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Newborn neurons in the adult hippocampus are regulated by many intrinsic and extrinsic cues. It is well accepted that
elevated glucocorticoid levels lead to downregulation of adult neurogenesis, which this review discusses as one reason
why psychiatric diseases, such as major depression, develop after long-term stress exposure. In reverse, adult
neurogenesis has been suggested to protect against stress-induced major depression, and hence, could serve as a
resilience mechanism.

Keywords: adult neurogenesis ; stress ; major depressive disorder ; resilience

| 1. Introduction: Adult Neurogenesis

Adult neurogenesis in the mammalian brain is a continuous lifelong physiological process, which dramatically declines
during aging . The main work, so far, elucidating the regulatory mechanisms of adult neural stem cells has been done in
rodent animal models, whereas the existence of neurogenesis in the adult human brain is still under debate (21314 Even if
many studies report the existence of adult neurogenesis in humans during the whole lifespan BIEIZIEIEIL0 these findings
have been questioned by others, which could detect adult neural stem cells and their progeny only in early childhood 11
(121131 The discrepancy here might arise from different probe sampling and further technical issues, which are extensively
described in recent reviews by Lucassen and colleagues 24131, Especially, a direct comparison to rodent models seems
difficult as brains from healthy human subjects cannot be processed and analyzed similarly to rodents, since human
samples usually arise from postmortem fixed tissue (28],

1.1. Adult Hippocampal Neurogenesis

The generation of newly built neurons needs to be tightly controlled under physiological conditions. Control mainly occurs
on three different levels, which comprise first the proliferation of adult neural stem cells and/or progenitor cells (NPCs),
also maintaining the stem cell pool; second, the neuronal and glial determination and differentiation of NPCs. Lastly, newly
built neurons need to survive, mature, and functionally integrate into already existing neuronal circuits, which is the final
level of regulation. For a detailed description of adult neural stem cell regulation, see the two recent reviews from Obernier
and Alvarez-Buylla (2019) and Denoth-Lippuner and Jessberger (2021) 18] |n the adult mammalian brain, two main
regions are described where new neurons are continuously generated under physiological conditions. This is, on one
hand, the subventricular zone (SVZ) of the lateral ventricles, which gives rise to new GABAergic granular and
periglomerular neurons of the olfactory bulb. The second main neurogenic region is located in the adult hippocampus,
specifically in the subgranular zone (SGZ) of the dentate gyrus (DG), which serves as an input station into the whole
hippocampal formation. After cell division in the SGZ, hippocampal neural stem cells differentiate into postmitotic
glutamatergic cells of the DG granule cell layer, a process which takes approximately two months from cell birth until the
end of maturation 191,

The vast majority of newly built granule neurons are added to the granule cell layer of the DG throughout life, thereby
extending the granule cell layer 29, This implicates a high level of neuronal plasticity, as the addition of new neurons has
possibly the capacity to rewire an existing neuronal circuit.

1.2. Adult Hippocampal Neurogenesis in Stress-Related Behavior

Given that the DG is part of the hippocampus, hippocampal function is modulated by changes in rates of adult
neurogenesis. Indeed, in most studies, an increase of adult neurogenesis led to enhanced performance in hippocampal-
dependent behavioral tasks, whereas a lack or reduction induced impaired hippocampal-dependent tasks [291[211(22][23][24]
(251, The hippocampus is part of the limbic system and can be subdivided into the dorsal and the ventral part, both of which
exert differential functions. Whereas, the ventral hippocampus is mainly important for mood control and regulating
emotional states, the dorsal hippocampus has been predominantly implicated in cognitive functions, such as learning and
memory (2812711281 Nonetheless, recent studies tend to show that rather than strictly containing dissociated roles, both the



