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Cognitive deficits associated with Alzheimer’s disease (AD)
severely impact daily life for the millions of affected individuals.
Progressive memory impairment in AD patients is associated
with degeneration of the hippocampus. The dentate gyrus of the
hippocampus, a region critical for learning and memory functions,
is a site of adult neurogenesis in mammals. Recent evidence in hu-
mans indicates that hippocampal neurogenesis likely persists
throughout life, but declines with age and is strikingly impaired
in AD. Our understanding of how neurogenesis supports learning
and memory in healthy adults is only beginning to emerge. The
extent to which decreased neurogenesis contributes to cognitive
decline in aging and AD remains poorly understood. However,
studies in rodent models of AD and other neurodegenerative dis-
eases raise the possibility that targeting neurogenesis may amelio-
rate cognitive dysfunction in AD. Here, we review recent progress
in understanding how adult neurogenesis is impacted in the
context of aging and AD.

Introduction

Alzheimer’s disease (AD) is a debilitating, relentlessly pro-
gressive neurodegenerative disease affecting millions of
people worldwide. Individuals suffering from AD develop
memory impairments that come to severely impact daily
life. The entorhinal cortex and the hippocampus play a
key role in AD etiology (Braak and Braak, 1991; Thompson
et al., 2003). Histological and imaging studies indicate that
the entorhinal cortex is affected early in AD (Gomez-Isla
et al., 1996), followed by spread to the hippocampus and
cerebral cortex (Braak et al., 2006). In addition to degener-
ation, AD is characterized by the buildup of pathological
structures, including extracellular plaques composed of
amyloid beta (Ap), a cleavage product of the amyloid pre-
cursor protein (APP), and intracellular tangles comprising
hyperphosphorylated tau. The presence of plaques and
tangles in the hippocampus is strongly correlated with
cognitive decline (Naslund et al.,, 2000). However, it is
likely that additional features of the hippocampus will be
important for understanding cognitive decline in AD and
for developing novel treatments. Unlike most regions of
the adult mammalian brain, the hippocampus harbors
neural stem cells (NSCs) that have the capacity to generate
new neurons, a process termed neurogenesis. Yet, our un-
derstanding of how hippocampal neurogenesis is impaired
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in AD or even in healthy aging is only beginning to emerge.
Here, we review the recent progress in understanding how
adult hippocampal neurogenesis is impacted in the context
of aging and AD.

Adult Hippocampal Neurogenesis

Adult neurogenesis in rodents and non-human primates
has been investigated in depth for decades (Altman and
Das, 1965; Gould et al., 1999), with a number studies estab-
lishing the extent to which lifelong neurogenesis occurs in
humans (Boldrini et al., 2018; Eriksson et al., 1998; Ernst
et al., 2014; Johansson et al., 1999a, 1999b; Knoth et al.,
2010; Moreno-Jimenez et al., 2019; Spalding et al., 2013;
Tobin et al., 2019). Hippocampal NSCs in the subgranular
zone (SGZ) primarily generate dentate granule neurons,
which are excitatory neurons that make up the bulk of
the dentate gyrus (DG) (Figure 1). Functionally, the DG re-
ceives input from the entorhinal cortex, sending informa-
tion through the trisynaptic circuit to CA3 and CA1, thus
playing a critical role in learning and memory. Here, we
discuss the dynamics of adult neurogenesis in the rodent
DG, and evidence for neurogenesis in this area in humans.
Adult Neurogenesis in Rodents

