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Depression and dementia are major public health problems. Major depressive
disorder (MDD) and Alzheimer’s disease (AD) reciprocally elevate the risk for
one another. No effective drug is available to treat AD and about one-third of
depressive patients show treatment resistance. The biological connection
between MDD and AD is still unclear. Uncovering this link might open novel
ways of treatment and prevention to improve patient healthcare. Here, we
discuss recent studies specifically on the role of human adult hippocampal
neurogenesis (AHN) in MDD and AD. We compare diverse approaches to analyse
the effect of MDD and AD on human AHN and analyse different studies implicat-
ing the role of human AHN as a potential converging mechanism in MDD and AD.

Challenges of AD and MDD

Mental health disorders are widespread throughout society. Among the most common and most
challenging diseases are AD (Box 1) and MDD (Box 2) [1,2]. The risk of developing depression
or AD increases with age, thus with the rising number of older adults, AD and depression pose
increasing challenges for public health care. Depression and AD are associated. An early-life
depression event elevates the subsequent AD risk [3-5], and patients suffering from AD are
more prone to develop depression [6,7] and depressed people often have impaired cognition
[8-10]. Even though antidepressant treatment can help MDD patients in many cases, a significant
proportion of patients do not respond fully to it [11,12], and cognitive impairment may not improve
in parallel with the mood symptoms. Even a modest effect in delaying disease onset in subgroups of
people at risk for dementia potentially has large societal effects [13], https://www.alzheimers.org.uk/
about-dementia/types-dementia/treatments-dementia (see Clinician’s Corner). There are many
interventions aiming to prevent or delay the onset of dementia, but despite continuous efforts to
develop novel therapeutics, there is still no disease-modifying drug available [14]. Therefore,
understanding the underlying mechanisms of the depression-induced risk for dementia could help
to overcome this problem.

Could Neurogenesis Be a Common Link?

The hippocampus plays a key role in both AD and MDD. In one of its subregions, the dentate
gyrus (DG), new neurons are generated throughout life in a process called AHN. The generation
of new neurons plays a crucial role in memory and other cognitive functions, as well as the
regulation of mood [15-17]. Neurogenesis declines with increasing age, as shown in mice and
nonhuman primates [18,19]. In humans, some studies indicate age-related changes to different
degrees [20-22], while others do not see an age-related decrease in neurogenesis [23]. Of
note, a recent study did not see any age-related changes in intermediate progenitor cells and
neurons. Instead, they observed a decrease in quiescent neural stem cells (NSCs) and angiogen-
esis, resulting in decreased neural plasticity [23]. AHN can be modulated via lifestyle and nutrition
[24-26]. Several neuropsychiatric diseases have been associated with aberrations of the neuro-
genic niche [27], including MDD and AD [17,28-32]. Despite all the evidence, it should be kept in
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Highlights

Human AHN is severely depleted in both
MDD and AD indicated by reduction of
distinct neurogenic markers and hippo-
campal volume.

Human AHN might be a converging
mechanism for MDD and AD, indicating
clinical as well as genetic links.

Human AHN might display an interesting
therapeutic target to potentially develop
novel treatment strategies for MDD and
AD.
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Box 1. Alzheimer’s Disease

Dementia affects about 50 million people worldwide. About 70% of these people are diagnosed with AD [1]. AD patients typ-
ically suffer from memory loss and progressive cognitive decline. Changes in mood and behaviour including anxiety and, in later
stages of the disease, impaired motor function can be observed [91]. AD pathology results in synapse dysfunction and loss.

Early-onset AD (EOAD)/familial AD represents 4-6% of all AD cases and usually starts before the age of 65 years. Genetics
are the main determinant and heritability of EOAD lies above 90% [93,151]. Genes predictive of EOAD are APP, SORL1,
PSEN1/2,and ABCA7 [93,94]. The more common sporadic/late-onset AD (LOAD) cannot be connected to explicit genetic
variations and occurs sporadically, although there is a strong genetic contribution also to LOAD, mediated via several mu-
tations with small effect sizes [95,96]. At least 30% of the risk of LOAD is linked to lifestyle factors, such as low education,
hearing loss, depression, cardiovascular disease, metabolic diseases, and head trauma [73].

Even though both amyloid 3 (AB) and Tau deposition are AD hallmarks, it is debated whether they initiate AD pathology [97].
Other factors are considered to contribute to AD pathology. Reactive oxygen species might play a role in neuronal apoptosis
[98]. The dysregulation of calcium homeostasis plays a crucial role as well, as it can be linked to excitotoxicity, mitochondrial
dysfunction, and apoptosis or necrosis, as well as to increased protein production resulting in increased levels of AR and Tau
[99-102]. Low levels of the brain-derived neurotrophic factor (BDNF), which plays a crucial role in hippocampus-dependent
learning [103,104], have been detected in AD patients during postmortem analyses [105]. Changes in AHN have been linked
to AD by multiple studies (see Table 2 in main text) and AHN is among the earlier changes in AD [106].

mind that observed correlations between AHN biomarkers and MDD or AD pathology could
potentially result from co-correlations with unknown confounding factors that are yet to be
identified.

Nevertheless, human AHN is an interesting target to better understand dysregulation of mood and
memory in MDD and AD and might be a converging mechanism by which MDD elevates the risk
for AD. Thus, interventions enhancing AHN could help developing novel treatment strategies to tackle

Box 2. Major Depressive Disorder

Depression is characterised by a combination of five or more of the following symptoms: depressed mood, decreased
activity, gain/loss of weight, increased/decreased appetite, insomnia/hypersomnia, fatigue, retardation, delusional feelings
of guilt and worthlessness, concentration problems, and recurrent suicidal thoughts. MDD is specified by the severity of
symptoms, seasonal symptom patterns, psychotic features, and anxiety [107—109]. Genetic and environmental risk
factors modify MDD risk. It has been described as a polygenic disorder with a complex and heterogeneous genetic
structure with weak effects of each variation itself, but a large cumulative effect promoting disease onset and progression
[110], resulting from a combination of genetic and environmental factors [111].

Environmental risk factors for MDD come into play early in life and can have a long-lasting impact. Early traumas, like sexual
or physical abuse during childhood, parental separation or witnessing injury or death correlate with a higher incidence of
MDD [112]. Physical exercise can reduce depressive symptoms and decrease the risk to develop depression at all
[118,114]. Multiple studies indicate a role of nutrition, while heavy smoking, alcohol abuse and the lack of sleep raise
the risk of depression [113,115-119].

Multiple mechanisms may contribute to MDD onset and progression. Dysregulation of the hypothalamic pituitary
adrenal axis might play a role in onset and disease progression [120]. Chronic stress and immune activation are crucial
for MDD development [121,122]. Depression has been linked to aberrant noradrenaline signalling [123]. Reduced levels of
BDNF correlate with MDD and reduced neural plasticity and neurogenesis [124]. Conversely, BDNF treatment improves
depressive symptoms [125].

Many studies have linked MDD to reduced biomarkers of AHN, including reduced numbers of hippocampal GNs and
neural stem/progenitor cells, decreased hippocampal and DG volume, and reduced vascularisation of the neurogenic
niche [43,46,52]. In turn, SSRI treatment of depressed patients correlates with an increase in those hippocampal
biomarkers [43,46,48], indicating a link between AHN and depression.

Tricyclic antidepressants or monoamine oxidase inhibitors have been used to treat depression [126]. SSRIs and SNRIs are
most commonly used to treat depressive symptoms [127]. A particularly interesting drug is vortioxetine, which improves
cognition in MDD patients. It is believed to inhibit serotonin transporters and acts as a serotonin receptor agonist [127].
Combining pharmacotherapy with psychotherapy often results in better treatment outcomes [128].
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Glossary

BHI-Tubulin: microtubule component
encoded by TUBB3 gene, which is
almost exclusively expressed in neurons
[80].

Braak staging: classification of AD
severity according to the progressive
spreading of neurofibrillary tangles
formed by Tau. The early stages (I/Il)
refer to pathology which is mainly
confined to transentorhinal brain
regions. In stages Il and IV, the
hippocampus and other parts of the
limbic system are affected. In stages V
and VI, pathology has spread to the
neocortex [81].

Bromodeoxyuridine: as it is
incorporated into cellular DNA during
division, a BrdU-positive cell would have
divided after BrdU administration. Often
used to measure cell proliferation in
hippocampus [82].

14C-method: birth-dating method
using carbon isotope. C is taken up in
cells and is integrated into newly
synthesised DNA during cell division.
The "*C amount ina cellis dependent on
the concentration at the time of the cell
division. Presence of different '*C levels
in GN DNA demonstrated that new GNs
are generated during adulthood.
Calbindin: a calcium-binding protein
and marker of mature GNs [80].
Cognitive reserve: concept that
accounts for the brain’s ability to tolerate
or adapt to changes before showing
signs of cognitive impairment [83].
Doublecortin: is a microtubule-
associated protein expressed in
immature neurons and neural progenitor
cells [80].

Early-life adversity: includes physical
abuse, emotional or psychological
abuse, or child neglect [84]. Stress or
trauma early in life are large risk factors
for depression.

