brunne et al., 2013). After birth, neurogenesis takes place
mainly in the hilus and its border from the granule cell layer (GCL),
becoming confined to the subgranular zone (SGZ) by postnatal day
14 (P14; Namba et al., 2005; Seki et al., 2014). Some GFP+ progenitors
are converted to adult type RGLs immediately after birth (Matsue
et al,, 2017). However, the mechanism by which RGLs are specified
during DG development is largely unknown.

There is considerable evidence that combinatorial expressions of
TFs under the influence of signaling molecules define progenitor cell
types in the developing CNS. However, it is currently unknown what
TF code distinguishes RGLs from astrocytes, both of which appear
mostly during the early postnatal period. Molecular markers for RGLs
such as Sox9 are important to maintain RGLs in adulthood. However,
they are also expressed in astrocytes, making it difficult to understand
the mechanism by which RGLs and astrocytes develop in different ways.

Previous studies have shown that varieties of signals control the
development of the dentate gyrus (DG) both in the embryo and the
adult. Both BMP7 and Wnt signals regulate the expression of
transcription factor Prox1, thereby governing the fate of granule neurons
in the DG (Galceran et al., 2000; Choe et al., 2013). Sox2-dependent Shh
signaling plays a key role both in the development of RGLs and
sustained neurogenesis at the SGZ in adult mice (Li et al., 2013). ALK5-
dependent TGFp signaling through pSmad2 maintains late events
during adult hippocampal neurogenesis (He et al., 2014). Smad3 is
crucial for neuronal survival and adult neurogenesis in the hippocampus
(Tapia-Gonzalez et al.,, 2013). However, lack of TGFp-Smad signaling
does not affect the development of dentate granule neurons (Choe et al.,
2013). These studies suggest that TGFf-Smad2/3 signaling is essential
for the development of adult but not embryonic granule neurons in the
hippocampus. However, it remains unclear whether TGFf-Smad
signaling plays a role for other cell types that derived from GFP+
progenitors, namely astrocytes in the developing DG.

Phospho-Smad3 (PSmad3) has been shown to regulate not only
progenitor specification and neuronal differentiation in the embryonic
spinal cord (Garcia-Campmany and Marti, 2007). As yet its expression
pattern in the developing mouse DG has not been well studied. A
recent study pointed out that TGFp-PSmad3 pathway controls the
glioblastoma stemness (Ikushima et al., 2009). Given the migratory
and proliferative properties of the GFP+ DG progenitors (Seki et al.,
2014), they may share some properties. In this study, we therefore
examined the expression patterns of PSmad3 in the developing mouse
DG. We show that PSmad3 is expressed in both a subpopulation of
GFP+/Sox9+ progenitors, RGLs, and astrocytes throughout the
embryonic and postnatal period. It is worthy of note that Olig2
expression distinguishes astrocytes from the RGLs. Together,
PSmad3+/0lig2— expression defines a subpopulation of GFP+/Sox9+
neural progenitors and RGLs at the SGZ in both embryonic and
postnatal mouse DG.

Materials and methods
Animals
Gfap-GFP transgenic mice that express GFP under the control of

mouse gfap promoter (Suzuki et al.,, 2003) were housed under a
standard condition (12-h light/dark cycle) in the animal care facility
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of Tokyo Medical University. All experiments were carried out in
accordance with the guideline of the Institutional Animal Care and
Use Committees and conform to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Publication
No. 80-23) revised in 1996. All efforts were made to minimize the
number of animals used and their suffering. Embryos and pups of the
gfap-GFP transgenic mice above were used. The day on which a
vaginal plug was found was designated as embryonic day 0.5 (E0.5),
and the day of birth was designated as postnatal day 0.5 (P0.5).

Tissue preparation

Embryos were harvested at E14.5—E18.5, and postnatal mice were
anesthetized and perfused with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB), pH7.4, at room temperature. The brains were
removed and washed with PBS and in 30%
sucrose/0.l MPB. The forebrains were embedded into OCT
compound and stored at -70°C. Cryosections were cut at

immersed

25 pm thickness.