dorsal and the ventral hippocampus contribute to the integration of contextual information and context-specific events in a
complementary way 2239 The hippocampus is regarded as the key brain area involved in regulating stress response 211,
Therefore, proper stress coping is associated with hippocampal processing of emotional and cognitive information.
Appropriate stress coping of an individual is important to adopt or to stay in a resilient state as a protective mechanism
against symptoms of stress-related psychiatric disorders, such as major depressive disorder (MDD), anxiety disorders, as
well as posttraumatic stress disorder (PTSD) 2. Particularly, adult-born DG granule cells are essential for hippocampal-
dependent tasks involving pattern separation, cognitive flexibility, and memory interference, as well as forgetting [221[341135]
[36] Al these processes may be relevant for the acquisition of stress resilient outcomes, and their failure could result in
stress-related mental dysfunctions. Experiments ablating or reducing adult neurogenesis have demonstrated, besides a
lack of spatial memory, the occurrence of depression- and anxiety-like behavior, which, however, in several studies is only

detectable in response to stress [2A[25]361371[38](391140] - Certainly, increasing neurogenesis is sufficient to reduce anxiety
and depression-like behaviors 41 and hypothalamus pituitary adrenal (HPA) axis dysregulation 42, In addition, the finding
that rodents showing depressive-like behavior and depressed human individuals display a thinner granule cell layer,
whereby antidepressant-treatment restore adult neurogenesis to physiological levels 8143l suggests adult neurogenesis
as a resilience mechanism 44!, |n fact, Anacker et al. (2018) 43 recently demonstrated that young adult-born DG granule
cells are necessary to confer stress resilience by inhibiting ventral mature granule neurons during chronic social defeat
stress (CSDS). In line with this, a direct causal relationship between newborn neuronal activity and affective behavior was
demonstrated by Tunc-Ozcan et al. (2019) 8. The authors reported that activating newborn neurons alleviated
depressive-like behavior and reversed the effects of chronic unpredictable stress (CUS). The results further suggest that
the mere numbers of newborn neurons are a relatively coarse read-out, but also their neuronal activity and degree of
functional integration into the existing neuronal network of the mature DG is a crucial factor in governing resilience.
Modulation of network activity particularly applies to young adult-born DG granule cells in the age of 4—6 weeks after cell
birth. At four weeks, young newborn DG neurons start to enter a critical period of development with distinct
electrophysiological properties, including high input resistance and a lack of GABAergic inhibition, which results in a
greater propensity for hyperexcitability and a lower activation threshold than mature DG cells. Furthermore, an enhanced
plasticity and long-term potentiation (LTP) is detectable [47[48],

| 2. Major Depressive Disorder and Adult Neurogenesis

With increasing incidence and a high lifetime prevalence of 10-20% in the human population, MDD is one of the most
studied psychiatric diseases 4. MDD impacts mood and behavior, as well as various physical functions, such as appetite
and sleep, and can lead to suicidal behavior. The causes for the development of the disease are multifactorial and not yet
completely understood at the neurophysiological and molecular levels. Neuroendocrinological data hint towards a
dysregulation of the HPA axis, since patients with hypercortisolism or exogenous glucocorticoid (GC) treatment more often
develop MDD than healthy individuals BY. Furthermore, the GC cortisol in humans and corticosterone in rodents are the
most important stress hormones, highly elevated during periods of chronic stress and regarded as the main effector for
the development of depression B, There is a variety of animal rodent models to mimic MDD symptoms, which basically
consist of different stressors applied with distinct timing. In addition, also chronic corticosterone treatment induces a
depressive-like phenotype in rodents. For an overview of animal stress models and depressive-like symptoms, see Table
1, and for further description of animal model protocols, a recent review =11,

Table 1. Summary of different chronic stress protocols in rodents, their behavioral outcome, and effect on adult
hippocampal neurogenesis.

