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Abstract

Adult neurogenesis is vital for maintaining cognitive function, brain plasticity, and resilience against age-related decline.
However, disruptions in neurogenic pathways contribute to cognitive impairments and neurodegenerative diseases, un-
derscoring the need for a deeper understanding of the underlying mechanisms. This review examines the molecular
and cellular processes driving neurogenic decline and their impact on cognitive deficits. It evaluates pathological factors
that impair neurogenesis and accelerate neurodegeneration while synthesizing current knowledge on the regulation and
functional significance of adult neurogenesis. By exploring aging-related alterations in intrinsic signaling pathways, neural
stem cell proliferation, and epigenetic modifications, this review highlights their collective role in cognitive dysfunction.
Additionally, it addresses methodological challenges in studying neurogenesis and explores emerging strategies to over-
come these limitations. Advances in imaging technologies and single-cell genomics have provided valuable insights into
neurogenesis in the aging brain. Potential therapeutic strategies to mitigate neurogenic decline include activating dormant
neural stem cells, enhancing neurogenic pathways, and leveraging molecular, environmental, and lifestyle interventions.
However, translating these findings from animal models to clinical applications remains challenging due to concerns re-
garding safety, efficacy, and the risks of aberrant neurogenesis or tumorigenesis. Overcoming these limitations through
rigorous research may pave the way for innovative therapies to preserve cognitive function and improve the quality of life
in aging populations and individuals with neurodegenerative diseases.
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Introduction

The neurogenic niche represents a highly specialized and
dynamic microenvironment critical for supporting neurogen-
esis—the lifelong process of generating new neurons. This
niche comprises diverse elements, including extracellular
matrix components, blood vessels, and various secreted
factors, which collectively regulate the proliferation, differen-
tiation, and survival of neural stem cells (NSCs)."-2 Disrup-
tions in this finely tuned niche, whether due to aging, injury,
or disease, can significantly impair neurogenesis, leading
to cognitive dysfunction.34 Encouragingly, recent research
suggests that rejuvenating the neurogenic niche offers a
promising strategy to mitigate these impairments and restore
cognitive function, particularly in aging and neurodegenera-
tive disease models.

Adult neurogenesis is a fundamental mechanism underly-
ing brain plasticity, enabling essential cognitive processes
such as learning, memory, and emotional regulation. How-
ever, its capacity declines progressively with age, contrib-
uting to the cognitive deficits commonly observed in older
populations.® As a result, there is growing interest in under-
standing how neurogenesis can be enhanced to counteract
age-related cognitive decline and in developing innovative
therapeutic strategies for neurodegenerative diseases. Re-
cent advances in neurobiology have elucidated the intricate
regulatory mechanisms governing neurogenesis across
various brain regions, highlighting its complex interplay with
both intrinsic genetic factors and extrinsic environmental in-
fluences.

This review synthesizes current knowledge on the regu-
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lation and functional significance of adult neurogenesis,
focusing on the cellular and molecular mechanisms under-
lying its decline with aging and its contribution to cognitive
impairment. It examines how aging disrupts neurogenesis
in key regions such as the subventricular zone (SVZ) and
hippocampus, where NSCs exhibit reduced proliferation and
differentiation due to alterations in intrinsic signaling path-
ways. Additionally, it explores the molecular factors and epi-
genetic alterations that regulate neurogenesis and how their
decline with age contributes to cognitive dysfunction. Meth-
odological challenges and technical limitations in studying
neurogenesis are also discussed. Finally, this review under-
scores the therapeutic potential of targeting neurogenesis as
a strategy to enhance cognitive function and promote overall
brain health.

Region-specific mechanisms and functional signifi-
cance of adult mammalian neurogenesis

In rodents, neurogenic activity is primarily localized to two
regions: the ventricular-subventricular zone (V-SVZ) and the
subgranular zone (SGZ) of the hippocampus. The V-SVZ
generates interneurons that contribute to olfactory function,
while the SGZ produces granule neurons that integrate into
hippocampal circuits essential for memory formation and
cognitive processing.® The functional significance of neuro-
genesis in rodents is well-established, with its origins trac-
ing back to the earliest discoveries of rodent NSCs in the
1950s.7-8 Studies utilizing transgenic mice, zebrafish, and
human brain organoids provide valuable insights into the
molecular and cellular mechanisms regulating neurogenesis
under both physiological and pathological conditions.®10

NSCs are integral to adult mammalian neurogenesis, fa-
cilitating the generation of neurons and glial cells that are
crucial for brain plasticity and repair."" While NSCs possess
self-renewal and multipotent capabilities, their ability to sus-
tain neurogenesis throughout adulthood remains an open
question requiring further investigation. Similarly, the extent
of their contribution to resilience against neurological and
neuropsychiatric disorders is not yet fully understood, neces-
sitating additional research to elucidate their role.

In the adult brain, NSCs are primarily localized within two
distinct neurogenic niches: the V-SVZ and the hippocam-
pal SGZ. In the SVZ, NSCs predominantly differentiate into
oligodendrocytes and inhibitory interneurons, which migrate
along the rostral migratory stream to the olfactory bulb,
where they integrate into existing neural circuits. Converse-
ly, NSCs in the SGZ generate excitatory granule neurons
within the dentate gyrus. These neurons are critical for cog-
nitive processes such as learning and memory, highlighting
the functional importance of NSC activity in this region.512.13
These region-specific neurogenic processes are tightly regu-
lated by intrinsic molecular mechanisms.

A detailed comparative overview of hippocampal and SVZ
neurogenesis, including cellular stages, markers, and func-
tional significance, is provided in Table 1.14-36

Functional studies have highlighted the critical role of
neurogenesis in hippocampal function, particularly in learn-
ing, memory, and emotional regulation. Disruptions in neu-
rogenesis impair these cognitive functions, whereas fac-
tors such as physical exercise, environmental enrichment,
and cognitive training promote neurogenesis and enhance
cognitive performance.®”:38 In contrast, stress, aging, and
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neurodegeneration negatively affect neurogenesis, contrib-
uting to cognitive decline.®® The hippocampus serves as a
key region linking neurogenesis to cognitive function (Table
2),40-56 as evidenced by reduced neurogenesis in cyclin
D2-deficient mice, which correlates with impaired sleep-de-
pendent memory consolidation.*? This underscores the hip-
pocampus’s pivotal role in memory processing. Additionally,
molecular regulators such as Capicua and Dagla emphasize
the importance of transcriptional and signaling pathways in
sustaining neurogenic potential. Furthermore, dysregulated
cannabinoid-mediated signaling pathways are implicated
in age-related cognitive decline,>”:58 further highlighting the
significance of molecular mechanisms in maintaining brain
function.

Hippocampal neurogenesis begins with the activation of
quiescent NSCs, or radial glia-like cells. These cells divide
asymmetrically to produce intermediate progenitor cells,
which quickly differentiate into neuroblasts. These neuro-
blasts mature into functional neurons that integrate into the
hippocampal circuits.5? Symmetric division of NSCs ensures
self-renewal, generating additional quiescent NSCs. Howev-
er, a significant proportion of newly formed neurons undergo
apoptosis before fully integrating into the dentate gyrus,®°
highlighting the strict regulation of neurogenesis. This com-
plexity presents challenges for therapeutic strategies aimed
at enhancing NSC activity for brain repair and regeneration.

In the SVZ, neurogenesis follows a similar initiation pro-
cess. Quiescent NSCs, or radial glia-like cells, are activated
and undergo asymmetric division to produce progenitor cells.
These progenitor cells proliferate and differentiate into neu-
roblasts, which migrate along the rostral migratory stream
to the olfactory bulb. There, they integrate into the existing
neural circuits as interneurons.’ Although apoptosis also oc-
curs during SVZ neurogenesis, it is believed to be crucial
for maintaining the quality of the new neuronal population.5’
The newly generated neurons in the olfactory bulb contrib-
ute to sensory processing, specifically olfactory memory and
odor recognition.62 Despite similarities in processes such as
asymmetric division and neuroblast integration, hippocam-
pal and SVZ neurogenesis differ in their functional roles.
Hippocampal neurogenesis supports memory formation and
learning, whereas SVZ neurogenesis primarily contributes to
olfactory memory processing. Both regions exhibit high rates
of apoptosis during neurogenesis, but the migration process
in the SVZ adds another layer of complexity. While exercise
and environmental enrichment enhance neurogenesis in the
hippocampus, their impact on SVZ neurogenesis remains
less understood (Table 3).39-63-87 These differences reflect
the distinct functional contributions of the hippocampus and
SVZ to brain plasticity and cognitive function.

