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A new age in understanding adult hippocampal 
neurogenesis in Alzheimer’s disease
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Abstract  
Several lines of evidence have established that proliferation and differentiation of neural stem 
cells into neurons within the sub-granular zone of the dentate gyrus, a process named adult 
hippocampal neurogenesis, contribute to maintaining healthy cognitive functions throughout life. 
The rate of adult hippocampal neurogenesis decreases with aging and a premature impairment 
of adult hippocampal neurogenesis has been observed both in animal models of Alzheimer’s 
disease and human post-mortem tissues. The causal relationship between adult hippocampal 
neurogenesis and the development of Alzheimer’s disease pathology has, however, not been 
established. This is partly due to the limitation of recapitulating the development of Alzheimer’s 
disease pathology in rodent models and the lack of translatable biomarkers to identify tractable 
targets in humans. While it is tempting to postulate that adult hippocampal neurogenesis could 
be leveraged to improve cognitive deficits in Alzheimer’s disease, consensual results have yet to 
be reached to fully explore this hypothesis. In this review, we discuss how the recent progress in 
identifying molecular pathways in adult hippocampal neurogenesis provides a good framework 
to initiate strategies for drug-based intervention in neurodegenerative diseases, especially in 
Alzheimer’s disease. We outline how discrepancies in pre-clinical disease models and experimental 
methodology have resulted in contradictory findings and propose a shift towards using more 
translatable approaches to model neurogenesis in Alzheimer’s disease. In particular, we review 
how exploring novel experimental paradigms including the use of human induced pluripotent 
stem cells and more complex cell culture systems, as well as standardizing protocols used to 
investigate evidence of neurogenesis in human tissues, could deliver deeper mechanistic insights 
that would kick-start innovative drug discovery efforts to promote healthy aging and cellular 
rejuvenation.
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Introduction 
The ongoing generation and integration of new neurons into existing 
hippocampal circuitry, termed adult hippocampal neurogenesis (AHN), 
in humans continues to be the subject of speculation. The source 
of these neurons is a reservoir of self-renewing neural stem cells 
(NSCs) and balancing the number of proliferative NSCs with those in 
a quiescent state (qNSCs) appears key to preserving the pool of NSCs 
over a lifetime, although the rate of neurogenesis declines with age. An 
outstanding question, however, is how dysregulation of AHN relates to 
the progression of neurodegenerative diseases with aging. Observations 
from both human studies and Alzheimer’s disease (AD) transgenic mouse 
models suggest that AD exacerbates the decline in AHN that occurs in 
physiological aging, and that enhancing neurogenesis in this context 
could have a beneficial effect (Disouky and Lazarov, 2021). Currently, 
the field lacks insight into the precise molecular mechanisms driving 
these distinct but related processes because 1) mouse models fail to 
fully recapitulate the underlying biology of the disease; 2) variability in 
patient post-mortem tissue protocols has led to contradictory findings. 
New approaches, such as standardized protocols for human post-
mortem tissue and more translatable disease models including patient-
derived cell lines, can be used to better understand the disease-relevant 
molecular mechanisms involved to yield therapeutic strategies for 
modulating neurogenesis in AD. 

Search Strategy and Selection Criteria
References cited in this narrative review were searched on PubMed 
and Google Scholar using following keywords: ‘adult hippocampal 
neurogenesis’, ‘Alzheimer’s disease and adult hippocampal neurogenesis’, 

‘adult neural stem cells, ‘animal models Alzheimer’s disease’, ‘human 
Adult hippocampal neurogenesis and Alzheimer’s disease’, ‘human iPSCs 
and adult hippocampal neurogenesis’. No restriction on publication dates 
was applied for search strategy.