Effect on Neurogenesis

Protocol of Stress Behavior (1 Decreased; -~ Unchanged; 1 Increased)
. . . . . | Simon et al., 2005; Schloesser et al., 2010;
Chronic social stress, t Anhedonia, Social avoidance, 1 Sleep Jiang et al., 2019 [52][53][54]
Chronic social defeat stress disturbances, | Exploratory anxiety, | R Hanson.’et al.. 2011 [55]
(Csbs) Weight o

1 Lagace et al., 2010 [58]

Chronic unpredictable stress
(Cus),

(Unpredictable) Chronic mild
stress ((U)CMS)

Anhedoni S| disturb | Jayatissa et al., 2006, 2009; Toth et al., 2008;
' Anhedonia, 1 Sleep disturbances, 1 Surget et al., 2011; Dioli et al., 2017 [S7I5811591[60]
Behavioral despair, | Grooming, | [61]

Weight - Lee et al., 2006 [62]



. Effect on Neurogenesis
Protocol of Stress Behavior (! Decreased; -~ Unchanged; 1 Increased)
| Ekstrand et al., 2008; Brummelte and Galea,

1 Anhedonia, 1 Behavioral despair, 1 2010; Pazini et al., 2017; Levone et al., 2020 [©3

Chronic corticosteroid treatment .
Anxiety [64][65][66]

| Luo et al., 2005; Rosenbrock et al., 2005;

Repeated restraint stress 1 Anhedonia, 1 Anxiety, 1 Behavioral Snyder et al., 2011 [38I67I[68]
p despair - O'Leary et al., 2012 (62

t Parihar et al., 2011 79

Early life stress (ELS) 1 Anhedonia, 1 Anxiety, 1 Behavioral | Mirescu et al., 2004; Kikusui et al., 2009;
y despair, | Learning, | Locomotion Lajud et al., 2012 [Z2[721[73]
. . . . | Lemaire et al., 2000; Bosch et al., 2006;
Prenatal (restraint of pregnant 1 Anhgdoma, 1 Anxiety, 1 Behavioral Mandyam et al., 2008; Lucassen et al., 2009 [z4]
dams) despair [Zslizelizz]
Learned helplessness (chronic | Active avoidance, 1 Sleep | Malberg and Duman, 2003 [z81
tail or footshocks) (LH) disturbances, | Weight ~ Van der Borght et al., 2005 [z9]
Social isolation (SI) 1 Anxiety, 1 Behavioral despair, | Westenbroek et al., 2004; Spritzer et al.,
| Learning, 2011; Chan et al., 2017 [80][81][e2]

| Ekdahl et al., 2003; Monje, 2003; Yirmiya and

Lipopolysaccharide-induced 1 Anhedonia, 1 Lethargy, | Appetite and Goshen, 2011; Perez-Dominguez et al., 2019
sickness behavior food intake, 1 Anxiety [B3)[B4][851[86)

- Depino, 2015 &7

It is commonly known that the hippocampus is an important mediator of the negative feedback of the HPA axis involved in
proper stress response 88, Past studies, using postmortem analysis or magnetic resonance imaging (MRI), have revealed
reductions in hippocampal volume of depressed patients B2 |nterestingly, in PTSD, a recent study reported a smaller
human DG volume pretrauma as a predisposing vulnerability factor 2, which could also apply to MDD.

Like humans, rodents do not all develop depressive-like symptoms after chronic stress exposure, and hence, can be
subdivided into resilient and susceptible groups based on their individual behavioral responses to stress 92, Interestingly,
this variation of the stress response can be linked to a reduction of hippocampal volume after CSDS in susceptible
compared to non-stressed control mice 3. Reductions of hippocampal volume could be either due to reduced
neuroplasticity by dendritic growth arrest or atrophy leading to shortening of dendritic length and consequently to a
reduction in spine density, which was observed in the CA3 region, and/or by the decreased generation of new neurons in
the DG [24[95]196] |t js also unknown whether changes in adult neurogenesis and CA3 dendritic morphology are linked or
are independent of each other, whereby one study in mice suggests that inhibiting adult neurogenesis for several months
can lead to CA3 atrophy 24,