Most of our knowledge of adult hippocampal neurogenesis
comes from work in rodents. Early experiments in rats us-
ing thymidine-H? identified the formation of new granule
neurons in the adult DG (Altman and Das, 1965; Cameron
et al., 1993). Later studies combined thymidine analog
incorporation with a marker of mature neurons (NeuN),
further confirming that NSCs divide and can differentiate
into mature granule neurons in the SGZ of the DG (Kuhn
etal., 1996). Using similar methodologies, others found ev-
idence of lifelong neurogenesis in the subventricular zone
(SVZ) of the lateral ventricles (Luskin, 1993). Blocking
continuous new neuron formation disrupts cognitive per-
formance, indicating that adult neurogenesis is a critical
component of the hippocampal circuitry (Imayoshi et al.,
2008). A number of studies further support this notion
and show that adult hippocampal neurogenesis generates
neurons that are important in learning and memory, as
well as in emotional regulation (Sahay et al., 2011; Shors
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et al., 2001). Notably, adult neurogenesis is regulated by
environmental and behavioral cues. Exercise and environ-
mental enrichment (EE) are well known to increase neuro-
genesis and cognitive performance in healthy rodents. In
addition, training on hippocampal-dependent learning
and memory tasks yields a marked increase in the survival
of new granule cells in the DG (Aimone et al., 2006; van
Praag et al., 2005). In contrast, stress, aging, and neurode-
generation are potent negative regulators of adult neuro-
genesis (Gould and Tanapat, 1999; Kuhn et al., 1996).
Most NSCs in the adult brain are in a quiescent state, and
are not actively proliferating. Quiescent NSCs can become
activated and divide to generate daughter cells that either
return to quiescence (self-renewal) or differentiate into
neurons or glia (Codega et al., 2014). In mice, the process
of neurogenesis occurs over approximately 7 weeks and
can be broken down into four phases: (1) precursor cell acti-
vation, (2) early survival, (3) early postmitotic maturation,
and (4) late maturation (Ambrogini et al., 2004; Kemper-
mann et al., 2015) (Figure 1). During the precursor phase,
astrocyte-like quiescent NSCs activate and either divide
symmetrically to generate new NSCs or asymmetrically to
generate a progenitor and an NSC (Bond et al., 2015).
NSCs are able to self-renew, while progenitor cells have
limited proliferative capacity and can differentiate into
neurons or glia. Newly generated neuroblasts, progenitors
with neuronal fate, receive GABAergic input and develop
into immature neurons (Tozuka et al., 2005). During the
early survival phase, up to 50% of cells are eliminated
through apoptosis, reducing the number of newly gener-
ated neurons (Dayer et al., 2003). New neurons that survive
beyond 2 weeks migrate to the granule cell layer (GCL),
begin to develop axons and dendrites, and eventually inte-
grate into the hippocampal network (Kempermann et al.,
2003). The early postmitotic maturation phase includes
axon elongation, dendritic spine formation, and synapse
formation (Sun et al., 2013), which is largely governed by
network activity, such as GABAergic inputs (Piatti et al.,
2011). Finally, the late maturation phase is characterized
by a switch from calretinin expression to calbindin expres-
sion, and the development of electrophysiological signa-
tures of older granule cells (Ambrogini et al., 2004; Brandt
et al., 2003). During this time, new neurons form glutama-
tergic synapses and enter a critical period with a reduced
threshold for long-term potentiation compared with

newborn neurons. These changes are important for cellular
survival, mediating synaptic plasticity and memory encod-
ing (Aimone et al., 2006; Schmidt-Hieber et al., 2004).

The process of neurogenesis takes place in a specialized
niche that includes characteristic extracellular matrix com-
ponents, distinct vasculature structures, and a host of
secreted factors. While a full description of the niche archi-
tecture and its influence on neurogenesis is beyond the
scope of this review (see Bond et al., 2015), the niche is crit-
ical for supporting healthy neurogenesis. Disruptions to
the neurogenic niche can lead to learning and memory im-
pairments, whereas rejuvenation of the aged niche can
rescue cognition (Navarro Negredo et al., 2020).
Neurogenesis in the Adult Human Brain
Three independent methods have been used to assess
proliferation and neurogenesis in the adult human brain:
bromodeoxyuridine (BrdU) incorporation, immunohisto-
chemistry with markers for immature neurons, and radio-
active carbon-14 DNA measurements (Boldrini et al.,
2018; Eriksson et al., 1998; Ernst et al., 2014; Knoth et al.,
2010; Moreno-Jimenez et al., 2019; Sorrells et al., 2018;
Spalding et al., 2013). The first evidence for adult neuro-
genesis in humans came from a study by Eriksson et al.
(1998) in which incorporation of the thymidine analog
BrdU was used to identify proliferating cells in the brain.
BrdU-positive cells co-expressing neuronal markers were
observed in both the GCL of the DG and in the SVZ. Since
that initial report, several studies have reported adult neu-
rogenesis in humans (Boldrini et al.,, 2018; Ernst et al.,
2014; Johansson et al., 1999a, 1999b; Knoth et al., 2010;
Moreno-Jimenez et al., 2019; Spalding et al., 2013). Histor-
ically, the absolute level of new neuron formation in hu-
mans has been difficult to quantify, and there has been
some controversy over the magnitude of neurogenesis
postnatally. One estimate from carbon-14 incorporation
data indicates continuous adult hippocampal neurogenesis
occurs with an estimated annual turnover rate of 1.75% in
this region (Spalding et al., 2013).