Electroconvulsive therapy:
application of small controlled seizures to
the brain to improve symptoms in several
psychiatric disorders (e.g., depression).
Results in changed plasticity,
neurophysiological alterations, and
changes in neurochemical levels [85].
Genome-wide association study:
genome-wide screening of genetic
variants in large populations comparing
a control group with a group carrying a
specific trait to identify variants
significantly associated with the trait [86].
Hypothalamic pituitary adrenal axis:
hypothalamic signals communicating
with pituitary gland and adrenal glands



Key Figure

Dynamics of Adult Hippocampal Neurogenesis (AHN) in Major
Depressive Disorder (MDD) and Alzheimer's Disease (AD)
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Figure 1. In the hippocampus of a healthy adult, about 700 new neurons are generated every day. Radial glia-like neural
stem cells are indicated in red and newborn neurons in purple. Neurogenesis has been proven to be reduced in both
MDD and AD. Neurogenesis has been shown to be modulated by many factors, such as exercise, diet and chronic stress
both, positively (blue arrows to pointing left) and negatively (red arrows pointing right). Age is one of the biggest risk factors
for AD and there is some indication that age correlates with reduced adult hippocampal neurogenesis. Multiple studies
indicate that MDD and AD reciprocally elevate the risk for one another, indicated by discontinuous arrows. There is more
evidence for MDD to be an AD risk factor than vice versa (indicated by arrow thickness). Treatment with selective
serotonin-reuptake inhibitors (SSRIs) might not only increase the rate of AHN back to normal levels (blue arrow pointing
left), but also prevent the progression from MDD to AD (broken blue inhibition sign).

both diseases, as well as helping to predict people at increased risk for dementia [16,17,27] (Figure 1,
Key Figure). Promising findings have already been made in mouse studies, suggesting that the activity
of newly born neurons is crucial to mediate antidepressant effects [33]. Furthermore, a study using an
AD mouse model demonstrated that increased AHN improves cognition in AD, while a reduction of
neurogenesis exacerbates cognitive impairment [34].

Discovery and Evidence for Human AHN

For decades, it had been believed that no neurons are generated postnatally in the adult brain.
Today, we know that the brain is more plastic than previously thought, adapts to environmental
changes and can be modulated [16]. In 1965, Altman and Das demonstrated that in adult rats
the generation of granule neurons (GNs) continues postnatally by labelling dividing cells in the
adult hippocampus DG [35]. More than 30 years later, Eriksson et al. provided evidence for
AHN in postmortem tissue of patients that received injections of bromodeoxyuridine (BrdU,
see Glossary) [36]. Further evidence was provided by Spalding and Bergmann. They performed
a birth dating approach based on the presence of the isotope '#C in GN DNA to demonstrate that
new GNs are generated during adulthood (~700/day) [21].

The abundance of adult neurogenesis in the human hippocampus has recently been debated.
Sorrells et al. used doublecortin (DCX) and polysialic acid-neural cell adhesion molecule
(PSA-NCAM) as markers for immature neurons in human adult postmortem brains and found

Cell

REVIEWS

to regulate glucocorticoid/cortisol levels.
Regulates stress response, immune
response, and adrenergic and
noradrenergic neural circuits [87].
Lewy body dementia: form of
dementia that is associated with
deposits of a protein called a-synuclein,
or so-called Lewy bodies [88].

Nestin: gene encoding for an
intermediate-filament protein. Used to
label proliferating neural progenitor cells
[80].

NeuN: neuronal nuclei antigen encoded
by RBFOX1 gene. Marker for neuronal
differentiation [80].

Polygenic risk score: prediction of risk
for a certain disease based on
cumulative effects of all known
associated genetic variations. The
effects of those variations are based on
data from genome-wide association
studies [92].

Proliferating cell nuclear antigen:
involved in DNA replication and marker
for proliferating cells [80)].

Prospero homeobox protein 1:
transcription factor specific to
hippocampal GNs in the brain [89].
Polysialic acid-neural cell adhesion
molecule: marks developing and
migrating neurons in the hippocampus
[80].

Selective serotonin-reuptake
inhibitors: most common form of
antidepressant drug (https://www.nhs.
uk/conditions/ssri-antidepressants).
Vascular Endothelial Growth Factor
A: involved in vascularisation and
angiogenesis [90].
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almost undetectable levels, questioning the importance of AHN for memory and cognition [20].
Subsequently, contrasting studies provided evidence that AHN persists in adults, even in old
age, for example, by demonstrating neurogenic activity in brain samples of donors up to the
age of 79 years [23]. Additional studies demonstrated the presence of neurogenesis in the
adult hippocampus using markers such as DCX and PSA-NCAM [37,38]. These contrasting find-
ings might be explained by several factors including postmortem interval, method and duration of
fixation, as well as different methods of quantification. This has been analysed extensively else-
where [39]. Altogether, latest studies indicate that AHN in humans persists up into old age.

MDD Is Correlated with Changes in AHN

The hippocampus is involved in mood regulation and changes in neurogenic activity have been
associated with MDD. Multiple studies have suggested a reduction of AHN in MDD patients
[28,40,41]. Studies on human postmortem brain tissue demonstrated reduced hippocampal
volume, decreased numbers of hippocampal GNs, and decreased vascularisation of the
neurogenic niche in MDD patients. Vascularisation has been shown to correlate strongly with
neurogenesis and increased vascularisation indicates increased levels of neurogenesis as both
are regulated by overlapping factors [42,43]. In addition, magnetic resonance imaging (MRI) stud-
ies have reported decreased hippocampal volume associated with MDD [44,45]. It should be
noted that increased hippocampal volume alone is only an indicator of altered AHN. Volume
changes could also originate from other factors including altered numbers of glia cells or differ-
ences in cell survival. Therefore, it is important to quantify the numbers of stem cells and newborn
neurons to gain confidence about changes in AHN. In contrast, administration of selective se-
rotonin reuptake inhibitors (SSRIs) seemed to increase the number of neural progenitor cells
(NPCs) in the hippocampus [43,46-48]. A more complete overview of AHN in humans can be
found in Table 1. Work on AHN in animal models of depression has been summarised elsewhere
[49]. Support for the association of depression and AHN comes from studying cancer patients
receiving chemotherapy who develop depressive symptoms. The administered drugs interfere
with cell division and, therefore, affect NPC proliferation in the hippocampus [50,51].

A postmortem immunohistochemical analysis of human hippocampal tissue of depressed
patients revealed reduced numbers of NeuN*™ GNs in the hippocampus, with levels dropping
to ~30%. This coincided with a decreased volume of the DG of approximately 40% in the anterior
DG and 50% in the mid-DG, associated with MDD. Nissl| staining and stereological analysis
suggested a slight reduction of the mid-granule cell layer (GCL) size. Notably, the differences in
GN numbers were reversed upon antidepressant treatment. Both DG and mid-GCL size were
enlarged in MDD patients that were treated with SSRIs compared with controls. The number of
GNs and the DG size correlated with vascularisation of the neurogenic niche [46]. However, it
should be noted that a reduction of GN numbers and changes in hippocampal volume might
not necessarily reflect changes in AHN but could originate from other changes such as altered
rates of apoptosis. A more recent study reported, in addition to decreased numbers of GNs,
reduced numbers of Nestin™ cells in the anterior (>80%) and mid (>50 %) DG of MDD patients,
indicating a reduction of NSCs [52].

In the same study, the authors investigated the role of AHN in resilience to early-life adversity
(ELA) [562]. ELA has previously been suggested to increase the risk of developing depression
[63]. When comparing healthy people with ELA and MDD patients with ELA, the authors identified
significant differences in volume and cell numbers. Both anterior and posterior DG volume and
anterior NeuN™ cell counts were increased in tissue from healthy patients with ELA, while for
MDD patients with ELA the trend was inverse. The authors concluded that ELA affects AHN. A
decrease of DG volume and NeuN™ cells are probably associated with higher susceptibility to
stress and that increased AHN after ELA might be a mechanism of resilience [52].
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Table 1. Selected Studies on the Role of Human AHN in Depression®®

Disease/cases Age, year
(mean + SD)
One episode of major depression 40.6 +12.5
(n=30),
Control (n = 30) 40.3+12.6
Depressed suicide subjects (0 = 11), 36.2 + 10.1
Control (n = 11)
37.8+11.6
MDD (n = 434) N/A
Control (n = 379) N/A
MDD untreated (n = 31) 39.2+11.9
Control (n = 31) 36.7 + 10.7
Untreated MDD (n = 5) 42 +£15.8
SSRl-treated MDD (n = 4) 415 +17
TCA-treated MDD (n = 3) 42.3+16.9
Control (0 =7) 53.9+13
MDD (n = 10) 68.7 £ 11.7
Control (n = 10) 68.1+125
MDD (n = 21) 41.7+11.0
Control (n = 21) 43.2 +10.2
(all subjects
were female)
MDD (untreated) (n = 12) 43.6 + 13.3
MDD (SSRI) (n = 6) 38.8+13.8
MDD (TCA) (n = 6) 46.2 +17.1
Control (n =12) 41.8+14.6
MDD (untreated) (n = 15) 51+5
MDD (TCA) (n = 5) 54 +10
MDD (SSRI) (n = 5) 407
Control (n =17) 44 + 4
MDD (n = 17) 417 +11.0
Control (n =17) 43.2 +10.2
Control (n = 57) - self reporting levels of 19.48 + 2.05
depression (BDI scores) groups:
BDI <9 (n = 27) - not depressed
BDI >9 (n = 25) — moderate symptoms
(no one had a score >29, reflecting severe
depression)
MDD (n = 20) 473115

nine unmedicated, 11 medicated

Neurogenic marker

MRI
Hippocampal volume

P44/42 MAPK assay
Western blot, PCR
ERK1/2 levels

Hippocampal volume
(MRI)

MRI
Hippocampal volume

Immunohistochemistry
Nestin

Ki-67

DG volume

Immunohistochemistry
MCM2
PH3

MRI
Hippocampal size and
shape analysis

Immunohistochemistry
DG volume, capillary
area (Nestin/PECAM),
No. of NPCs
(Nestin/Ki67)

Immunohistochemistry
NeuN (GN)