Antibodies

Antibodies used in this study are in the followings: mouse anti-
E-cad (BD Transduction Laboratories 61081, 1:250); chick anti-GFAP
(Millipore, 1:5,000); chick anti-GFP IgY (Abcam ab13970, 1:5,000);
rabbit anti-GLAST polyclonal antibody (Covalab (France) PA-INS,
1:1,000); rabbit anti-Ki67 polyclonal antibody (Novocastra,
NCL-Ki67p, 1:1,000); goat anti-NeuroD antibody (N-19; Santa Cruz,
sc-1,084, 1:1,000); rabbit anti-Olig2 IgG (Millipore, AB9610, 1:1,000);
goat anti-Olig2 (R&D systems, 1:1,000); mouse anti-PCNA
(Novocastra, PC-10, 1:100); rabbit anti-PSmad3(S423/5S425)
polyclonal antibody (Millipore 07-1389, 1:1,000); mouse anti-
phospho-vimentin IgG (MBL, D076-3S, 1:1,000); goat anti-Prox1 IgG
(R&D systems, 1:1,000); mouse anti-S100p (Sigma, 1:1,000); rabbit
Sox2 antibody (Millipore, 1:1,000); goat anti-Sox2 IgG (R&D systems,
1:1,000); goat anti-Sox9 polyclonal antibody (R&D systems, 1:1,000).

Immunohistochemistry

Cryosections were processed for immunohistochemistry as
described previously (Ohyama et al., 2005; Seki et al., 2014).
Briefly, cryosection of the hippocampus were incubated with
primary antibodies overnight at 4°C. For some antibody labeling
experiments (Ki67, phospho-vimentin), antigen retrieval with
Histo VT One (Nacalai, Japan) was carried out following
manufacturer’s instructions. After wash with PBS three times, the
sections were incubated with secondary antibodies for 45 min at
room temperature. After wash with PBS three times, the sections
were mounted with Vectashield (Vector lab). Images were taken
with a Zeiss confocal microscope LSM700. In some cases,
fluorescence images were digitally zoomed at 0.5x to 2x. Stacks of
optical sections (1.8pm in thickness/optical section) were
obtained at 0.9 pm increments on the z-axis using x20 objective.
The images were corrected for brightness and contrast and
composed using Zeiss Image Browser, ZEN software (Zeiss,
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Thomwood, NY) and Adobe Photoshop CS6 (San Jose, CA). Mice
(n=3-6) were examined for individual experiments, and, for
quantification of some experiments, 9 sections at least were
analyzed for each using Fiji of image J. Mean + SE was indicated
in the results.

Results

Gfap-GFP+ cells contribute to RGLs at the
SGZ and astrocytes in the molecular layer
and hilus

Using gfap-GFP mice (Seki et al., 2014; Matsue et al., 2017),
we first monitored the contributions of gfap-GFP-positive (GFP+)
progenitors in the developing mouse dentate gyrus (DG). GFP+
progenitors were found in the ventricular zone (VZ) around the
dentate notch (DN) and in the primordium of the DG at E14-E16
(Figures 1A,B). At postnatal dayl (P1), many GFP+ progenitors
accumulate in the developing DG (Figure 1C). By P6 hilus, granule
cell layer (GCL), and molecular layer (ML) become apparent
(Figure 1D). GFP+ cells were observed not only in the hilus of the
DG, but also in the ML. At P14-21, in addition to the GFP+
astrocytes in the hilus and ML, GFP+ cells were also found at the
SGZ where RGLs reside postnatally (Figures 1E,F). Taken together,
our data indicate that GFP+ progenitors contribute to both RGLs at
the SGZ and astrocytes in the hilus and ML over time
(Supplementary Figure 1).

10.3389/fnins.2023.1204012

PSmad3 expression in GFP+ RGLs in early
developing mouse DG

PSmad3 has been shown to control the proliferative and migratory
behavior of glioblastoma (Ikushima et al., 2009). GFP+/Sox2+ neural
progenitors also possess both proliferative and migratory properties
(Seki et al., 2014). This led us to examine whether PSmad3 is expressed
in the GFP+/Sox2+ neural progenitors in developing mouse DG. At
E14, PSmad3 expression was found in the ventricular zone (VZ) of the
lower part of the DN and in a migrating stream of GFP+/Sox2+
progenitors toward the DG primordium (n = 3; Figures 2A1-B8).