However, it should be noted that some studies have failed
to detect significant generation of new neurons post-devel-
opmentally in humans (Cipriani et al., 2018; Sanai et al.,
2011; Sorrells et al., 2018). Although additional factors
may play a role, the inability to detect new neurons in
the adult brain may be due to the different methods of tis-
sue fixation and inconsistencies in long-term storage

Figure 1. Adult Hippocampal Neurogenesis in Mice

(A) Schematic representation of the mouse hippocampus. The panel on the left illustrates a coronal cut through the dorsal hippocampus of
a mouse brain. The panel on the right is a coronal section through the dorsal hippocampus.

(B) Schematic representation of adult hippocampal neurogenesis in the mouse. Quiescent NSCs become activated to generate daughter
cells that either return to quiescence for self-renewal of the NSC pool or differentiate into neurons. Neural progenitors that survive beyond
the early survival stage mature into granule neurons and integrate into hippocampal circuitry. Markers expressed throughout the phases of

neurogenesis are shown.
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conditions of the autopsy samples. A recent study ad-
dressed these underlying technical issues, which may be
particularly important for detection of the immature
neuron marker DCX (Flor-Garcia et al., 2020). This work,
along with recent advances in the development of innova-
tive technologies, such as single-cell genomics, paves the
way for future studies to precisely determine the extent to
which adult neurogenesis occurs in healthy and diseased
individuals.

Neurogenesis in Healthy Aging

It is well documented that adult neurogenesis declines in
physiological aging in mammals. In rodents, neurogenesis
significantly decreases with age in both the SVZ and the DG
niches, with a severe loss of proliferation by 20-24 months
(Enwere et al.,, 2004; Kempermann et al., 1998). Early
studies using BrdU incorporation in rats reported signifi-
cantly decreased progenitor proliferation in the aged hip-
pocampus, as low as 10% of adult levels, resulting in
reduced generation of new granule cells. It has also been
observed that the relative proportion of cycling to quies-
cent NSCs shifts throughout aging, with fewer NSCs in
the actively dividing state (Diaz-Moreno et al., 2018; Kala-
makis et al., 2019). Moreover, the overall pool of NSCs is
likely to be depleted and the ratio of symmetric to asym-
metric cell divisions becomes skewed (Encinas et al.,
2011; Moore et al., 2015). Further studies confirmed that
there is a decrease in neurogenesis by age 6 months in
the mouse, which correlates with a decline in cognitive
and sensory functions (Imayoshi et al., 2008; Kempermann
et al., 1997).

Both intrinsic and environmental factors influence
mammalian neurogenesis, including in aged animals.
For example, voluntary exercise can rescue age-related
neurogenesis defects (van Praag et al., 2005). Parabiosis
studies revealed that the presence of systemic inflamma-
tion in the aged environment impedes neurogenesis.
Conversely, when old animals are exposed to the system-
atic environment of younger animals through parabiosis,
neurogenesis and cognitive performance are increased
(Villeda et al., 2014). In addition, a highly integrated
network of signals is required to maintain healthy life-
long neurogenesis and alterations to these signaling
pathways during aging have been linked to the decline
in neurogenesis (e.g., BMP, Notch, Wnt, EGE, and IGF).
A number of age-associated intrinsic cellular changes
impact neurogenesis in aged animals, including tran-
scriptional, metabolic, proteostatic, and epigenetic
changes (for an in depth review see Audesse and Webb,
2020). For example, a major age-associated feature of
NSCs is the deterioration of protein quality control,
including autophagy-lysosome function, chaperone ac-
tivity, and overall aggregate processing. All of these pro-
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cesses are altered as NSCs age (Audesse et al., 2019; Lee-
man et al., 2018; Moore et al., 2015; Vonk et al., 2020).
Aging and Human Neurogenesis