GCL volume

DG volume

Nissl stain
Density of GC, glia,
CA2/3 and CA1 cells

Neurogenesis-
dependent cognition
task (pattern
separation)

MRI
DG volume

Cell

REVIEWS
Main results Refs
| Hippocampal grey matter (male) [40]

| Hippocampal left and right white matter (male and female)
Alterations in left/right asymmetry (male and female)

| P44/42 MAPK activity decreased in hippocampus
1 MKP2 increased in hippocampus

Hippocampal volume | in depression

No significant changes between control and MDD
Within MDD: correlation between MDD severity and level of
regional hippocampal atrophy

Lower number of progenitor cells in MDD Numbers
restored/increased upon treatment with TCA or SSRI:
Nestin 1, Ki-67 1

DG volume 1

MCM2 | in MDD
PH3 < no response to antidepressant treatment

Hippocampal atrophy and shape contractions in MDD

Lower number of NPCs in MDD
MDD (SSRiI)

1 NPCs

1 Capillary area

1 DG volume
MDD (TCA)

1 NPCs

1 DG volume

MDD
| DG volume
| GCL volume
1 NeuN

MDD (SSRI)
1 GCL volume
1 NeuN

MDD vs control «»

MDD group: | volume and GC numbers with 1 duration of
recurrent/chronic MDD

(1 GC and glia cell number when antidepressants detected
postmortem)

1 CA1, pyramidal neuron density

with duration in recurrent/chronic MDD

1 CA2/3 pyramidal neuron density with age in MDD
subjects with no antidepressant detected postmortem

| GC density with duration in MDD subjects with no
current antidepressant prescription

| Neurogenesis-dependent memory in BDI >9 group

| DG volume in MDD - increases upon treatment

[130]

(28]

[131]

(48]

(30]

(49]

(43]

(46]

[132]

[62]

(44]

(continued on next page)
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Table 1. (continued)
Disease/cases

Control (n = 27)
MDD (ECT) (n = 15)

Mood disorder (MD) (n = 17)
antidepressant-treated MD
[MD (ADT), n = 10]

benzodiazepine-antidepressant-treated

MD (MD - ADT, BZD, n =7)
Control (n = 18)

MDD (no exercise) (n = 38)
MDD (exercise) (n = 41)

MDD (n = 10)
Control (n = 10)

Depression (n = 6)

Dementia (n = 41)

- untreated (n = 13)

- treated with SSRls (n = 6)

- treated with AChEI (n = 12)

- combined treatment (n = 10)
Control (n = 15)

MDD (n = 23)
Control (n = 23)

MDDSui-w/0ELA (n = 13)
MDDSui-wELA (n = 13)
Control-w/oELA (n = 13)
Control-wELA (n = 13)

Depressed (n= 23), before and after ECT

Control (n = 8)

MDD patients (n = 220),

Treatment with placebo or NSI-149

(40 or 80 mg/day) (3:1:1)

21, increased; |, decreased; «», unchanged.

Age, year
(mean + SD)

48 +13.0
54 +6

57 +6.8

46 + 4.1

43.8+12.2
38.9+11.7

47.3+11.5
48 +13.0

51.3+95

N/A

80.92 +5.72
80.33 +5.82
78.67 +4.42
80.1 +£5.99
80.47 +8.48

56+ 18
56+ 18

41.5+10.9
36.3 + 20.1
38.5 +14.5
36.6 +18.5

50.3

49.25
18-60

Neurogenic marker

MRI
Hippocampal volume,
amygdala volume

Immunohistochemistry
DG NPCs
(Nestin/Ki67)

DG granule neurons
(NeuN)

MRI

Hippocampal volume,
serum (BDNF, VEGF,
IGF-1), verbal memory
and Hamilton
Depression Rating
Scale with 17 items

Quantitative PCR
Telomere length

MRI
Hippocampal grey
matter volume

Immunohistochemistry
DCX

RNA sequencing of
DG

Immunohistochemistry
DG volume

GN number (NeuN)
NPC number (Nestin)
Glia (Nissl stain)

MRI
DG volume
(before vs after ECT)

Several depression
scores: primary —
MARS: secondary —
SDQ, CPFQ, QIDS-SR
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Main results

1 Volume increase of hippocampus and amygdala after
ECT correlating with | depression score

BZD inhibits antidepressant effect on neurogenesis

No changes from intervention, but 1 right hippocampal
volume correlates with | depression score independent of
exercise

| Telomere length in hippocampus in MDD

1 Hippocampal grey matter volume, correlates with
ldepression score, after vagus nerve stimulation for
depression treatment

1 DCX with SSRI treatment

1 Cytokines, inhibitors of angiogenesis, KANSL1
| inflammatory genes, GABBR1

Control-wELA vs Control-w/oELA:
1 DG volume
| NPCs
WELA vs w/oELA
1 GN and Glia
MDDSui-w/oELA vs Control-w/oELA:
| Anterior and mid-DG GNs
| Anterior NPCs
| DG volume

1 Volume increase in left and right DG, and associated with
| in depression scores

Improvement of all depression scores

(drug increased hippocampal neurogenesis in model of
human foetal hippocampus-derived stem cells and in
mouse model)

Refs

[77]

[47]

[133]

[134]

[135]

(29]

(54]

(52]

[56]

(59]

b Abbreviations: AChEI, acetylcholin-esterase inhibitor; ADT, antidepressant-treated; BDI, Beck Depression Inventory; BZD, benzodiazepine; ERK1/2, extracellular signal-
regulated kinase 1/2; IGF-1, insulin-like growth factor 1; MAPK, mitogen-activated protein kinase; MCM2, minichromosome maintenance protein 2; MKP2, MAPK phos-
phatase 2; PECAM, platelet endothelial cell adhesion molecule; PH3, phosphorylated histone H3; wELA, with ELA; w/oELA, without ELA.

Besides immunohistochemistry analyses, other approaches have been used to investigate the
role of AHN in MDD. RNA sequencing of DG tissue from healthy controls and MDD patients
identified elevated mRNA levels of inhibitors of angiogenesis in the MDD group [54]. As mentioned
earlier, vascularisation and angiogenesis have been correlated with neurogenesis [42,43].
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Therefore, impaired angiogenesis might interfere with the neurogenic capacity of the hippocam-
pus. Furthermore, the authors identified inflammatory, as well as neurogenesis-related transcrip-
tional changes in the DG associated with MDD [54].

Several studies suggest that both pharmacological and nonpharmacological interventions may
enhance AHN, which not only improves depressive symptoms but also can have beneficial ef-
fects on cognition and may reduce the risk of dementia (Box 2 and Clinician’s Corner). Pharma-
cological treatment of patients with NSI-189 phosphate, which has been reported to increase
AHN in mice, as well as proliferation of human hippocampal progenitor cells in an in vitro
model, results in improved depression scores [55]. Electroconvulsive therapy (ECT) is used
to treat patients suffering from depression. MRI data indicate that ECT results in an increase of
hippocampal volume which correlates with improved depression scores [56].

Altered Human Neurogenesis in AD

Multiple studies in rodents [57,58] and humans [27] have investigated the role of AHN in AD
pathology. Different studies investigating aberrations of AHN in human AD patients are depicted
in Table 2. A detailed immunocytochemistry analysis detected AHN in healthy controls (n = 13)
and AD patients (n = 45) up to an age >90 years, elucidating distinct differences between healthy
subjects and AD patients [37]. AD patients were grouped according to Braak stages to investi-
gate whether increasing AHN depletion correlates with disease progression. DCX* neuroblasts
were reduced to approximately 60-70% of control levels in less severe AD (Braak stages I-l).
As AD pathology progresses (Braak stages IV-VI), DCX levels decreased further to approximately
30-40%. Of all DCX* cells, coexpression of PSA-NCAM, Prospero homeobox protein 1
(PROX1), NeuN, glll-tubulin, or calbindin (CB) was reduced, indicating impaired neuronal
maturation.

Tobin et al. investigated AHN in a cohort up to the tenth decade of life, including cognitively
healthy people (n = 6), as well as patients suffering from mild cognitive impairment (MCI),
describing memory problems that were not severe enough to be classified as dementia (n = 6),
or AD (n = 6) [38]. In contrast to Moreno-Jiménez et al. [37], they correlated neurogenic decline
with impaired cognitive function rather than progressive Tau pathology. The authors report a
reduction of DCX*/proliferating cell nuclear antigen (PCNA)" cells, reflecting dividing
neuroblasts, in the hippocampus of subjects with MCI. Logistic regression analysis demonstrated
that reduced numbers of neuroblasts correlate with impaired cognitive performance. The number
of neuroblasts is additionally correlated with the functional interaction of SNARE proteins, which
are essential for neurotransmitter release. Cognition and the number of Nestin®/SOX2*/Ki67*
cells were negatively correlated. The authors speculate that the ratio between the two described
cell populations might be relevant in the context of cognitive decline.

Hippocampal gene expression profiles from RNA sequencing in young and healthy aged individ-
uals, and AD patients revealed gene expression differences in AD linked to reduced proliferation
and altered vascularisation, decreased neuroprotective functions, and increased cell death [150].
One of many differentially expressed genes was VEGFA. Vascular endothelial growth factor
(VEGF)A directly stimulates NPCs and is important for vascularisation and angiogenesis [59].
It was upregulated during healthy aging but not in AD [150]. As vascularization is essential for
the neurogenic niche, a reduction of this process is likely to have a negative impact on
neurogenesis [60].

