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Abstract:  Adult  neurogenesis  consists  in  the generation of  newborn neurons from neural  stem
cells taking place in the adult brain. In mammals, this process is limited to very few areas of the
brain, and one of these neurogenic niches is the subgranular layer of the dentate gyrus (DG) of the
hippocampus. Adult newborn neurons are generated from quiescent neural progenitors (QNPs),
which differentiate through different steps into mature granule cells (GCs), to be finally integrated
into the existing hippocampal circuitry.

In animal models, adult hippocampal neurogenesis (AHN) is relevant for pattern discrimination,
cognitive flexibility, emotional processing and resilience to stressful situations. Imaging techniques
allow to visualize newborn neurons within the hippocampus through all their stages of develop-
ment and differentiation. In humans, the evidence of AHN is more challenging, and, based on re-
cent findings, it persists through adulthood, even if it declines with age. Whether this process has
an important role in human brain function and how it integrates into the existing hippocampal cir-
cuitry is still a matter of exciting debate. Importantly, AHN deficiency has been proposed to be rele-
vant in many psychiatric disorders, including mood disorders, anxiety, post-traumatic stress disor-
der and schizophrenia.

This review aims to investigate how AHN is altered in different psychiatric conditions and how
pharmacological treatments can rescue this process. In fact, many psychoactive drugs, such as an-
tidepressants, mood stabilizers and atypical antipsychotics (AAPs), can boost AHN with different
results. In addition, some non-pharmacological approaches are discussed, as well.

Keywords: Adult hippocampal neurogenesis, antidepressants, mood stabilizers, atypical antipsychotics, receptor biased agon-
ism, physical activity, restorative sleep.

1. INTRODUCTION
Neurogenesis is a biological process of formation of new

neurons from neural precursors, and it was traditionally con-
sidered a phenomenon circumscribed to neurodevelopmental
stages [1]. In fact, as suggested originally by the neuroscien-
tist Pasko Rakic, neurogenesis in adult humans would not be
feasible because the higher functions of the brain require sta-
bility over plasticity.  Conversely,  in the last  twenty years,
many neuroscientists have been convinced otherwise, i.e., it
is exactly the brain plasticity mediated by neurogenesis dur-
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ing the whole lifetime that may contribute to human’s flexi-
bility and high functioning in many cognitive processes. In
adult humans, this process seems mostly restricted in the hip-
pocampus region, while in mammals, it also takes place in
the subventricular zone (SVZ) of the lateral ventricles. In ro-
dents, the newborn neurons migrate from the SVZ to the ol-
factory bulb (OB) through the rostral migratory stream (RM-
S). Surprisingly, a similar pathway has also been found in
humans along with a putative lateral ventricular extension,
though neural migration was not clearly demonstrated [2]. In-
triguingly in humans, neurogenesis seems to occur in other
areas, such as the striatum [3].

Altman's  pioneering  studies  gave  the  first  evidence  on
the presence of undifferentiated cells in the granular cell lay-
er  of  the  dentate  gyrus  (DG)  in  the  hippocampus  of  adult
rats. The 3H-thymidine tagged cells were numerous not only
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in neonates and infant rats DG, but in adult rats as well [4,
5]. This knowledge on rats was later extended to several spe-
cies  of  mammals,  where  neurogenesis  was  detected in  the
postnatal period. Later on, Eriksson [6], using immunohisto-
chemical techniques postmortem, was the first  to demons-
trate the generation of new neurons from dividing progenitor
cells in the DG of the hippocampus in human brains.

Recently, two important studies have confirmed the exis-
tence of adult hippocampal neurogenesis (AHN) in humans
at different ages. Boldrini et al. [7], by analyzing the whole
autopsy hippocampi, found that hippocampal neurogenesis
still persists throughout aging, which was confirmed by simi-
lar evidence under strictly controlled conditions by compar-
ing healthy individuals with patients with Alzheimer’s dis-
ease (AD) [8].

Conversely, two other groups, namely Sorrells et al. [9]
and Cipriani et al. [10], challenged AHN. Sorrells et al. de-
scribe a sharp decline of proliferating progenitor cells and
young neurons in the DG of humans during early post-natal
life, where neural progenitors could no longer be identified
in subjects after the age of thirteen. Such a discrepancy is
mostly due to prolonged fixation conditions in the analysis
carried out in the Sorrells’ work, which causes a reduction in
the antigen detection, as it was clearly demonstrated by the
recent paper of Moreno-Jimenez et al. [8]. This and other is-
sues  have  been  nicely  discussed  in  a  review  by  Kemper-
mann  et  al.  [11].  This  is  a  methodological  issue,  which
needs to be taken into account when detecting the presence
of AHN. This inherent limit may be circumvented in the fu-
ture by using reliable markers to identify AHN in vivo, espe-
cially in humans. This is expected to solve a number of is-
sues and to build established evidence in the field.

