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1  |  INTRODUC TION

Adult hippocampal neurogenesis (AHN) in the hippocampal dentate 
gyrus (DG) subset enables the neuronal network to encode new infor-
mation flexibly and update stored content in due time.1 Though the 
number of adult- born neurons declines with age, there is increasing 
evidence of an indispensable role for limited AHN in hippocampus- 
dependent learning, memory and emotional regulation.2

Alzheimer's disease (AD) is the most common cause of dementia 
in people over age 65. It is characterized by progressive neurode-
generation in the brain, with no treatment to date for halting disease 
progression. A sea of money has been invested in the development 
of anti- AD drugs. Two major drug targets include the extracellular 
amyloid- beta (Aβ) protein and intraneuronal hyperphosphorylated 

tau. Besides considering the anti- neurodegenerative potential of 
AHN and other pro- neurogenic treatments, neuroscientists are also 
trying to develop new drugs to directly facilitate neurogenesis in the 
AD brain.3

However, introducing neurogenesis is challenging in AD. The 
pool of active hippocampal neural stem cells (NSCs) is prone to being 
progressively depleted due to sustained homeostatic abnormality 
within the neurogenic niche under AD and accelerated aging.4 Innate 
AHN is dysregulated under AD and the underlying mechanisms re-
main largely unknown,5 which hinders the development of pro- AHN 
drugs.

Simultaneously, emerging techniques such as cell transplanta-
tion and glia- neuron reprogramming also shed new light on the pro- 
neurogenic treatment of AD.3 These strategies may help overcome 
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Abstract
Adult hippocampal neurogenesis (AHN) facilitates hippocampal circuits plasticity and 
regulates hippocampus- dependent cognition and emotion. However, AHN malfunc-
tion has been widely reported in both human and animal models of Alzheimer's disease 
(AD), the most common form of dementia in the elderly. Pro- neurogenic therapies in-
cluding rescuing innate AHN, cell engraftment and glia- neuron reprogramming hold 
great potential for compensating the neuronal loss and rewiring the degenerated neu-
ronal network in AD, but there are still great challenges to be overcome. This review 
covers recent advances in unraveling the involvement of AHN in AD and highlights 
the prospect of emerging pro- neurogenic remedies.
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the quantitative and spatiotemporal restriction of innate AHN, but 
their efficiency and safety still remain controversial.

Here, we review progress in unveiling the involvement of AHN 
in AD, discuss the controversies around the change of AHN in AD 
patients and animals, and highlight the prospect of emerging pro- 
neurogenic therapies for AD.

2  |  AHN IN HUMANS

While the overwhelming majority of neurons in human brain dif-
ferentiate during embryogenesis, scattered adult neurogenesis 
has been widely revealed in some mammals in recent decades as 
well— predominantly in the hippocampal subgranular cell zone (SGZ), 
subventricular zone (SVZ)2 and occasionally in the amygdala,6 stra-
tum,7,8 etc. In particular, neurogenesis in the hippocampal subset, 
namely AHN, shows high correlation with cognition and dementia in 
animal studies. Thus, in this review the focus is on neurogenesis in 
the hippocampus.

Neurogenesis is derived from the proliferation of NSCs and the 
subsequent neuronal differentiation of intermediate progenitor cells 
(IPCs). Broadly speaking, the biological process of neurogenesis also 
involves the migration, dendritic maturation and synaptic integration 
of newborn neurons. Different biomarkers can be used to identify 
different phases during the neurogenesis (Figure 1), among which 
is the expression of doublecortin (DCX). Though DCX is in fact not 
universal across species,9 instable post- mortem10 and nonexclusive 
to new neurons,11 it is widely recognized as a gold standard for the 
evaluation of neurogenesis.

2.1  |  Controversies over the existence of AHN 
in humans

In recent decades, there has been heated debate about whether 
AHN also exists in human.

In 1998, researchers from Sweden and America first reported 
the existence of AHN in autopsies from cancer patients (n = 5, 57– 
72 years of age) who had received one intravenous infusion of bro-
modeoxyuridine (BrdU), a thymidine analog which can incorporate 
into the DNA of dividing cells— for diagnostic purposes before death. 
Based on the co- labeling of BrdU- positive cells with NeuN, a marker 
of mature neurons, they thought these newborn cells in the hippo-
campus were neurons.12

However, a subsequent study reported that AHN labeled by DCX 
and beta III tubulin was detectable only in infants (n = 10), and prolif-
erating cells in the hippocampus of older humans (n = 13, 3– 23 years 
of age) were considered to be microglia since Ki67- immunoreactive 
cells could be stained by the ionized calcium- binding adaptor mole-
cule- 1 (Iba1) antibody.13 This finding that AHN tends to disappear in 
adult humans is generally consistent with a new study published in 
2018 which reported that the number of newborn hippocampal neu-
rons declined sharply before 1 year of age, with only a few isolated 
young neurons observed by 7– 13 years of age, and no AHN detected 
in neurobiologically healthy adults and patients with epilepsy (n = 17, 
18– 77 years of age).14,15 Consistent with these reports, it has been 
revealed that despite NSCs and IPCs being continuously observed 
in the human hippocampus, their neurogenic potential is seemingly 
negligible since the age- associated expression of the Ki67 (cell prolif-
eration) and DCX (neuronal differentiation) is unrelated.16,17

However, the controversy has been reignited by the most recent 
studies, which detected consistent biomarkers for AHN, as previ-
ously, but used either enhanced immunostaining protocols18 or au-
toptic samples with shorter post- mortem delays (PMD), which have 
been demonstrated to impair brain antigenicity.10 These studies 
demonstrated that the AHN was preserved both in neurobiologically 
healthy individuals and those diagnosed with neurodegenerative 
diseases including AD at about 90 years old.19– 23

Considering the studies to date, we cannot reach a conclusion yet 
on whether AHN is preserved or not in humans until more direct and 
solid evidence is revealed. Nevertheless, given the majority of find-
ings and the most recently published evidence, some neuroscientists 

F I G U R E  1  Adult hippocampus neurogenesis. (A) Illustration of the anterior- posterior (ventral- dorsal) axis of hippocampus. (B) Different 
biomarkers of AHN during different stages
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argue that it is currently unreasonable to abandon the idea that AHN 
exists in human and could potentially make important contributions 
to hippocampus- dependent functions.9

2.2  |  Challenges in detecting human AHN

It is quite challenging to unveil AHN in humans. Most studies to date 
have used immunostaining and/or immunoblotting to detect the 
expression of neurogenesis marker proteins to determine the ex-
istence of AHN. However, the specificity, reliability and stability of 
these methods remain debatable.

A specific biomarker for AHN in human is lacking. Though DCX 
has been widely used as a gold standard for detecting neurogene-
sis, its expression is actually not universal across species9 and not 
exclusive to newborn neurons.11 Consideration of whether the 
DCX- stained cell shares typical morphological characteristics with 
immature neurons or not may help in reaching a more reliable con-
clusion before more a selective biomarker is found. However, DCX- 
staining is instable post- mortem and different PMDs might result in 
different immunostaining morphologies.10

Dual antigen retrieval also seemed helpful in revealing more 
extensive AHN,18 but opponents have insisted that it could pro-
vide misleading results by changing cell morphology and impairing 
immunostaining specificity.11 Along with immunostaining, RNA- 
sequencing and scope can provide parallel evidence. However, 
different studies have reached inconsistent conclusions. Evidence 
for the existence of human AHN is presented by studies showing 
the expression of several genes related to neurogenesis including 
DCX,23 bone morphogenetic protein- 6 (BMP6)24 and AST425 in adult 
human hippocampus, but another group reported that though DCX 
mRNA and protein could be clearly detected in some hippocampal 
cells, those cells were not dentate granule cells, i.e. the cell- type pre-
dicted to be generated in AHN.26

Post- mortem cellular breakdown greatly hinders the measure-
ment of AHN in autopsy, while bioptic hippocampal samples ob-
tained from patients with, for example, epilepsy and glioma can 
hardly provide evidence about the existence of AHN in healthy 
individuals. As an alternative, researchers have been working for 
decades on viewing neurogenesis in vivo in human brains using tech-
niques such as magnetic resonance imaging/spectroscopy (MRI/
MRS),27,28 14C- dating29 and positron emission tomography (PET),30 
but to date there is no algorithm or tracer that can selectively iden-
tify neurogenesis. Combinative use of fluorescent labeling with two- 
photon live imaging has furnished us with a comprehensive view of 
neurogenesis in animal experiments,31 but ethical and safety con-
cerns should be addressed before application of this technique to 
humans.

In addition, most if not all studies to date have used autoptic 
brain samples from individuals who died from/with chronic dis-
eases such as heart failure, cancer, hemorrhage and infection as 
neurobiologically healthy controls, but they were not in fact healthy. 
It should be also taken into consideration that each adult human, 

unlike experimental animals, generally shows a complicated history 
of growing, aging, illness and medication. Each of these experiences 
might result in irreversible changes in AHN at a certain time period.