In line with these findings, another study reported differential methylation of genes in hippocampal
tissue of AD patients [61]. Many differentially methylated genes could be linked to neural
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Table 2. Selected Studies on The Role of Human AHN in AD
Disease/cases Age, years Neurogenic marker Main results Refs
(mean + SD)
AD (n=7) 13-103 Neuronal loss in different Neuronal loss in AD in CA1, hilus and subiculum, most strikingly in [136]
Control (n = 45) — 14 of these hippocampal subregions CA1
were age-matched (Immunohistology) Lower mean cell counts also in CA3-2 and DG yet not significant
AD Western blot and < NCAM in AD [137]
Western blot (n = 6), 73.67 immunocytochemistry: (all brain regions)
Immunocytochemistry (n = 5) 807 NCAM (four isoforms:
Controls 195, 185, 145, 120 kDa)
Western blot (n = 6),
Immunocytochemistry (ICC) 71
(n=5) 70+ 14
AD (n=12) 82.4 +10.9 Immunohistochemistry 1 PSA-NCAM in AD (outer molecular layers and inner third of DG) [138]
Control (n = 10) and western blot 1 PSA-NCAM in AD (CA1 subfield sections)
711 +12.7 PSA-NCAM < PSA-NCAM in GCL
Early AD (n=3) 76.67 Western blot Western blot [139]
Moderate AD (n = 3) 79 DCX 1 DCX, PSA-NCAM, Tuc-4 and NeuroD in AD hippocampus
Severe AD (n = 3) 77.33 PSA-NCAM <> Calbindin, D28K and NeuN
Control (n =7) 35.4 NeuroD
Tuc-4
Calbindin
NeuN
AD (n =5) 74.8 HC Immunohistochemistry [139]
Control (n = 4) 66 DCX 1 TUC4 and DCX in GCL in AD.
Tuc-4
Cases (n=17) 71-102 Immunohistochemistry 1+ MCM2 in glia in CA1 in higher Braak groups [140]
- Dementia (n = 8) MCM2 1 proliferation markers in higher Braak groups
- Controls (n = 11) Ki-67
PCNA
AD (n=7) 82.50 + 4.97 Immunocytochemistry 1 Nestin in SVZ in AD. [141]
Control (n =7) Msi-1 < Nestin in ependymal layer
79.67 £ 3.93 Nestin 1 Msi-1in SVZ in AD.
GFAP < Msi-1 in ependymal layer
«— GFAP in subventricular zone (SVZ)
AD (n=9) 66.2 + 2 Immunohistochemistry 1 Ki67 in CA1-3 in AD (due to increases in glia-rich and blood [142]
Control (n = 10) DCX vessel-rich areas)
67.1+23 GFAP 1 GFAP in DG in AD
Ki67 « DCXin AD
AD (n =14) 79.4+10.9 Immunohistochemistry 1 MAP2a/b in AD DG. [31]
Control (n = 15) 836 +7.4 and in situ hybridisation — MAP2c
MAP2a/b/c
Early/moderate AD (n = 7) 86.1+1.7 Immunocytochemistry | DCX and SOX2 in severe AD [32]
severe AD (n =7) 80.0+1.9 DCX 1 BMP-6 in AD
Control (n = 5) 87.0+4.6 SOX2
BMP-6
gRT-PCR
BMP-6
AD (n = 20) 81.2+7.0 Immunohistochemistry 1 Msi-1in SGZ and GCL in AD (negative correlation with Braak staging) [143]
Control (n = 21) 80.9+8.5 Msi-1 «— Msi-1in SVZ.
Nestin 1 Nestin in SVZ, SGZ and GCL in AD (correlation with Braak staging)
DCX 1PSA-NCAM in SGZ and GCL in AD (correlated with Braak staging).
PSA-NCAM < in PSA-NCAM in SVZ.
B-tubulin 1DCXin GCL in AD.
> B-lll-tubulin in AD.
AD (mild — moderate) (n = 66) 766 +7.5 CDR System pattern Presence of ApoE €4 genotype and increased ABR42 levels [144]
Control (n = 104) 76.9 + 4.1 separation task, ApoE €4 correlated with worse performance in difficult pattern-separation
(all participants genotype and tasks



Table 2. (continued)
Disease/cases

AD (n =10)
Control (n =9)

Braak stage O-ll

(n =12, dementian = 3)
Braak stage -V

(n =11, dementia n = 5)
Braak stage V-VI

(n =5, dementia n = 5)

MCI (n = 3)
Symptomatic AD (n = 6)

Non-demented AD pathology

(n=4)
Control (n = 4)

Significant memory concerns

(n=94)

Early mild cognitive
impairment (n = 280)
Late mild cognitive
impairment (n = 512)
AD (n =310)

Control (n = 367)

AD (Braak V) (n = 5)
Control (n = 39)

AD (n=18)
Young control (n = 17)
Aged control (n = 21)

AD (n = 45)
Braak | (n=5)
Braak Il (n = 3)
Braak lll (n = 4)
Braak IV (n = 4)
Braak V/ (n = 13)
Braak VI (n = 16)
Control (n = 13)

MCI (n = 6)
AD (n = 6)
Control (n = 6)

AD (n = 26)
Control (n =12)

Age, years
(mean + SD)

58-79
58-79

80.3+8.4
88.9+8.2

86.8+5.3

74 10 >89
67 to >89

>89

74 t0 >89
71.77 £ 5.65

7114 +£7.26
73.52 £ 7.65

74.65 +7.79
74.59 + 5.57
74-89
gestational week

13-72 years

70-99
20-50
70-99

52-93

43-87
86-95

85-99
79-93

59-96
19-88

21, increased; |, decreased; «», unchanged.
b Abbreviations: MAP2, microtubule-associated protein 2; BMP-6, bone morphogenic protein 6; CDR, clinical dementia rating; PAX6, paired box 6; ADORA2A, adenosine
A2A receptor; gRT-PCR, quantitative real-time PCR; ChIP-gPCR, chromatin immunoprecipitation quantitative PCR; SNARE, soluble N-ethylmaleimide-sensitive-factor at-

tachment receptor.

° This table has been adapted and updated from [80].

Neurogenic marker

Immunohistochemistry
Kie7

Calretinin

SOX2

Immunohistochemistry
Nestin

DCX

PCNA

HuC/D

GFAP

Immunocytochemistry
NSC numbers in
dissected DG

miRNA gRT-PCR from
dissected DG

Gene-based association
analysis

ADORA2A,

MRI

Hippocampal volume

Immunohistochemistry
Nestin*,
GFAP*/Vimentin®,
GFAP*/PAX6",
GFAP*/PAX6

(semi quantitative)

Hippocampal gene
expression profiles

Immunocytochemistry
DCX
PSA-NCAM

Immunocytochemistry
DCX

DCX/PCNA
Nestin/Sox2/Ki67
Hippocampal Volume

ChIP-gPCR
Differentially methylated
positions (DMPs)

Cell
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Main results Refs
1 Ki67 and Calretinin in SGZ of DG of AD [145]
«— SOX2 in AD
< Nestin in DG. [146]

| HuC/D in DG in Braak V-VI.

| GFAP in DG in Braak IlI-IV

1 GFAP in DG in Braak V-VI

1 DCXin DG in higher Braak stages
< all markers in SVZ and ECL

1 SOX2* NSCs in nondemented AD compared with symptomatic
AD

1 Neurogenesis-regulating miRNA in nondemented AD compared
with symptomatic AD

ADORA2A variant (rs9608282)

associated with increased hippocampal volume, lower Tau levels
and improved memory. AD patients with this variant also higher
hippocampal volume

AD similar to controls, less contact between Nestin® or GFAP* with
blood vessels. More GFAP than Nestin in AD cases

Altered hippocampal gene expression in AD, associated with:
- possible vascular dysfunction
- altered proliferation and cell death
- altered neuroprotective function

| DCX: decreases with each Braak stage
| PSA-NCAM

| DCX/PCNA in MCI (correlates with lower cognitive score and less
interaction of presynaptic SNARES)

AD-related DMPs in hippocampal committed NPCs and
neurogenesis-related genes (includes homeobox transcription
factors)

[147]

[148]

[149]

[150]

(7]

(38]

[61]
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differentiation, reflecting alterations in hippocampal neurogenesis. This association is strong,
even when compared with the usual AD-associated pathways (apoptosis, autophagy, inflamma-
tion, oxidative stress, and mitochondrial or lysosomal dysfunction) suggesting a significant role of
AHN in AD, even in comparison with more commonly associated pathways.

AHN as a Potential Mediator of the Increased Risk of AD Associated with MDD
Given that AHN might be altered in both MDD and AD, AHN might not only be correlated with, but
also possibly mediate the increased risk of AD in people with a history of MDD. Few studies have
explored this possible interaction, but a postmortem analysis of human brain tissue suggests that
treatment of depression using SSRIs is associated with increased numbers of DCX* cells in
patients with Lewy body dementia, indicating increased neurogenic activity. Moreover, patients
receiving this treatment displayed less cognitive decline. In fact, increased levels of DCX corre-
lated with better cognitive scores [29]. These findings support the hypothesis that
antidepressant induced enhanced AHN may both improve mood and potentially prevent
neurodegeneration and preserve memory. Notably, depressed patients perform worse in
hippocampus-dependent cognition tasks compared with a nondepressed group, indicating
that the hippocampus does link mood and memory in depression [62].

A recent study analysed several MDD risk loci for association with AD by using genome-wide
association studies (GWASs) summary statistics, mRNA expression analyses of MDD risk
genes in AD patients and murine AD models, as well as sequencing of whole coding regions of
MDD risk genes in 107 Han Chinese patients with AD [63-65]. Some genes could be associated
with both MDD and AD, and some of these are highly expressed in the hippocampus. For
instance, SORCS3 could be associated with an increased pathological burden in the hippocam-
pus as it is involved in the processing of the amyloid precursor protein (APP), potentially affecting
AHN [66]. Another gene overlapping between MDD and AD is MEF2C, which has been linked to
memory and synapse regulation and MEF2C knockdowns have been associated with impaired
neuronal differentiation and maturation, processes that are relevant to AHN [67-69)].