At E16-P3, 64.4% +6.4% of Sox2+ cells co-expressed PSmad3 in the
DG (n =4), and 44.3% +3.4% of Sox2+ cells were Ki67+ proliferative
cells (Figures 3A1-A4,C1-C3; n =4). PSmad3 and GFP were
co-expressed in dentate progenitors. 32.5%+3.6% of PSmad3+ cells
Prox1l,y, +before birth (33% + 3%, =5;
Figures 3B1,B2,D1-D4,E1-E8). Given that GFP+ progenitors give rise

were n
to Prox1+ granule neurons (Seki et al., 2014), these data suggest that
PSmads3 is expressed in a subpopulation of GFP+ progenitors that give
rise to granule neurons.

PSmad3 expression in GFP+ RGLs and
astrocytes in the postnatal DG

PSmad3 was also expressed in GFP+ RGLs at P1-P6 (45.4% +2.7%,
n=5; Figures 4A1-D3). At P1 GFP+ cells co-expressed GLAST, another
marker for RGLs in the DG (Supplementary Figures 2A1-A6). Given
that PSmads3 is a regulator of epithelial mesenchymal transition (EMT),

GFP DAPI

FIGURE 1

Gfap-GFP+ (GFP+) progenitors contribute to RGLs and astrocytes in developing mouse DG (A,B) GFP+ cells are found at the DN and forming DG at
E14 and E16. (C,D) Many GFP+ cells are observed in the developing DG at P1 and P6. (E,F) GFP+ cells are located at SGZ and ML of the DG at P14-21
DN, dentate notch; DG, dentate gyrus; GCL, granule cell layer; ML, molecular layer; SGZ, subgranular zone. Scale bars: all 200 pm.
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FIGURE 2

PSmad3 expression in GFP+/Sox2+ cells at the lower DN and their migratory stream toward developing DG (A1-A6) PSmad3 expression was found in
GFP+ cells at the lower DN and their migratory stream toward the DG primordium at E14. (B1—-B8) Co-expression of pSmad3, Sox2, and GFP+ at E14
Box in panels (A1,B1) indicates region shown in panels (A4-A6,B2—B8, respectively). Scale bars: all 200 pm. PSmad3 is expressed in GFP+/Sox2+ cells
at E14 (A1-A6) PSmad3 is expressed in GFP+ cells. (B1-B8) Many PSmad3+/GFP+ cells co-express Sox2. Box in panels (A1,B1) indicates region shown
in panels (A4—A6,B2—-B8, respectively).

pSmad3 pSmad3 pSmad3 | pSmad3 GFP |

FIGURE 3

PSmad3+/GFP+ cells are Ki67+ proliferative RGLs and co-express Prox1,,,, in embryonic DG (A1-A4) PSmad3 co-express Sox2 at E16. (B1,B2)
PSmad3+ cells co-express GFP at E17. (C1-C3) 44% of Sox2+ cells were Ki67+ proliferating cells. (D1-D4) PSmad3+/ GFP+ cells observed at E17.
(E1—-E8) PSmad3 is expressed in GFP+/Prox1,,, + cells at E18 (arrows). Scale bars: 200 pm in A1,B1,D1,E1; 50 pm in A2—A4,B2,C1-C3,D2-D4,E2—-E8.
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pSmad3 GFP

FIGURE 4

PSmad3 is expressed in GFP+ RGLs in early postnatal DG (A1-D3)
PSmad3 expression in GFP+ RGLs at P1 and P6 (arrows in B1—
B3,D1-D3). Box in panels (A1-A3,C1-C3) indicates region shown in
panels (B1-B3,D1-D3). Scale bars: 200 pm in A1-A3,C1-C3; 50 pm
in B1-B3,D1-D3.

and that an EMT-like mechanism operates in the developing CNS (Itoh
etal,, 2013; Singh and Solecki, 2015; Singh et al., 2016), we compared
an expression pattern of PSmad3 with that of E cadherin (E-cad), a
marker for epithelial cells. PSmad3+ cells were enriched alongside the
pial surface of the DG where E-cad was less abundant (Figures 5A1-A3).
Instead, vimentin expression was prominent in the DG (data not
shown). Moreover, at P1-P6 the PSmad3+/GFP+ cells were found to
co-express phospho-vimentin (pVim), a marker for proliferative RGLs
both in the DN and DG (n = 3; Figures 5B1-15). pVim expression was
also found in Sox2+ cells at P6, and some pVim+ nuclei highlighted a
mitotic feature of PSmad3+ RGLs (data not shown). PSmad3+/GFP+
cells were PCNA+ at P3-P6 (n =3, Supplementary Figures 3A1-B6).
Consistent with this, Ki67 expression was also found in the GFP+ RGLs
(28 £5%, n =6; Supplementary Figures 4A1-A6).