External factors and systemic influences also modulate
neurogenesis and cognitive outcomes. For instance, inter-
mittent hypoxia—commonly caused by sleep apnea—im-
pairs neurogenesis through oxidative stress.88 Similarly,
metabolic disorders such as type-2 diabetes mellitus re-
duce hippocampal neurogenesis and exacerbate cognitive
deficits.8? Despite these challenges, interventions such as
antioxidant therapies, physical exercise, and pharmacologi-
cal agents (e.g., andrographolide) have shown promise in
reversing neurogenic decline and improving cognitive func-
tion.? These findings suggest that targeted therapies could
restore neurogenic capacity and promote brain health in ag-
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Table 2. Neurogenesis across brain regions: Key findings and implications for aging and disease

Topic Key findings Implications References
Hippocampal In an animal study, Cyclin D2-deficient mice Neurogenic decline contributes 40,41
neurogenesis exhibit impaired sleep-dependent memory to sleep and memory
consolidation due to neurogenic decline disturbances in aging
V-SVvz A human study found that neurogenesis in Targeting neuroinflammation 42
neurogenesis the ventricular-subventricular zone (V-SVZ) could preserve neurogenesis
declines early due to neuroinflammation and cognitive function
Hypothalamic In molecular and animal studies, unsaturated fatty Promotes metabolic 43,44
neurogenesis acids promote neurogenesis via brain derived homeostasis, suggesting
neurotrophic factor (BDNF) signaling in rodents therapeutic potential for aging
Cannabinoid A molecular study showed that the Dagla Disruptions in cannabinoid 45,46
signaling enzyme facilitates NSPC proliferation signaling accelerate age-
via autocrine signaling pathways related neurogenic decline
External An animal study revealed that IH (sleep apnea) and Antioxidants, exercise, and 47
influences T2DM impair neurogenesis through oxidative stress therapeutic compounds can
(IH, T2DM) mitigate neurogenic loss
NG2 cell Animal studies demonstrated that NG2 progenitors in  Offers potential for neuronal 48-50
reprogramming cortical regions exhibit location-dependent plasticity reprogramming to repair
cortical damage
Zebrafish models In an animal study, Pink1-deficient zebrafish exhibit Models age-related 51,52
reduced dopaminergic neurogenesis, modeling age- neurogenic decline and
related neurogenic decline and Parkinson’s pathology Parkinson’s pathology
Striatal Animal studies show that striatal regions exhibit Potential for neuronal repair 58]
neurogenesis neural progenitor activity in response to injury in movement disorders and
injury-related damage
Olfactory bulb In molecular and animal studies, the olfactory bulb Implications for sensory 54
neurogenesis shows significant neurogenesis in certain species processing, olfactory
memory, and aging
Cerebellar Animal studies indicate that the cerebellum maintains  Possible therapeutic strategy 55
neurogenesis progenitor activity, particularly after injury for motor coordination disorders
and cerebellar damage
Prefrontal cortex  In an animal study, limited neurogenesis is observed = Targeting neurogenesis in 56

neurogenesis

in the prefrontal cortex of aged mammals

this region may enhance
cognitive functions in aging

ing and disease.

Beyond the hippocampus and V-SVZ, neurogenesis in
regions like the hypothalamus provides critical insights into
broader mechanisms of neural regeneration (Table 2).91.92
While most adult neurogenesis research has focused on the
hippocampus and V-SVZ, emerging evidence suggests that
neurogenesis also occurs in other brain regions, including
the olfactory bulb,%* striatum,53 and hypothalamus.*344 This
expanded understanding points to the potential for neuronal
repair and regeneration throughout the adult brain, opening
new avenues for therapeutic intervention.

In humans, neurogenesis in the V-SVZ declines early,
often due to neuroinflammation.®® This highlights the need
for further investigation into this early decline and the po-
tential for targeting this region to enhance neurogenesis in
aging, neurodegenerative diseases, stroke, or brain injury.
Meanwhile, neurogenesis in the hypothalamus, modulated
by factors such as unsaturated fatty acids and neurotrophic
signaling, plays a key role in maintaining metabolic homeo-
stasis.*39 This suggests broader implications for systemic
health and the potential for treating both metabolic and
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neurodegenerative diseases simultaneously. Additionally,
studies using zebrafish models and cortical NG2 cells em-
phasize the possibility of reprogramming progenitor cells to
facilitate neuronal repair in aging or damaged brains.50.95
Emerging research also indicates that neurogenesis in oth-
er regions, such as the striatum, may be involved in motor
function and repair following injury. Similarly, the olfactory
bulb, which exhibits robust neurogenesis in certain species,
may provide valuable insights into sensory processing and
olfactory memory in aging and neurodegenerative diseases.
This broader view of neurogenesis challenges the traditional
perspective of it being a localized process, emphasizing the
complexity and adaptability of the adult brain.

The impact of aging on neural stem cell function and
neurogenesis: Mechanisms and consequences

Aging profoundly affects NSC function and regenerative ca-
pacity, leading to a notable decline in adult neurogenesis.
This age-related decline results from a combination of in-
trinsic and extrinsic factors that disrupt the balance of neu-
rogenic processes.% Intrinsic factors, such as reduced NSC
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proliferation and epigenetic drift, contribute significantly to
this decline. Epigenetic drift refers to age-associated altera-
tions in gene regulation that shift NSC behavior from self-
renewal toward differentiation, ultimately depleting the NSC
pool over time.®”98 |n addition to these intrinsic changes,
extrinsic factors—including impaired growth factor signaling,
elevated corticosteroid levels, and cellular senescence—fur-
ther compromise NSC function and neurogenesis.®® Elevat-
ed glucocorticoid levels, common in aging, are particularly
known to inhibit NSC proliferation, possibly through epige-
netic mechanisms.'% However, their direct role in influenc-
ing NSC differentiation remains poorly understood and war-
rants further investigation.

Aging induces both structural and functional changes in
the brain, often manifesting as cognitive decline.’®" Adult
neurogenesis plays a crucial role in maintaining brain plas-
ticity, supporting critical functions such as learning, memory,
and emotional regulation. As aging disrupts the regulatory
pathways controlling neurogenesis, the resulting decline in
neurogenic activity becomes a major contributor to cogni-
tive dysfunction.3%192 The disruption of these pathways is
multifaceted, involving the interplay of genetic, molecular,
and environmental factors. Recent advances in experimen-
tal models, including genetic manipulations in rodents and
the use of human brain organoid systems, have provided
deeper insights into the molecular mechanisms regulating
neurogenesis.'%31%4 These models have also highlighted
the consequences of neurogenesis decline across species
and under various pathological conditions, offering valuable
clues for potential therapeutic interventions.

Despite the substantial decline in neurogenesis with ag-
ing, NSCs in the aged brain retain partial functionality. /n vit-
ro studies have shown that NSCs derived from aged rodents
can still proliferate and differentiate, though less efficiently
compared to those from younger counterparts.®:195 This
suggests that the neurogenic niche becomes less condu-
cive to NSC activation and neurogenesis with age. However,
neurons derived from aged NSCs can still integrate into ex-
isting neural circuits, suggesting the potential for therapeutic
strategies aimed at rejuvenating NSCs. Understanding age-
related changes in NSC dynamics and developing interven-
tions to restore the neurogenic niche could help mitigate
cognitive decline and enhance brain repair.

Adult neurogenesis in rodents and humans:
Mechanisms, and challenges in understand-
ing its role in cognitive function

Adult neurogenesis has been extensively studied in ro-
dents and non-human primates in recent decades. Initially
identified in rodents, this phenomenon has since been ob-
served in humans, with accumulating evidence suggesting
its persistence throughout life, particularly in the hippocam-
pus.102.106,107 Thjs ability to generate neurons in the adult
brain plays a pivotal role in maintaining cognitive function
and brain plasticity. Despite challenges in fully understand-
ing neurogenesis dynamics in humans, it has been linked to
processes such as learning, memory, and emotional regula-
tion.102.108

In rodents, adult neurogenesis progresses through a se-
ries of distinct, interdependent stages over approximately
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seven weeks, a process extensively characterized in the
hippocampus.196.199 These stages involve complex molecu-
lar, cellular, and physiological transformations that ultimately
lead to the production of fully functional neurons capable of
integrating into neural circuits. This process is essential for
brain plasticity, learning, and memory and holds consider-
able therapeutic potential for treating disorders associated
with impaired neurogenesis,'® such as neurodegenera-
tive diseases and cognitive decline.>'" A comprehensive
understanding of these stages is critical for developing
clinical strategies aimed at enhancing neurogenesis (Table
4).109,112-126

The first crucial step in neurogenesis is the activation of
NSCs. Disruptions to this activation, such as those caused by
aging or neurodegenerative diseases, can impair neurogen-
esis.'27.128 Therapeutic approaches focused on enhancing
NSC activation could provide potential treatments for cogni-
tive decline and neurodegenerative conditions by boosting
neurogenesis. Additionally, new neurons undergo selective
survival, ensuring that only those capable of integrating into
existing neural circuits persist.'2%.130 |nterventions such as
exercise or pharmacological agents may increase the surviv-
al rate of these neurons (Fig. 1),'3 offering promising strate-
gies to combat cognitive impairments observed in diseases
like Alzheimer’s or depression.