The Relationship between Adult Hippocampal 
Neurogenesis and Cognitive Deficits in 
Alzheimer’s Disease
AHN is a complex multi-step process involving the proliferation of NSCs 
in the dentate gyrus, followed by the generation of neural progenitor 
cells which differentiate into neurons, mature to integrate within the 
dentate gyrus, and finally connect with the entorhinal cortex and 
the hippocampus (Gillotin et al., 2021). Malleability in this neuronal 
circuit may have a role in regulating aspects of learning and memory, 
particularly pattern separation in humans. This highlights the importance 
of maintaining the NSC pool for sustaining a lifelong AHN, which is partly 
achieved through the unique feature of adult NSCs shuttling between 
quiescence and proliferation under the control of both intrinsic and 
extrinsic stimuli. Among the intrinsic signaling pathways modulating AHN, 
some are characteristic of cellular dysfunction in physiological aging. In 
particular, proteostasis, regulation of redox signaling and homeostasis, 
lipid metabolism, and epigenetic signatures are under intense scrutiny 
and offer the most promising avenues for identifying targets to address 
the age-related and disease-associated decline in AHN (Gillotin et al., 
2021). The ability of adult NSCs to shift between different cellular states 
recently led to the identification of distinct metabolic and functional 
profiles, with sub-types of NSCs harboring an increased barrier to 
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exiting quiescence, while others are depleted from the pool (Gillotin 
et al., 2021). It is yet to be understood whether this represents the 
heterogeneity of NSC sub-types or reflects temporal molecular changes 
affected by signaling cues in aging and diseases. Addressing this will allow 
better linkage between AHN and diseases and define how to leverage 
AHN in therapeutic strategies to either delay symptoms or modify 
disease outcomes. As such, AD offers a unique paradigm with increasing 
evidence suggesting that impaired AHN is one of the first events in AD. 
This disease is characterized by progressive learning and memory deficits 
as well as histopathological hallmarks of amyloid-beta protein deposits 
and tau-associated neurofibrillary tangles with the hippocampus being 
one of the first affected area before spreading to other brain areas. 
Familial AD is almost solely caused by mutations in the genes encoding 
amyloid precursor protein (APP) and presenilin 1 (PSEN1) and PSEN2. 
Sporadic AD (SAD) has no known definitive cause but is associated with 
many genetic risk factors, with APOE4 status being associated with the 
highest single risk (Disouky and Lazarov, 2021). Assessing the causal 
relationship between dysregulated neurogenesis and AD is challenging 
due to the slow nature of disease progression, resulting in a paucity 
of validated molecular targets to pursue pharmacological intervention 
(Disouky and Lazarov, 2021). Additional limitations come from the 
poor translatability between species used to model AHN and from our 
insufficient understanding of the potential contributions of cell types 
other than NSCs within the neurogenic niche. 

Investigating Adult Hippocampal Neurogenesis 
in Alzheimer’s Disease: Shifting the Paradigm 
from Mouse Modeling to Studies with Human 
Tissue
Most of our understanding of the relationship between AHN and AD is 
derived from observations using laboratory-bred rodents, especially mice, 
with the availability of genetic tools being a major advantage in using 
this system. AHN has been examined in many different genetic mouse 

models of AD and evidence of impaired neurogenesis has been found in 
several models overexpressing APP and PSEN1 genes harboring familial 
AD mutations (Figure 1).  However, the timing at which deficits of adult 
neurogenesis occur varies between studies across different transgenic 
lines (Disouky and Lazarov, 2021). This could be imputed to the 
specificity of each genetic background and to the broad variety of cellular 
biomarkers used in each study to quantify changes in AHN rates. Echoing 
that, increased neurogenesis was also observed in an APP variant model 
(see APP models with double or triple mutations in Figure 1), possibly 
explained by a compensatory brain-repair mechanism in response to AD 
pathophysiology in which enhanced neurogenesis could be confounded 
with reactive gliogenesis. Besides methodological roadblocks with limited 
panels of biomarkers to thoroughly differentiate different states of NSC 
activity from glial cells, these conflicting results regarding the role of 
neurogenesis in AD highlight the difficulty in recapitulating the timeline 
at which AD pathology develops in mouse brains. Nonetheless, mouse 
AD models remain a powerful stepping stone for translation to human 
biology when used to address specific questions. For instance, in some 
models impaired neurogenesis was shown to precede AD pathology, 
representing valuable models to first investigate early mechanistic 
defects in AD etiology and second to validate findings in human post-
mortem AD samples with which similar observations were made (e.g., 
APPswe/PS1ΔE9 or PS1 models; Figure 1). In others, plaque deposition 
increased with age concomitantly with an incremental impairment of 
neurogenesis, making these models relevant to study the association 
of plaque formation with impaired neurogenesis and to identify targets 
associated with AD progression (e.g., 3×Tg-AD and APPswe/PS1ΔE9; 
Figure 1). Moreover, understanding better how AD progresses differently 
between males and females could be modeled using some of these pre-
clinical models to further explore similar observations made in humans 
(e.g., 3×Tg-AD; Figure 1). Finally, these models have been used to assess 
whether or not manipulating AHN would improve cognitive functions 
associated with AD. To date, contradictory results linking neurogenesis to 
cognition in AD at the molecular and cellular levels have been challenging 
for the field to resolve (Phan et al., 2021; Zhang et al., 2021b). This 
could be linked to low cognitive function exhibited in housed rodents 