Similar to rodents, there is evidence indicating a decline in
hippocampal neurogenesis during aging in humans. Mor-
eno-Jimenez et al. (2019) quantified DCX-positive imma-
ture neurons in 13 healthy patients with no observable
neurological disease, between 43 and 87 years of age.
DCX-positive cells were identified in each of the 13 pa-
tients, with the percentage of DCX-positive cells in the
DG decreasing with age. Additional markers of progressive
stages of neuronal differentiation (e.g., PROX1, PSA-
NCAM, NEUN, and BllI-tubulin) demonstrated defective
maturation of DCX-positive cells in AD patients. These
markers, as well as known markers of maturation, such as
calcium binding proteins calretinin (early immature neu-
rons) and calbindin (late-stage maturation), will be useful
in future studies to fully dissect the dynamics of defective
neurogenesis in aged individuals (Moreno-Jimenez et al.
2019). A second study analyzing hippocampal brain tissue
from 28 human subjects between 14 and 79 years of age
concluded that neurogenesis persists in the aged brain,
but that the number of neural progenitors and immature
neurons in the DG of the young and old patients remained
similar. In aged tissue, however, there was less angiogen-
esis, neuroplasticity, and a smaller quiescent pool in the
anterior DG compared with young tissue (Boldrini et al.,
2018). Thus, in these studies, adult neurogenesis was re-
ported to persist throughout adulthood in humans and
decrease with age. The extent to which the mechanisms
responsible for this decline are evolutionarily conserved re-
mains unclear. While the study of adult neurogenesis in
humans remains challenging due to limited access to hu-
man adult NSCs, recent technologies, such as single-cell ge-
nomics and cellular reprogramming, will help fill this
important gap in our understanding of adult neurogenesis.

AD and the Neurogenic Niche

Symptoms of AD include progressive memory loss and se-
vere cognitive deficits. Patients with AD undergo a signifi-
cant loss of neurons and synaptic connections, including
in the entorhinal cortex and hippocampus (Braak et al.,
2006). Notably, the entorhinal cortex provides the major
input to dentate granule cells, including those born in
adulthood. The presence of extracellular plaques and intra-
cellular neurofibrillary tangles are considered key hall-
marks of AD in patients.

There are two main classes of AD, the rare familial AD
(FAD) and highly prevalent sporadic AD (SAD). FAD is asso-
ciated with mutations in APP, presenilin-1 (PS-1), and PS-2
genes, and pathology that typically develops between the
ages of 50 and 60 years (Scheuner et al., 1996). SAD is typi-
cally later onset than FAD, and is often associated with a
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specific allele of the APOE gene (Corder et al., 1993). Impor-
tantly, in both classes of AD, patients exhibit plaques, tan-
gles, and debilitating cognitive dysfunction.

The plaques and tangles present in AD comprise extracel-
lular AP aggregates and neurofibrillary, misfolded tau
protein, respectively. Ap plaques generally form early in
disease progression, before cognitive symptoms are notice-
able (Glenner and Wong, 1984). This finding triggered the
“amyloid hypothesis,” which is the idea that APP cleavage
products, such as Ap42, are the fundamental cause of AD,
eventually leading to synaptic dysfunction, gliosis,
neuronal loss, and tau pathology (Hardy, 2009). APP is
cleaved by the beta-secretase enzyme at the N terminus
and by gamma-secretase at the C-terminal end. Cleavage
by gamma-secretase produces AP proteins of different
lengths, Ap40 and Ap42 (Eckman and Eckman, 2007).
AB42 levels are increased in AD and AB42 is more likely
than AB40 to precipitate and form aggregates (Vassar and
Citron, 2000). Many mutations associated with early onset
FAD impact the cleavage of APP so that there is more Ap42
than Ap40 generated and present in AD brains (Scheuner
et al., 1996). Evidence suggests that AB deposition plays a
role in AD pathology (Hardy and Selkoe, 2002); however,
therapeutic approaches targeting amyloid deposition and
cleavage processes have failed to alleviate symptoms of
the disease in clinical trials (Panza et al., 2019). Therefore,
whether AB deposition is causal remains in question.