Previous studies have suggested that Sox9 contributes to the
maintenance stemness in a variety of tissue-specific stem cells (Furuyama
etal, 2011; Guo et al,, 2012), including RGLs/neural stem cells (Scott
etal,, 2010). Our data showed that PSmad3 was expressed in 74% +3%
of Sox9+ cells (n =4), and that Sox9 was expressed in GFP+ RGLs at
P1-P6 (69.5+3.2%, n =9; Figures 6A1-A6,B1-B6,C1-C4). These data
suggest that PSmad3 is expressed in a subpopulation of RGLs. In
contrast, a vast majority of PSmad3+ RGLs did not express NeuroD, a
marker for neuronal progenitors and early differentiating neurons at P3
(n =6; Figures 6D1-D4). In summary, our data suggest that many
PSmad3+ cells are proliferative RGLs during the first postnatal week.
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At P14 the formation of the GCL and SGZ was almost complete
(Figure 7A1). PSmad3 expression was found in the GFP+ cells at SGZ
and astrocytes in the ML at P14-P30 (n =3; Figures 7A1-C4).
Intriguingly, many of the Ki67+ cells at the SGZ were Tbr2+ neuronal
progenitors (n =3; Figures 8A1-A8), and only a small proportion of
the GFP+ cells were Ki67+ and PCNA+ (n =3; Figures 8B1-C8).
Consistent with this, PSmad3+ cells at P14-P21 were predominantly
pVim—/PCNA— (Figures 8D1-E8). These data suggest that the
PSmad3+ RGLs are mostly quiescent after the second postnatal week.

Olig2 expression in PSmad3+/GFP+
astrocytes but not in RGLs at SGZ

Our data have shown that PSmad3 is expressed in GFP+ RGLs
and astrocytes (Figures 2-7). However, the TFs expression that could
discern the two distinct cell types remains unclear. Given that Olig2
is expressed not only in oligodendrocyte progenitors but also in
astrocyte progenitors (Marshall et al., 2005; Zhu et al., 2012; Ohayon
etal,, 2018; Tatsumi et al., 2018; Wang et al., 2021), we next examined
whether Olig2 is expressed in astrocytes of the developing DG. Very
few Olig2+ cells were found in DG at E16 (Figures 9A1-A6). A small
population of Olig2+/GFP+ cells was found in the DN and DG at E18
(Figures 9B1-B6,C1-C6). Many more Olig2+/GFP + cells were
observed in both DN and DG at P3 (Figures 9D1-D6,E1-E6).
32 £6% of the GFP+ cells were Olig2+ (1 =4). The Olig2+ cells were
mainly located in the ML, with some in the hilus and GCL at P3-P6
(Figures 9D1-F6). Olig2 is expressed in 42.1% +2.9% of Sox9+ cells
(n =5). GFAP is expressed in RGLs and astrocytes but not in
oligodendrocyte progenitors (OLPs). Hence our data suggest that
Olig2+/GFP+ cells are astrocytes. Meanwhile, Olig2+/GFP-
oligodendrocyte progenitors (OLPs; 68.7% +4.3% of Olig2+ cells,
n =4) were found in the hilus, GCL, and ML (Figures 9D1-F6). At
P14, Olig2+/GFP+ astrocytes were also found in the ML but not in
the SGZ (Figures 9G1-G9), and they co-expressed an astrocytic
marker Sox9 (Figures 9H1-H8). To confirm that Olig2 expression is
associated with glial progenitors in the DG, no Olig2+ cells
co-expressed a  neuronal marker  NeuroD
(Figures 10A1-D8).