Furthermore, polygenic risk scores (PRSs) of genetic MDD risk variants in nondepressed
people suffering from MCI have been associated with decreased hippocampal grey matter
volume and are predictive of the conversion from MCI to AD. Following up with a hippocam-
pus-specific analysis of genes involved in the PRS, the data reveal that genes that are altered
are involved in processes like axon guidance, anatomical structural morphogenesis, neuron
projection, and cellular development [70].

These studies strengthen the hypothesis of a genetic or mechanistic link between MDD and AD
and indicate that AHN could indeed be a mechanism by which MDD increases the risk for AD or
results in earlier onset, possibly due to a reduced cognitive reserve. However, more studies are
needed to provide more evidence for this hypothesis.

Comparative Analysis of Neurogenic Reduction in AD and MDD

The process of AHN involves several stages, which can be differentiated by expression of differ-
ent markers, ranging from radial glia (RG)-like NSCs over transiently amplifying NPCs and
neuroblasts to immature and mature postmitotic neurons (Figure 2A). Using immunocytochemis-
try and immunohistochemistry analyses of human postmortem brain tissue, two recent studies
investigated neurogenic changes in AD [37], and the decline of AHN in MDD [52] (Figure 2B). No-
tably, many of the findings complement each other. DCX* cells, which are probably representing
neuroblasts, as well as early postmitotic neurons are reduced [37]. Nestin, labelling NSCs and
early transiently amplifying NPCs, and NeuN a marker for early postmitotic and more mature
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Trends In Molecular Medicine

Figure 2. Stages of Human Adult Hippocampal Neurogenesis (AHN) and Immunocytochemical Analysis in
Major Depressive Disorder (MDD) and Alzheimer’s Disease (AD). (A) Generation of new neurons takes place in the
subgranular zone (SGZ) of the dentate gyrus (DG) which harbours the type | radial glia-like neural stem cells (RGL-NSCs,
red). RGL-NSCs divide sporadically and give rise to the rapidly proliferating type Il a/b transient amplifying neural
progenitor cells (light red/orange). They give rise to type Il neuroblasts (blue), which are still proliferating. Once they exit the
cell cycle, they form immature neurons in the granular layer (purple). During the early postmitotic phase, they are excitable
by GABA, regulating dendritic maturation and synaptic integration until they have properly matured (green) and connected
to the surrounding signalling network (yellow) [129]. Below, corresponding markers are indicated in matching colours to
highlight stage specificity. Prospero homeobox protein 1 (PROX1) (grey) marks the granule neuron lineage, instead of
specific stages (Adapted, with permission, from [80]). (B) Major findings on AHN alterations in MDD or AD. MDD is
associated with decreased levels of Nestin® and NeuN* cells, expressed by neural stem cells and mature neurons,
respectively, as well as with a lower dentate gyrus (DG) volume, especially in the anterior and mid-DG. AD is strongly
associated with decreased doublecortin (DCX)* cells, representing progenitors or neuroblasts. DCX* cells colabelled with
other markers [polysialic acid-neural cell adhesion molecule (PSA)-NCAM), DCX/CB, DCX/NeuN, DCX/PROX1, DCX/fIII-
tubulin), are decreased, indicating impaired differentiation from neuroblasts into immature neurons. Abbreviations: CB,
calbindin; GFAP, dlial fibrillary acidic protein; MAP2a/b, microtubule-associated protein a/b; Msi1, musashi-1; NeuN,
neuronal nuclear antigen; PCNA, proliferating cell nuclear antigen; SOX2, SRY-box transcription factor 2.

GNs are also reduced [52]. Furthermore, DG volume and GCL size are reduced [52], although
changes in volume are not proof for altered AHN and could originate from changes in glial cell
counts, altered apoptosis, and altered vascularisation, etc. While the results from both studies
indicate a decrease in the presented markers, supporting the hypothesis of AHN dysregulation
in neuropsychiatric diseases, neither of them assessed the whole neurogenic trajectory
completely. Moreover, the use of different markers makes it difficult to compare findings,
especially quantitatively, among different studies.
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A reduction of NeuN™ cells only might not necessarily mean that fewer new neurons are born,
and increased rates of apoptosis would lead to a similar result. Only the addition of Nestin as
a second marker increases confidence that decreased NeuN™ cells might be a result of a re-
duction of Nestin® NSCs/NPCs. Colabelling of DCX with a second marker for postmitotic
cells (NeuN, PSA-NCAM, f3,lll-tubulin, CB or PROX1) gives more robust data to demonstrate
a reduction of neuroblasts and early postmitotic neurons. While this gives evidence for a re-
duction of neuroblasts and early postmitotic cells, it does not provide information on the NSC
pool. Therefore, none of the aforementioned studies draw a complete picture of the neuro-
genic trajectory. It might be useful, to define distinct sets of markers to label all stages of
AHN in order to create findings that are comparable among different studies. Furthermore,
analysing for all stages of AHN gives a better impression of where neurogenesis might be
disturbed.

When looking at changes of AHN in MDD, different DG subregions demonstrate MDD related
changes predominantly in the anterior- and mid-DG [52]. The more prominent reduction of
neurogenic activity in anterior regions is in line with previous studies suggesting that the anterior
(ventral in mice) DG is more involved in mood regulation, while the posterior part (dorsal in mice)
shows stronger links to cognition [71]. A similar differentiation into subregions in the context of
AD would be interesting to investigate whether changes might be more prominent in the
posterior DG.

Concluding Remarks

In our ageing population, depression and dementia become increasingly prominent and present
major challenges for society. The role of depression as a possible risk factor for dementia and the
overlap of MDD and AD have been under debate. Here, we focused on human studies demon-
strating the role of AHN in MDD and AD, as well as some indications that hippocampal
neurogenesis might display a converging link between those two diseases.

Although use of antidepressants improves cognition in patients with Lewi body dementia [29], this
does not necessarily mean that the same applies to AD. We propose to further study whether the
treatment of depression that prevents or delays the onset of cognitive decline and AD involves
AHN (see Outstanding Questions). Postmortem analyses of neurogenic decline in MDD or AD
present findings that are complementary, but difficult to compare. One way to create a more
comprehensive view on AHN in depression and dementia would be to define a commonly
used set of markers that labels all different stages of neurogenesis in the human brain. This
would allow a comparison of findings across different studies and disorders and enable better
interpretations regarding the role of AHN. Furthermore, postmortem analyses only depict a
screenshot of AHN which is a very dynamic process. While recent studies indicate a reduction
in neurogenesis, it cannot be proven with certainty, as not all stages of AHN are visualised in either
of those studies. AHN is a dynamic process; developing a live model for direct assessment of AHN
could contribute to understanding its role in MDD and AD. Some in vitro models of human hippo-
campal neurogenesis already exist; for example, using human induced-pluripotent-stem-cell-
derived GNs [72]. Similar models could be used to investigate the effect of hippocampal
neurogenesis in MDD and AD.

Genetics could provide further insight into the overlap of AD and MDD. Multiple GWASSs have
looked at genetic alterations in MDD or AD [63,64] and identified overlaps between both diseases
[65]. A combination of these data with cellular assays could provide further functional understand-
ing of AHN as a possible converging mechanism.
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Clinician’s Corner

Depression is widespread among
older people and often accompanied
by cognitive impairment which can
progress to dementia [73]. Especially
in patients with late-life depression, it
can be difficult to decipher whether
cognitive impairment is a side effect of
depression, or whether it is a symptom
of dementia/AD [74,75].

Antidepressants may improve cognitive
function in the short term, but it is
unclear if they have a protective effect
against dementia.

Hippocampal neurogenesis can be
increased by certain antidepressants
and nondrug interventions, such as
diet or exercise [24,76], but its role in
depression-induced cognitive decline
in elderly people is not clear. SSRIs
have previously been shown to improve
depressive symptoms, as well as to
increase hippocampal neurogenesis.
Similar findings have been reported
after ECT [56,77]. The compound
vortioxetine has been reported to
improve cognition in depressed
patients [78].

Cognitive training improves cognition
but its potential in treating depression-
induced cognitive decline is unknown
[79].



Altogether, AHN is crucial for the manifestation of new memories and cognitive function, as well
as the regulation of mood. If disturbed, it can have severe consequences for mental health.
AHN has been shown to be involved in AD pathology and to play a role in MDD. The human
studies presented here provide some evidence that AHN is involved in both disorders. Even
though current findings do not prove a direct link between AD and MDD, they suggest that
AHN might be a possible crossroad. In the long run, this opens up a new avenue for potentially
preventing the onset of AD and other dementias.
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Outstanding Questions

Can immunocytochemical postmortem
analyses of human brain tissue be more
comparable across different laboratories?
Recently, immunocytochemical analysis
has undergone great advancements. It
has also become clear that postmortem
delay and fixation methods greatly
influence the analysis. Moreover, it would
be interesting to analyse the whole
neurogenic trajectory including specific
markers for all stages (RG-like NSCs,
NPCs/neuroblasts, and newborn
neurons). This would make the
comparison of neurogenic changes
amongst different studies more
comparable.

How strongly do genetics support the
concept of AHN as a biological link be-
tween MDD and AD? Some studies
now indicate that GWAS-identified
MDD risk genes might be involved in
AD. How strong is the genetic overlap
between MDD and AD? If different
genes are affected, are they involved
in overlapping cellular mechanisms?