More recently, alternative hypotheses to an amyloid-based
mechanism for AD causality have been proposed. According
to the “tau hypothesis,” hyperphosphorylation of the micro-
tubule-associated protein tau (MAPT) causes AD through for-
mation of neurofibrillary tangles. Buildup of tau tangles is
thought to disrupt critical cellular processes, such as protein
transport, ultimately leading to neuronal dysfunction and
death (Ebneth et al., 1998; Simi¢ et al., 2016). Although it
is apparent that both A plaques and tau tangles are present
in AD brains, how these two hallmarks interact and
contribute to AD pathogenesis remains unclear. Moreover,
recent studies in the field implicate sustained inflammation,
oxidative stress, and microglial activity as contributors to the
disease (Huang et al.,, 2016; Sudduth et al., 2013). Other
contributing mechanisms continue to emerge, including
degeneration caused by interactions between amyloid pep-
tides and macromolecules in the hippocampal niche (e.g.,
palmitic acid, metals) that may cause retrograde degenera-
tion in the entorhinal cortex (Young, 2020). Future studies
are necessary to fully explore these hypotheses and their
long-term impact on disease progression.

Impact of AD on Adult Neurogenesis in Humans

Recent work suggests that the decline in neurogenesis that
occurs in physiological aging is exacerbated in neurodegen-
erative diseases, including AD. However, a small number of

early studies yielded contradictory and confusing results.
Experiments using isolated NSCs from healthy and AD
postmortem tissue showed decreased viability and preco-
cious senescence in AD cells compared with controls
(Lovell et al., 2006). In agreement with these findings,
reduced numbers of progenitor cells were observed in the
SVZ of AD patients using Mushashi as a marker, although
the number of Nestin-positive stem cells was actually
increased in that study (Ziabreva et al., 2006). Another early
study reported increased neurogenesis in the hippocampus
of AD patients based on expression of DCX, PSA-NCAM,
and TUC4 (a neurogenic differentiation factor). It was sug-
gested that neurogenesis is upregulated in AD brains as a
compensatory mechanism to replenish cells that are lost
through degeneration (Jin et al., 2004b). While these initial
studies suggested changes to the NSC nichesin AD, itis also
worth noting that sample size was low in both cases (7-14
affected individuals).

In more recent work, an examination of 45 AD patients
between the ages of 52 and 97 years at a range of Braak
stages showed decreased numbers of immature neurons
at all stages compared with any healthy aged patient.
Immunohistochemistry of hippocampal tissue showed
reduced density of DCX, and DCX-positive cells co-labeled
with PROX1, NEUN, BIII-tubulin, and calbindin during dis-
ease progression, indicating deterioration across the line-
age (Moreno-Jimenez et al., 2019). Intriguingly, the decline
in neurogenesis was observed even in individuals at early
Braak stages with low levels of tau tangles or Ap plaques.
In a separate study, Tobin et al. (2019) utilized cognitive
performance as a measure of disease progression in AD pa-
tients and individuals with mild cognitive impairment.
Stem cells and DCX-positive cells in the DG were observed
in patients as old as 90 years, although overall numbers
were reduced relative to healthy individuals. Importantly,
this study demonstrates a correlation between cognitive
function and neurogenesis in the disease setting. The
extent to which the mechanisms responsible for reduced
neurogenesis in AD patients are shared with individuals
experiencing healthy aging remains to be determined.