3  |  AHN IN AGING

Regardless of controversies over the scale of AHN in adults, it is 
well- accepted that postnatal hippocampal neurogenesis does drop 
with age. Given that aging is an indispensable aspect of AD, inves-
tigations of the mechanism underlying the age- dependent decline 
of AHN will provide us with parallel suggestions for unravelling the 
involvement of AHN in AD.

It has been revealed in post- mortem tissues that mRNA levels of 
NSC marker genes Nestin and GFAP remain almost unchanged with 
age, while genes indicating cell proliferation and neurogenesis like 
Ki67 and DCX both show progressive and significant decreases.17,22 
This suggests that the NSC pool is preserved but its neurogenic po-
tential is somehow impaired during aging.

Ethical restrictions make it quite difficult to collect human brain 
samples. Given that AHN also shows age- dependent decline in mu-
rine models,32,33 animal studies may reveal some mechanisms shared 
with humans underlying the aging- induced AHN impairment. It was 
found in mice that the pool of NSCs falls in juveniles as a result of 
abundant early- life neurogenesis, but a number of activated NSCs 
subsequently return to a resting state thanks to the progressively 
reduced expression of a pro- activation gene achaete- scute homolog 
1 (Ascl1). In consequence, the pool of NSCs remains relatively stable 
in adulthood.34

However, at later ages, most NSCs transform from an alpha- type, 
which maintains the classic type- 1 radial morphology and induces 
neurogenesis, to an omega- type, which shows reactive- like mor-
phological complexity and much lower probability of division.35 The 
transformation between different NSC subsets might be driven by a 
change of intracellular gene expression profile. Indeed, using single- 
cell RNA sequencing, one study has shown that different NSCs have 
highly similar yet distinct transcriptional profiles. A subpopulation 
of NSCs expressing GLI family zinc finger 1 (Gli1) showed long- term 
self- renewal properties while the Ascl1- expressing NSCs underwent 
limited proliferative activity before they become exhausted, provid-
ing further evidence of the existence of heterogeneous NSC popula-
tions within the adult hippocampus.36

Animal studies have also suggested important roles of several 
genes such as Cdk4/cyclinD1,37 Lamin B1,32 BMP6,38 Tet239 and 
β2- microglobulin40 in determining the decline of AHN during aging. 
In addition, systemic factors like the circulatory environment also 
contribute to changes in AHN. Aged blood can impair hippocampal 
neurogenesis through upregulation of the expression of vascular 
cell adhesion molecule 1 (VCAM1) in brain endothelial cells (BECs), 
which can activate microglia, thus leading to increased neuroinflam-
matory responses and suppression of AHN.41 In addition, plasma 
chemokines like eotaxin and glucocorticoid hormones have also 
been shown to correlate significantly with neurogenesis in aged 
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mice.41,42 Administration of plasma from exercised aged mice, which 
contains glycosylphosphatidylinositol- specific phospholipase D1 
(Gpld1) derived from liver, can transfer the effects of exercise on 
AHN and cognition to sedentary aged mice.43

It should be noted that although newborn hippocampal neu-
rons drop in number during aging and exhibit slow development, 
these cells also display remarkable potential for neural network 
plasticity.44 Therefore, pro- neurogenic administration still has po-
tential to improve hippocampus- dependent cognition in senescent 
individuals.4

4  |  AHN AND AD

AHN is highly vulnerable to homeostatic abnormality in the neu-
rogenic niche under diseases.45 Despite the fact that AHN disor-
ders have been widely reported in both AD patients and animals, 
how AHN is facilitated or suppressed during different AD stages 
remains inconclusive.5 It is also unclear whether and to what ex-
tent the AHN malfunction contributes to the pathogeny of AD. 
Notwithstanding, ablation of AHN can exacerbate cognitive defi-
cits in AD,46 and pro- neurogenic treatments were found to be ef-
fective in ameliorating the cognitive impairment in AD.47,48 Here, 
we discuss the involvement of AHN in AD in both human and ani-
mal studies.

4.1  |  AHN changes in AD patients

AD is a chronic disease with progressive neurodegeneration caused 
by multiple pathophysiological factors that may dysregulate AHN at 
different stages and in different ways. Currently, the reports about 
how AHN changes during AD progress are inconsistent (Table 1).

It was first reported in 2004 that early- moderate- severe AD 
patients generally showed higher expression of AHN biomarkers, 
including the well- recognized DCX and other neurogenesis- related 
proteins such as the polysialylated neural cell adhesion molecule 
(PSA- NCAM), NeuroD, Calbindin, etc., compared with neuropatho-
logically normal (but generally younger in age) controls.49

However, subsequent studies using comparable immunostain-
ing methods and post- mortem samples observed merely increased 
expression of Ki67 (marker for cell proliferation) and Nestin, but 
decreased expression Musashi- 1 (marker for stem cells), as well as 
no significant alteration in DCX and β- III- tubulin (marker for neu-
ronal differentiation/migration), suggesting that though NSCs 
seem to show higher rates of proliferation to compensate for the 
attenuation of their pool, they induce no increase in the number of 
migratory neuroblasts and immature neurons. This kind of compen-
sative proliferation seems to induce only NSC- derived gliosis but not 
neurogenesis.10,50

By contrast, more studies have suggested a predominant de-
crease in AHN in AD patients. Reduced expression of both DCX 

TA B L E  1  AHN changes in AD patients

Age (years) N PMD (h) Method Biomarker changes Refs.

43– 87, CN
52– 97, AD

13, CN
45, AD

2.5– 38 IF • DCX ↓
• DCX+PSA- NCAM+/DCX+ ratio ↓
• DCX+Prox1+/DCX+ ratio ↓
• DCX+NeuN+/DCX+ ratio ↓
• DCX+βIII- tubulin+/DCX+ ratio ↓
• DCX+CB+/DCX+ ratio ↓
• No significant change in DCX+GFAP+ /DCX+ and DCX+CR+/

DCX+ ratios

21

79– 93, CN
86– 95, MCI
85– 99, AD

6, CN
6, MCI
6, AD

4.4– 43.6 IF • DCX+PCNA+ ↓ in MCI + AD cohort (p = .067) 20

81.2 ± 7.0, AD
80.9 ± 8.5, ND

13, ND
13, AD

NA IHC • Nestin ↑, PSA- NCAM ↑
• Musashi- 1 ↓
• No significant change in DCX and βIII- tubulin

50

87.0 ± 4.6, ND
80.0– 86.1 AD

5, ND
14, AD

8.2– 11.8 IF • DCX ↓, Sox2 ↓ 24

63– 69, CN
63– 69, AD

10, CN
9, AD

3.0– 17.0 IHC • No significant change in Ki67
• GFAP ↑
• DCX- immunoreaction was unstable and too low to draw a 

conclusion

10

13– 74, CN
68– 90, AD

10, CN
14, AD

4– 20 WB, IHC • No statistical result but prominent increases were shown in 
representative images of DCX, PSA- NCAM, NeuroD, TUC4 and 
calbindin

49

Abbreviations: AD, Alzheimer's disease; BMP6, Bone morphogenetic protein 6; CB, Calbindin; CN, cognitively normal; CR, Calretinin; DCX, 
Doublecortin; h, hours; IF, Immunofluorescence; IHC, Immunohistochemistry; MCI, mild cognitive impairment; N, number; ND, non- dementia; NeuN, 
neuronal nuclei; PCNA, proliferating cell nuclear antigen; PMD, Post- mortem delay; PSA- NCAM, Polysialylated neural cell adhesion molecule; WB, 
Western blotting.
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and Sox2 (a marker for IPCs) was found in an immunofluorescent 
staining study in severe but not early- stage AD patients compared 
with nondemented controls.24 This was consistent with a more 
recent study using high- quality samples with short post- mortem 
delay (PMD) and defined background information, in which a sig-
nificant decrease in the number of DCX/PCNA (proliferating cell 
nuclear antigen) co- labelled neuroblasts was observed in subjects 
with both mild cognitive impairment (MCI) and AD.20 Similarly, AD 
Braak stage- correlated decreases in DCX+ cells as well as decreased 
rates of DCX+PSA- NCAM+, DCX+Prox1+, DCX+βIII- tubulin+ and 
DCX+Calbindin+ cells were also revealed in a larger- scale (N = 13/45 
for ctrl/AD) study which applied optimized immunostaining proto-
cols to facilitate the detection of AHN.21

The controversy can at least partly be blamed on different stain-
ing methodologies. The use of DCX as a gold marker of neurogene-
sis has long been suspect because it does not selectively express in 
newborn neurons and is sensitive to post- mortem breakdown.10,51 
Besides, some neuroscientists take the view that dual antigen re-
trieval should not be applied for the detection of AHN since it can 
induce nonspecific immunoreactivity,11 but there is currently no bet-
ter way to prevent post- mortem protein breakdown and immuno-
genicity impairment. Different sample quality and resources could 
also result in different results. PMD is also a big concern in the de-
tection of AHN, but it is too difficult for different studies to collect 
human samples with the same PMD. In addition, variation in subject 
characteristics such as race, ethnicity, age, gender, living and work-
ing environment, medical history, etc. might also contribute to the 
inconsistency among different reports, and all these factors might 
have some influence on the AHN.52

4.2  |  AHN changes in AD animals

Similar to human studies, it remains debatable how AHN changes 
in AD animals. This review provides a summary of studies measur-
ing AHN in different mouse models with AD- mimic Aβ deposition, 
tauopathy and aging acceleration (Tables 2 and 3).