In rodent animal models, it is well established that protocols of chronic stress or chronic corticosterone treatment, used as
a model of HPA axis overactivity, decrease adult neurogenesis (Table 1). Most, but not all, studies demonstrated deficits
in neural stem/progenitor proliferation and/or differentiation, addressing also decreased cellular survival in the SGZ of the
adult hippocampus (reviewed and discussed in Levone et al. (2015) 44)). Recent studies suggest that this might also be
true for humans, by observing decreased numbers of granule cells in the DG of non-medicated depressed patients
compared to healthy individuals and increased hippocampal neurogenesis and granule cell layer volume in
antidepressant-treated compared to non-medicated patients [28I891200] |5 hymans, early life adversity is one of the risk
factors to develop MDD, including suicidal behavior in adulthood [ |nterestingly, Boldrini et al. (2019) also
demonstrated that an increased volume of DG is associated with resilience to early life adversity, presumably due to
increased neurogenesis during childhood 021,

2.1. Antidepressants Acting on Adult Neurogenesis

It is most widely accepted that MDD patients display monoaminergic deficits 2312041 \hich are restored by treatment with
the most common antidepressants targeting the serotonergic and norepinephrinergic systems. The majority of
antidepressants need to be administered for at least six weeks to two months until full effectiveness, which opposes the
impact of acute functioning. Rather a neuroplasticity-related mechanism is suggested, which seems to involve
upregulation of brain-derived neurotrophic factor (BDNF) and thereby the antidepressant-induced enhancement of
neurogenesis (see Section 3.1.3) 43I105] A5 mentioned above, the full maturation of newly built hippocampal neurons
takes approximately two months, and indeed, adult neural stem and precursor cells are positively regulated by serotonin
(5-HT) 1981 and norepinephrine 2070811091 | |ine with this, ablation studies with X-irradiation or cytostatic agents



demonstrated that adult neurogenesis is necessary to ameliorate anxiety- and/or depressive-like behavioral effects
exerted by antidepressants 9L Moreover, a recent publication reports that selectively suppressing the excitability of
newborn neurons by chemogenetic approaches without changing neurogenesis rate abolishes the antidepressant effect of
the selective serotonin reuptake inhibitor (SSRI) fluoxetine, and that remarkably, activation of these neurons is sufficient to
alleviate anxiety- and depressive-like behavior 8. Not necessarily contrasting to this, other studies also demonstrated
neurogenesis-independent mechanisms of antidepressants with a pivotal role in inducing remodeling of dendrites and

synapses in mood-regulating limbic brain regions, which seems to account for an additional short-term effect of
antidepressants [1121[113][114]

Interestingly, a recent publication showed that blockade of indolamine 2, 3-dioxygenase 1 (IDO-1), an enzyme of the
kynurenine pathway, associated with reduced 5-HT levels and hyperactivated in depression, ameliorated impaired
hippocampal neurogenesis and depressive-like symptoms in mice, which underlines the importance of neurogenesis in
the mechanistic action of monoamine-increasing antidepressants 1931, |t is well known that approximately 30-40% of
depressed patients are treatment-resistant by monotherapy with common antidepressants and do not achieve full
remission of symptoms, even if medicated with an additional antidepressant after monotherapy 115, Recent studies have
shown that ketamine, an open channel blocker of the N-methyl-D-aspartate receptor (NMDAR), is effective for patients
with treatment-resistant depression. Interestingly, similarly to monoaminergic antidepressants, also ketamine seems to act
via augmented BDNF expression and a subsequent increase of adult neurogenesis, which was evident in the ventral
hippocampus of adult mice 8 |n addition, electroconvulsive therapy (ECT), an efficient treatment for severe and
refractory unipolar and bipolar depression, has remarkable antidepressant 17 and proneurogenic X8 properties. The
subfield analysis of MRI scans showed that ECT in depressed patients increases the volume of major hippocampal
regions and the DG 1221120 Fyrthermore, the longitudinal analysis of hippocampal volume showed that hippocampal
baseline is predictive of subsequent clinical outcomes 221, Of note, the latter finding that is suggestive of increased
neurogenesis is corroborated by studies with electroconvulsive stimulation (ECS), the analogous treatment for rodents, in
animal models of depression. In mice treated with corticosterone (a stress model of depression, see Table 1), ECS
significantly increased the number of newborn neurons, and more importantly, neurogenesis was required for the
antidepressant effect of ECS, since mice lacking neurogenesis did not respond to the therapy 122, Similar results were
obtained in MAP6 knock-out (KO) mice, which share behavioral and neurobiological features of depression, including
reduced neurogenesis and altered excitatory and monoaminergic transmission 123, Interestingly, ECS in these mice not
only improved neurogenesis and behavior, but also induced the expression of BDNF. Hence, different classes of
antidepressants likely share the same cellular mechanism of action via restoration of adult neurogenesis by BDNF
augmentation.