At  present,  despite  controversial  findings  and  various
methodological approaches, the issue concerning the pres-
ence of neural progenitor cells in the human hippocampus re-
mains an exciting and challenging topic. This is further em-
phasized when considering the potential physiological role
of these cells in the complex DG network and its connection
to other brain structures.

Intriguingly,  a  reduction  of  AHN has  been  considered
across many psychiatric and neurological disorders, includ-
ing  mood  disorders,  post-traumatic  stress  disorder,  schi-
zophrenia,  and  AD  [12].

This  review  aims  to  investigate  the  functional  role  of
AHN in animal models and humans, and how it is altered in
different psychiatric conditions. In addition, pharmacologi-
cal treatments that can increase the process of neurogenesis
will be taken into consideration, based on the evidence that
many psychoactive drugs such as antidepressants, mood sta-
bilizers  and atypical  antipsychotics  (AAPs),  can  boost  the
proliferation  of  immature  precursors,  induce  their  matura-
tion or prevent their cell death. This effect is expected to pro-
duce a gross increase in the number of mature neurons inte-
grated within the hippocampus and to potentially  improve
the synaptic connections within the limbic system. Non-phar-
macological  approaches  that  may  increase  AHN,  such  as

physical  exercise  and  restorative  sleep,  are  discussed  as
well.

2. AHN IN ANIMAL MODELS AND HUMANS
In murine species, AHN is spatially restricted to two spe-

cific neurogenic brain regions. The subgranular zone (SGZ)
in the DG where newborn adult neurons migrate to a short
distance radially into the granular cell layer and differentiate
into glutamatergic granule cells (GCs), and the SVZ of the
lateral ventricles where new neurons migrate through the ros-
tral migratory stream to the olfactory bulb to become mostly
GABAergic (GABA, γ-aminobutyric acid) interneurons [1].
In both niches, pluripotent neural stem cells persist and are
able to give rise to the main lineages of the central nervous
system, e.g., neurons, oligodendrocytes and astrocytes [13].
However, these reservoirs of stem cells decrease with aging
[14].

In the DG of mice, the generation of new neurons starts
from quiescent neural progenitors (QNPs), which are type I
radial-glial-like cells (or type I intermediate neural progeni-
tors (INPs)) and self-renewing multipotent neural stem cells,
characterized by markers such as GFAP, nestin and Sox2.
Once activated, type I INPs undergo asymmetric divisions
and generate amplifying type II INPs, expressing prolifera-
tion markers, such as Ki-67 and nestin, which subsequently
become type III INPs or neuroblasts characterized by the ex-
pression  of  DCX  and  polysialylated  neural  cell  adhesion
molecule (PSA-NCAM) [15].

Besides proliferation, adult neurogenesis is a multistep
process that includes differentiation, migration, axonal elon-
gation, axon branching, enlargement of synaptic zones, cir-
cuit  integration and survival,  where some of the new cells
can be eliminated at any stage in their maturation progress
[15, 16].

In the past, the only tools available for studying the pro-
cess of adult neurogenesis were bromodeoxyuridine (BrdU),
a thymidine analog that is incorporated in the nucleus in the
S phase of cell cycle, and 14C labeling, which integrates into
genomic DNA in a stable manner and allows dating the mo-
ment of cell birth [17]. At present, the development of novel
imaging techniques in living animals, such as two-photon mi-
croscopy, advanced our knowledge and paved the way to un-
derstand how newborn cells integrate into the hippocampal
circuitry. In 2016, Danielson et al.  managed to monitor in
vivo the activity of adult-born GCs using two-photon calci-
um imaging [18, 19].