The majority of studies using amyloid precursor protein 
(APP) and/or presenilin- 1 (PS1) mutated mice including 5×FAD,53 
Tg2576,54,55 J20,56 PS- 157,58 and APP/PS159– 61 lines have reported 
decreases in AHN compared with wild- type littermates, while sev-
eral studies have found increases62– 64 or no change65 in AHN in sim-
ilar AD models. Further investigations suggest that the alteration of 
AHN is dependent on the age of animal. The extent of AHN tends to 
increase in the presenile stages of amyloid pathology but decrease 
during senile stages.66– 68 AD animals may also show differences in 
AHN change with different living experiences69 as well as in differ-
ent DG subregions like SGZ and granular cell layer (GCL).70

In contrast to Aβ- models, in mice with AD- like tauopathy AHN 
consistently decreases in different studies (Table 3). The intracellular 
hyperphosphorylation and accumulation of tau in AD patients can 
be mimicked by overexpression of wild- type or mutated human tau 
(hTau) in animals,71,72 and different patterns of hTau- overexpression 

may influence AHN through different mechanisms. For example, 
hTau accumulation in GABAergic interneurons within the DG sub-
set impairs AHN by facilitating NSC- derived astrogliosis.47 3R- hTau 
overexpression in DG hilar astrocytes leads to AHN deficits by alter-
ing mitochondrial dynamics and function,73 and overexpression of 
anti- aggregant tauRDΔKPP mutant instead of pro- aggregant tauRDΔK 
in mice can enhance AHN by activating the canonical Wnt signaling 
pathway.74 In addition, it should be noted that, though phospho- tau 
accumulation is detrimental to AHN, tau per se as a microtubule as-
sociated protein plays essential roles in axonal growth and synapse 
formation.75 Depletion of tau can hinder the experience- dependent 
regulation of AHN in conditions such as chronic stress and environ-
mental enrichment.76,77

In triple transgenic (3×Tg) AD mice which carry triple mutations 
of APPswe (KM670/671NL), PS- 1 (M146V) and MAPT (P301L), 
AHN has consistently been found to be impaired at 2– 18 months of 
age,47,78– 81 while the extent of AHN tends to increase at an early 
age (with impairment in survival and maturation) but decrease in the 
elderly,82 and the transient upregulation of AHN comes at the cost of 
advanced depletion of the NSC pool4 in SAM- P8, an AD- like mouse 
line showing accelerated senescence but carrying undefined gene 
mutations. These lines might provide us with a closer look at AHN 
changes in the AD brain compared with monotype transgenic mod-
els, while whether and how AHN impairment results from Aβ and/or 
tau pathology as well as other pathological factors deserves further 
investigation, since they may exert different influences on AHN.75,83

Taking current evidence together, AHN generally shows deficits 
in late- stage AD while temporary increases may occur at certain 
phases during the disease progression.

4.3  |  AHN promotion for AD treatment

Given the critical role of AHN in hippocampus- dependent learning 
and memory, and the potential of neurogenesis to compensate for 
neuronal loss and rewiring degenerated neural circuits, researchers 
are seeking to promote or at least preserve innate AHN in a bid to 
ameliorate cognitive deficit in AD.

Indeed, enhancing AHN by exercise, which can facilitate NSC 
proliferation, neuronal differentiation and maturation,84 or by com-
binative using of brain- derived neurotrophic factor (BDNF), which 
can promote the survival and differentiation of newborn neurons,85 
with P7C3 (also known as aminopropyl carbazole), which protects 
newborn neurons from apoptosis,86 can both improve cogni-
tion in AD mice.48 Moreover, potentiating GABAergic signaling by 
4,5,6,7- tetrahydroisoxazolo [5,4- c]pyridin- 3- ol (THIP, also known 
as gaboxadol) or pentobarbital is also capable of protecting AHN in 
AD by strengthening GABAergic transmission within the neurogenic 
niche.47,87 In contrast, complete ablation of AHN by focal irradiation 
or Nestin- driven thymidine kinase (δ- HSV- TK) expression + ganci-
clovir (GCV) can exacerbate cognitive deficits in AD.46,48

However, it should be noted that the effectiveness of pro- AHN 
remedies is presumed to be primarily dependent on the functional 
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maturation and synaptic integration of newly- born neurons. Increase 
merely in the extent of AHN should not necessarily bring any signif-
icant benefit to learning and memory. That may be the reason why 
forcibly preventing the apoptosis of immature neurons with P7C3 + 
LV- Wnt3 without exercise has shown limited efficiency in ameliorat-
ing cognitive deficits in AD.48

Other pro- neurogenic drugs like NNI- 36288 and doxycycline,89 as 
well as treatments like neurostimulation,90 running,84 environmental 

enrichment91 and dietary interventions,92 have also shown potential 
for the facilitation of AHN in AD, but the molecular mechanisms un-
derlying most of these interventions still remain largely unknown. 
Besides, gene therapy— for example, lentivirus- mediated overex-
pression of Wnt3,93 an upstream activator of β- catenin pathway— 
can be also used to promote AHN and treat AD.

Notwithstanding, it should be noted that innate AHN is still 
limited in scale, and shows neuronal type monotonicity, spatial 

TA B L E  2  AHN changes in AD animals

Model Mutation(s) Age & biomarker changes Refs.

Tg2576 APP KM670/671NL (Swedish) • 3- month, BrdU- proliferation ↑, survival ↓;
BrdU+ DCX+ ↓
ROV- dendrite maturation ↓, axon growth ↓

131

• 9- month, BrdU ↓, BrdU+NeuN+↓, BrdU+NeuN+/BrdU+ ↓ 132

PDAPP APP V717F (Indiana) • 12- month, BrdU- proliferation ↓, survival ↓
DCX- SGZ ↓, oGCL ↑
BrdU+/DCX+- No change in SGZ, oGCL ↑
No change in NeuN and GFAP

70

J20 APP KM670/671NL (Swedish)
APP V717F (Indiana)

• 3- month, BrdU ↑, DCX ↑
• 12- month, BrdU ↑

64

• 3- month, BrdU- proliferation ↑, survival ↓; Ki67 ↑, NeuN ↑, PSA- NCAM ↑
• 5- month, BrdU- proliferation↓
• >9- month, No change in BrdU and Ki67

68

• 2– 3 months, ROV- dendrite maturation ↓ 56

PS1 PS- 1 M146V • 3- month, BrdU ↓, BrdU+/NeuN+↓ 57

PS- 1 P117L • ~3- month, BrdU ↓, βIII- tubulin ↓, calbindin ↓ 58

PS- 1 A246E • 12- month, BrdU ↑, No change in BrdU+/NeuN+ 63

APP/PS1 APP KM670/671NL (Swedish) PS- 1- dE9 • 2- month, BrdU ↓, BrdU+/DCX+ ↓ 60

• 6- month, BrdU ↓, BrdU+/NeuN+ ↓, No change in Ki67 61

• 7- day, BrdU ↓, no change in Nestin, DCX+Nestin+, GFAP+ Nestin+, NeuN 
and dendrite maturation

• 1- month, BrdU ↓, Nestin ↓, dendrite maturation ↓, no change in 
DCX+Nestin+, GFAP+ Nestin+ and NeuN

• 3, 7- month, BrdU ↓, Nestin ↓, DCX+Nestin+ ↓, GFAP+ Nestin+↓, NeuN ↓, 
dendrite maturation ↓

59

5×FAD APP KM670/671NL (Swedish)
APP I716V (Florida)
APP V717I (London)
PS1 M146L (A>C)
PS1 L286V

• 2, 3, 4, 7- mnth, DCX ↓ 53

• 4- month, DCX ↑, Ki67 ↑
• 8- month, DCX ↓, No change in Ki67

67

3xTg APP KM670/671NL (Swedish)
PS- 1 M146V
MAPT P301L

• 2, 3- month, no change in HH3
• 4, 6, 9. 12- month, HH3 ↓ (prominent in female)

81

• 2- month, Ki67 ↓, DCX ↓, Ki67+/DCX+ ↓, Ki67+/GFAP+ ↓
• 11, 18- month, BrdU ↓, Ki67 ↓, DCX ↓