Figure 1 ｜ Alzheimer’s disease (AD) mouse models and impaired adult neurogenesis.
Schematic representation of  AD mouse models showing the earliest time point of impaired neurogenesis and plaque deposition. Only selected studies aimed at associating AD 
pathology with adult neurogenesis impairment were depicted here. Equally, cognitive status was only represented if cognitive tests were included as part of the study. Tauopathy 
was not schematised due to scarcity of data to associate it with adult neurogenesis but was observed in studies by Demars et al. (2010) and Rodriguez et al. (2008) for example. 
Red arrows denote change in neurogenesis with up arrow corresponding to increased neurogenesis and down arrow corresponding to impaired neurogenesis. Down green arrows 
denote decrease in cognitive functions including learning and memory. Mice with brown lines denote coinciding amyloid-beta AD-associated pathology relative to non-transgenic 
controls. Genetic mutations for each model: APPswe/PS1ΔE9: APP KM670/671NL (Swedish), PSEN1: deltaE9; APP/PS1KI: APP KM670/671NL (Swedish), APP V717I, PSEN1 M233T, 
PSEN1 L235P; APP/PS1: APP KM670/671NL (Swedish), PSEN1 L166P; 5xTg-AD: APP KM670/671NL (Swedish), APP I716V, APP V717I, PSEN1 M146L (A>C), PSEN1 L286V; 3xTg-AD: APP 
KM670/671NL (Swedish), MAPT P301L, PSEN1 M146V; PS1: PSEN1 M146V; Tg2576: APP KM670/671NL (Swedish); PDAPP: APP V717F; APPswe: APP KM670/671NL (Swedish); APPJ20: 
APP KM670/671NL (Swedish), APP V717F; hAPPJ9: APP KM670/671NL (Swedish), APP V717F. Schematic representations of mice have been adapted from Servier Medical Art.
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but ultimately loops back to the scarcity of biomarkers. Indeed, to ablate 
or enhance neurogenesis in vivo, currently used driver mouse lines 
are not specific enough to exclusively target one cell type. Alongside 
improvement in the repertoire of cellular markers, more studies using 
aged animals would help find consensual answers to associate cognitive 
improvements with AHN. 

To translate valuable cellular and molecular mechanisms obtained from 
these pre-clinical models to human biology, studies using post-mortem 
human tissue have become the next necessary approach. This raises its 
own challenges with difficulties in accessing pristine tissues, a lack of 
shared methodologies to process these tissues, and too few biomarkers 
to characterize individual cell types within the neurogenic niche (Gillotin 
et al., 2021). Despite this, by following rigorous methods, several groups 
recently demonstrated that AHN occurs in human brain until old age, 
albeit at a very low rate (Boldrini et al., 2018; Moreno-Jiménez et al., 
2019; Tobin et al., 2019). Two separate studies investigating AHN in AD 
patients reported that the rate is reduced in the disease compared to 
healthy controls and that it occurs at early onset (Boldrini et al., 2018; 
Moreno-Jiménez et al., 2019). Furthermore, logistic regression analysis 
showed a correlation between DCX+PCNA+ cells, indicative of the presence 
of neuroblasts, and preserved cognitive status, underlying the idea that 
modulating AHN could be a viable intervention for ameliorating aspects 
of AD (Tobin et al., 2019). In line with the difficulties mentioned above 
in using this approach, it was also reported that AHN drops sharply after 
the first year of life to low or undetectable levels in post-mortem brain 
samples analyzed from epilepsy patients and adult non-epileptic controls 
(Sorrells et al., 2018). Beyond reigniting the debate over the relevance 
of neurogenesis in adult humans, the lack of mechanistic understanding 
of how neurogenesis relates to AD calls for novel approaches aimed at 
investigating this relationship at the cellular and molecular levels. This 
will pave the way to establishing a causal link between decreased AHN 
and cognitive deficits in AD and advanced target identification for drug 
discovery in this challenging area of neurobiology (Gillotin et al., 2021). 

Increasing Mechanistic Insights of Human Adult 
Neurogenesis in Alzheimer’s Disease
Orthogonal model systems that can replicate the complex biological 
landscape of AD are required to understand the interplay between AD 
and AHN. One approach could be to increase the use of human AD 
patient-derived and isogenic control of induced pluripotent stem cells 
lines as a tool to model neurogenesis in 2D and 3D culture systems. This 
strategy would further support the identification of defective signaling 
pathways in the first instance and ultimately offer the possibility to 
identify human-specific targets and biomarkers. For instance, human 
induced pluripotent stem cells lines harboring PSEN1 mutations exhibit 
a premature terminal differentiation phenotype compared to control 
lines, while the APP line shows overall increased neurogenesis in 2D and 
3D modeling (Arber et al., 2021). This is thought to be due to reduced 
Notch signaling, which is a shared pathway between neurogenesis and 
the pathological molecular cascade in AD. Another report using similar 
approaches with APOE4 and SAD patient-derived human induced neural 
progenitor cells also identified accelerated neural differentiation and 
reduced proliferation compared to control lines (Meyer et al., 2019). 
Focusing on gene expression, the authors built upon their previous 
study to show that dysregulated localization of the repressor element 
1-silencing transcription factor, which is an important regulator of qNSCs 
and transcription repressor of cell death and AD-associated genes in 
neurons, may contribute to disease onset (Gillotin et al., 2021). These 
findings support the idea that stem cell exhaustion could occur in the 
hippocampus as part of AD, depleting the NSC pool and decreasing 
cognitive reserve. Both studies highlight that mutation-specific effects 
should be taken into consideration when investigating neurogenesis in AD 
as well as patient stratification and molecular validation in post-mortem 
human tissue should be added to correlate neurogenic phenotype with 
the underlying genetic background. 