Our data further showed that PSmad3 is expressed in Olig2+ cells
at the ML at P3 (n =3, Figures 11A1-A4). At P14, PSmad3+ cells in
the ML co-expressed Olig2, whereas those at the SGZ did not (n =3,
Figures 11B1-B4, also see Figures 9G4-G9). Collectively, our data
show that PSmad3+ cells in the ML but not the SGZ of early postnatal
DG are Olig2+/GFP+ astrocytes. Consistent with this, PSmad3 was
expressed in S100p +and GFAP+ astrocytes in the ML at P14 (n =3,
Figures 12A1-A3,B1-B3, respectively). Moreover, at P60, whereas
PSmad3+ cells in the ML co-expressed either S100p or GFP, PSmad3+
cells in the SGZ did not (n =3, Figures 12C1-C8).

Taken together, GFP+ and Sox9+ cells are either RGLs or
astrocytes in the postnatal DG. Approximately 60%-70% of them
correspond to RGLs (Sox9 + Olig2- or GFP+ Olig2-). The remaining
30%-40% are (Olig2+ GFP+ or Olig2+Sox9+).
Approximately 70% of the Sox9+ cells (RGLs or astrocytes) co-express
PSmad3. Approximately 30% of the GFP* cells (RGLs or astrocytes)
are proliferating (Ki67+) at during the first postnatal week. In

progenitor

astrocytes

conclusion, the present study has revealed that there are distinct types
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FIGURE 5

PSmad3+/GFP+ cells are pVim+ proliferating basal RGLs in postnatal DG (A1-A3) PSmad3 expression is abundant in E-Cad-negative area of the DG at
E17. (B1-15) PSmad3+/GFP+ cells co-express a proliferative basal RGLs marker pVim at DN and DG at P1-P6 (arrows in C1-C5,E1-E5,G1-G5,11-15).

Box in panels (B1,D1,F1,H1) indicates region shown in panels (C1—C5,E1-E5,G1-G5,I11-I5, respectively). Scale bars: 200 pm in A1-A3,B1-B5,D1—-
D5,F1-F5,H1-HS5; 100 pm in C1-C5,E1-E5,G1-G5,11-15.
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FIGURE 6
PSmad3+/GFP+ RGLs express Sox9 but not NeuroD (A1-A6) PSmad3 + cells co-express Sox9 in DG at P1 (arrows in A2—A4). The PSmad3+/Sox9+
cells also co-express GFP (arrows in A5,A6). (B1—-B4) Co-expression of PSmad3 and Sox9 in DG at P3 (arrows in B2—B4). (C1-C4) Sox9 expression in
GFP+ RGLs in DG at P3 (arrows in C2—C4). (D1-D4) PSmad3+ RGLs do not co-express NeuroD (arrows in D2—-D4). Box in panels (A1,B1,C1,D1)
indicates region shown in panels (A2—A6,B2—-B4,C2—C4,D2-D4). Scale bars =200 pm in A1,B1,C1,D1; 50 um in A2—A6,B2-B4,C2-C4,D2-D4.

of PSmad3+/GFP+ cells in both embryonic and postnatal mouse DG:
neural progenitors, RGLs, and Olig2+ astrocytes (Figure 13).

Discussion
Development of PSmad3+ RGLs

Gfap-GFP+ (GFP+) DG progenitors express Sox2 and migrate
away from the VZ of the DN, and they are found in the SGZ, ML,
and hilus in the postnatal DG (Figure 1). These data suggest that
both the GFP+ RGLs in the SGZ and the astrocytes in the ML and
hilus are derived from the DN. Consistent with this, PSmad3
expression was found in both GFP+/Prox1 +,, progenitors, GFP+
RGLs, GFP+/0Olig2+ Given the
Proxl,,, + expression, the PSmad3+/ GFP+ progenitors seem to

and astrocytes.
possess a property of neurogenic cells that give rise to
Proxly,, + dentate granule neurons. Interestingly, PSmad3+/
GFP+/Proxl,,, + progenitors were also observed in early postnatal
DG (data not shown). However, the developmental origin of
PSmad3+ RGLs and astrocytes remains elusive. Given that

Frontiers in Neuroscience

PSmad3+ cells are observed mostly in the lower DN and fimbria-
dentate junction at E14-17, the PSmad3+ RGLs are likely to
originate from the lower DN. Consistent with this, PSmad3 is
expressed in a subpopulation of GFP+/Sox9+ cells that are likely
to originate from a broader region around the DN (Figure 6).
While our data imply that PSmad3+/ GFP+/Prox1 ,,, + neurogenic
progenitors may originate from the lower DN, a genetic lineage
tracing analysis will be necessary to further clarify this issue.