78,80

• 6- month BrdU↓, DCX ↓, ROV- dendrite maturation ↓
GFAP- GCL ↓, ML ↑

47

• 6- month BrdU/NeuN ↓, DCX ↓ 79

SAM- P8 NA • 3- month, BrdU↑, DCX ↑, ROV- dendrite maturation ↓
• 6- month, BrdU↓, DCX ↓, ROV- dendrite maturation ↓

4

• 5- month, BrdU- proliferation ↑, survival ↓; DCX ↑, NeuN ↓, BrdU+/NeuN+ 
↓, GFAP ↓, BrdU+/GFAP+ ↓

• 10- month, BrdU-  no change in proliferation, survival ↓; No change in 
DCX, NeuN ↓, BrdU+/NeuN+, GFAP ↓, BrdU+/ GFAP+ ↓

82

Abbreviations: GCL, granular cell layer; HH3, phosphorylated Histone H3; NA. not available; oGCL, outer granule cell layer; ROV, retrovirus; SGZ, 
subgranular cell zone.
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restriction and vulnerability to homeostatic abnormality in the brain. 
In particular, (1) the number of innate radial NSCs drops sharply 
during aging, (2) only excitatory granular cells are generated during 
AHN, (3) hippocampal NSCs are restricted within the DG SGZ, and 
(4) changes in AHN are likely to be driven by pathological factors in 
AD. All these factors complicate the application of pro- AHN treat-
ments against AD.

Nevertheless, further studies investigating the dysfunction of 
innate AHN in AD are still needed. Though limited in number, there 
have been findings indicating the critical role of AHN in hippocampal 
memory formation and loss, which are the two fundamental con-
cerns in AD and other types of dementia. Moreover, AHN is at least 
a stable and accessible in vivo experimental model for studying how 
AD- related pathological factors affect the process of neurogenesis. 
It can be used not only for developing drugs to enhance innate AHN, 
but also for directing future studies of stem cell- based therapies and 
genetic glia- neuron conversion.

5  |  OTHER PRO - NEUROGENIC THER APIES 
FOR AD

Given the limitation of innate AHN in rescuing the intensive and ex-
tensive neurodegeneration in AD brains, neuroscientists are seek-
ing other ways to induce neurogenesis, such as cell grafting and 

glia- neuron reprogramming, whereby the regeneration of specific 
type of neurons in a spatiotemporally flexible way can be achieved.

5.1  |  Cell transplantation

Stem cells and neuronal precursors can be used in transplants for 
AD treatment, and the majority of previous studies have reported 
positive outcomes of cell therapy in alleviating AD symptoms.94 
For example, a single dose of human NSCs derived from fetal tel-
encephalon (5 × 105 cells/5 μl, bilateral injection into lateral ventri-
cles) exerted widespread anti- AD effects in 13- month NSE/APPsw 
transgenic mice, including decreasing Aβ42 levels, downregulating 
tau phosphorylation, attenuating gliosis and suppressing neuroin-
flammation in the brain.95 Similarly, single or multiple doses of mes-
enchymal stem cells (MSCs) (i.v., 1 × 106 MSCs/200 μl for each dose) 
showed anti- inflammatory effects, promoted Aβ cleavage and de-
creased phospho- tau level.96 Repetitive intranasal delivery of human 
NSCs (8 μl, 1 × 106 cells, 4 μl/side) also exhibited widespread neuro-
protective effects against AD.97

Moreover, neural crest- derived nasal turbinate stem cells 
(NTSCs),98 bone marrow mesenchymal stem cells (BM- MSCs),99,100 
umbilical cord- derived mesenchymal stem cells (hUC- MSCs),101 
human induced pluripotent stem cell (hiPSCs)102,103 etc. have also 
shown therapeutic effects in preclinical studies.

Tau pathology Age / time & Biomarker changes Refs.

2N4R hTau KI
Murine tau KO

• 2- month, BrdU ↑, DCX ↑ 133

hTau (3R+4R) KI
Murine tau KO

• 2, 6- month, Ki67 ↓, DCX ↓
• 12- month, DCX ↓

71

Intra- DG injection of human 
Tau42- Cy5

• 2- month + 8 wpi, no significant change in 
DCX, ROV- dendrite maturation ↓

134

2N4R hTau OE in DG GABAergic 
interneurons

• 2- month + 4 wpi, BrdU ↓, DCX ↓, NeuroD1 
↓, ROV- dendrite maturation ↓,

• 2- month + 6 wpi, NSC- derived astrogliosis 
↑

47

1N3R hTau OE in hilar astrocytes • 3- month + 4 mpi, No significant change in 
BrdU- proliferation, DCX ↓

73

THY- Tau22/Tg30 (Thy1.2- IN4R 
hTau (G272V, P301S))

• 6- month, BrdU ↑, DCX ↑ 72

• 12- month, DCX ↓, Ki67 ↓, 3R- tau ↓ 135

Tg30&tau KO (Thy1.2- IN4R hTau 
(G272V, P301S), with murine 
tau KO)

• 12- month, DCX ↑ 135

TauVLW (Thy1- 2N4R hTau (G272V, 
P301L, R406W))

• 2- month, DCX ↓, IdU ↓ 136

TauRDΔK (OE of hTau four repeat 
domain, with pro- aggregant 
ΔK280 mutation)

• 8- day, no significant change in BrdU
• 12- dmonth, hippocampal volume ↓

74

TauTauRDΔKPP (TauRDΔK with 
additional anti- aggregant 
Ile277Pro and Ile208Pro 
mutations)

• 8- day, no significant change in DG BrdU, 
hippocampal volume ↑

• 12- dmonth, hippocampal volume ↑

74

Abbreviations: hTau, human tau; KI, knock- in; KO, knock- out; OE, overexpression; ROV, retrovirus.

TA B L E  3  AHN changes in animals with 
AD- like tauopathy
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However, there are still potential risks in cell therapy. (1) Similar 
to innate AHN, the donor cell- derived neurogenesis may also be al-
tered by AD pathologic factors. For example, high- level accumula-
tion of phosphorylated tau in GABAergic interneurons can facilitate 
NSC- derived astrogliosis and suppress neurogenesis in AD.47 (2) The 
host brain may exhibit immunological rejection of engrafted cells. (3) 
Squeezing engrafted cells between existing cells would exert neg-
ative effects on each cell type. (4) Grafted cells hold potential for 
tumorigenicity.

The good news is that clinical trails have already shown the safety 
and therapeutic effectiveness of stem cell transplantation in neuro-
degenerative diseases such as Parkinson's disease.104 Clinical trials 
in AD patients are also ongoing. A phase- I clinical trial has shown 
that mild- to- moderate AD patients (N = 9) receiving a stereotactic 
brain injection of human UCB- MSCs reported no dose- limiting tox-
icity and serious adverse reactions in both low (3.0 × 106 cells/60 ml) 
and high (6.0 × 106 cells/60 ml) dose groups.105 Similar results were 
observed in a recent study in which 9 mild- to- moderate AD patients 
were recruited and received low (1.0 × 107 cells/2 ml, N = 3) or high 
(3.0 × 107 cells/2 ml, N = 6) doses of human umbilical cord blood- 
derived MSCs (hUCB- MSCs) through Ommaya reservoirs implanted 
into the right lateral ventricle. In this study, participants reported 
only common adverse event like fever, headache, nausea and vomit-
ing within 36 h of cell transplantation.106 There are many other on-
going clinical trials testing stem cell therapy for AD with results not 
yet published (Table S1).

Though stem cell transplantation has showed effectiveness 
in ameliorating AD, the underlying mechanism remains puzzling. 
Several studies have revealed that exogenous stem cells can mediate 
anti- AD effects via mechanisms such as secreting neurotrophic fac-
tors or moderating innate signaling cascades.107,108 However, there 
is little evidence definitely showing that engrafted stem cells prolif-
erate and differentiate into new neurons which can further integrate 
into and reconstruct the existed neural circuits. Guiding donor stem 
cells to differentiate into the specific subtype of neurons required is 
still challenging, since the process of neurogenesis from stem cells is 
prone to falling victim to the loss of microenvironmental homeosta-
sis in AD brain.109

Alternatively, transplanting neural progenitors with defined cell 
fates instead of stem cells might achieve better outcomes. Indeed, 
engrafted GABAergic and cholinergic precursors have both exhib-
ited a robust capacity for adding new neurons with typical neuronal 
morphology and electrophysiology to the AD brain and alleviating 
cognitive deficits in animal models.110– 113

5.2  |  Glia- neuron conversion

Neurogenesis might also be induced by converting innate glial cells 
to neurons, but there are still controversies over the methodology as 
well as efficiency of cell reprogramming.