During the early postmitotic maturation phase, neurons
undergo structural maturation, including synaptic formation
and integration into functional networks. Environmental fac-
tors, such as physical activity and enriched environments,
can accelerate neuronal maturation, leading to improved
cognitive outcomes.? 132133 Enhancing this stage may serve
as a therapeutic strategy to improve memory and learning
functions in individuals with neurogenic impairments. The
final maturation phase involves the acquisition of electro-
physiological properties and synaptic plasticity, both of which
are essential for learning and memory. Enhancing synaptic
plasticity or long-term potentiation could improve cognitive
performance in individuals experiencing age-related cogni-
tive decline or neurodegenerative diseases.25.126,134

While adult neurogenesis is well-documented in rodents,
confirming its occurrence in humans has proven more chal-
lenging. Several techniques, including bromodeoxyuridine
(BrdU) incorporation, immunohistochemistry for immature
neuron markers, and carbon-14 DNA dating, have been em-
ployed to study neurogenesis in the human brain. 07,135,136
One pioneering study demonstrated new neuron generation
in the human hippocampus by labeling proliferating cells
with BrdU, showing that these BrdU-positive cells expressed
neuronal markers, confirming the formation of new neurons
in the hippocampal dentate gyrus.'3”

Despite these findings, accurately estimating the extent
of neurogenesis in humans remains difficult. A study using
radiocarbon dating suggested that neurogenesis in the hu-
man hippocampus occurs at an annual turnover rate of ap-
proximately 1.75%.138.139 However, other studies have failed
to detect significant new neuron generation,'%? |leading to
debates about the true extent of neurogenesis in humans.
Inconsistencies in reported adult human neurogenesis arise
from variations in methodology, sample processing, and the
sensitivity of detection techniques. While some studies pro-
vide evidence of robust neurogenesis, others suggest that
new neuron formation is minimal or absent. Factors contrib-
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Molecular Pathways and Factors Regulating Adult Neurogenesis

Activation of Quiescent NSCs

* Regulatory Signals

- Intrinsic Factors: Transcription factors, signaling molecules.

- Extrinsic Factors: Environmental stimuli (e.g., stress, exercise).
* NSC Division

- Symmetric Division: Expands the NSC pool.

- Asymmetric Division: Produces NSCs and progenitor cells (neurons or glia).
* Key Pathways

- Wnt/B-catenin and Notch signaling

- Epigenetic modifications (e.g., histone modification, DNA methylation)

- Growth factors (e.g., EGF, FGF)
* Influencing Factors

- Mitogen Reduction: Decreased levels of EGF, FGF — Reduced NSC self-renewal and
progenitor proliferation.
- Hypoxia and HIF-1a Signaling: Reduced oxygen levels, dysregulated ROS production,

altered Wnt/B-catenin signaling — Impaired NSC proliferation and differentiation.

- Sex Hormones: Decline in androgen and estrogen signaling with age — Reduced NSC
proliferation, particularly in female mice.

Structural Maturation of Newly
Generated Neurons

* Developmental Changes

- Axon and dendrite growth
- Synaptic integration modulated by GABAergic signaling
- Initial neuronal plasticity and network incorporation

* Environmental Influences
- Enriched environments, cognitive stimulation, and physical activity

* Key Pathways
- GABAA receptor-mediated signaling
- Calcium-dependent mechanisms (e.g., Ca?* influx for dendritic expansion)
- Neurotrophic factors (BDNF, VEGF)

* Influencing Factors
- Proteostasis: Accumulation of protein aggregates in gNSCs, impaired lysosomal fun ction —
Inhibited NSC activation and proliferation.
- Mitoch ial Dysf ion: D
Reduced energy availability for neurogenesis.

mitochondrial abundance and oxygen consumption —

Cell Survival and Migration

* Survival Mechanisms

- Apoptosis: Approximately 50% of newly generated neurons undergo programmed cell death.
- Neuroprotective Factors: Physical exercise, neurotrophic agents.

* Migration
- Newborn neurons migrate to the subgranular zone (SGZ) of the dentate gyrus.

* Key Pathways
- Brain-derived neurotrophic factor (BDNF)
- PI3K/Akt cell survival pathway
- Chemokine-mediated migration (e.g., SDF-1, CXCR4)

* Influencing Factors
- Vascular Aging: Decreased VEGF levels and impaired vascular integrity —
Impaired neurogenesis due to reduced angiogenesis and blood supply.
- Adrenal Steroids: Elevated corticosteroid levels, negative impact on neurogenesis —
Inhibited neurogenesis, especially in the SGZ.
- CSF Changes: Altered secretion of BDNFs and IGF1 by the choroid plexus —
Reduced NSC proliferative capacity.

Full Maturation and Synaptic
Plasticity

* Functional Differentiation

- Transition from calretinin-expressing to calbindin-expressing neurons.
- Formation of functional glutamatergic synapses.
- Integration into hippocampal circuits.

* Synaptic Plasticity

- Long-term potentiation (LTP) emerges, facilitating learning and memory.

* Key Pathways
- NMDA receptor signaling
- CaMKIl and MAPK pathways by synaptic strengthening.
- Glutamate signaling in excitatory synapse formation.

Fig. 1. Molecular pathways and factors regulating adult neurogenesis.

uting to these conflicting findings include differences in tis-
sue preparation, postmortem interval, fixation procedures,
and the selection of neuronal markers. Furthermore, the
sensitivity and specificity of detection techniques, such as
immunohistochemistry and in situ hybridization, play a cru-
cial role in accurately identifying newly formed neurons.
Beyond methodological challenges, the decline of neu-
rogenesis with age further complicates efforts to assess
its prevalence in older individuals. Age-related reductions
in neural progenitor proliferation, diminished availability of
growth factors, and increased inflammatory signaling within
the brain microenvironment are all contributing factors. More-
over, systemic influences, such as chronic stress, metabolic
disorders, and neurodegenerative diseases, have been im-
plicated in modulating neurogenesis rates, highlighting the
complexity of interpreting findings across different studies.
Technical limitations also contribute to the observed dis-
crepancies. Traditional methods, such as BrdU incorporation
and carbon-14 dating, face challenges in distinguishing neu-
ronal turnover from other forms of cell proliferation. Emerg-
ing technologies, including single-cell RNA sequencing and
lineage-tracing approaches, offer more precise insights into
neurogenic processes and hold promise for reconciling con-
flicting findings in the field. These methodological challeng-
es, biological factors, and technical limitations are discussed
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in subsequent sections.

Taken together, these discrepancies suggest that neuro-
genesis rates may vary depending on factors such as age,
health status, and tissue preservation methods. Resolving
these uncertainties will require future research to adopt
standardized methodologies, conduct longitudinal studies,
and utilize advanced imaging techniques. Such efforts will
be essential in elucidating the functional significance of adult
neurogenesis in humans and its broader implications for
neurological health and disease.

Decline of adult hippocampal neurogenesis:
Intrinsic and extrinsic factors influencing NSC
activity in aging

Adult neurogenesis, particularly in the hippocampus, plays a
crucial role in maintaining cognitive functions such as mem-
ory and learning. While the biological significance of neuro-
genesis is well-established in some species, its exact role
in human cognition remains a subject of ongoing research.
As individuals age, the number of NSCs in both the SGZ
and the V-SVZ decreases, leading to a decline in neurogen-
esis.'40.141 This reduction is influenced by a combination of
intrinsic and extrinsic factors, particularly changes in signal-
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Table 5. Factors influencing neurogenesis: Mechanisms and impact on NSC function
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. Impact on neu- Refer-
Factor Mechanism rogenesis ences
Mitogen Molecular and animal studies have demonstrated that Reduced NSC self- 142-144
Reduction reduced levels of EGF and FGF in NSCs lead to impaired renewal and progenitor
signaling pathways necessary for cell proliferation cell proliferation
Vascular Aging  Animal and human studies indicate that aging is associated Impaired neurogenesis  145-147
with decreased VEGF levels and impaired vascular integrity, due to reduced
leading to reduced angiogenesis and cerebral blood flow angiogenesis and
blood supply
Proteostasis Molecular studies have revealed that the accumulation of Inhibited NSC 148,149
protein aggregates in quiescent NSCs, coupled with impaired activation and
lysosomal function, disrupts intracellular homeostasis proliferation
Mitochondrial Molecular and animal studies suggest that mitochondrial Reduced energy 150-152
Dysfunction dysfunction, characterized by decreased mitochondrial abundance availability for
and oxygen consumption in NSCs, leads to metabolic insufficiency neurogenesis
Hypoxia Findings from molecular and animal studies indicate that reduced  Impaired NSC 153-155
and HIF-1a oxygen levels, dysregulated ROS production, and altered proliferation and
Signaling Whnt/B-catenin signaling impair cellular responses in NSCs differentiation
Sex Hormones  Animal and human studies have shown that aging-related declines Reduced neurogenesis, 156—158
in androgen and estrogen signaling alter neurogenic processes particularly in
female mice
Adrenal Steroids Animal studies indicate that elevated corticosteroid Inhibited neurogenesis, 159-161
levels exert negative effects on hippocampal NSCs especially in the SGZ
by disrupting neurogenic signaling pathways
CSF Changes Molecular and animal studies have demonstrated Reduced NSC 162-164

that altered secretion of BMP5 and IGF1 by the

proliferative capacity

choroid plexus affects NSC function

ing pathways that regulate NSC activity (Table 5).142-164 Key
mitogens, such as epidermal growth factor and fibroblast
growth factor, which are critical for NSC self-renewal and
the proliferation of transit-amplifying progenitor cells (TAPs),
diminish with age, significantly contributing to the decline in
neurogenesis. 142,165

Epigenetic modifications, including alterations in DNA
methylation, have been implicated in the decline of neuro-
genesis. A reduction in the expression of the DNA demethy-
lase enzyme ten-eleven translocation methylcytosine dioxy-
genase 2 has been linked to decreased neurogenesis in the
SGZ.166.167 |nterestingly, heterochronic parabiosis studies
have shown that restoring translocation methylcytosine di-
oxygenase 2 expression in aged hippocampi can promote
neurogenesis.'#%1%  The microenvironment surrounding
NSCs, particularly the vasculature, also plays a pivotal role
in regulating NSC activity. Vascular endothelial growth fac-
tor, a glycoprotein that promotes angiogenesis, positively
influences neurogenesis. However, with aging, vascular en-
dothelial growth factor levels in the hippocampus decrease,
contributing to reduced neurogenesis.'®%-171 Additionally,
cerebral blood volume in the dentate gyrus correlates with
neurogenesis, 7273 suggesting that vascular aging impairs
NSC function.