Utilizing Mouse Models to Understand the Impact of
AD on Adult Neurogenesis

Animal models are an essential resource to understand the
mechanisms responsible for neurodegeneration. In the AD
field, a number of models have been generated based on
human mutations and phenotypes in an attempt to reca-
pitulate the disease, mostly in mice. Although over 100
mouse models of AD exist, the field has yet to find one
that fully recapitulates AD progression (LaFerla and Green,
2012). Nevertheless, these strains have been useful for
modeling AD pathology and cognitive decline to some
extent. Popular models harbor combinations of mutations
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Figure 2. The Impact of AD on Adult Hip-
pocampal Neurogenesis

Several mechanisms contribute to the AD-
associated decline in neurogenesis. Blue text
indicates an increase associated with AD and
red text indicates a decrease associated with
AD. Phosphorylated tau buildup in in-
terneurons contributes to reduced activation
of NSCs and the presence of lipid droplets
inhibits proliferation of activated NSCs. An
increase in inflammation inhibits prolifera-
tion and maturation, while reduced FGF in-
hibits differentiation. Increased GSK3p, the
kinase responsible for phosphorylating tau,
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in APP, PS-1, and MAPT. Here, we discuss recent studies us-
ing these model systems to investigate how neurogenesis is
impacted in AD (Figure 2). A summary of neurogenesis
studies performed in a range of AD models is presented in
Table 1.

One of the most widely used mouse models of AD is the
“3xTg"” mouse. These mice are a transgenic model overex-
pressing three genes containing AD-associated mutations,
one each for APPsw, PS-1, and MAPT (Oddo et al., 2003).
3xTg mice develop both tau tangles and AB plaques and
exhibit neuroinflammation, lipid accumulation, and
cognitive decline (Belfiore et al., 2019; Hamilton et al.,
2015; Oddo et al., 2003). Hippocampal plaques, phosphor-
ylated tau, neuroinflammation, and cognitive deficits
occur by the age of 6 months and progress as the mice
age through 20 months (Belfiore et al., 2019). 3xTg mice
display clear impairments in neurogenesis at the SGZ and
SVZ, but the precise timing of the defect varies from study
to study (Hamilton et al., 2010, 2015; Rodriguez et al.,
2008; Rodriguez et al., 2009). Despite some differences be-
tween studies, neurogenesis is clearly impacted in this
model with up to a 63% decrease in hippocampal NSC pro-
liferation as early as age 4 months in females, and little ca-
pacity to form new neurons by 12 months.

The 5XxFAD mouse model has also been used to investi-
gate the effect of AD pathology on neurogenesis. These
mice harbor five separate FAD alleles: three APP mutations
and two PS-1 mutations. Starting at 2 months, 5xFAD mice
have reduced hippocampal neurogenesis (DCX expres-
sion), and new neuron formation is nearly undetectable
by 7 months (Moon et al., 2014). These data, in conjunc-
tion with a recent report showing that NSC proliferation
is not impacted in SxFAD mice, suggest that the neurogen-
esis defect occurs during differentiation (Moon et al., 2014;
Zaletel et al., 2018). Regardless of the mechanism respon-
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inhibits both proliferation and maturation.
Finally, an imbalance of GABAergic and glu-
tamatergic input inhibits granule cell inte-
gration and disrupts granule cell morphology.

sible, altering adult hippocampal neurogenesis in the
5xFAD mice impacts cognitive function. For example,
increasing neurogenesis through genetic or pharmacologic
methods alone results in slight cognitive enhancement,
and increasing neurogenesis while also increasing brain-
derived neurotrophic factor levels, significantly rescues
cognitive dysfunction (Choi et al., 2018).

A clear understanding of how AD impacts neurogenesis
in mouse models of AD has been hindered by contradictory
conclusions from different models (Table 1). For example,
while the 3xTg, 5xFAD, and several APP overexpression
models have clear neurogenesis deficits, increased neuro-
genesis was observed in an APPsw transgenic model (Jin
et al.,, 2004a). PS-1 overexpression models and APP/PS-1
double transgenic mice revealed both increases and de-
creases in neurogenesis depending on the age and stage
of disease progression (Chevallier et al., 2005; Demars
et al., 2010; Sotthibundhu et al., 2009; Zeng et al., 2016).
Moreover, the stage at which neurogenesis is affected dif-
fers from study to study, with some models displaying
defects only at the maturation stage of neurogenesis
(Hollands et al.,, 2017). These differences highlight the
challenges involved in using mouse models to understand
how AD impacts the brain, and the need for better model
systems to study the disease.