Astrocytes in the brain have shown neurogenic capacity under 
specific conditions.7,8 Many researchers believe that eliciting 

neurogenesis from astrocytes can kill two birds with one stone since 
it can add new neurons and simultaneously suppress astrogliosis 
in the AD brain. It has been reported that combinative and step-
wise use of nine small molecule cocktails— LDN193189, SB431542, 
TTNPB, Tzv, CHIR99021, VPA, DAPT, SAG and Purmo, which overall 
exert an inhibitory effect on the glial signaling cascade but an ac-
tive effect on NeuroD1 and the Neurogenin2 pathway— are capa-
ble of reprogramming human astrocytes into neurons in vitro within 
10 days.114 A subsequent study found that this neuronal conversion 
can be also induced by chemically modulating only 3~4 signaling 
pathways from among Notch, glycogen synthase kinase 3 (GSK- 3), 
transforming growth factor- β (TGF- β) and bone morphogenetic pro-
tein (BMP) pathways.115

Viral vector- mediated gene modification is another effective way 
to induce glia- derived neurogenesis. For example, viral expression of 
transcription factor Pax6,116 Ascl1,117 Sox2118 or NeuroD1119– 122 in 
glial cells can direct neurogenesis both in vitro and in vivo. Genetic 
suppression of polypyrimidine tract- binding protein 1 (Ptbp1), an 
RNA- binding protein, by either CRISPR- CasRx,123 RNAi124 or anti-
sense oligonucleotide,125 also successfully induced glia- to- neuron 
conversion. However, a recent study using stringent lineage trac-
ing with co- expressed fluorescent reporter with NeuroD1 or Ptbp1 
knockdown suggested that the previously reported astrocyte- to- 
neuron conversion mediated by viral vectors might just be the result 
of nonspecific expression of viral- carried genes,126 though it could 
not refute previous studies using chemical cocktails to induce cell 
reprogramming.

It was previously found in microglia that, similar to astrocytes, 
exogenous expression of NeuroD1 can also direct neuronal conver-
sion through initially occupying closed chromatin regions associated 
with bivalent trimethylation of histone H3 at lysine 4 (H3K4me3) 
and H3K27me3 and subsequently targeting the transcriptional re-
pressors Scrt1 and Meis2.127 In contrast, a very recent study using 
lineage tracing has shown that the same titer of lentiviruses as pre-
viously used for microglia- to- neuron conversion resulted in non- 
specific leakage, and exogenous expression of NeuroD1 did not 
convert microglia to neurons in mice and even induced microglial cell 
death.128 In this model, whether a lower titer and higher selectivity 
of virus or non- viral chemical agents can reprogram microglia to neu-
rons deserves further investigation.

Despite the controversies, the glia- to- neuron conversion studies 
have still shed new light on pro- neurogenic therapy for AD. Apart 
for the examples addressed above, it may also be possible to induce 
neurogenesis from other subsets of glia such as NG2+ glial cells129 or 
oligodendrocytes. At the same time, glia- derived genesis of selective 
subgroups of neurons— GABAergic,130 glutamatergic or cholinergic— 
might be also achieved by combinative expression of different tran-
scription factors. However, before application in clinical settings, it 
is important to understand the pathological changes of each subset 
of neurons and astrocytes in specific region in the AD brain, which as 
yet remains largely elusive. In addition, more selective gene targets 
and more reliable genetic editing/delivery tools are needed to pro-
mote the clinical testing of glial reprogramming therapy.
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6  |  CONCLUDING REMARKS

AHN is important in maintaining hippocampus- dependent learn-
ing and memory. Though innate AHN is finite in type and scale, it 
still provides us with an opportunity to reconstruct the degener-
ated hippocampal network, as well as a stable model and a quick 
means of establishing how AD pathologic factors might determine 
the outcome of pro- neurogenic treatments. Neurogenesis can be 
also elicited by external cell grafting and glia cell reprograming. 
These pro- neurogenic remedies all shed light on the treatment of 
AD (Figure 2).

ACKNOWLEDG MENTS
This work was supported by the Natural Science Foundation of 
China (81901107) and the Science and Technology Program of 
Guizhou Province (Qiankehe zhicheng [2021] yiban 423).

CONFLIC T OF INTERE S T
The authors declare no conflict of interests. Jie Zheng is editorial 
board member of AMEM, but was excluded from the peer- review 
process and all editorial decisions related to the publication of this 
article.

ORCID
Jie Zheng  https://orcid.org/0000-0002-0637-9918 

R E FE R E N C E S
 1. Denoth- Lippuner A, Jessberger S. Formation and integration 

of new neurons in the adult hippocampus. Nat Rev Neurosci. 
2021;22:223- 236.

 2. Goncalves JT, Schafer ST, Gage FH. Adult neurogenesis in the hip-
pocampus: from stem cells to behavior. Cell. 2016;167:897- 914.

 3. Zheng J, Li Y. Compensation for neurodegeneration by hippo-
campal neurogenesis in Alzheimer's disease: where is the way? 
Neurosci Bull. 2021;37:885- 888.

 4. Liu F, Tian N, Zhang HQ, et al. GSK- 3beta activation accelerates 
early- stage consumption of hippocampal neurogenesis in senes-
cent mice. Theranostics. 2020;10:9674- 9685.

 5. Babcock KR, Page JS, Fallon JR, et al. Adult hippocampal neu-
rogenesis in aging and Alzheimer's disease. Stem Cell Rep. 
2021;16:681- 693.

 6. Jhaveri DJ, Tedoldi A, Hunt S, et al. Evidence for newly gener-
ated interneurons in the basolateral amygdala of adult mice. Mol 
Psychiatry. 2018;23:521- 532.

 7. Magnusson JP, Göritz C, Tatarishvili J, et al. A latent neurogenic 
program in astrocytes regulated by Notch signaling in the mouse. 
Science. 2014;346:237- 241.

 8. Arvidsson A, Collin T, Kirik D, et al. Neuronal replacement from 
endogenous precursors in the adult brain after stroke. Nat Med. 
2002;8:963- 970.

 9. Kempermann G, Gage FH, Aigner L, et al. Human adult neu-
rogenesis: evidence and remaining questions. Cell Stem Cell. 
2018;23:25- 30.

 10. Boekhoorn K, Joels M, Lucassen PJ. Increased proliferation re-
flects glial and vascular- associated changes, but not neuro-
genesis in the presenile Alzheimer hippocampus. Neurobiol Dis. 
2006;24:1- 14.

 11. Sorrells SF, Paredes MF, Zhang Z, et al. Positive controls in adults 
and children support that very few, if any, new neurons are born in 
the adult human hippocampus. J Neurosci. 2021;41:2554- 2565.

 12. Eriksson PS, Perfilieva E, Björk- Eriksson T, et al. Neurogenesis in 
the adult human hippocampus. Nat Med. 1998;4:1313- 1317.

 13. Dennis CV, Suh LS, Rodriguez ML, et al. Human adult neurogenesis 
across the ages: an immunohistochemical study. Neuropathol Appl 
Neurobiol. 2016;42:621- 638.

 14. Sorrells SF, Paredes MF, Cebrian- Silla A, et al. Human hippocampal 
neurogenesis drops sharply in children to undetectable levels in 
adults. Nature. 2018;555:377- 381.

 15. Paredes MF, Sorrells SF, Cebrian- Silla A, et al. Does adult neu-
rogenesis persist in the human hippocampus? Cell Stem Cell. 
2018;23:780- 781.

 16. Cipriani S, Ferrer I, Aronica E, et al. Hippocampal radial glial sub-
types and their neurogenic potential in human fetuses and healthy 
and Alzheimer's disease adults. Cereb Cortex. 2018;28:2458- 2478.

 17. Mathews KJ, Allen KM, Boerrigter D, et al. Evidence for reduced 
neurogenesis in the aging human hippocampus despite stable 
stem cell markers. Aging Cell. 2017;16:1195- 1199.

 18. Flor- García M, Terreros- Roncal J, Moreno- Jiménez EP, et al. 
Unraveling human adult hippocampal neurogenesis. Nat Protoc. 
2020;15:668- 693.

 19. Terreros- Roncal J, Moreno- Jiménez EP, Flor- García M, et al. Impact 
of neurodegenerative diseases on human adult hippocampal neu-
rogenesis. Science. 2021;374:1106– 1113.

 20. Tobin MK, Musaraca K, Disouky A, et al. Human hippocampal neu-
rogenesis persists in aged adults and Alzheimer's disease patients. 
Cell Stem Cell. 2019;24:974- 982.

 21. Moreno- Jiménez EP, Flor- García M, Terreros- Roncal J, et al. Adult 
hippocampal neurogenesis is abundant in neurologically healthy 
subjects and drops sharply in patients with Alzheimer's disease. 
Nat Med. 2019;25:554- 560.

 22. Boldrini M, Fulmore CA, Tartt AN, et al. Human hippocam-
pal neurogenesis persists throughout aging. Cell Stem Cell. 
2018;22:589- 599.