Is depression a risk factor for AD, or is it
rather a common early symptom which
arises prior to any cognitive decline?
Depression, often occurs in associa-
tion with AD. However, it is debated,
whether depression itself promotes
the progression to AD, or whether it is
just a symptom of AD, as it not only oc-
curs prior to it, but also can occur later
during the disease.

Can cellular models utilising living human
cells/tissue be used to model genetic
alterations in MDD and AD to gain further
mechanistical insight? Which informa-
tion could be gained from using
patient-derived cell lines or isogenic
lines looking at selected mutations?

Do MDD and AD affect multiple stages
of AHN, or do they interfere at selective
timepoints of neurogenesis? Are the
stages of neurogenesis affected differ-
ently in MDD and AD? Is there regional
specificity? Studies on depression indi-
cate a stronger involvement of the
anterior DG. Is in AD the posterior DG
more affected?

Could AHN be a novel therapeutic tar-
get to treat MDD and AD? For instance,
would an increase of AHN in patients
suffering from late-life depression pre-
vent their progression to dementia?

Trends in Molecular Medicine, Month 2020, Vol. xx, No. xx 13



http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0005
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0005
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0010
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0010
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0015
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0015
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0015
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0020
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0020
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0025
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0025
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0030
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0030
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0030
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0035
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0035
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0035
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0040
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0040
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0040
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0040
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0045
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0045
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0050
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0050
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0050
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0055
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0055
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0055
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0055
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0060
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0060
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0060
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0065
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0065
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0070
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0070
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0070
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0075
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0075
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0080
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0080
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0080
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0085
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0085
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0090
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0090
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0090
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0095
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0095
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0095
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0100
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0100
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0100
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0105
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0105
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0110
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0110
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0115
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0115
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0120
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0120
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0120
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0125
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0125
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0125
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0130
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0130
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0135
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0135
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0135
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0140
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0140
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0140
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0145
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0145

Trends in Molecular Medicine

Cell

REVIEWS

neurogenesis and cognition in a post-mortem study. Dement. 53. Pagliaccio, D. and Barch, D.M. (2016) Early life adversity and
Geriatr. Cogn. Disord. 44, 283-293 risk for depression: alterations in cortisol and brain structure
30. Lucassen, P.J. et al. (2010) Decreased numbers of progenitor and function as mediating mechanisms. In Systems Neuro-
cells but no response to antidepressant drugs in the hippo- science in Depression (Frodl, T., ed.), pp. 29-77, Academic
campus of elderly depressed patients. Neuropharmacology Press
58, 940-949 54. Mahajan, G.J. et al. (2018) Altered neuro-inflammatory gene
31. Li, B. et al. (2008) Failure of neuronal maturation in Alzheimer expression in hippocampus in major depressive disorder.
disease dentate gyrus. J. Neuropathol. Exp. Neurol. 67, 78-84 Prog. Neuro-Psychopharmacol. Biol. Psychiatry 82, 177-186
32. Crews, L. et al. (2010) Increased BMP6 levels in the brains of 55. Papakostas, G.l. et al. (2019) A phase 2, double-blind,
Alzheimer’s disease patients and APP transgenic mice are placebo-controlled study of NSI-189 phosphate, a neurogenic
accompanied by impaired neurogenesis. J. Neurosci. 30, compound, among outpatients with major depressive
12252-12262 disorder. Mol. Psychiatry Published online January 9, 2019.
33.  Tunc-Ozcan, E. et al. (2019) Activating newborn neurons sup- https://doi.org/10.1038/s41380-018-0334-8
presses depression and anxiety-like behaviors. Nat. Commun. 56. Nuninga, J.O. et al. (2019) Volume increase in the dentate
10, 3768 gyrus after electroconvulsive therapy in depressed patients
34. Choi, S.H. et al. (2018) Induced Adult Neurogenesis plus BDNF as measured with 7T. Mol. Psychiatry Published online
mimicks the effects of exercise on cognition in an Alzheimer’s March 12, 2019. https://doi.org/10.1038/s41380-019-
mouse model. Science 361, eaan8821 0392-6
35.  Altman, J. and Das, G.D. (1965) Autoradiographic and histo- 57. Choi, H. and Tanzi, R.E. (2019) Is Alzheimer’s disease a
logical evidence of postnatal hippocampal neurogenesis in neurogenesis disorder? Stem Cells 25, 7-8
rats. J. Comp. Neurol. 124, 319-335 58.  Mu, Y. and Gage, F.H. (2011) Adult hippocampal neurogenesis
36. Eriksson, P.S. et al. (1998) Neurogenesis in the adult human and its role in Alzheimer’s disease. Mol. Neurodegener. 6, 85
hippocampus. Nat. Med. 4, 1313-1317 59. Licht, T. and Keshet, E. (2015) The vascular niche in adult
37. Moreno-Jiménez, E.P. et al. (2019) Adult hippocampal neurogenesis. Mech. Dev. 138, 56-62
neurogenesis is abundant in neurologically healthy subjects 60. Baptista, P. and Andrade, J.P. (2018) Adult hippocampal
and drops sharply in patients with Alzheimer’s disease. Nat. neurogenesis: regulation and possible functional and clinical
Med. 25, 5564-560 correlates. Front. Neuroanat. 12
38. Tobin, M.K. et al. (2019) Human hippocampal neurogenesis 61. Altuna, M. et al. (2019) DNA methylation signature of human
persists in aged adults and Alzheimer’s disease patients. Cell hippocampus in Alzheimer’s disease is linked to neurogenesis.
Stem Cell 24, 974-982.63 Clin. Epigenetics 11, 91
39. Kempermann, G. et al. (2018) Human adult neurogenesis: 62. Déry, N. et al. (2013) Adult hippocampal neurogenesis reduces
evidence and remaining questions. Cell Stem Cell 23, 25-30 memory interference in humans: opposing effects of aerobic
40. Frod, T. et al. (2002) Hippocampal changes in patients with a exercise and depression. Front. Neurosci. 7, 66
first episode of major depression. Am. J. Psychiatry 159, 63. Potash, J.B. et al. (2018) Genome-wide association analyses
1112-1118 identify 44 risk variants and refine the genetic architecture of
41.  Fang, J. etal. (2018) The reduction of adult neurogenesis in de- major depression. Nat. Genet. 50, 668-681
pression impairs the retrieval of new as well as remote episodic 64. Lambert, J.C. et al. (2013) Meta-analysis of 74,046 individuals
memory. PLoS One 13, e0198406 identifies 11 new susceptibility loci for Alzheimer’s disease.
42.  Jin, K. et al. (2002) Vascular endothelial growth factor (VEGF) Nat. Genet. 45, 1452-1458
stimulates neurogenesis in vitro and in vivo. Proc. Natl. Acad. 65. Ni, H. et al. (2018) The GWAS risk genes for depression may
Sci. 99, 11946-11950 be actively involved in Alzheimer’s disease. J. Alzheimers Dis.
43.  Boldrini, M. et al. (2012) Hippocampal angiogenesis and pro- 64, 1149-1161
genitor cell proliferation are increased with antidepressant use 66. Reitz, C. et al. (2013) Independent and epistatic effects of
in major depression. Biol. Psychiatry 72, 562-571 variants in VPS10-d receptors on Alzheimer disease risk and
44. Huang, Y. et al. (2013) Structural changes in hippocampal processing of the amyloid precursor protein (APP). Transl.
subfields in major depressive disorder: a high-field magnetic Psychiatry 3, e256-€256
resonance imaging study. Biol. Psychiatry 74, 62-68 67.  Li, H.etal (2008) Transcription factor MEF2C influences neural
45.  Tae, W.S. et al. (2011) Hippocampal shape deformation in stem/progenitor cell differentiation and maturation in vivo. Proc.
female patients with unremitting major depressive disorder. Natl. Acad. Sci. 105, 9397-9402
AJINR Am. J. Neuroradiol. 32, 671-676 68. Latchney, S.E. et al. (2015) Inducible knockout of Mef2a, -c,
46.  Boldrini, M. et al. (2013) Hippocampal granule neuron number and -d from nestin-expressing stem/progenitor cells and
and dentate gyrus volume in antidepressant-treated and their progeny unexpectedly uncouples neurogenesis and
untreated major depression. Neuropsychopharmacology 38, dendritogenesis in vivo. FASEB J. 29, 5059-507 1
1068-1077 69. Harrington, A.J. et al. (2016) MEF2C regulates cortical inhibi-
47.  Boldrini, M. et al. (2014) Benzodiazepines and the potential tory and excitatory synapses and behaviors relevant to
trophic effect of antidepressants on dentate gyrus cells in neurodevelopmental disorders. eLife 5, 20059
mood disorders. Int. J. Neuropsychopharmacol. 17, 70.  Xu, J. et al. (2018) Neurobiological substrates underlying the
1923-1933 effect of genomic risk for depression on the conversion of
48.  Boldrini, M. et al. (2009) Antidepressants increase neural progeni- amnestic mild cognitive impairment. Brain 141, 3457-3471
tor cells in the human hippocampus. Neuropsychopharmacology 71.  Kheirbek, M.A. and Hen, R. (30-Nov-2010) Dorsal vs ventral
34, 2376-2389 hippocampal neurogenesis: implications for cognition and
49.  Miller, B.R. and Hen, R. (2015) The current state of the neuro- mood. Neuropsychopharmacology 36, 373-374
genic theory of depression and anxiety. Curr. Opin. Neurobiol. 72.  Yu, D.X. et al. (2014) Modeling hippocampal neurogenesis
30, 51-58 using human pluripotent stem cells. Stem Cell Rep. 2,
50. Krebber, AM.H. et al. (2014) Prevalence of depression in 295-310
cancer patients: a meta-analysis of diagnostic interviews and 73. Livingston, G. et al. (2017) Dementia prevention, intervention,
self-report instruments. Psychooncology 23, 121-130 and care. Lancet Lond. Engl. 390, 2673-2734
51. Pereira Dias, G. et al. (2014) Consequences of cancer treat- 74. Byers, A.L. and Yaffe, K. (2011) Depression and risk of devel-
ments on adult hippocampal neurogenesis: implications for oping dementia. Nat. Rev. Neurol. 7, 323-331
cognitive function and depressive symptoms. Neuro-Oncol. 75.  Morimoto, S.S. et al. (2014) Cognitive impairment in depressed
16, 476-492 older adults: implications for prognosis and treatment.
52.  Boldrini, M. et al. (2019) Resilience is associated with larger Psychiatr. Ann. 44, 138-142
dentate gyrus, while suicide decedents with major depressive 76.  Kivipelto, M. et al. (2018 Lifestyle interventions to prevent cog-
disorder have fewer granule neurons. Biol. Psychiatry 85, nitive impairment, dementia and Alzheimer disease. Nat. Rev.
850-862 Neurol. 14, 653-666
14 Trends in Molecular Medicine, Month 2020, Vol. xx, No. xx