Whereas intact adult hippocampal neurogenesis certainly is required for antidepressant effects, a causative role for
neurogenesis in depression is more difficult to be confirmed. Whether a reduction or ablation of adult neurogenesis alone
is sufficient to induce depressive-like symptoms is still a controversy, due to contradicting results of diverse studies, which
have been extensively discussed elsewhere BAII04I24I125] and will be taken up in Section 5. Nevertheless, since the
increase of adult neurogenesis is sufficient to reduce anxiety- and depression-like behaviors 4142 3 positive role of adult
neurogenesis in stress-related resilient behavior seems very likely.

2.2. MDD and Dysregulated Imnmune System

Together with HPA axis overactivation and monoamine dysfunction, dysregulated immune response has been implicated
in the pathogenesis of MDD 1281271 An unbalance between the adaptive and the innate immune response has emerged
as a typical immunological signature of MDD [128]. While the number of activated monocytes is increased, T lymphocytes
are reduced 12911301 Consistent with the monocyte activation, circulating levels of proinflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), interleukin-1B (IL-1B), and interleukin-6 (IL-6), have been shown to be increased in
patients with MDD 31 and with PTSD 222, and in animal models of stress (13311341 For this reason, cytokine serum levels
have been proposed as reliable biomarkers for both MDD and PTSD [1321135] Noteworthy, both preclinical and clinical
studies point to IL-6 as a reliable predictive marker of MDD susceptibility levels. Indeed, higher levels of IL-6 in childhood,
likely because of adverse events 381 have been associated with increased risk of depression in adulthood 137 and
shown to predict stress resilience in animal models of chronic stress 1381, The pathogenic role of immune dysfunction in
MDD is further supported by the results of a large meta-analysis showing that a history of infections or autoimmune
diseases is a risk factor for MDD [138],

Hence, it appears that a proinflammatory milieu might be a predisposing factor for later development of MDD and MDD-
related suppression of neurogenesis. Proinflammatory cytokines might affect neurogenesis by binding their receptors
expressed on both NPCs and neurons, thereby directly regulating NPC fate or by modulating the synaptic inputs onto

NPCs, respectively 139, |ndirect mechanisms might also be existing and might arise by the complex relationship between



the immune system and HPA axis and the 5-HT biosynthetic pathways, which, as already mentioned, directly modulate
neurogenesis. Indeed, consistent with the MDD neuroendocrine and immunological picture, proinflammatory cytokines
stimulate GCs and are regulated by GCs 149, Moreover, proinflammatory cytokines can reduce tryptophan availability in
the gut, thus impairing gut microbiota-mediated biosynthesis of 5-HT precursor 1411,

| 3. Modulation of Neurogenesis
3.1. Positive Modulation of Adult Neurogenesis by Potential Resilience Factors

A variety of factors or conditions upregulating adult hippocampal neurogenesis rate have also been described
independently of neurogenesis to be “resilience factors” or to act in an antidepressant manner. This means that
mechanistically they could modulate adult neurogenesis to promote stress resilience. In the following, we will summarize
what is known about some prominent regulatory factors, such as BDNF and endocannabinoids (eCBs), or conditions,
such as exercise and enriched environment in the context of stress resilience by regulating adult hippocampal
neurogenesis. In addition, negative modulation of neurogenesis by stress and its disease-promoting role will be delineated
(Figure 1).
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Figure 1. Schematic view of modulating factors of adult hippocampal neurogenesis. Enriched environment, exercise, and
molecular players (e.g., endocannabinoids (eCBs) and brain-derived neurotrophic factor (BDNF)) have the potential to
upregulate the generation of adult-born neurons in the dentate gyrus. This could confer resilience to the development of
depressive-like symptoms through the stress-related decline of adult neurogenesis induced by glucocorticoids (GCs). The
main signaling pathways of positive modulators and stress are depicted: cannabinoid receptor type-1 and -2 (CB1; CB2);
mammalian target of rapamycin (MTOR); tropomyosin receptor kinase B (TrkB); p75 neurotrophin receptor (p75);
glucocorticoid receptor (GR); mineralocorticoid receptor (MR).