It has previously been shown that expansion of RGLs is prominent
during the first week after birth (Matsue et al., 2017). In support of this
notion, the expansion of PSmad3+/GFP+ RGLs becomes evident
during the perinatal period (Figure 5; Supplementary Figure 3). The
majority of the PSmad3+ RGLs co-express Sox2, Sox9, pVim, and
PCNA (Figures 3, 5, 6; Supplementary Figure 3), supporting their
proliferative capacity in the first postnatal week.

The TGFB-pSmad2/3-Sox2 pathway has been implicated in
regulating the stemness of glioma-initiating cells (Ikushima et al.,
2009). Recent studies have also shown that PSmad3 can bind to Sox9
and activate Sox9-dependent transcription (Furumatsu et al., 2009),
and that Sox9 and Slug co-operate to maintain cancer stem cells (Guo
et al., 2012). While Slug is not expressed in the developing brain
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50 pm in A2-A4,B2-B4,C2-C4.

PSmad3 is expressed in GFP+ RGLs at P14 and onward (A1-C4) PSmad3 is expressed in GFP+ RGLs at SGZ and astrocytes in ML at P14, P21, and P30
(arrows in A2—A4,B2—-B4,C2—-C4). Box in panels (A1,B1,C1) indicates region shown in panels (A2—A4,B2—-B4,C2—-C4). Scale bars =200 pm in A1,B1,C1;

(Marin and Nieto, 2004), Snaill, a cousin of Slug controls the number
of neural progenitors at the SGZ of the hippocampus (Zander et al.,
2014). Similarly, Zeb1 at the downstream of PSmad3 maintains RGLs
in the DG (Gupta et al., 2021). PSmad3 may contribute to control the
proliferative property of RGLs in the DG through the regulation of the
EMT-TFs Sox9, Snaill, and Zeb1.

Sufu acts as a positive regulator of Shh signal, thereby RGLs
expansion in the DG (Noguchi et al.,, 2019). TGFf2 induces Glil
expression in a PSmad3-dependent manner after ischemia/
reperfusion injury (Peng et al., 2019). Future analysis of the crosstalk
between the TGFb-PSmad3 pathway and Shh signaling will also shed
light on the mechanism controlling the expansion of postnatal RGLs
in the DG.

Accumulating evidence suggests that EMT prevents oncogene-
induced senescence (OIS) early in tumor progression (Weinberg,
2008). EMT TFs such as Twist and Zebl promote EMT and
simultaneously inhibit OIS (Ansieau et al., 2008; Chaffer et al., 2013).
Deficiency of the senescence regulator p21“"”! induces EMT vice versa
(Lin et al., 2012). B-catenin associates with PSmad3 to promote
TGFp-induced EMT (Tian et al., 2012). In contrast, downregulation
of Wnt-f-catenin signaling triggers the onset of cellular senescence
(Ye etal., 2007). Thus, it is possible that TGFf} and Wnt signaling may
cooperate at the level of PSmad3 and p-catenin to escape senescence
in RGLs, thereby maintaining their stemness.

Tapia-Gonzalez et al. showed that Smad3 is expressed in early
intermediate progenitors but not in Sox2+ RGLs in adult mouse
DG. Smad3 mRNA was observed in the granule cell layer (GCL)
in addition to the SGZ. Our data show that PSmad3 is expressed
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in GFP+/Sox2+/Sox9+ progenitors and RGLs. These data appear
to be somewhat contradictory each other. Tapia-Gonzalez et al.
analyzed the DG of 3-4month old female mice. In our data,
PSmad3 expression was observed in the SGZ, hilus, and ML in
male mice at P60 (Figure 12). It is also worth noting that PSmad3
was very weakly expressed in the GCL of the mouse DG at P60 but
not at P30 (Figures 7, 12). Intriguingly, at 6 months old of age,
PSmad3 was strongly expressed in the GCL in addition to the
SGZ, hilus, and ML (data not shown). It seems that the expression
pattern of PSmad3 is somehow slightly different between
adolescent and adult mouse DG.