Proteostasis is another essential factor in maintaining
NSC activity. Aging leads to the accumulation of protein ag-
gregates in quiescent NSCs, which are stored in lysosomes
and impede their activation and proliferation. Enhancing
the lysosomal pathway in aged quiescent NSCs has been
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shown to improve their activation and neurogenesis. 74175
Mitochondrial dysfunction is also a contributing factor, as
aged progenitor cells in the SGZ exhibit reduced mitochon-
drial abundance and oxygen consumption, limiting neuro-
genesis.39.152.152 Although mitochondrial DNA mutation rates
do not significantly increase in aged neural progenitor cells,
mitochondrial dysfunction remains a critical factor in dimin-
ished neurogenesis.

Sex hormones such as androgens and estrogens are
known regulators of adult neurogenesis. Androgens posi-
tively influence neurogenesis in the SGZ of male mice, but
their levels decline with age, reducing the sensitivity to an-
drogen signaling. Estrogen promotes neurogenesis in young
female rats, although this effect diminishes with age.56-158
Conversely, adrenal steroids, including corticosteroids,
negatively impact neurogenesis, particularly in the SGZ."59
Reducing corticosteroid levels through adrenalectomy has
been shown to enhance neurogenesis in aged mice.'”®
Cerebrospinal fluid (CSF), produced by the choroid plexus,
contains signaling molecules that change with age. NSCs in
the V-SVZ interact with CSF, and age-dependent changes in
the secretome of the lateral ventricular choroid plexus can
influence NSC regulation.64177.178 Decreased secretion of
bone morphogenetic protein 5 and insulin-like growth factor
1 from the choroid plexus in aged individuals reduces NSC
proliferative capacity, further contributing to the decline in
neurogenesis. 79180

Reactivating dormant NSCs to promote neurogenesis
holds significant promise for regenerative medicine, particu-
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larly for treating neural loss due to cerebrovascular disor-
ders, traumatic brain injury, and neurodegenerative diseas-
es.'8" However, transient increases in neurogenesis caused
by NSC activation may eventually deplete the NSC pool,
limiting long-term regenerative potential. For example, in
epilepsy models, repeated seizures stimulate NSCs, tempo-
rarily increasing neurogenesis but eventually leading to NSC
depletion and neuronal loss.'82 Maintaining sustained neu-
rogenic responses remains a challenge, but recent studies
suggest that the expression of p38 mitogen-activated protein
kinase in the V-SVZ may support long-term neurogenesis
without depleting the NSC pool.'8 Additionally, amplifying
and mobilizing TAPs could provide a more sustainable ap-
proach for brain repair.'40

Age-related decline and pathological impair-
ments in adult neurogenesis: Insights from
rodent models to human aging and Alzhei-
mer’s disease (AD)

Age-related decline in adult neurogenesis: Insights
from rodent and human models

Adult neurogenesis in the SVZ and dentate gyrus decline
significantly with age, marked by reduced proliferative activ-
ity. In rodents, this decline begins as early as six months of
age, with a significant reduction observed by 20-24 months.
Early studies using BrdU incorporation techniques have
demonstrated a dramatic decrease in progenitor cell prolif-
eration, with rates dropping to approximately 10% of adult
levels.3.108.184,185 Thjs reduction severely impacts the gen-
eration of new granule cells, contributing to age-related cog-
nitive and sensory deficits.

The age-related decline in neurogenesis is further char-
acterized by a shift in the balance between actively dividing
and quiescent NSCs. Over time, the NSC pool becomes pro-
gressively depleted, with fewer cells remaining in an actively
dividing state.%:186 Additionally, the balance between sym-
metric and asymmetric cell divisions becomes increasingly
skewed, limiting the neurogenic potential of the remaining
stem cells.'87.188 These changes highlight the progressive
nature of neurogenic decline and its correlation with func-
tional impairments in rodents.

Comparative studies between rodent and human mod-
els reveal both similarities and differences in the decline of
neurogenesis. Rodent models provide valuable insights into
the mechanisms underlying age-related reductions in neu-
rogenesis, offering a framework to understand the cognitive
and sensory deficits associated with aging.>'8 In humans,
the decline in neurogenesis is more gradual, influenced not
only by aging but also by pathological conditions such as
AD 3,190,191

Whether adult neurogenesis continues in aging brains re-
mains a subject of debate, with studies yielding conflicting
results. Some reports suggest that neurogenesis persists
throughout life, albeit at significantly reduced levels, particu-
larly in the dentate gyrus of the hippocampus.!” However,
other studies argue that adult neurogenesis is negligible
or absent in older individuals,'¥? citing a lack of detectable
neurogenic markers in postmortem human brains. Methodo-
logical differences, including variations in tissue processing,
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labeling techniques, and age ranges examined, may contrib-
ute to these discrepancies. While emerging evidence sup-
ports the notion that neurogenesis may continue under spe-
cific physiological conditions or in response to environmental
stimuli, further research is needed to reconcile these findings
and establish a consensus on the extent of neurogenesis in
aging humans.

In AD, neurogenesis in the dentate gyrus is significantly
impaired, with reduced granule cell maturation and hip-
pocampal dysfunction. Pathological features such as amy-
loid plaques, tau tangles, and neuroinflammation exacer-
bate the decline in neurogenic processes.80:193.194 |n rodent
models of AD, similar neurogenic impairments are observed,
including decreased progenitor cell proliferation and matu-
ration, 19519 providing a translational perspective for under-
standing human neurogenesis in both health and disease.

This comparative analysis underscores the importance
of studying neurogenesis across species to elucidate the
mechanisms driving age-related and disease-associated
declines, with implications for developing targeted thera-

pies to preserve or restore neurogenic capacity (Table
6).3.17,23,38,80,102,107,186,190,192,194,197-205

The multifactorial decline of adult neurogenesis with ag-
ing: Mechanisms and potential interventions

The decline in adult neurogenesis with aging is a complex,
multifactorial process influenced by both intrinsic and extrin-
sic factors. As age progresses, the production of new neu-
rons decreases markedly, as demonstrated in both rodent
models and humans. This reduction results from a combi-
nation of cellular, molecular, and environmental changes
that collectively impair the brain’s neurogenic capacity over
time. 96

Physical activity emerges as one of the most effective
extrinsic factors in countering age-related declines in neu-
rogenesis, particularly in the hippocampus.2%° Exercise pro-
motes the release of neurotrophic factors such as brain-de-
rived neurotrophic factor, which supports neuronal survival,
growth, and synaptic plasticity.296 Furthermore, exercise en-
hances hippocampal blood flow, facilitating nutrient delivery
and waste removal that sustains neurogenic processes.27
In rodent studies, voluntary exercise has been shown to
increase the proliferation of neural progenitor cells and im-
prove the survival of newly generated neurons in the dentate
gyrus, partially mitigating the neurogenic decline associated
with aging.208.209

Another extrinsic factor influencing neurogenesis is para-
biosis, a process where aged animals are surgically joined
with younger ones to share a circulatory system.2'0.2"" Re-
search indicates that exposure to the systemic environment
of younger organisms can rejuvenate neurogenic capacity
and enhance cognitive function in aged animals. These find-
ings suggest that circulating factors in young blood play a
critical role in revitalizing the aging brain, pointing to potential
therapeutic strategies aimed at modifying the systemic envi-
ronment to counteract neurogenic decline.

Intrinsic cellular and molecular changes also significantly
impact neurogenesis as the brain ages. Aging disrupts key
signaling pathways that regulate NSC self-renewal and dif-
ferentiation, including bone morphogenetic protein, Notch,
Whnt, epidermal growth factor, and insulin-like growth fac-
tor.2'2 These pathways lose efficiency over time, impairing
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Table 6. Comparative analysis of age-related decline in neurogenesis and Alzheimer’s disease impact in rodent and human models

Factor Rodent model Human model References
Age of Decline Begins at about six months; more Observed as age progresses, with a 3,107,197
in Neurogenesis pronounced at 20—24 months gradual reduction in DG neurogenesis

Proliferative Decreases to 10% of adult Decreased percentage of immature 3,23,38

Activity

NSC Pool

Exercise
Influence

Alzheimer’s
Disease Impact

Pathological
Features of AD

levels by 20—24 months

Likely depleted over time; shifts
towards symmetric divisions,
reducing neurogenic potential

Physical exercise can rescue age-
related deficits in neurogenesis,
stimulating proliferation and survival
of neural progenitor cells (NPCs)

Impairs neurogenesis, granule
cell maturation, and reduces
hippocampal function

Amyloid plaques, tau tangles, and
neuronal dysfunction significantly

neurons in DG, with slower
incorporation of new neurons.