3.1.1. Environmental Enrichment (EE) and Physical Exercise (PE)

EE and PE are convincingly associated with a broad spectrum of beneficial effects on the hippocampus, including
boosting neurogenesis 142, |n animal studies, EE refers to an experimental setting in which rodents are kept in a larger
group and in the presence of multiple objects (toys, nesting material, running wheel), to provide animals with social,
physical, and cognitive stimulation 2431, PE usually refers to running, mainly performed on a running wheel, to mimic an
aerobic activity. Both experimental paradigms are intended to simulate enhanced cognitive and physical stimuli in
humans. Despite the lack of direct evidence of improved neurogenesis in humans, an increase of hippocampal volume
and cerebral blood flow in this region in people engaged in exercise are reasonably considered suggestive of potentiated

neurogenesis in the DG (1441 pioneering studies published in the late ninetieth of the last century showed that running and
EE increase the number of proliferating neurons in the DG [2311451[146] ' haying the way for flourishing literature on this

topic, as nicely reviewed elsewhere [142I[143](144](147] Both paradigms have been shown to influence several aspects of

neurogenesis, such as proliferation 148!, maturation and morphology 149, and functional integration of newborn neurons
(1501 which contribute to increased synaptic plasticity in the DG area 142! and improved spatial memory 221, Acute bout
(few days) of running were shown to induce a fast increase of the number of proliferating neurons with prosurvival effects
of the progeny 48, |nterestingly, exercise was proven to be the neurogenic component of EE 15211531154 5nd to improve

neurogenesis even in old animals, counteracting the age- and pathological-dependent neurogenesis reduction (144][148]
[155]

Beyond the peripheral muscle- and endocrine-derived factors, central nervous system (CNS) intrinsic mechanisms have
been claimed to play a role in the exercise-mediated proneurogenic effects. Among these, experience-driven increased
glutamatergic activity, and upregulation of BDNF levels and signaling are the most accountable 58]



3.1.2. Endocannabinoids (eCBs)

Endocannabinoids (eCBs) are signaling molecules synthesized from membrane lipid components and are derivatives of
arachidonic acid, forming the two major eCBs 2-arachidonoyl glycerol (2-AG), and arachidonoyl ethanol amide (also
called anandamide, AEA). The high lipophilicity prevents storage in vesicles, and therefore, the intensity of eCB signaling
is driven by the activities of the eCB synthesizing and degrading enzymes. eCBs can act in an autocrine and paracrine
manner, and are ligands for different receptors, whereby the major receptors are the cannabinoid type 1 receptor (CB1)
and type 2 receptor (CB2) 157, Yet, AEA can also activate TRPV1 (transient receptor potential cation channel subfamily V
member 1), while 2-AG also stimulates the GABA4 receptor 13811591 The eCB signaling is involved in many physiological
and pathophysiological processes both in the CNS and in peripheral organs 158, |n the context of adult neurogenesis, the
research has focused on CB1 and CB2. While these receptors and eCB synthesizing and degrading enzymatic machinery
have been reported to be present in NPCs in the SVZ of the adult hippocampus 23260 the intensity and exact mode of
eCB signaling in NPC or onto NPC are difficult to be determined. As these eCB components are additionally expressed in
cells surrounding the neurogenic niches in the SGZ, the functionality of eCB signaling regarding the regulation of adult
neurogenesis is complex and may act in a paracrine and/or autocrine manner onto neural stem cells and NPCs.