 23. Tartt AN, Fulmore CA, Liu Y, et al. Considerations for assessing the 
extent of hippocampal neurogenesis in the adult and aging human 
brain. Cell Stem Cell. 2018;23:782- 783.

F I G U R E  2  Potential pro- neurogenic therapies. Innate AHN 
can be facilitated by pro- neurogenic drugs, environmental 
enrichment combined with exercise, neurostimulation and dietary 
innervation. More extensive neurogenesis can be also induced 
by transplantation of stem cells or neural progenitors, as well as 
genetic induction of glia- neuron conversion

Neurostimulation

Pro-neurogenic 
drugs

Environmental 
enrichment

Exercise

Gene 
therapy

Small-molecular 
cocktail

Glia-neuron 
conversion

Neural progenitors

Stem cells

Dietary 
intervention

Cell therapy

Pro-innate AHN

AD

https://orcid.org/0000-0002-0637-9918
https://orcid.org/0000-0002-0637-9918


12  |    ZHENG

 24. Crews L, Adame A, Patrick C, et al. Increased BMP6 levels in the brains 
of Alzheimer's disease patients and APP transgenic mice are accom-
panied by impaired neurogenesis. J Neurosci. 2010;30:12252- 12262.

 25. Ayhan F, Kulkarni A, Berto S, et al. Resolving cellular and molec-
ular diversity along the hippocampal anterior- to- posterior axis in 
humans. Neuron. 2021;109:2091- 2105.

 26. Franjic D, Choi J, Skarica M, et al. Molecular diversity among 
adult human hippocampal and entorhinal cells. bioRxiv. 
2019.12.31.889139; doi: 10.1101/2019.12.31.889139

 27. Pereira AC, Huddleston DE, Brickman AM, et al. An in vivo cor-
relate of exercise- induced neurogenesis in the adult dentate 
gyrus. Proc Natl Acad Sci USA. 2007;104:5638- 5643.

 28. Manganas LN, Zhang X, Li Y, et al. Magnetic resonance spectros-
copy identifies neural progenitor cells in the live human brain. 
Science. 2007;318:980- 985.

 29. Spalding K, Bergmann O, Alkass K, et al. Dynamics of hippocampal 
neurogenesis in adult humans. Cell. 2013;153:1219- 1227.

 30. Tamura Y, Kataoka Y. PET imaging of neurogenic activity in the 
adult brain: toward in vivo imaging of human neurogenesis. 
Neurogenesis. 2017;4:e1281861.

 31. Pilz G- A, Bottes S, Betizeau M, et al. Live imaging of neurogenesis 
in the adult mouse hippocampus. Science. 2018;359:658- 662.

 32. Bedrosian TA, Houtman J, Eguiguren JS, et al. Lamin B1 decline un-
derlies age- related loss of adult hippocampal neurogenesis. Embo 
J. 2021;40:e105819.

 33. Altman J, Das GD. Autoradiographic and histological evidence 
of postnatal hippocampal neurogenesis in rats. J Comp Neurol. 
1965;124:319- 335.

 34. Harris L, Rigo P, Stiehl T, et al. Coordinated changes in cellular be-
havior ensure the lifelong maintenance of the hippocampal stem 
cell population. Cell Stem Cell. 2021;28:863- 876.

 35. Martín- Suárez S, Valero J, Muro- García T, et al. Phenotypical and 
functional heterogeneity of neural stem cells in the aged hippo-
campus. Aging Cell. 2019;18:e12958.

 36. Bottes S, Jaeger BN, Pilz GA, et al. Long- term self- renewing stem 
cells in the adult mouse hippocampus identified by intravital imag-
ing. Nat Neurosci. 2021;24:225– 233.

 37. Berdugo- Vega G, Arias- Gil G, López- Fernández A, et al. Increasing 
neurogenesis refines hippocampal activity rejuvenating naviga-
tional learning strategies and contextual memory throughout life. 
Nat Commun. 2020;11:135.

 38. Díaz- Moreno M, Armenteros T, Gradari S, et al. Noggin res-
cues age- related stem cell loss in the brain of senescent mice 
with neurodegenerative pathology. Proc Natl Acad Sci USA. 
2018;115:11625- 11630.

 39. Gontier G, Iyer M, Shea JM, et al. Tet2 rescues age- related re-
generative decline and enhances cognitive function in the adult 
mouse brain. Cell Rep. 2018;22:1974- 1981.

 40. Smith LK, He Y, Park JS, et al. beta2- microglobulin is a systemic 
pro- aging factor that impairs cognitive function and neurogenesis. 
Nat Med. 2015;21:932- 937.

 41. Yousef H, Czupalla CJ, Lee D, et al. Aged blood impairs hippocam-
pal neural precursor activity and activates microglia via brain en-
dothelial cell VCAM1. Nat Med. 2019;25:988- 1000.

 42. Schouten M, Bielefeld P, Garcia- Corzo L, et al. Circadian glucocorti-
coid oscillations preserve a population of adult hippocampal neural 
stem cells in the aging brain. Mol Psychiatry. 2019;25(7):1382- 1405.

 43. Horowitz AM, Fan X, Bieri G, et al. Blood factors transfer benefi-
cial effects of exercise on neurogenesis and cognition to the aged 
brain. Science. 2020;369:167- 173.

 44. Trinchero MF, Buttner KA, Sulkes Cuevas JN, et al. High plas-
ticity of new granule cells in the aging hippocampus. Cell Rep. 
2017;21:1129- 1139.

 45. Toda T, Parylak SL, Linker SB, et al. The role of adult hippocam-
pal neurogenesis in brain health and disease. Mol Psychiatry. 
2018;24:67- 87.

 46. Hollands C, Tobin MK, Hsu M, et al. Depletion of adult neurogen-
esis exacerbates cognitive deficits in Alzheimer's disease by com-
promising hippocampal inhibition. Mol Neurodegener. 2017;12:64.

 47. Zheng J, Li HL, Tian NA, et al. Interneuron accumulation of phos-
phorylated tau impairs adult hippocampal neurogenesis by sup-
pressing GABAergic transmission. Cell Stem Cell. 2020;26:331- 345.

 48. Choi SH, Bylykbashi E, Chatila ZK, et al. Combined adult neu-
rogenesis and BDNF mimic exercise effects on cognition in an 
Alzheimer's mouse model. Science. 2018;361:eaan8821.

 49. Jin K, Peel AL, Mao XO, et al. Increased hippocampal neurogenesis 
in Alzheimer's disease. Proc Natl Acad Sci USA. 2004;101:343- 347.

 50. Perry EK, Johnson M, Ekonomou A, et al. Neurogenic abnormal-
ities in Alzheimer's disease differ between stages of neurogene-
sis and are partly related to cholinergic pathology. Neurobiol Dis. 
2012;47:155- 162.

 51. Liu JYW, Matarin M, Reeves C, et al. Doublecortin- expressing 
cell types in temporal lobe epilepsy. Acta Neuropathol Commun. 
2018;6:60.

 52. Christian KM, Song H, Ming GL. Functions and dysfunctions of adult 
hippocampal neurogenesis. Annu Rev Neurosci. 2014;37:243- 262.

 53. Moon M, Cha MY, Mook- Jung I. Impaired hippocampal neurogen-
esis and its enhancement with ghrelin in 5XFAD mice. J Alzheimers 
Dis. 2014;41:233- 241.

 54. Scopa C, Marrocco F, Latina V, et al. Impaired adult neurogene-
sis is an early event in Alzheimer's disease neurodegeneration, 
mediated by intracellular Abeta oligomers. Cell Death Differ. 
2020;27:934- 948.

 55. Haughey NJ, Liu D, Nath A, et al. Disruption of neurogenesis in the 
subventricular zone of adult mice, and in human cortical neuronal 
precursor cells in culture, by amyloid beta- peptide: implications 
for the pathogenesis of Alzheimer's disease. Neuromolecular Med. 
2002;1:125- 135.

 56. Sun B, Halabisky B, Zhou Y, et al. Imbalance between GABAergic 
and glutamatergic transmission impairs adult neurogenesis in an an-
imal model of Alzheimer's disease. Cell Stem Cell. 2009;5:624- 633.

 57. Wang R, Dineley KT, Sweatt JD, et al. Presenilin 1 familial Alzheimer's 
disease mutation leads to defective associative learning and im-
paired adult neurogenesis. Neuroscience. 2004;126:305- 312.

 58. Wen PH, Hof PR, Chen X, et al. The presenilin- 1 familial Alzheimer 
disease mutant P117L impairs neurogenesis in the hippocampus of 
adult mice. Exp Neurol. 2004;188:224- 237.

 59. Zeng Q, Zheng M, Zhang T, et al. Hippocampal neurogenesis 
in the APP/PS1/nestin- GFP triple transgenic mouse model of 
Alzheimer's disease. Neuroscience. 2016;314:64- 74.