Our data clearly show that PSmad3 is expressed in
subpopulation of GFP+ cells. This also explain why in Tapia-
Gonzalez et al., PSmad3 expression was not observed in Sox2+
and GFAP+ RGLs at the SGZ of 3-4 month old mouse DG (Tapia-
Gonzalez et al.,, 2013). GFP+ expression can label many more
GFAP-expressing cells, compared to immunolabeling with GFAP
antibody. Given our data that some GFP+ cells at the SGZ express
Tbr2 (unpublished data), and that Tbr2+ intermediate progenitors
at the SGZ express Ascll (Tapia-Gonzélez et al., 2013), this may
explain why we were able to detect PSmad3+/GFP+ RGLs at the
SGZ, whereas PSmad3 expression was detected in Ascll+
progenitors (Tapia-Gonzalez et al., 2013).

Taken together, PSmad3 is expressed in a subpopulation of GFP+/
Sox2+/Sox9+ dentate progenitors in the embryo, and the RGLs and
astrocytes in the postnatally developing mouse DG. Although this also
seems to be the case in the adult, further careful analysis of PSmad3
expression in combination with various markers of distinct cell types
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PSmad3+/GFP+ RGLs at SGZ are mostly in quiescence (A1-A8) Ki67 expression in Tbr2+/GFP+ progenitors at P14 (arrows in A2—A8). A majority of
GFP+ RGLs at SGZ do not co-express Ki67. (B1-B4) Ki67 expression is found in some GFP+ RGLs at P14 (arrows in B2-B4). (C1-C4) PCNA expression
in some GFP+ RGLs at SGZ at P21. (D1-D8) PSmad3+/GFP+ RGLs do not express pVim at P14 (arrows in D2—-D8). (E1-E8) PSmad3+/GFP+ RGLs do
not express PCNA at P21 (arrows in E2-E8). Box in panels (A1,B1,C1,D1,E1) indicates region shown in panels (A2—A8,B2-B4,C2-C4,D2-D8,E2—-E8)
Scale bars, 200 um in A1,B1,C1,D1,E1; 50 pm in A2—A8,B2—-B4,C2-C4,D2-D8,E2—-E8

is necessary to accurately describe the expression pattern of PSmad3
throughout life.

Development of PSmad3+/Olig2+
astrocytes

While PSmad3+ progenitors were found in the DN at E14-E16,
very few Olig2+ cells were found in both the DN and DG at E16
(Figures 1, 2, 9). Olig2+ progenitors appear at the upper DN at E18
(Figures 9B1-B6). At P1-6 PSmad3+/GFP+ progenitors were found
around both upper and lower DN, and many of them co-expressed
Olig2 (data not shown). These data suggest that the Olig2+ astrocytes
seem to originate from the VZ around the DN from E18 onwards.

Recent studies have shown that Olig2+ astrocytes are present in
both embryonic and adult CNS (Ohayon et al., 2018; Tatsumi et al.,
2018; Wang et al., 2021). While it has previously been shown that the
majority of Olig2+ astrocytes are GFAP— in the adult CNS (Tatsumi

Frontiers in Neuroscience

etal., 2018; Wang et al., 2021), we were able to detect Olig2+/GFP+
astrocytes by using gfap-GFP mice (Figure 9). Nonetheless, there may
be Olig2+/GFP- astrocytes in the DG. More careful analysis of Olig2+
astrocytes will be necessary to clarify the heterogeneity of Olig2+
astrocytes. In terms of the function of Olig2+ astrocytes, while Olig2+
OLPs respond to brain injury such as hypoxia and increase in number,
the role of Olig2+ astrocytes remains unclear (Allan et al., 2021). It
will be interesting to see whether Olig2+ astrocytes act as reactive
astrocytes after brain injury.