Studies of neurogenesis in mouse models of tauopathy
provide additional insight into how AD pathology impacts
neurogenesis. Although MAPT mutations are not specif-
ically associated with AD, tau tangles are a key hallmark
of the disease, and in humans the number of neurofibril-
lary tangles correlates with cognitive decline and neurode-
generation better than Ap plaques (Giannakopoulos et al.,
2003). Tau plays a key role in healthy adult hippocampal
neurogenesis. As newly born neurons in the SGZ mature,
tau proteins facilitate the microtubule dynamics required
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Table 1. Adult Neurogenesis in Mouse Models of AD

Mouse Plaque Tangle Neurogenic
model Mutation(s) formation  formation Neurogenesis region Age Markers Reference
3xTg APPswe KM670/ 6 months 6 months DG By 4 months | HH3 (Rodriguez et al.,
671NL, PS-1 2008)
M146V, MAPT
P301L DG At 11 & | BrdU, Ki67, DCX  (Hamilton et al.,
18 months 2010)
DG, SvVz 2 months | Ki67, DCX, Ki67/ (Hamilton et al.,
DCX, Ki67/GFAP 2015)
DG 6 months | BrdU/NeuN, DCX  (Valero et al.,
2014)
5xFAD APPswe KM670/ 2-3 months N/A DG By 2 months | DCX (Moon et al.,
671NL, APPfLI716V, 2014)
APPlon V717L,
PS-1 M146L DG 2 months 1 DCX (Zaletel et al.,
PS-1 L286V No A Ki67 2018)
Tg2576, APPswe KM670/ 9-13 months N/A Svz 11-12 | BrdU, GFAP, (Haughey et al.,
APPswe 671NL months NeuN 2002)
Svz 1.5 months | BrdU, GFAP, Sox2, (Scopa et al.,
BrdU/calretinin, 2019)
BrdU/NeuN
1 DCX
PDAPP, APPind V717F 6 months N/A DG (SGZ) 12 months | BrdU, DCX (Donovan et al.,
APPind 2006)
DG (GCL) 12 months 1 BrdU, BrdU/DCX
J20, PDGF APPswe KM670/ 5-7 months N/A DG, SvVz SVZ3 1 BrdU, DCX (Jin et al.,
APPswe/ind 671NL, APPind months 2004a)
V717F DG 1 year
DG 3 months 1 BrdU, Ki67, NeuN, (Lopez-Toledano and
PSA-NCAM Shelanski, 2007)
DG 5 months | BrdU
DG 2-3 months | GFP reporter, (Sun et al., 2009)
morphology
Ps-1 knockin PS-1 M146V No data N/A DG 3 months | BrdU, BrdU/ (Wang et al., 2004)
NeuN
PS-1 PS-1 P117L NA N/A DG By 3 months | BrdU, BIII- (Wen et al., 2004)
tubulin,
calbindin
PS-1 PS-1 A246E NA N/A DG 12 weeks 1 BrdU (Chevallier et al.,
No A BrdU/NeuN 2005)
APP/PS-1 APPswe KM670/ 6 months N/A DG, SvZ 6 months | BrdU, BrdU/Neun (Verret et al.,
671NL, PS-1-dE9 No A Ki67 2007)
DG, SVzZ 2 months | BrdU, BrdU/DCX  (Demars et al.,
2010)
APP/PS-1, APPswe KM670/ 6 months N/A DG by 3 BrdU, DCX, GFAP, (Zeng et al., 2016)
Nestin-GFP  671NL, PS-1-dE9 months Nestin
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for axonal outgrowth (Fuster-Matanzo et al., 2012). Abla-
tion of tau in the adult hippocampus causes significant
impairment in motor coordination and spatial memory
(Velazquez et al., 2018). In contrast, hyperphosphorylation
of tau is associated with cognitive deficits and a decline in
adult neurogenesis (Boekhoorn et al., 2006). Interestingly,
overexpression of human tau in DG interneurons impaired
adult hippocampal neurogenesis. The number of NSCs re-
mained constant, but tau overexpression impacted the
morphology and transcriptional profiles of NSCs and
caused disinhibition of GABAergic inhibitory interneu-
rons. Importantly, this work suggests that GABA agonists
could be potential therapeutics to address adult hippocam-
pal neurogenesis defects in AD (Zheng et al., 2020). Several
studies specifically examining neurogenesis in the context
of tauopathies or altered tau phosphorylation revealed de-
fects in both NSC proliferation and neuronal maturation
(Komuro et al., 2015; Llorens-Martin et al., 2011, 2013).
Together, these studies indicate that hyperphosphorylated
tau can impact adult hippocampal neurogenesis indepen-
dent of AP pathology.