 60. Demars M, Hu Y- S, Gadadhar A, et al. Impaired neurogenesis is an 
early event in the etiology of familial Alzheimer's disease in trans-
genic mice. J Neurosci Res. 2010;88:2103- 2117.

 61. Verret L, Jankowsky JL, Xu GM, et al. Alzheimer's- type amyloidosis 
in transgenic mice impairs survival of newborn neurons derived from 
adult hippocampal neurogenesis. J Neurosci. 2007;27:6771- 6780.

 62. Ermini FV, Grathwohl S, Radde R, et al. Neurogenesis and alter-
ations of neural stem cells in mouse models of cerebral amyloido-
sis. Am J Pathol. 2008;172:1520- 1528.

 63. Chevallier NL, Soriano S, Kang DE, et al. Perturbed neurogenesis 
in the adult hippocampus associated with presenilin- 1 A246E mu-
tation. Am J Pathol. 2005;167:151- 159.

 64. Jin K, Galvan V, Xie L, et al. Enhanced neurogenesis in Alzheimer's 
disease transgenic (PDGF- APPSw, Ind) mice. Proc Natl Acad Sci 
USA. 2004;101:13363- 13367.

 65. Yetman MJ, Jankowsky JL. Wild- type neural progenitors divide 
and differentiate normally in an amyloid- rich environment. J 
Neurosci. 2013;33:17335- 17341.

 66. Fu C- H, Iascone DM, Petrof I, et al. Early seizure activity accel-
erates depletion of hippocampal neural stem cells and impairs 
spatial discrimination in an Alzheimer's disease model. Cell Rep. 
2019;27:3741- 3751.

https://doi.org/10.1101/2019.12.31.889139


    |  13ZHENG

 67. Ziegler- Waldkirch S, d′Errico P, Sauer J- F, et al. Seed- induced 
Aβ deposition is modulated by microglia under environmental 
enrichment in a mouse model of Alzheimer's disease. Embo J. 
2018;37:167- 182.

 68. Lopez- Toledano MA, Shelanski ML. Increased neurogenesis in 
young transgenic mice overexpressing human APP(Sw, Ind). J 
Alzheimers Dis. 2007;12:229- 240.

 69. Choi SH, Veeraraghavalu K, Lazarov O, et al. Non- cell- autonomous 
effects of presenilin 1 variants on enrichment- mediated hippo-
campal progenitor cell proliferation and differentiation. Neuron. 
2008;59:568- 580.

 70. Donovan MH, Yazdani U, Norris RD, et al. Decreased adult hippo-
campal neurogenesis in the PDAPP mouse model of Alzheimer's 
disease. J Comp Neurol. 2006;495:70- 83.

 71. Komuro Y, Xu G, Bhaskar K, et al. Human tau expression reduces 
adult neurogenesis in a mouse model of tauopathy. Neurobiol 
Aging. 2015;36:2034- 2042.

 72. Schindowski K, Belarbi K, Bretteville A, et al. Neurogenesis and 
cell cycle- reactivated neuronal death during pathogenic tau aggre-
gation. Genes Brain Behav. 2008;7 Suppl 1:92- 100.

 73. Richetin K, Steullet P, Pachoud M, et al. Tau accumulation in 
astrocytes of the dentate gyrus induces neuronal dysfunc-
tion and memory deficits in Alzheimer's disease. Nat Neurosci. 
2020;23:1567- 1579.

 74. Joseph M, Anglada- Huguet M, Paesler K, et al. Anti- aggregant 
tau mutant promotes neurogenesis. Mol Neurodegener. 
2017;12:88- 108.

 75. Fuster- Matanzo A, Llorens- Martín M, Jurado- Arjona J, et al. Tau 
protein and adult hippocampal neurogenesis. Front Neurosci. 
2012;6:104.

 76. Dioli C, Patrício P, Trindade R, et al. Tau- dependent suppression of 
adult neurogenesis in the stressed hippocampus. Mol Psychiatry. 
2017;22:1110- 1118.

 77. Pallas- Bazarra N, Jurado- Arjona J, Navarrete M, et al. Novel func-
tion of Tau in regulating the effects of external stimuli on adult 
hippocampal neurogenesis. Embo J. 2016;35:1417- 1436.

 78. Hamilton L, Dufresne M, Joppé S, et al. Aberrant lipid metabo-
lism in the forebrain niche suppresses adult neural stem cell pro-
liferation in an animal model of Alzheimer's disease. Cell Stem Cell. 
2015;17:397- 411.

 79. Valero J, Mastrella G, Neiva I, et al. Long- term effects of an acute 
and systemic administration of LPS on adult neurogenesis and spa-
tial memory. Front Neurosci. 2014;8:83.

 80. Hamilton LK, Aumont A, Julien C, et al. Widespread deficits 
in adult neurogenesis precede plaque and tangle formation in 
the 3xTg mouse model of Alzheimer's disease. Eur J Neurosci. 
2010;32:905- 920.

 81. Rodríguez JJ, Jones VC, Tabuchi M, et al. Impaired adult neuro-
genesis in the dentate gyrus of a triple transgenic mouse model of 
Alzheimer's disease. PLoS One. 2008;3:e2935.

 82. Gang B, Yue C, Han NA, et al. Limited hippocampal neurogene-
sis in SAMP8 mouse model of Alzheimer's disease. Brain Res. 
2011;1389:183- 193.

 83. Haughey NJ, Nath A, Chan SL, et al. Disruption of neurogene-
sis by amyloid beta- peptide, and perturbed neural progenitor 
cell homeostasis, in models of Alzheimer's disease. J Neurochem. 
2002;83:1509- 1524.

 84. Gao YU, Shen M, Gonzalez JC, et al. RGS6 mediates effects of 
voluntary running on adult hippocampal neurogenesis. Cell Rep. 
2020;32:107997.

 85. Waterhouse EG, An JJ, Orefice LL, et al. BDNF promotes differen-
tiation and maturation of adult- born neurons through GABAergic 
transmission. J Neurosci. 2012;32:14318- 14330.

 86. Pieper AA, Xie S, Capota E, et al. Discovery of a proneurogenic, 
neuroprotective chemical. Cell. 2010;142:39- 51.

 87. Li G, Bien- Ly N, Andrews- Zwilling Y, et al. GABAergic interneuron 
dysfunction impairs hippocampal neurogenesis in adult apolipo-
protein E4 knockin mice. Cell Stem Cell. 2009;5:634- 645.

 88. Sumien N, Wells MS, Sidhu A, et al. Novel pharmacotherapy: NNI- 
362, an allosteric p70S6 kinase stimulator, reverses cognitive and 
neural regenerative deficits in models of aging and disease. Stem 
Cell Res Ther. 2021;12:59.

 89. Sultan S, Gebara E, Toni N. Doxycycline increases neurogenesis 
and reduces microglia in the adult hippocampus. Front Neurosci. 
2013;7:131.

 90. Kobelt LJ, Wilkinson AE, McCormick AM, et al. Short duration 
electrical stimulation to enhance neurite outgrowth and mat-
uration of adult neural stem progenitor cells. Ann Biomed Eng. 
2014;42:2164- 2176.

 91. van Praag H, Kempermann G, Gage FH. Running increases cell pro-
liferation and neurogenesis in the adult mouse dentate gyrus. Nat 
Neurosci. 1999;2:266- 270.

 92. Heberden C. Modulating adult neurogenesis through dietary in-
terventions. Nutr Res Rev. 2016;29:163– 171.

 93. Lie DC, Colamarino SA, Song HJ, et al. Wnt signalling regulates 
adult hippocampal neurogenesis. Nature. 2005;437:1370- 1375.

 94. Chan HJ, Yanshree, Roy J, et al. Therapeutic potential of human 
stem cell implantation in Alzheimer's disease. Int J Mol Sci. 
2021;22:10151.

 95. Lee IS, Jung K, Kim IS, et al. Human neural stem cells alleviate 
Alzheimer- like pathology in a mouse model. Mol Neurodegener. 
2015;10:38.

 96. Neves AF, Camargo C, Premer C, et al. Intravenous administration 
of mesenchymal stem cells reduces Tau phosphorylation and in-
flammation in the 3xTg- AD mouse model of Alzheimer's disease. 
Exp Neurol. 2021;341:113706.

 97. Lu MH, Ji WL, Chen H, et al. Intranasal transplantation of human 
neural stem cells ameliorates Alzheimer's disease- like pathology in 
a mouse model. Front Aging Neurosci. 2021;13:650103.

 98. Lim JY, In Park S, Park SA, et al. Potential application of human 
neural crest- derived nasal turbinate stem cells for the treatment of 
neuropathology and impaired cognition in models of Alzheimer's 
disease. Stem Cell Res Ther. 2021;12:402.