The ultimate question is whether modulating neurogenesis can 
improve the functional consequences or delay the onset of AD. For 
this, addressing the contribution of cell types other than NSCs within 
the niche and taking into consideration the changing environment of 
the niche, especially during inflammation, are essential for shifting 
the paradigm and bringing novel mechanistic insights. As such, the 
use of 3D models organoids or 2D co-cultures would be ideal to begin 
dissecting the cross-communication between cell types. In this vein, the 
recent discovery that the microRNA miR-132 regulates aspects of AHN 
(Walgrave et al., 2021) could be a stepping stone to lead the field to new 
grounds. Indeed, miR-132 is known to be expressed in all central nervous 
system cell types and to be regulated by repressor element 1-silencing 

transcription factor. It is therefore tempting to wonder if this non-coding 
RNA would act as a ‘molecular regulator’ between cell types. Currently, 
it has been shown that miR-132 is required for induction of NSC 
proliferation and differentiation in the hippocampal niche in wild-type 
mice and the premature drop in levels within two AD mouse models, that 
coincide with a decreased neurogenesis, suggests that miR-132 levels are 
associated with amyloid pathology. This has been replicated in human 
NSC cell models using either addition of amyloid-beta oligomers and SAD 
patient-derived sera. Most notably, overexpression of miR-132 rescues 
not only neurogenesis in AD mice but also cognition. First, this study 
puts the relationship between AHN and AD into a molecular framework 
where amyloid-beta drives down-regulation of miR-132, which in turn 
dysregulates AHN and induces memory and learning defects. Secondly, 
this acts as proof of concept that enhancing neurogenesis in the context 
of AD can have therapeutic benefits. Whether or not targeting miR-
132 alone will translate to a clinical strategy, and where it fits into the 
wider regulatory network acting on neurogenesis in AD, remains to be 
clarified but nonetheless, it represents a considerable leap forward in our 
understanding at the molecular level.

Discussion
Overall, the evidence favors a contribution of AHN to AD. Pushing the 
field towards using standardized techniques and more translatable 
models relating to human biology gives us the best chance of elucidating 
the mechanistic interactions between these two processes. This in turn 
will help to identify targets to modulate neurogenesis as a potential 
therapy for cognitive deficits associated with this disease. For this, it is 
vital to continue to investigate human tissues, despite its challenges. 
Post-mortem human tissue studies are invaluable but tissue source 
variability, including disease background, sample size, as well as handling 
and immunodetection protocols contribute to the contradictory 
findings that have surrounded the existence of AHN in humans. Using 
methodologies most likely to preserve evidence of neurogenesis and 
enable its detection will allow comparisons between different studies 
to be made more easily (Moreno-Jiménez et al., 2019). Non-human 
primates show greater neuroanatomical and functional similarities to 
humans than rodents, and extraction of fresh tissue from controlled 
colonies with associated histopathology and behavioral studies could 
greatly assist in validating findings that relate to the effects of aging on 
neurogenesis and cognition (Disouky and Lazarov, 2021). Furthermore, 
the use of human cellular models from AD patients in 3D systems or in 
co-cultures could be a complementary addition to other model systems 
already in use, as these cell lines recapitulate the genetic background of 
the disease, and can help identify relevant regulatory molecules including 
secreted molecules, signaling pathways and cellular defects specific to 
impaired adult neurogenesis in AD. Using neuronal and non-neuronal cell 
types to model environmental factors acting on the neurogenic niche, 
such as neuroinflammation associated with AD, will undoubtedly give a 
fuller picture of how the disease affects AHN. Importantly, caution must 
be exercised when interpreting results using patient-derived induced 
pluripotent stem cells as age-associated signatures are lost during 
reprogramming, with age being a major factor in both AHN and AD 
(Mertens et al., 2021). To bypass this, the use of directly reprogrammed 
neurons from aged or AD differentiated cells, which retain markers 
of aging, could be added as an extra tool to assess specific molecular 
mechanisms, especially those related to transcriptional and epigenetic 
signatures. Finally, it is imperative to demonstrate that altering a putative 
neurogenesis target has a functional outcome on cognition in the 
disease. Combining these approaches will drive advancements in our 
understanding of these two processes at the molecular level and could 
lead to potential therapies in the future. 
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