http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0145
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0145
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0150
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0150
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0150
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0150
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0155
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0155
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0160
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0160
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0160
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0160
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0165
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0165
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0165
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0170
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0170
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0170
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0175
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0175
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0175
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0180
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0180
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0185
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0185
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0185
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0185
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0190
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0190
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0190
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0195
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0195
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0200
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0200
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0200
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0205
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0205
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0205
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0210
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0210
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0210
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0215
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0215
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0215
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0220
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0220
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0220
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0225
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0225
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0225
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0230
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0230
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0230
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0230
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0235
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0235
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0235
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0235
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0240
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0240
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0240
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0245
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0245
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0245
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0250
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0250
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0250
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0255
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0255
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0255
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0255
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0260
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0260
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0260
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0260
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0265
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0265
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0265
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0265
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0265
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0270
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0270
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0270
https://doi.org/10.1038/s41380-018-0334-8
https://doi.org/10.1038/s41380-019-0392-6
https://doi.org/10.1038/s41380-019-0392-6
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0285
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0285
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0290
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0290
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0295
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0295
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0300
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0300
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0300
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0305
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0305
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0305
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0310
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0310
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0310
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0315
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0315
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0315
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0320
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0320
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0320
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0325
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0325
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0325
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0330
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0330
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0330
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0330
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0335
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0335
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0335
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0340
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0340
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0340
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0340
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0345
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0345
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0345
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0350
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0350
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0350
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0355
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0355
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0355
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0360
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0360
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0360
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0365
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0365
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0370
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0370
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0375
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0375
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0375
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0380
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0380
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0380

Trends in Molecular Medicine

Cell

REVIEWS

77. Tendolkar, |. et al. (2013) Electroconvulsive therapy increases 102. Lovell, M.A. et al. (2015) Calcium channel blockers, progression
hippocampal and amygdala volume in therapy refractory to dementia, and effects on amyloid beta peptide production.
depression: a longitudinal pilot study. Psychiatry Res. Oxidative Med. Cell. Longev. 2015, 787805
Neuroimaging 214, 197-203 103. Mizuno, M. et al. (2003) Involvement of BDNF receptor TrkB in

78. Mclntyre, R.S. et al. (2016) The effects of vortioxetine on spatial memory formation. Learn. Mem. 10, 108-115
cognitive function in patients with major depressive disorder: 104. Hall, J. et al. (2000) Rapid and selective induction of BDNF
a meta-analysis of three randomized controlled trials. Int. expression in the hippocampus during contextual learning.
J. Neuropsychopharmacol. 19, pyw055 Nat. Neurosci. 3, 533-535

79. Corbett, A. et al. (2015) The effect of an online cognitive training 105. Phillips, H.S. et al. (1991) BDNF mRNA is decreased in the hip-
package in healthy older adults: an online randomized con- pocampus of individuals with Alzheimer’s disease. Neuron 7,
trolled trial. J. Am. Med. Dir. Assoc. 16, 990-997 695-702

80. Gatt, A. et al. (2019) Expression of neurogenic markers 106. Rodriguez, J.J. and Verkhratsky, A. (2011) Neurogenesis in
in Alzheimer’s disease: a systematic review and Alzheimer’s disease. J. Anat. 219, 78-89
metatranscriptional analysis. Neurobiol. Aging 76, 166-180 107. Otte, C. et al. (2016) Major depressive disorder. Nat. Rev. Dis.

81. Braak, H. and Braak, E. (1991) Neuropathological stageing of Primer 2, 16065
Alzheimer-related changes. Acta Neuropathol. (Berl.) 82, 108. World Health Organization (2004) International Statistical Clas-
239-259 sification of Diseases and Related Health Problems, World

82. Leif, R.C. et al. (2004) A short history of the initial application of Health Organization
anti-5-BrdU to the detection and measurement of S phase. 109. American Psychiatric Association. Diagnostic and Statistical
Cytometry A 58A, 45-52 Manual of Mental Disorders: DSM-5

83. Stern, Y. (2012) Cognitive reserve in ageing and Alzheimer’s 110. Wilson, S. et al. (2014) Premorbid risk factors for major depres-
disease. Lancet Neurol. 11, 1006-1012 sive disorder: are they associated with early onset and recur-

84. Brown, A. et al. (2019) Bridging basic and clinical research in rent course? Dev. Psychopathol. 26, 1477-1493
early life adversity, DNA methylation, and major depressive 111. Sullivan, P.F. et al. (2000) Genetic epidemiology of major
disorder. Front. Genet. 10, 229 depression: review and meta-analysis. Am. J. Psychiatry 157,

85. Hermida, A.P. et al. (2018) Electroconvulsive therapy in 1662-1562
depression: current practice and future direction. Psychiatr. 112. Duncan, A.E. et al. (2014) Genetic and environmental risk for
Clin. North Am. 41, 341-353 major depression in African-American and European-

86. Wohland, T. and Schleinitz, D. (2018) Identification of disease- American women. Twin Res. Hum. Genet. Off. J. Int. Soc.
related genes using a genome-wide association study Twin Stud. 17, 244-253
approach. In Disease Gene Identification: Methods and Protocols 113. Adams, T.B. et al. (2007) The relationship between physical ac-
(DiStefano, J.K., ed.), pp. 113-150, Springer tivity and mental health in a national sample of college females.

87. Smith, S.M. and Vale, W.W. (2006) The role of the Women Health 45, 69-85
hypothalamic-pituitary-adrenal axis in neuroendocrine re- 114. Kwan, B.M. et al. (2012) Physical Activity for the Prevention of
sponses to stress. Dialogues Clin. Neurosci. 8, 383-395 Depression, Springer, pp. 97-119

88. Outeiro, T.F. et al. (2019) Dementia with Lewy bodies: an 115. Baglioni, C. et al. (2011) Insomnia as a predictor of depression:
update and outlook. Mol. Neurodegener. 14, 5 a meta-analytic evaluation of longitudinal epidemiological

89. Iwano, T. et al. (2012) Prox1 postmitotically defines dentate studies. J. Affect. Disord. 135, 10-19
gyrus cells by specifying granule cell identity over CA3 pyrami- 116. Kim, S.-A. et al. (2015) Exploring the non-linear relationship
dal cell fate in the hippocampus. Dev. Camb. Engl. 139, between alcohol consumption and depression in an elderly
3051-3062 population in Gangneung: the Gangneung Health Study.

90. Karaman, S. et al. (2018) Vascular endothelial growth factor Yonsei Med. J. 56, 418
signaling in development and disease. Development 145, 117. van Gool, C.H. et al. (2007) Associations between lifestyle and
dev151019 depressed mood: longitudinal results from the Maastricht

91.  Forstl, H. and Kurz, A. (1999) Clinical features of Alzheimer’s Aging Study. Am. J. Public Health 97, 887-894
disease. Eur. Arch. Psychiatry Clin. Neurosci. 249, 288-290 118. Payne, M.E. (2010) Nutrition and late-life depression: etiological

92. Cecile, A. and Janssens, J.W. (2019) Validity of polygenic risk considerations. Aging Health 6, 133-143
scores: are we measuring what we think we are? Hum. Mol. 119. Cassidy, K. et al. (2004) Association between lifestyle factors
Genet. 28, R143-R150 and mental health measures among community-dwelling

93. Cacace, R. et al. (2016) Molecular genetics of early-onset older women. Aust. N. Z. J. Psychiatry 38, 940-947
Alzheimer’s disease revisited. Alzheimers Dement. 12, 120. Ehlert, U. etal. (2001) Psychoneuroendocrinological contributions
733-748 to the etiology of depression, posttraumatic stress disorder, and

94. Guerreiro, R.J. et al. (2012) The genetic architecture of stress-related bodily disorders: the role of the hypothalamus—
Alzheimer’s disease: beyond APP, PSENs and APOE. pituitary—adrenal axis. Biol. Psychol. 57, 141-152
Neurobiol. Aging 33, 437-456 121. Zorrilla, E.P. et al. (2001) The relationship of depression and

95.  Serrano-Pozo, A. and Growdon, J.H. (2019) Is Alzheimer’s dis- stressors to immunological assays: a meta-analytic review.
ease risk modifiable? J. Alzheimers Dis. 67, 795-819 Brain Behav. Immun. 15, 199-226

96. Guimas Almeida, C. et al. (2018) Impact of late-onset 122. Dowlati, Y. et al. (2010) A meta-analysis of cytokines in major
Alzheimer’s genetic risk factors on beta-amyloid endocytic depression. Biol. Psychiatry 67, 446-457
production. Cell. Mol. Life Sci. 75, 2577-2589 123. Seki, K. et al. (2018) Molecular mechanism of noradrenaline