It has been reported that, in general, eCB signaling, as well as phytocannabinoids regulate adult neurogenesis positively,
mostly via CB1 and CB2 18Ul nossibly through multiple mechanisms, including proliferation, antiapoptotic defense,
antioxidant defense, immunoregulation, and autophagy/mitophagy 269, Most of the investigations have addressed these
functions under physiological conditions, and only a few investigations addressed stimulated conditions, with positive
(e.g., exercise) or negative (e.g., stress) annotation. As discussed above, a link between antidepressant intervention and
adult neurogenesis has frequently been reported. In fact, in a mouse model of depressive-like behavior by using CUS, the
inhibition of the 2-AG degrading enzyme monoacyl glycerol lipase (MAGL) by chronic application of JZL184 prevented the
CUS-induced increase of feeding latency in the novelty-induced suppression of feeding, and immobility time in the forced
swim test (162 The positive behavioral outcome went along with the prevention of CUS-induced impaired adult
neurogenesis in the SGZ, and a form of LTP in the DG known to be neurogenesis-dependent. These effects were
associated with the normalization of CUS-induced decrease of mTOR (mammalian target of rapamycin) 631, The mTOR
signaling pathway was shown to be compromised in MDD subjects 184 whereas mTOR activation acts in an
antidepressant manner 1631, Along with this, activation of mTOR signaling is known to play pivotal roles in adult neural

stem cell regulation by particularly upregulating proliferation of the transient amplifying stem cell pool 168, but also by

impacting NPC differentiation (for review, see the work by the authors of [167]). A recent other investigation addressed the
influence of the microbiome on the eCB system and adult neurogenesis 268l |In an elegant set of experiments using
unpredictable chronic mild stress (UCMS) as a mouse model of depression, and fecal microbiota transfer from these mice
to non-UCMS mice, the authors rescued the microbiota-transmitted depressive-like behavior by pharmacological inhibition
of MAGL with JZL184, concomitantly with the restoration of adult neurogenesis. Furthermore, it was also shown that
complementation of UCMS microbiota with Lactobacillaceae alleviated depressive-like symptoms and restored

neurogenesis levels in recipients of UCMS microbiota.

As outlined above, exercise is an efficient intervention for increasing adult neurogenesis. Pharmacological blockade of the
CB1 alleviated the exercise-induced increase in proliferation in the SGZ 189 |n another study, though, using CB1
deficient mice, such a CB1 dependency on neurogenesis was not observed upon a 6-week running period, but the CB1
deficient mice showed reduced motivation to run 229, The reasons for these divergent observations have not been
clarified.

In summary, the current data on the involvement of the eCB system in stress coping and neurogenesis suggest that the
enhancement of eCB signaling, in particular 2-AG, is beneficial for alleviating stress-induced depressive-like behavior, and
concomitantly, to the stress-induced blunting of adult neurogenesis. The underlying mechanisms of the stimulatory effects
on neurogenesis have still to be further investigated.

3.1.3. Brain-Derived Neurotrophic Factor (BDNF)

The neurotrophin BDNF regulates survival, proliferation, differentiation, and migration of neural stem and progenitor cells
in vitro and in vivo during neural development of the embryo, as well as in adult neurogenesis AIIL72AL73II74] |n matyre
neurons, BDNF is also well known for its function in synaptic plasticity and LTP formation, thereby controlling cognition,
learning, and memory, but also mood “3L7SIILTEIL77] BDNF is secreted at the pre- and postsynaptic side either as
proprotein or mature BDNF in an activity-dependent manner or by the constitutive pathway of exocytosis [1Z8I179][180]
BDNF exerts its functions through binding to its two receptors, the high affinity tropomyosin receptor kinase B (TrkB) and
the low-affinity p75 pan neurotrophin receptor (p75NTR). Besides being expressed on the vast majority of neurons, the
occurrence of both receptor types has been demonstrated in both adult neurogenic niches exhibiting dynamic expression



during distinct stages of adult neurogenesis 181182l BDNF signaling through the TrkB receptor acts mainly via the