Depletion of quiescent NSC
pool in the anterior DG, limiting
regeneration potential

Limited data: some evidence suggests
neurogenesis persists in adulthood,
but exercise effects remain unclear

Maturation of DCX-positive neurons
is impaired, with limited integration of
new neurons in the hippocampus

Presence of amyloid plaques, tau
tangles, and neuroinflammation

17,186,192,198,199

102,200,201

3,80,190,194

202-205

impair neurogenic processes

contribute to the decline of neurogenesis,

particularly in the hippocampus

NSC proliferation and differentiation, further diminishing
neurogenic output and cognitive function.%6:213

The aging brain also experiences a marked decline in
proteostasis, the system responsible for maintaining pro-
tein quality control. Aged NSCs exhibit reduced autophagy-
lysosome activity, leading to the accumulation of damaged
proteins and organelles that contribute to cellular stress and
dysfunction.2'4215 Additionally, chaperone proteins, which
assist in proper protein folding and prevent aggregation,
show diminished activity in aged NSCs.216217 These deficits
in proteostasis exacerbate the decline in NSC functionality
and the generation of new neurons.

Epigenetic modifications further compound the decline of
neurogenesis with age. Alterations in DNA methylation, his-
tone modifications, and non-coding RNA expression silence
genes essential for neurogenesis while activating those
associated with cellular senescence and apoptosis.28219
These epigenetic changes contribute to the progressive loss
of neurogenic potential in the aging brain.

The intricate interplay between intrinsic and extrinsic fac-
tors highlights the complexity of neurogenic decline associ-
ated with aging. Understanding these mechanisms is essen-
tial for designing strategies to restore neurogenic capacity
and promote cognitive health.

Neurogenesis in AD: Evolutionary conservation and
emerging technologies

AD is a progressive neurodegenerative disorder character-
ized by memory loss, cognitive decline, and widespread
neuronal and synaptic degeneration, particularly affecting
the hippocampus and entorhinal cortex.?2° The pathologi-
cal hallmarks of AD include extracellular amyloid plaques
and intracellular neurofibrillary tangles, both central to dis-
ease progression. Amyloid plaques, primarily composed of
amyloid-beta (AB), form from the cleavage of amyloid pre-
cursor protein by B-secretase and y-secretase.??! According
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to the “amyloid hypothesis,” the accumulation and aggrega-
tion of AR drive the progression of AD, leading to synaptic
dysfunction, gliosis, neuronal loss, and tau pathology.222
Concurrently, tau hyperphosphorylation and the formation
of neurofibrillary tangles disrupt essential cellular processes,
exacerbating neuronal dysfunction and death.22
Neurogenesis is profoundly impaired in AD, particularly
within the hippocampus, a region essential for learning and
memory. The dentate gyrus of the hippocampus exhibits a
marked reduction in immature neurons, with their maturation
significantly hindered. Key markers of neuronal maturation,
such as doublecortin, are under-expressed, impeding the
proper integration of newly generated neurons into neural
circuits.?2* This disruption in neurogenesis likely contributes
to the cognitive deficits characteristic of AD. Although neu-
rogenesis persists into adulthood, its rate in AD patients is
significantly lower compared to healthy aging individuals,
further exacerbating cognitive decline.3.190.191
The mechanisms underlying impaired neurogenesis in AD
are multifactorial. AR plaques directly impair the survival and
differentiation of NSCs, potentially through the activation of
inflammatory pathways and the disruption of neurotrophic
signaling.’93-225 Tau pathology also plays a critical role by
altering the hippocampal microenvironment and further com-
promising NSC function.226:227 Chronic inflammation and
oxidative stress,?28 hallmarks of AD, amplify these effects by
creating a hostile environment that impedes neurogenesis.
The decline in neurogenesis with aging and its exacer-
bation in AD remain active research areas. Many signaling
pathways and cellular mechanisms involved in neurogenesis
are conserved across species, making rodent models in-
valuable for understanding human neurogenesis. However,
species-specific differences must be carefully considered,
especially regarding aging and neurodegenerative diseases.
Emerging technologies, such as single-cell genomics, of-
fer unprecedented opportunities to study human adult neu-
rogenesis in detail. These technologies enable the profiling
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Table 7. Key molecular factors in neurogenesis, neurodegeneration, and their therapeutic potential

Role in neurodegen-

Potential therapeu-

Factor Role in neurogenesis erative diseases tic implications References
Tau Tau stabilizes microtubules and Hyperphosphorylation of tau Enhancing tau- 229,230
regulates neuronal function, leads to neurofibrillary tangles,  related pathways
supporting neural progenitor impairing neurogenesis and may preserve
differentiation, as shown in contributing to cognitive neurogenesis and
molecular and animal studies deficits, as demonstrated in cognitive function
molecular and human studies
Amyloid- Soluble AB enhances AR accumulation induces Reducing AB 231-233
beta (AB) neurogenesis, whereas toxic synaptic dysfunction and accumulation can
AR oligomers suppress neural  neuronal loss, leading to improve neurogenesis
progenitor proliferation, as cognitive decline in Alzheimer’s  and reverse
demonstrated in molecular disease, as observed in AHN deficits
and animal studies animal and human studies
Presenilins Presenilins regulate APP Mutations in PS1 disrupt Targeting presenilin- 234-236
cleavage and AB peptide progenitor maintenance, related pathways may
production, affecting neural impair synaptic plasticity, restore neurogenesis
progenitor cell survival, and contribute to
as shown in molecular neurodegeneration, as
and animal studies evidenced in molecular
and human studies
Apolipoprotein  APOE maintains neural The APOE €4 allele is Targeting APOE- 237,238
E (APOE) progenitor pools and regulates  associated with impaired related pathways
hippocampal neurogenesis, neurogenesis, increased may offer therapeutic
as demonstrated in molecular A deposition, and benefits for AD
and animal studies heightened Alzheimer’s
disease risk, as shown in
human molecular studies
Alpha-synuclein  Alpha-synuclein influences Aggregation of a-synuclein Stimulating 239,240

dopamine metabolism
and adult hippocampal
neurogenesis, as observed in
molecular and animal studies

impairs hippocampal
neurogenesis and contributes
to Parkinson’s disease
pathology, as shown in animal
models and human studies

neurogenesis could
counteract a-synuclein
aggregation effects

of individual NSCs and their progeny, providing insights into
molecular changes during aging and AD. Additionally, inno-
vations in cellular reprogramming and gene editing allow for
the generation of patient-specific models of neurodegenera-
tive diseases, facilitating the study of neurogenesis in the
context of specific genetic mutations and pathological condi-
tions.

From hippocampal plasticity to neurodegen-
erative pathology: Exploring the dual role of
neurogenesis in health and disease

Neurogenesis plays a critical role in the hippocampus, con-
tributing to memory and cognitive function. However, it is
intricately linked to aging and the pathophysiology of neuro-
degenerative diseases such as AD and Parkinson’s disease
(PD).39:191 Table 7 highlights key factors involved in neuro-
genesis,?29-240 their impact on brain function, and their rel-
evance to neurodegenerative diseases, alongside potential
therapeutic implications.

In the hippocampus, neurogenesis involves the produc-
tion of neuroblasts, which either integrate into existing neural
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circuits or undergo apoptosis. This tightly regulated process
is essential for maintaining the homeostasis and adaptability
of the hippocampal network.24:108.241 Djsruptions to this pro-
cess, particularly with aging, compromise brain health and
heighten vulnerability to neurodegenerative diseases.

As the brain ages, molecular and cellular changes accu-
mulate, disrupting neurogenesis. Senescence markers such
as p16, p19, p53, and HMGB1 impair the NSC pool,39242
leading to diminished neurogenesis and cognitive decline.
Understanding these molecular pathways is crucial for re-
storing neurogenesis and addressing the deficits observed
in aging and neurodegenerative conditions.

Tau, a microtubule-associated protein essential for neu-
ronal integrity, plays a significant role in neurogenesis. In AD,
tau becomes pathologically hyperphosphorylated, leading to
neurofibrillary tangles that disrupt neuronal function and im-
pair neurogenesis.229.233.243.244 Experimental evidence sug-
gests that reducing tau levels under stress conditions can
enhance neurogenesis.

AB plays a dual role in neurogenesis. Soluble AR promotes
neurogenesis, while aggregated AR exerts toxic effects, par-
ticularly in neurogenic regions like the dentate gyrus and
SVZ.232.245 Gtrategies aimed at reducing AB aggregation
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Table 8. Age-related cellular changes in the subventricular zone and their impact on neurogenesis

Cell type Change with aging

Impact References

Molecular and animal studies indicate
an increased proportion of quiescent
NSCs, reflecting a shift from an active
to a quiescent state with aging

Quiescent
NSCs (qNSCs)

Active NSCs Animal studies demonstrate a progressive

(aNSCs) decline in active NSC numbers, reducing
the frequency of cell cycle re-entry

Transit- Molecular and animal studies report

Amplifying reduced proliferation of TACs,

Cells (TACs) leading to a decline in progenitor

cell transition from NSCs

Animal and human studies reveal a
decline in neuroblast populations,
indicating impaired differentiation and
migration toward the olfactory bulb

Neuroblasts
(NBs)

The rise in quiescent NSCs reduces
the pool of available stem cells for
activation and differentiation, leading
to a decline in neurogenic capacity

174,186,255,256

The depletion of active NSCs limits
neurogenesis, contributing to age-
related cognitive impairment

39,127,254

A reduction in TAC expansion 257,258
compromises progenitor cell
populations, ultimately decreasing

neuroblast and neuron production

Fewer neuroblasts reduce the
incorporation of new neurons into the
olfactory bulb, weakening sensory
processing and cognitive adaptability

259,260

have shown potential in restoring neurogenesis and improv-
ing cognitive function in preclinical studies, highlighting the
complex role of AB in the brain.