In conclusion, we have provided evidence that PSmad3 is
expressed in a subpopulation of GFP+/Sox9+ neural progenitors,
RGLs, and astrocytes in the mouse DG during embryonic and
postnatal development, and that Olig2 expression is allocated with
astrocytes but not RGLs. While the roles of PSmad3 and Olig2 in the
development of RGLs and astrocytes remain elusive, combinatorial
expression of these TFs will be useful to identify RGLs and Olig2+
astrocytes to investigate their development and function in the
mouse DG.
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FIGURE 9

Olig2 Sox9 DAPI

Olig2 expression in GFP+/Sox9+ astrocytes of the ML but not in the SGZ RGLs of developing mouse DG (A1—-A6) Only a few Olig2+ cells were found in DN
at E16. They are immuno-negative for GFP (A4—A6). (B1-B3,C1-C6,D1-D3,E1-E6) Some Olig2+/GFP+ astrocytes were found both in DN and DG at E18
and P3. (F1-F6) Olig2+/GFP+ astrocytes are found in the ML of DG at P6. (G1—-G9) While GFP+ cells at the SGZ do not express Olig2 (G4—G6), those at the
ML co-express Olig2 (G7—-G9), indicating that the latter are astrocytes. (H1-H8) Olig2+/Sox9+ cells were found in the DG at P6, suggesting that the Olig2+/
GFP+/Sox9+ cells are astrocytes. Box in panels (A3,B3,C3,D3,E3,F3,G3,H4) indicates region shown in panels (A4-A6, B4-B6,C4-C6,D4-D6,E4-E6,F4-
F6,G4-G6,G7-G9,H6-H8). Scale bars, 200um in A1-A3,B1-B3,C1-C3,D1-D3,E1-E3,F1-F3,G1-G3,H1-H5; 50pm in A4—A6.
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Olig2+ cells do not co-express NeuroD. (A1-A8,B1-B8) Olig2+/GFP+ cells do not co-express NeuroD at DN (A1-A8) and DG (B1-B8) at PO. (C1—
C8,D1-D8) Olig2+/GFP+ cells do not co-express NeuroD at DN (C1—-C8) and DG (D1-D8) at P3. Box in panels (A1,B1,C1,D1) indicates region shown
in panels (A2-A8,B2-B8,C2-C8,D2-D8). Scale bars, 200 pm in A1,B1,C1,D1.
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FIGURE 11

While pSmad3+ cells in the ML co-express Olig2, PSmad3+ SGZ cells do not. (A1-A4) PSmad3+ cells in the ML co-express Olig2 at P3 (arrows in A2—
A4). (B1-B4) While PSmad3+ cells in the ML co-express Olig2 (arrows in B2—B4), PSmad3+ cells (red) at SGZ do not co-express Olig2 (arrowheads in
B2-B4). Box in panels (A1,B1) indicates region shown in panels (A2—-A4,B2—-B4). Scale bars, 200 pm in A1,B1; 50 pm in A2—-A4,B2—-B4.
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FIGURE 12

PSmad3+ cells in the ML, but not at the SGZ, co-express S100p in postnatal and adult mouse DG (A1-A3) PSmad3+ cells co-express S100f at ML at
P14 (arrows). (B1-B3) PSmad3+ cells co-express GFAP at P14 (arrows). (C1-C8) At P60 pSmad3 is co-expressed with both S100p and GFP in the ML
but not at the SGZ (arrows in C2—C8, arrowheads in C2—C8, respectively)
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(Proxygn +in blue); H, hilus; MZ, mantle zone; P, pia; VZ, ventricular zone.
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Schematic drawing of the PSmad3+/GFP+ RGLs and PSmad3+/GFP+/Olig2+ astrocytes in developing mouse DG (A) At E14-E15 PSmad3+/GFP+ cells
(green) are located mainly at the VZ of lower DN, forming a migratory stream to the MZ. (B) At E16-E18 PSmad3+/GFP+/Prox1 + 4, cells (light blue) are
found in the subpial region and the DG, suggesting that they are the RGLs that give rise to granule neuronal progenitors. Very few GFP+ cells co-
express Olig2. (C) At P3-P6 PSmad3+/GFP+ cells accumulate in the hilus (H) and ML (green, light blue, or purple). Some PSmad3+/GFP+ cells co-
express either Prox1 + ,, (blue; data not shown) or Olig2 (purple). (D) At P14-60 PSmad3+/GFP+ cells located at the ML and H, but not at the SGZ,
co-express Olig2 (purple). Together, expressions of PSmad3 and Olig2 in combination defines RGLs (PSmad3+/Olig2— in either green or light blue) and
astrocytes (PSmad3+/0lig2+ in purple) both in embryonic and postnatal DG. DG, dentate gyrus; DN, dentate notch; F, fimbria; GCL, granule cell layer
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