Enhancing Neurogenesis through Environmental Changes in
Healthy and AD Mice

The cognitive benefits associated with EE and voluntary ex-
ercise have been known for decades (Jones and Smith,
1980; van Praag et al., 2005). EE studies typically compare
an animal housed in an enriched environment (e.g.,
various objects, and often with a running wheel) to animals
in standard housing (Slater and Cao, 2015). A number of
studies using rodent models of AD show that EE and exer-
cise lead to increased neurogenesis and improved perfor-
mance in spatial memory tasks (Kim et al., 2019; Sun
etal., 2018; Valero et al., 2011). In some studies, reduction
of amyloid and/or tau pathology was observed (Hu et al.,
2010). Evidence suggests that EE results in not only
increased progenitor proliferation but also increased sur-
vival and differentiation, as well as changes in dendritic
arborization (Mirochnic et al., 2009; Valero et al., 2011).
Notably, some mouse studies show limited or no effect
following EE (Cotel et al., 2012). Although these reports
are relatively few, they underscore the complexity of
gene-environment interactions that may be unique to
each model and EE method (Kempermann et al., 2018).
For example, the duration of EE intervention is variable
and the length of intervention appears to affect the extent
to which the effect is sustained (Rodriguez and Verkhratsky,
2011; Valero et al., 2011).

The Impact of Inflammation on Neurogenesis in AD

Immune cells in the brain (e.g., microglia) contribute to the
overall pathology of AD, and inflammation is a major
feature of the disease (Itagaki et al., 1989). In the healthy
brain, microglia remain in a “resting,” stationary state,
but become activated in response to injury or disease. In
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AD, microglia are recruited to the site of amyloid plaques,
including in the hippocampus. The overall role of inflam-
mation in AD is beyond the scope of this discussion and
has been recently reviewed elsewhere (Kinney et al.,
2018). In the context of neurogenesis, studies indicate
that inflammation can have different effects depending
on the duration and intensity of microglial activation
(Russo et al., 2011). Studies in rodents show that increased
microglia activity and inflammation, as occurs in AD, cor-
relates with a decline in NSC proliferation and neuronal
maturation (Appel et al., 2018; Monje et al., 2003). Further-
more, acute overexpression of the anti-inflammatory
cytokine interleukin-10 in APP/PS-1 mice significantly im-
proves cognitive function, and rescues proliferation and
neurogenesis defects (Kiyota et al., 2012). Although more
research is needed, effective treatments for AD may
combine approaches targeting Ap and tau pathology, as
well as inflammation and microglia activity (Kinney
et al., 2018).

Future Work

At present, there is an urgent need for a better understand-
ing of how neurogenesis is impacted in the context of aging
and neurodegeneration. The field has been hindered by
technological and methodological limitations, as well as
by the shortcomings of existing animal models. Conceptu-
ally, progress has been slowed by a limited understanding
of the dynamics of hippocampal neurogenesis in humans
and the pathology and progression of AD. Future work
should take into consideration recent advances in methods
for handling, and analysis of, human tissue, new mouse
models (e.g., APP-NLF knockin mice) (Saito et al., 2014),
and genetically diverse mouse strains (Neuner et al.,
2019; Onos et al., 2019). New approaches, in combination
with continued advances in our understanding of adult
neurogenesis in humans, are necessary to elucidate the
mechanisms responsible for defective neurogenesis in the
aged and diseased brain. In the long term, this knowledge
may be critical to tackle devastating diseases, such as AD
and other dementias.
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