Presenilins, components of the y-secretase complex re-
sponsible for amyloid precursor protein cleavage, are essen-
tial for maintaining neural progenitor populations. Mutations
in presenilin 1 reduce these populations and impair cogni-
tive performance.246:247 Therapeutic interventions to restore
presenilin function may rebalance neurogenesis and neuro-
degeneration in AD, presenting a promising avenue for treat-
ment.

Apolipoprotein E (APOE) also plays a pivotal role in neu-
rogenesis, particularly in regulating lipid metabolism and
maintaining NSC pools.248.249 The APOE ¢4 allele, a signifi-
cant genetic risk factor for AD, is associated with reduced
neurogenesis and accelerated cognitive decline.250 Target-
ing APOE-related pathways, especially in €4 carriers, could
help mitigate neurogenic deficits and provide cognitive pro-
tection.

In PD, the aggregation of alpha-synuclein disrupts neuro-
genesis, particularly in the dentate gyrus and olfactory bulb.
Experimental models have shown that stimulating neuro-
genesis can counteract these disruptions,25'-253 offering a
potential therapeutic strategy to address PD-related deficits
and improve cognitive and olfactory functions.

By elucidating the molecular mechanisms governing neu-
rogenesis and their disruption in aging and neurodegenera-
tive diseases, researchers can identify novel therapeutic
targets. Enhancing neurogenesis offers significant promise
for counteracting cognitive decline and neural impairments
associated with these conditions, paving the way for innova-
tive interventions and treatments.

Neurogenic decline in the aging SVZ: Cel-
lular, molecular, microenvironmental chal-
lenges, and strategies for rejuvenation

Aging is strongly associated with a significant decline in
neurogenesis within the SVZ, one of the primary neurogenic
niches in the adult brain.25 The SVZ plays a critical role in
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generating new neurons, primarily destined for the olfac-
tory bulb. However, aging disrupts this process, leading to
reduced proliferative activity and an increased proportion of
quiescent NSCs.*2 This age-related shift in the balance be-
tween active and quiescent NSCs diminishes the regenera-
tive capacity of the SVZ, contributing to cognitive decline and
impaired recovery following brain injuries.

The cellular and molecular changes in the aging SVZ are
multifaceted (Table 8).39.127.174,186,254-260 These changes in-
clude a reduced number of transit-amplifying cells (TACs),
lower proliferation rates, and decreased neuroblast produc-
tion, which collectively result in a marked decline in neuro-
genic output. Consequently, the functional contributions of
SVZ-derived neurons are significantly compromised. This
decline in SVZ neurogenesis with age has profound implica-
tions for brain health,3 as the diminished ability to generate
new neurons limits the brain’s capacity to adapt to injury and
maintain cognitive function.

Age-related microenvironmental alterations in the sub-
ventricular zone and their impact on neurogenesis

The neurogenic microenvironment of the SVZ undergoes
significant age-related changes that disrupt its structural,
cellular, and molecular integrity, leading to a decline in neu-
rogenesis. These alterations impair NSC function, diminish-
ing the brain’s regenerative capacity.?6'.262 Key changes in-
clude microglial activation, ependymal layer degeneration,
and vascular decline, each contributing uniquely to reduced
neurogenic potential (Table 9).263-271

Microglial activation is a prominent feature of aging in the
SVZ. With age, microglia adopt a pro-inflammatory pheno-
type, characterized by increased production of pro-inflamma-
tory cytokines.272.273 This heightened inflammatory response
suppresses NSC proliferation and differentiation by inducing
quiescence.2’* Consequently, the activation and regenera-
tive capacity of NSCs are significantly reduced, contributing
to the observed decline in neurogenesis in the aging brain.

The degeneration of the ependymal layer, which serves
as a critical interface between CSF and NSCs, further ex-
acerbates neurogenic decline. Aging thins the ependymal
layer, allowing infiltration by astrocytes and microglia, which
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Table 9. Key microenvironmental changes in the aging subventricular zone and their impact on neurogenesis

Feature Age-related change Consequences References
Microglia Animal and molecular studies indicate that This heightened inflammatory state 263-266

aging leads to increased release of pro- contributes to NSC quiescence,

inflammatory cytokines by microglia thereby reducing their activation

and differentiation potential

Ependymal Findings from both animal and human studies This structural deterioration disrupts the 267,268
Layer reveal that aging causes degeneration NSC-cerebrospinal fluid (CSF) interface,

of the ependymal layer, accompanied by impairing NSC signaling and function

astrocytic and microglial infiltration
Vasculature Human and animal research demonstrates These vascular changes impair blood 269-271

that aging is associated with a decline in
vascular integrity, characterized by reduced
vascular density and branching complexity

flow, oxygenation, and nutrient delivery
to NSCs, ultimately restricting their
proliferation and neurogenic activity

disrupts the signaling mechanisms necessary for NSC ac-
tivation and maintenance.86:267.275 This breakdown in the
NSC-CSF interface compromises NSC functionality and re-
duces the neurogenic output of the SVZ.

Vascular decline is another hallmark of the aging SVZ,
marked by reduced vascular density and branching com-
plexity. These changes restrict blood flow, limiting the deliv-
ery of oxygen and nutrients essential for NSC maintenance
and regeneration.276.277 The resulting metabolic insufficiency
further impairs NSC function, compounding the decline in
neurogenesis.

Together, these structural, cellular, and molecular altera-
tions create a hostile microenvironment for NSCs, signifi-
cantly impairing their ability to maintain neurogenic activity in
the aging brain. The pro-inflammatory state induced by mi-
croglial activation, the structural deterioration of the ependy-
mal layer, and the decline in vascular support collectively
limit the SVZ’s capacity for neurogenesis.

Molecular and transcriptomic alterations in the aging
subventricular zone impair neurogenesis

Aging induces a cascade of molecular changes within the
SVZ, compounding structural alterations to further impair
neurogenesis. These changes include disrupted gene ex-
pression, increased cellular heterogeneity, and heightened
inflammation, 131278 gll of which contribute to the decline in
the brain’s regenerative capacity.

A notable molecular alteration is the downregulation of
genes critical for the proliferation of TACs and the genera-
tion of neuroblasts. This decline in gene expression signifi-
cantly hampers NSC activity, limiting the production of new
neurons and diminishing the neurogenic potential of the
SVz.11.105.279.280 Despite attempts by some TAC subpopu-
lations to compensate through increased proliferation, this
response is insufficient to sustain long-term neurogenesis,
ultimately contributing to the progressive decline in regen-
eration.

Cellular heterogeneity in the aging SVZ further compli-
cates the neurogenic landscape. The presence of subpopu-
lations attempting compensatory activity contrasts with the
quiescence of others, creating an imbalance that undermines
the overall regenerative capacity of the region. 186281282

Inflammation is another critical factor in the aging SVZ,
with progenitor cells and microglia displaying markers of
chronic, low-grade inflammation.42186.190 Thijs persistent in-
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flammatory state promotes NSC quiescence, reducing their
activation, proliferation, and differentiation capabilities. The
resultant decline in neurogenesis exacerbates the aging
brain’s vulnerability to cognitive decline and injury.

Additionally, recent studies highlight the infiltration of clon-
ally expanded T-cells into the aging SVZ.42.283.284 These im-
mune cells secrete interferon-y, intensifying the inflamma-
tory milieu and further suppressing neurogenic activity. The
presence of these activated T-cells disrupts the neurogenic
niche, placing additional strain on NSC function.

These molecular and transcriptomic changes create an
increasingly adverse environment for NSCs. The cumulative
effects of downregulated gene expression, cellular heteroge-
neity, chronic inflammation, and immune cell infiltration sig-
nificantly impair neurogenesis, highlighting the complexity of
age-related decline in the SVZ.

Strategies to rejuvenate neurogenesis in the aging sub-
ventricular zone

Efforts to restore neurogenesis in the aging SVZ focus on
systemic and niche-specific approaches to enhance the re-
generative potential of NSCs. These strategies aim to im-
prove the surrounding microenvironment or directly modu-
late biological processes that are crucial for NSC function
(Table 10)_42,186,285—292

Heterochronic parabiosis, which involves exposing aged
animals to youthful blood circulation, has shown remarkable
potential in rejuvenating neurogenesis by improving system-
ic factors.293.294 Molecules such as growth differentiation fac-
tor 11 and tissue inhibitor of metalloproteinases 2 have been
identified as youth-promoting agents that enhance NSC
function.2952% Conversely, reducing pro-aging factors such
as chemokine ligand 11 and transforming growth factor-beta
has demonstrated the potential to counteract age-related
declines in neurogenesis,®6:297:298 highlighting the impor-
tance of systemic factors in maintaining neurogenic capacity.