 99. Park B- N, Lim TS, Yoon J- K, et al. In vivo tracking of intravenously 
injected mesenchymal stem cells in an Alzheimer's animal model. 
Cell Transplant. 2018;27:1203- 1209.

 100. Naaldijk Y, Jäger C, Fabian C, et al. Effect of systemic transplanta-
tion of bone marrow- derived mesenchymal stem cells on neuro-
pathology markers in APP/PS1 Alzheimer mice. Neuropathol Appl 
Neurobiol. 2017;43:299- 314.

 101. Wang X, Ma S, Yang BO, et al. Resveratrol promotes hUC- MSCs 
engraftment and neural repair in a mouse model of Alzheimer's 
disease. Behav Brain Res. 2018;339:297- 304.

 102. Eckert A, Huang L, Gonzalez R, et al. Bystander effect fuels human 
induced pluripotent stem cell- derived neural stem cells to quickly 
attenuate early stage neurological deficits after stroke. Stem Cells 
Transl Med. 2015;4:841- 851.

 103. Fujiwara N, Shimizu J, Takai K, et al. Restoration of spatial memory 
dysfunction of human APP transgenic mice by transplantation of 
neuronal precursors derived from human iPS cells. Neurosci Lett. 
2013;557 Pt B:129– 134.

 104. Schweitzer JS, Song B, Herrington TM, et al. Personalized iPSC- 
derived dopamine progenitor cells for Parkinson's disease. N Engl J 
Med. 2020;382:1926- 1932.

 105. Kim HJ, Seo SW, Chang JW, et al. Stereotactic brain injection 
of human umbilical cord blood mesenchymal stem cells in pa-
tients with Alzheimer's disease dementia: a phase 1 clinical trial. 
Alzheimers Dement. 2015;1:95- 102.

 106. Kim HJ, Cho KR, Jang H, et al. Intracerebroventricular injec-
tion of human umbilical cord blood mesenchymal stem cells in 



14  |    ZHENG

patients with Alzheimer's disease dementia: a phase I clinical trial. 
Alzheimers Res Ther. 2021;13:154.

 107. Li BO, Gao Y, Zhang W, et al. Regulation and effects of neurotrophic 
factors after neural stem cell transplantation in a transgenic mouse 
model of Alzheimer disease. J Neurosci Res. 2018;96:828- 840.

 108. Qin C, Lu Y, Wang K, et al. Transplantation of bone marrow mesen-
chymal stem cells improves cognitive deficits and alleviates neuro-
pathology in animal models of Alzheimer's disease: a meta- analytic 
review on potential mechanisms. Transl Neurodegener. 2020;9:20.

 109. Li Y, Guo W. Neural stem cell niche and adult neurogenesis. 
Neuroscientist. 2021;27:235– 245.

 110. Lu MH, Zhao XY, Xu DE, et al. Transplantation of GABAergic in-
terneuron progenitor attenuates cognitive deficits of Alzheimer's 
disease model mice. J Alzheimers Dis. 2020;75:245- 260.

 111. Martinez- Losa M, Tracy TE, Ma K, et al. Nav1.1- overexpressing 
interneuron transplants restore brain rhythms and cognition in a 
mouse model of Alzheimer's disease. Neuron. 2018;98:75- 89.

 112. Yue W, Li Y, Zhang T, et al. ESC- derived basal forebrain choliner-
gic neurons ameliorate the cognitive symptoms associated with 
Alzheimer's disease in mouse models. Stem Cell Rep. 2015;5:776- 790.

 113. Tong LM, Djukic B, Arnold C, et al. Inhibitory interneuron progeni-
tor transplantation restores normal learning and memory in ApoE4 
knock- in mice without or with Abeta accumulation. J Neurosci. 
2014;34:9506- 9515.

 114. Zhang L, Yin JC, Yeh H, et al. Small molecules efficiently repro-
gram human astroglial cells into functional neurons. Cell Stem Cell. 
2015;17:735- 747.

 115. Yin JC, Zhang L, Ma NX, et al. Chemical conversion of human fetal 
astrocytes into neurons through modulation of multiple signaling 
pathways. Stem Cell Rep. 2019;12:488- 501.

 116. Heins N, Malatesta P, Cecconi F, et al. Glial cells generate neu-
rons: the role of the transcription factor Pax6. Nat Neurosci. 
2002;5:308- 315.

 117. Chanda S, Ang C, Davila J, et al. Generation of induced neuronal 
cells by the single reprogramming factor ASCL1. Stem Cell Rep. 
2014;3:282- 296.

 118. Su Z, Niu W, Liu M- L, et al. In vivo conversion of astrocytes to neu-
rons in the injured adult spinal cord. Nat Commun. 2014;5:3338.

 119. Chen YC, Ma NX, Pei ZF, et al. A NeuroD1 AAV- based gene ther-
apy for functional brain repair after ischemic injury through in vivo 
astrocyte- to- neuron conversion. Mol Ther. 2020;28:217- 234.

 120. Ge LJ, Yang FH, Li W, et al. In vivo neuroregeneration to treat isch-
emic stroke through NeuroD1 AAV- based gene therapy in adult 
non- human primates. Front Cell Dev Biol. 2020;8:590008.

 121. Brulet R, Matsuda T, Zhang L, et al. NEUROD1 instructs neu-
ronal conversion in non- reactive astrocytes. Stem Cell Rep. 
2017;8:1506- 1515.

 122. Guo Z, Zhang L, Wu Z, et al. In vivo direct reprogramming of reac-
tive glial cells into functional neurons after brain injury and in an 
Alzheimer's disease model. Cell Stem Cell. 2014;14:188- 202.

 123. Zhou H, Su J, Hu X, et al. Glia- to- neuron conversion by CRISPR- 
CasRx alleviates symptoms of neurological disease in mice. Cell. 
2020;181:590- 603.

 124. Qian H, Kang X, Hu J, et al. Reversing a model of Parkinson's disease 
with in situ converted nigral neurons. Nature. 2020;582:550- 556.

 125. Maimon R, Chillon- Marinas C, Snethlage CE, et al. Therapeutically 
viable generation of neurons with antisense oligonucleotide sup-
pression of PTB. Nat Neurosci. 2021;24:1089- 1099.

 126. Wang LL, Serrano C, Zhong X, et al. Revisiting astrocyte to neuron 
conversion with lineage tracing in vivo. Cell. 2021;184:5465- 5481.

 127. Matsuda T, Irie T, Katsurabayashi S, et al. Pioneer factor NeuroD1 
rearranges transcriptional and epigenetic profiles to execute 
microglia- neuron conversion. Neuron. 2019;101:472- 485.

 128. Rao Y, Du S, Yang B, et al. NeuroD1 induces microglial apoptosis 
and cannot induce microglia- to- neuron cross- lineage reprogram-
ming. Neuron. 2021;109:4094- 4108.

 129. Tai W, Wu W, Wang LL, et al. In vivo reprogramming of NG2 glia 
enables adult neurogenesis and functional recovery following spi-
nal cord injury. Cell Stem Cell. 2021;28:923- 937.

 130. Wu Z, Parry M, Hou X- Y, et al. Gene therapy conversion of stri-
atal astrocytes into GABAergic neurons in mouse models of 
Huntington's disease. Nat Commun. 2020;11:1105.

 131. Krezymon A, Richetin K, Halley H, et al. Modifications of hippo-
campal circuits and early disruption of adult neurogenesis in the 
tg2576 mouse model of Alzheimer's disease. PLoS One. 2013;8: 
e76497.

 132. Li F, Dong HX, Gong QH, et al. Icariin decreases both APP and 
Abeta levels and increases neurogenesis in the brain of Tg2576 
mice. Neuroscience. 2015;304:29- 35.

 133. Sennvik K, Boekhoorn K, Lasrado R, et al. Tau- 4R suppresses 
proliferation and promotes neuronal differentiation in the hip-
pocampus of tau knockin/knockout mice. Faseb J. 2007;21: 
2149- 2161.

 134. Bolós M, Pallas- Bazarra N, Terreros- Roncal J, et al. Soluble Tau 
has devastating effects on the structural plasticity of hippocampal 
granule neurons. Transl Psychiatry. 2017;7:1267.

 135. Houben S, Leroy K, Ando K, et al. Genetic ablation of tau in post-
natal neurons rescues decreased adult hippocampal neurogenesis 
in a tauopathy model. Neurobiol Dis. 2019;127:131- 141.

 136. Terreros- Roncal J, Flor- García M, Moreno- Jiménez EP, et al. 
Activity- dependent reconnection of adult- born dentate granule 
cells in a mouse model of frontotemporal dementia. J Neurosci. 
2019;39:5794- 5815.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Zheng J. Hippocampal neurogenesis 
and pro- neurogenic therapies for Alzheimer's disease. Anim 
Models Exp Med. 2022;5:3– 14. doi:10.1002/ame2.12212

https://doi.org/10.1002/ame2.12212