97.  Gilbert, B.J. (2014) Republished: the role of amyloid 3 in the during the stress-induced major depressive disorder. Neural
pathogenesis of Alzheimer’s disease. Postgrad. Med. J. 90, Regen. Res. 13, 1159
113-117 124. Molendijk, M.L. et al. (2014) Serum BDNF concentrations as

98. Goedert, M. et al. (2006) Tau protein, the paired helical filament peripheral manifestations of depression: evidence from a
and Alzheimer’s disease. J. Alzheimers Dis. 9, 195-207 systematic review and meta-analyses on 179 associations

99.  Zhivotovsky, B. and Orrenius, S. (2011) Calcium and cell death (N=9484). Mol. Psychiatry 19, 791-800
mechanisms: a perspective from the cell death community. 125. Brunoni, A.R. et al. (2008) A systematic review and meta-
Cell Calcium 50, 211-221 analysis of clinical studies on major depression and BDNF

100. Mbaya, E. et al. (2010) Calcium signalling-dependent mito- levels: implications for the role of neuroplasticity in depression.
chondrial dysfunction and bioenergetics regulation in respira- Int. J. Neuropsychopharmacol. 11, 1169-1180
tory chain Complex Il deficiency. Cell Death Differ. 17, 126. Schildkraut, J.J. (1965) The catecholamine hypothesis of
1855-1866 affective disorders: a review of supporting evidence. Am.

101. Demuro, A. et al. (2005) Calcium dysregulation and membrane J. Psychiatry 122, 509-522
disruption as a ubiquitous neurotoxic mechanism of soluble 127. Zhou, X. et al. (2017) Comparative efficacy and acceptability of

amyloid oligomers. J. Biol. Chem. 280, 17294-17300

antidepressants, psychological interventions, and their

Trends in Molecular Medicine, Month 2020, Vol. xx, No. xx



http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0385
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0385
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0385
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0385
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0390
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0390
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0390
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0390
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0395
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0395
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0395
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0400
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0400
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0400
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0405
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0405
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0405
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0410
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0410
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0410
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0415
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0415
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0420
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0420
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0420
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0425
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0425
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0425
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0430
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0430
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0430
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0430
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0435
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0435
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0435
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0440
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0440
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0445
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0445
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0445
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0445
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0450
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0450
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0450
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0455
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0455
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0460
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0460
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0460
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0465
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0465
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0465
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0470
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0470
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0470
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0475
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0475
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0480
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0480
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0480
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0485
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0485
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0485
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0490
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0490
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0495
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0495
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0495
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0500
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0500
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0500
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0500
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0505
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0505
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0505
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0510
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0510
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0510
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0515
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0515
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0520
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0520
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0520
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0525
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0525
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0525
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0530
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0530
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0535
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0535
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0540
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0540
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0540
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0545
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0545
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0545
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0550
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0550
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0550
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0555
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0555
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0555
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0555
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0560
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0560
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0560
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0565
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0565
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0570
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0570
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0570
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0575
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0575
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0575
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0575
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0580
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0580
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0580
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0585
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0585
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0590
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0590
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0590
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0595
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0595
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0595
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0595
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0600
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0600
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0600
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0605
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0605
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0610
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0610
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0610
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0615
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0615
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0615
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0615
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0620
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0620
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0620
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0620
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0625
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0625
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0625
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0630
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0630

Trends in Molecular Medicine

Cell

REVIEWS

combination for depressive disorder in children and adoles- 139. Jin, K. et al. (2004) Increased hippocampal neurogenesis in
cents: protocol for a network meta-analysis. BMJ Open 7, Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 101, 343-347
016608 140. Wharton, S.B. et al. (2005) Expression of Ki67, PCNA and the
128. Kamenov, K. et al. (2017) The efficacy of psychotherapy, phar- chromosome replication licensing protein Mcm2 in glial cells
macotherapy and their combination on functioning and quality of the ageing human hippocampus increases with the burden
of life in depression: a meta-analysis. Psychol. Med. 47, of Alzheimer-type pathology. Neurosci. Lett. 383, 33-38
414-425 141. Ziabreva, |. et al. (2006) Altered neurogenesis in Alzheimer’s
129. Toni, N. and Schinder, A.F. (2016) Maturation and functional in- disease. J. Psychosom. Res. 61, 311-316
tegration of new granule cells into the adult hippocampus. Cold 142. Boekhoorn, K. et al. (2006) Increased proliferation reflects glial
Spring Harb. Perspect. Biol. 8, a018903 and vascular-associated changes, but not neurogenesis in
130. Dwivedi, Y. et al. (2001) Reduced activation and expression of the presenile Alzheimer hippocampus. Neurobiol. Dis. 24, 1-14
ERK1/2 MAP kinase in the post-mortem brain of depressed 143. Perry, EK. et al (2012) Neurogenic abnormalities in
suicide subjects. J. Neurochem. 77, 916-928 Alzheimer’s disease differ between stages of neurogenesis
131. Bearden, C.E. et al. (2009) Altered hippocampal morphology in and are partly related to cholinergic pathology. Neurobiol. Dis.
unmedicated patients with major depressive illness. ASN Neuro 47, 155-162
1, AN20090026 144, Wesnes, K.A. et al. (2014) Performance on a pattern separation
132. Cobb, J.A. et al. (2013) Hippocampal volume and total cell task by Alzheimer’s patients shows possible links between
numbers in major depressive disorder. J. Psychiatr. Res. 47, disrupted dentate gyrus activity and apolipoprotein E ¢4 status
299-306 and cerebrospinal fluid amyloid-342 levels. Alzheimers Res.
133. Krogh, J. etal. (2014) The effect of exercise on hippocampal vol- Ther. 6, 20
ume and neurotrophines in patients with major depression — a 145. Gomez-Nicola, D. et al. (2014) Temporal dynamics of hippo-
randomized clinical trial. J. Affect. Disord. 165, 24-30 campal neurogenesis in chronic neurodegeneration. Brain
134. Mamdani, F. et al. (2015) Variable telomere length across post- J. Neurol. 137, 2312-2328
mortem human brain regions and specific reduction in the hip- 146. Ekonomou, A. et al. (2015) Stage-specific changes in neuro-
pocampus of major depressive disorder. Transl. Psychiatry 5, genic and glial markers in Alzheimer’s disease. Biol. Psychiatry
€636 77, 711-719
135. Perini, G.I. et al. (2017) Hippocampal gray volumes increase in 147. Briley, D. et al. (2016) Preserved neurogenesis in non-demented
treatment-resistant depression responding to vagus nerve individuals with AD neuropathology. Sci. Rep. 6, 27812
stimulation. J. ECT 33, 160-166 148. Horgusluoglu-Moloch, E. et al. (2017) Targeted neurogenesis
136. West, M.J. et al. (1994) Differences in the pattern of hippocam- pathway-based gene analysis identifies ADORA2A associated
pal neuronal loss in normal ageing and Alzheimer’s disease. with hippocampal volume in mild cognitive impairment and
Lancet 344, 769-772 Alzheimer’s disease. Neurobiol. Aging 60, 92-103
137. Gillian, A.M. et al. (1994) Expression of the neural cell adhesion 149. Cipriani, S. et al. (2018) Hippocampal radial glial subtypes and
molecule (NCAM) in Alzheimer’s disease. Neurodegener. their neurogenic potential in human fetuses and healthy and
J. Neurodegener. Disord. Neuroprotection Neuroregeneration Alzheimer’s disease adults. Cereb. Cortex 28, 2458-2478
3, 283-291 150. Lanke, V. et al. (2018) Integrative analysis of hippocampus
138. Mikkonen, M. et al. (1999) Hippocampal plasticity in gene expression profiles identifies network alterations in aging
Alzheimer’s disease: changes in highly polysialylated NCAM and Alzheimer’s disease. Front. Aging Neurosci. 10, 1563
immunoreactivity in the hippocampal formation. Eur. 151. Mendez, M.F. (2017) Early-onset Alzheimer disease. Neurol.
J. Neurosci. 11, 17564-1764 Clin. 35, 263-281
16  Trends in Molecular Medicine, Month 2020, Vol. xx, No. xx


http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0630
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0630
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0630
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0635
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0635
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0635
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0635
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0640
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0640
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0640
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0645
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0645
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0645
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0650
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0650
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0650
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0655
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0655
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0655
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0660
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0660
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0660
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0665
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0665
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0665
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0665
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0670
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0670
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0670
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0675
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0675
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0675
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0680
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0680
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0680
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0680
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0685
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0685
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0685
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0685
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0690
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0690
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0695
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0695
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0695
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0695
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0700
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0700
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0705
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0705
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0705
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0710
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0710
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0710
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0710
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0715
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0715
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0715
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0715
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0715
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0720
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0720
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0720
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0725
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0725
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0725
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0730
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0730
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0735
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0735
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0735
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0735
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0740
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0740
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0740
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0745
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0745
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf0745
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf2492
http://refhub.elsevier.com/S1471-4914(20)30100-3/rf2492

	Adult Hippocampal Neurogenesis in Major Depressive Disorder and Alzheimer’s Disease
	Challenges of AD and MDD
	Could Neurogenesis Be a Common Link?
	Discovery and Evidence for Human AHN
	MDD Is Correlated with Changes in AHN
	Altered Human Neurogenesis in AD
	AHN as a Potential Mediator of the Increased Risk of AD Associated with MDD
	Comparative Analysis of Neurogenic Reduction in AD and MDD
	Concluding Remarks
	Acknowledgements
	Disclaimer Statement
	References