PI3K/Akt pathway to positively regulate cellular survival and structural plasticity, whereas the MAP kinase pathway in
concert with PLCy is the main player in regulating cellular proliferation and differentiation. Binding to p75NTR was
demonstrated to have opposing functions, e.g., the reduction of dendritic arborization, apoptosis, and long-term

depression, also reflecting the enhanced binding of pro-BDNF, for which opposing physiological roles have been
demonstrated [1831[184](185][186]

Role of BDNF in MDD

It has been widely shown that serum BDNF availability correlates with mood changes and reflects the pathophysiological
state in mood disorders, as well as with structural changes in specific brain regions, such as the hippocampus and cortical

areas [187I[188][1891[190]1191] ‘\oreover, BDNF serum levels seem to reflect BDNF brain levels 122, Altogether this implicates
BDNF as a potential biomarker for MDD, but also for other mood disorders 193], Indeed, recently, also DNA-methylation
profiles of the BDNF promoter were suggested as MDD biomarker, because depressed and healthy individuals could be
clearly classified into two groups by this epigenetic modification 124, The BDNF hypothesis of depression is justified
because opposing actions of stress and antidepressant treatment are observed on existing BDNF levels in serum and
limbic brain regions, such as the hippocampus 1781 Stress significantly suppresses mRNA and protein BDNF levels in the
hippocampus, particularly in the DG and CA3 hippocampal subfields, and thereby impairs downstream targets of signaling
pathways implicated in neuroplasticity 12312961 Two important meta-analyses could directly prove decreased serum BDNF
levels in depressed, suicidal patients, whereas BDNF was increased after antidepressant treatment in humans [1891[190]
The question of how BDNF exerts its antidepressant effect is still not fully understood, since the regulation by BDNF could
appear at the level of neuronal excitability, as well as regarding the regulation of adult neurogenesis or both. Furthermore,
brain atrophy caused by stress 197 could be potentially counteracted by BDNF, serving as a survival factor for
degenerating neurons. However, this last point is unlikely because some antidepressants reported an increase of BDNF
that did not reverse stress-induced atrophy 12811197,

3.2. Negative Modulation of Adult Neurogenesis by Stress

Long-term exposure to environmental, physical, and psychosocial stress is a recognized risk factor for MDD, also referred
to as stress-related disorder 1281, A plethora of stressors contributes to the development of MDD, including traumatic
events, such as bereavement, repetitive job hassles, diagnosis of a disabling disease, physical or sexual abuse. The time-
window of trauma exposure has a leading role in determining the body’s structural and functional changes in response to
stress. In this respect, early life stress (ELS), such as childhood trauma (for example, abuse), lack of maternal care, poor
nutritional intake, triggers significant changes in the brain with psychological consequences in adulthood 128l The
hippocampus, which mostly develops postnatally in both humans and rodents 19212001 is highly sensitive to precocious
stress. ELS in rodents was shown to impair adult neurogenesis, in correlation with impaired learning and memory
functions (reviewed by the authors of [128]) specifically in male rodents [291[202] yeviewed by the authors of (2031,

From a neuroendocrine point of view, acute stress engages a fast and self-limiting body reaction that implicates the
involvement of the stress hormones, cortisol, norepinephrine, and epinephrine, the immune system, and stress-sensitive
brain areas, such as the hippocampus. The complex interaction among these factors underlying the so-called “fight or
flight response” is a beneficial protective mechanism that prepares the body to react to stressors 224, A crucial role in the
stress system is played by GCs and the HPA axis. Activation of the HPA axis starting from the release of corticotropin-
releasing hormone (CRH) from the hypothalamus to stimulate the pituitary release of adrenocorticotropin hormone
(ACTH) leads to the final synthesis and release of cortisol in humans and corticosterone in rodents from adrenal glands
1491 GC levels, in turn, block the HPA axis, through negative feedback over the hypothalamus, and as mentioned above,
the hippocampus. This area is particularly rich in GC receptor (GR), which, in contrast to the other GC responsive
receptor, the mineralocorticoid receptor (MR), has been implicated in the negative feedback to stress [205],
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