Dietary and pharmacological interventions have emerged
as promising strategies to mitigate age-related neurogenic
decline. Caloric restriction (CR) and fasting-mimicking diets
have been shown to preserve neuroblast populations and
promote neurogenesis in the olfactory bulb,*2:287299 offering
insights into dietary modulation as a tool for supporting brain
health. Pharmacological agents such as rapamycin and met-
formin target specific cellular pathways, including autophagy
and insulin-like growth factor 1 signaling, to promote NSC
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Table 10. Strategies and mechanisms for enhancing neurogenesis in the aging subventricular zone

Intervention Mechanism Example agents References
Circulating Rejuvenates the systemic environment and improves NSC GDF11, TIMP2 186,285
Factors function, as demonstrated in human and molecular studies

Anti-Aging Modulates pro-aging molecules to counteract age-related CCL11, TGF-B8 42,186,286
Molecules changes, as shown in animal and molecular studies

Dietary Enhances neurogenesis through metabolic changes, as Caloric 287-289
Interventions evidenced in human, animal, and molecular studies restriction, FMD
Pharmacological Promotes NSC activity, reduces inflammation, and supports autophagy, Rapamycin, 290-292

Agents

as demonstrated in animal studies and pharmacological investigations

Metformin

activity, reduce quiescence, and enhance neurogenic capac-
ity in the aging S\VZ.300-302

Chronic inflammation and cellular senescence are signifi-
cant contributors to the decline in neurogenesis. Anti-inflam-
matory therapies, such as blocking cytokines like TNF-q,
have shown promise in restoring NSC function and enhanc-
ing neurogenesis.29%:303.304 Fyrthermore, senolytic agents
like Dasatinib and Quercetin selectively eliminate senescent
cells, alleviating their adverse impact on the SVZ microenvi-
ronment and rescuing neurogenic activity.283.305.306

By addressing chronic inflammation, cellular senescence,
and age-related molecular changes, these interventions
offer promising avenues for enhancing neurogenesis and
combating cognitive decline and neurodegenerative diseas-
es associated with aging.

Pharmacological and metabolic interventions
targeting aging, neurogenesis, and neurode-
generation: Mechanisms and therapeutic po-
tential

Pharmacological interventions for aging and neurode-
generation: Neurogenesis, protection, and lifespan ex-
tension

Pharmacological compounds targeting aging and neurode-
generation can be classified into three primary categories:
those that stimulate neurogenesis, protect against neuro-
degeneration, and extend lifespan (Table 11).307-324 Under-
standing how compounds intersect these categories—in-
cluding NAD+-boosting molecules, resveratrol, rapamycin,
and metformin—is essential for targeting aging and neuro-
degeneration. These agents have been widely studied for
their roles in aging, neurogenesis, and neurodegenerative
diseases, primarily through the modulation of metabolic
pathways.

Nicotinamide mononucleotide (NMN), a precursor to
NAD*, has garnered attention for its potential to restore cel-
lular processes impaired by age-related NAD* depletion. In
preclinical studies, NMN has shown improvements in cog-
nitive function, reductions in apoptosis, and promotion of
regenerative neurogenesis under ischemic conditions (Fig.
2).307.325 However, NMN has shown limited efficacy in en-
hancing NSC proliferation in aged models, suggesting a
potential age-related limitation. Similarly, nicotinamide ribo-
side (NR), another NAD+ precursor, enhances sirtuin acti-
vation and demonstrates significant neuroprotective effects.
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NR has been shown to improve cognitive function, reduce
neuroinflammation, and support NSC survival and prolif-
eration, particularly in AD and amyotrophic lateral sclerosis
models.308:311.326 While NR exhibits mild lifespan-extending
properties, its translation into human applications requires
further validation.

Resveratrol, a polyphenolic compound, activates sir-
tuins and mimics the effects of caloric restriction, making
it a promising candidate for aging and neurodegenerative
conditions. Preclinical studies indicate that resveratrol im-
proves hippocampal neurogenesis, enhances memory, and
mitigates cognitive deficits induced by hypoxia or chronic
stress.31%.327 However, clinical trials have yielded mixed re-
sults, with some showing cognitive improvements in older
adults and others revealing negligible effects. This inconsist-
ency underscores the need for additional research to better
understand its therapeutic potential.

Rapamycin, an inhibitor of the mechanistic target of ra-
pamycin, has shown promise in aging and neurogenesis
research. Studies have demonstrated its ability to enhance
spatial learning, memory, and NSC activation in aging mod-
els.39:318.319 However, its effects on hippocampal neurogen-
esis remain inconsistent, with some studies showing positive
outcomes and others reporting minimal impact. Short-term
clinical trials suggest that rapamycin may improve cognitive
function, but long-term studies are needed to confirm its ef-
ficacy in treating age-related cognitive impairments.

Metformin, a widely used anti-diabetic drug, activates
AMP-activated protein kinase and exerts caloric restriction-
like effects. Preclinical studies have highlighted metformin’s
potential to improve healthspan, reduce the risk of age-relat-
ed diseases, and provide neuroprotective effects.323.324.328
Ongoing large-scale clinical trials, such as MILES and
TAME, aim to evaluate its anti-aging properties and its ability
to prevent neurodegenerative diseases.

The impact of physical and metabolic interventions on
neurogenesis and cognitive function

Several physical and metabolic interventions, including
physical exercise, environmental enrichment, and CR, have
demonstrated the ability to enhance neurogenesis and are
linked to extended lifespan and improved healthspan across
various model organisms (Table 12).329-338 Although these
interventions operate through distinct mechanisms, they
offer complementary effects on neurogenesis and cogni-
tive function, each targeting unique aspects of brain health.
Together, they represent promising strategies for improving
brain function and mitigating age-related cognitive decline.
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Table 11. Therapeutic compounds for neurogenesis and aging: Targeted metabolic pathways and their effects on cognitive and

neurological health

Metabolic path- . Refer-
Compound Category way targeted Primary effects Research focus ences
Nicotinamide Neurogenesis, NAD+ precursor, Improves cognitive function,  Aging, cognitive 307-310
Mononucleotide Neuroprotection  Sirtuin activation reduces apoptosis, promotes decline,
(NMN) regenerative neurogenesis neurodegenerative
in ischemic conditions diseases (e.g.,
AD, ALS)
Nicotinamide Neurogenesis, NAD+ precursor, Enhances neurogenesis, Aging, 311-314
Riboside (NR) Neuroprotection  Sirtuin activation improves cognitive function, neurodegeneration
reduces neuroinflammation  (e.g., AD, ALS)
Resveratrol Neurogenesis, Sirtuin Enhances memory, Aging, cognitive 315-317
Neuroprotection  activation, neurogenesis, improves decline,
mimicry of mood, mitigates neuroprotection, stress-
caloric restriction cognitive deficits induced impairments
Rapamycin Neurogenesis, mTOR inhibition  Improves spatial memory, Aging, 318-321
Lifespan cognitive function, NSC neurodegeneration,
extension activation, extends lifespan lifespan extension,
cognitive function
Metformin Neuroprotection, AMPK Improves metabolic Aging, diabetes, 322-324
Lifespan activation, health, prevents age- metabolic health,
extension mTOR inhibition related diseases, neurodegenerative
extends healthspan diseases

Physical exercise, such as voluntary running or tread-
mill activity, stimulates the proliferation of neural precursor
cells, particularly in the hippocampus, enhancing neurogen-
esis and promoting cognitive function.208.339.340 This occurs
through mechanisms such as neuroplasticity, inflammation
reduction, and increased neurotrophic factor levels. Addition-
ally, exercise provides systemic benefits, as studies show
that plasma from exercised animals can boost neurogenesis
and cognitive function in sedentary individuals. Environmen-
tal enrichment, by contrast, involves providing a stimulating
environment that promotes learning, memory, and overall
brain health by supporting the survival of newly generated
neurons in the hippocampus.329:341.342 Environmental enrich-
ment has therapeutic potential in neurodegenerative diseas-
es like Alzheimer’s and Huntington’s disease. Finally, CR,
which reduces caloric intake without malnutrition, promotes
neural stem cell proliferation and counters age-related neu-
rogenic decline, particularly in the hippocampus and subven-
tricular zone.186.343-345 Thjs results in improved memory and
cognitive function, especially in aging animals, and contrasts
with high-fat diets, which hinder neurogenesis. Although
most CR research has been conducted in animal models,
human studies suggest it may enhance memory function,
particularly in older adults or those with obesity. However,
further research is needed to fully understand its effects on
hippocampal function and aging in humans. Moreover, chal-
lenges arise when attempting to apply these interventions
in human clinical settings, as the long-term sustainability of
CR and exercise regimens may be difficult to maintain, and
adherence to environmental enrichment protocols can be
challenging in human populations. As with pharmacological
interventions, translating the beneficial effects of physical
and metabolic interventions into human therapies requires
a deeper understanding of individual variability, the impact
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of comorbidities, and the complex interactions between life-
style factors and brain health.

While pharmacological and metabolic interventions offer
significant therapeutic potential for aging, neurogenesis, and
neurodegeneration, further studies are required to overcome
the challenges of translating findings from animal models to
human therapies. The mechanisms underlying these inter-
ventions, though promising, must be thoroughly investigated
to optimize their clinical applicability and ensure their safety
and efficacy in human populations.

Discussion, research gaps, and future direc-
tions

Adult neurogenesis is crucial for maintaining cognitive func-
tion, promoting brain plasticity, and enhancing resilience
to age-related cognitive decline. Disruptions in neurogenic
pathways—caused by factors such as hippocampal dysfunc-
tion, oxidative stress, cannabinoid signaling dysregulation,
neuroinflammation, and metabolic disturbances—contribute
to cognitive decline with age. While adult neurogenesis has
been well-documented in rodent models, its persistence and
significance in humans, particularly older adults, remain con-
tentious. These discrepancies likely stem from variations in
detection methods, tissue processing, and sample preser-
vation. The development of advanced imaging technologies
and single-cell genomics offers promising opportunities to
resolve these uncertainties, providing deeper insights into
neurogenesis in the context of brain aging, cognitive decline,
and neurodegenerative diseases.

Despite significant progress in understanding adult neu-
rogenesis, several critical knowledge gaps persist. A more
comprehensive exploration of the signaling pathways,
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Neuroprotection and Cognitive Health — Therapeutic and Lifestyle Interventions

Therapeutic Compounds for Neuroprotection

Nicotinamide Mononucleotide (NMN) &

Nicotinamide Riboside (NR) Resveratrol Rapamycin Metformin
Mechanism Mechanism Mechanism Mechanism
- Elevate NAD+ levels, activating sirtuins—key regulators of - Activates sirtuins and mimics caloric - Inhibits mTOR leading to the - Activates AMPK and inhibits mTOR,
cellular homeostasis. restriction, promoting cellular longevity. activation of neural stem cells improving metabolic function and
(NSCs) and enhanced cellular energy balance.
Effects Effects neurogenesis.
- Enhance mitochondrial function, supporting neuroprotection - Enhances memory, neurogenesis, and
and regenerative neurogenesis. mood, supporting overall cognitive Effects Effects
- Reduce apoptosis and improve cognitive function in neuro- function. - Improves spatial memory and - Provides neuroprotection with
degenerative diseases (e.g., Alzheimer’s disease, ALS). - Provides neuroprotection in stress- extends lifespan. potential therapeutic benefits for
induced cognitive decline by reducing - Delays age-related cognitive Alzheimer’s disease.
oxidative stress. decline.

Lifestyle Interventions for Cognitive Enhancement Integrated Therapeutic Strategy

Environmental Enrichment Physical Exercise Caloric Restriction YIRS AC E s o T_herapeutlc

(EE) (PE) (CR) Compounds anfi Lifestyle
Interventions

Components Mechanism Mechanism Neurogenesis & Synaptic Plasticity
- Exposure to cognitive stimuli such as - Stimulates hippocampal precursor - Reduces caloric intake without - Enhances learning and memory.
exercise wheels, tunnels, and interactive cell proliferation and neurogenesis. malnutrition, promoting neural stem
toys. cell (NSC) proliferation. Reduction of Oxidative Stress &
Effects Effects Effects Neuroinflammation
- Increases hippocampal neurogenesis - Enhances cognitive function and - Prevents neurogenic decline and - Mitigates cellular damage.
and neuronal survival, fostering brain stress resilience. preserves cognitive function in aging
plasticity. - Reduces age-related cognitive populations. ) )
- Demonstrates therapeutic potential in decline through non-pharmacological - Enhances memory and cognitive Improved Metabolic Function &
neurodegenerative conditions (e.g., neuroprotection. resilience, delaying the onset of Cognitive Resilience
Alzheimer’s disease, Huntington’s neurodegenerative diseases. - Counteracts age-related decline.
disease).

Fig. 2. Therapeutic and lifestyle interventions for neuroprotection and cognitive health.

growth factor interactions, and epigenetic modifications interact to contribute to age-related neurogenic decline. Po-
regulating neurogenesis—particularly in aging—is essential. tential interventions to restore neurogenic capacity include
Current research has yet to fully elucidate how these factors enhancing DNA demethylase activity, improving vascular

Table 12. Impact of brain health interventions on neurogenesis, cognitive function, and therapeutic potential

Intervention  Mechanism of action :r:g::; ;: neu- ggrg'?rlrt:;:cftunc- ;2?;:5::‘“‘: References
Environmental Stimulating Increases neurogenesis Improves Potential therapeutic  329-331
Enrichment environment with in the hippocampal learning, role in AD and
(EE) interactive objects DG; enhances survival memory, and HD models
(wheels, tunnels, toys) of new neurons cognitive function
Physical Voluntary running or Stimulates hippocampal Mitigates Improves cognition in  332-334
Exercise (PE) treadmill activity precursor cell cognitive Alzheimer’s models;
proliferation deficits due to systemic benefits
stress/injury on brain health
Caloric Reduction in caloric Increases NSC Improves Potential for 335-338
Restriction intake without proliferation and memory, improving cognitive
(CR) malnutrition prevents neurogenic particularly function in older
decline in aging adults, with ongoing
populations research in humans
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support, optimizing mitochondrial function, and modulating
hormonal balance. However, translating these strategies into
clinical therapies presents challenges, including species-
specific differences, genetic variability, and environmental
influences.

One promising therapeutic approach is reactivating dor-
mant NSCs and TAPs to combat neurodegenerative dis-
eases and cognitive decline. However, this strategy carries
risks, such as aberrant neurogenesis, tumor formation, and
long-term safety concerns. Developing multifaceted thera-
pies that combine growth factor modulation, mitochondrial
restoration, and hormonal regulation may offer a more com-
prehensive solution to neurogenic decline during aging.

Pathological factors, such as tau, AB, presenilins, APOE,
and alpha-synuclein, significantly impair neurogenesis and
drive neurodegenerative disease progression. Tau hyper-
phosphorylation destabilizes neuronal structures, while toxic
AR aggregates inhibit neurogenesis, exacerbating AD pa-
thology. Genetic mutations in presenilins, the APOE ¢4 al-
lele, and alpha-synuclein aggregation further diminish neu-
rogenic potential in AD and PD. Targeting these molecular
mechanisms could provide innovative therapeutic strategies
aimed at restoring neurogenesis in these diseases.

Environmental and lifestyle factors, such as physical exer-
cise, caloric restriction, and environmental enrichment, have
demonstrated potential in enhancing neurogenesis and im-
proving cognitive resilience. Pharmacological agents like
NMN, NR, resveratrol, rapamycin, and metformin also show
promise in preclinical models, though their clinical transla-
tion is hindered by inconsistent efficacy and a lack of robust
clinical trials. Further research is needed to identify reliable
biomarkers and optimize these interventions for clinical use.

Despite these advancements, significant research gaps
persist in the study of adult neurogenesis. Translational chal-
lenges between rodent models and human studies remain,
due to species-specific differences and the complexities of
the human brain. Additionally, long-term studies are essen-
tial to evaluate the safety, efficacy, and potential tumorigenic
risks associated with NSC-based therapies. While promis-
ing preclinical findings exist, integrating these therapies into
clinical practice requires further investigation to better un-
derstand the underlying molecular mechanisms and assess
long-term outcomes.

A critical area of research is the epigenetic and molec-
ular pathways involved in age-related neurogenic decline.
Understanding how these pathways influence neurogenesis
across the lifespan could uncover new targets for interven-
tion. Further studies are also needed to evaluate the effec-
tiveness of environmental, lifestyle, and pharmacological
interventions in promoting neurogenesis and mitigating cog-
nitive decline. Developing biomarkers to reliably measure
neurogenic activity in humans will be crucial for optimizing
therapeutic strategies and tracking progress in clinical trials.
Ethical considerations surrounding gene expression modi-
fications and cellular reprogramming techniques must also
be addressed to ensure the safety and equity of clinical ap-
plications.

One critical next step in research is the development of
non-invasive, high-resolution imaging methods to study
neurogenesis in living humans. Advances in in vivo imag-
ing technologies, such as magnetic resonance imaging and
positron emission tomography, hold the potential to provide
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real-time insights into neurogenesis and its role in aging and
neurodegeneration. These innovations could allow direct
observation of neurogenic processes in human subjects, en-
hancing our understanding of brain aging.

Another key area for future research is identifying reliable
biomarkers to measure neurogenesis, particularly in patients
with AD. These biomarkers are crucial for tracking disease
progression and evaluating the effectiveness of therapeutic
interventions. Techniques such as single-cell RNA sequenc-
ing and imaging-based assays targeting specific neurogenic
processes hold promise for identifying biomarkers that could
be used in clinical settings.

Furthermore, future research should focus on identifying
and testing safe and effective methods to reactivate dormant
NSCs and TAPs without triggering abnormal brain activity
or tumor formation. Strategies such as localized gene edit-
ing, small molecule modulators, and optimizing growth factor
signaling could be explored. Reactivating NSCs holds signif-
icant potential for treating neurodegenerative diseases and
combating cognitive decline, but ensuring safety and long-
term efficacy will be paramount.

Conclusions

Significant progress has been made in the field of adult neu-
rogenesis, yet a comprehensive understanding of its role in
aging and neurodegeneration remains elusive. Addressing
the research gaps highlighted in this review—particularly
those concerning the molecular and epigenetic mechanisms
that regulate neurogenesis and the translation of preclini-
cal findings into clinical practice—will be essential. Bridg-
ing these gaps could lead to the development of innovative
therapies that preserve or restore neurogenesis, mitigate
cognitive decline, enhance resilience to neurodegenerative
diseases, and ultimately improve the quality of life for aging
populations.
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