The integration of new neurons in the DG can take sever-
al weeks in animals, where they may die, particularly during
the first four weeks, depending on the environmental stim-
uli. Initially, adult-born neurons show increased excitability
and  are  mostly  influenced  by  local  GABAergic  interneu-
rons, such as parvalbumin-positive basket cells and chandeli-
er cells [15], responding to unusual GABA activation due to
high intracellular chloride concentration that leads to mem-
brane depolarization once GABA is released. Then, the chlo-
ride gradient switches because the NKCC1 transporter substi-
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tutes with KCC2. The first excitatory contacts come from lo-
cal glutamatergic mossy fibers, which develop during the se-
cond week, whereby the new maturating neurons start to ex-
press specific N-methyl-D-aspartate (NMDA) receptors con-
taining NR2B subunit that lowers the threshold for induction
of long-term potentiation and enhanced plasticity [20].

Despite having enhanced excitability, immature cells are
gifted with a modest excitatory innervation compared with
their mature counterparts, which explains the different elec-
trophysiological activity going on within these two neuronal
populations occurring in the complex DG circuitry [21, 22].

Dendritic  spines  formation  takes  place  during  the  first
2-3 weeks or even longer after neuronal birth [15,23], and it
is controlled by local astrocytes. The block of vesicular re-
lease from astrocytes results in an impaired dendritic matura-
tion, thus showing a fundamental modulatory role for sur-
rounding astrocytes [24].

The  synaptic  output  from  adult-born  GC  is  generally
formed within the first three weeks. These neurons are exci-
tatory cells reaching with their axons inhibitory interneurons
of the DG, which in turn control GC activity. In fact, over-
all, the immature newborn neurons inhibit the activity of the
DG. In addition, they also synapse mostly in the CA3 region
and in part in the CA2 region with both inhibitory interneu-
rons and pyramidal cells [20].

Finally,  they  become  functionally  mature  GCs  within
eight weeks,  despite strongly influencing the hippocampal
circuitry during different phases of their maturation process
[25]. In a twelve weeks old mouse, the amount of immature
neurons is around 10% of the total GCs [26].

Long-distance  monoaminergic  and  cholinergic  projec-
tions coming from different nuclei influence adult-born GCs
activity  with  relevant  consequences  for  the  use  of  com-
pounds  with  therapeutic  activity  [27].

Though adult neurogenesis in rodents and mice is clearly
demonstrated, this topic is more controversial in primates. In
fact, AHN has been confirmed in several primate species, in-
cluding marmosets [28], lemurs [29], macaques and baboons
[30]. Gould et al. [31] were the first to perform a BrdU treat-
ment in adult marmoset monkeys and found labeled cells in
the DG; most of them showed characteristics of GC precur-
sors. The adult generation of neurons in the DG was also ob-
served in macaques, although the rate of neurogenesis was
found to  be  lower  than in  rats  [32].  Thus,  despite  the  fact
that differences exist among various species, the process of
AHN has been found in many mammalian species [11].

In  humans,  the  first  proof  of  adult  neurogenesis  dates
back to late 90’s when Eriksson et al. [6] using BrdU detect-
ed dividing neuronal cells in postmortem samples from five
patients in the GC layer of the DG, owing to a morphology
similar to that reported in other species [6].

Regarding neurogenesis, specific markers target neuron-
al precursors in different phases of the maturation process,
and they are used to characterize the hippocampal neuronal
population.  Nevertheless,  the  relationship  between  animal

and human studies remains a complex topic, particularly if
we consider lifespan differences and the decline of neurogen-
esis with aging between these two species.

At present, it has been proposed that adult neurogenesis
in the human hippocampus generates about 700 newly born
neurons daily in the DG at a rate of 1.75%/year. Thus, most
neurons can be replaced within the human lifespan, forming
a  self-renewing  population  in  the  hippocampus  [33-35].
However, whether this process is sufficient to prevent hippo-
campal volume reduction with aging is still a matter of exten-
sive debate, where several studies have reached opposite con-
clusions, thus underlining the complexity and variability of
such phenomenon. In rodents, the hippocampal volume re-
mains stable with age, or it might even increase as reported
by some [36, 37].

Recently, Boldrini et al.  [7] confirmed the presence of
AHN in postmortem humans that did not decrease with age,
despite a reduction of QNPs, especially in the anterior DG
[7]. The use of stereology has strengthened these findings as
this technique quantifies cells in a specific volume of tissue.
Conversely, Sorrells et al. [9] could not find any neural pre-
cursor in the adult  hippocampus by using markers for cell
proliferation such as DCX, Ki-67 and PSA-NCAM.

The  Sorrells’  study  [9]  attracted  some  methodological
criticism.  For  instance,  sample  preparation  with  uncon-
trolled fixation conditions may alter the immune staining of
protein markers. In fact, as it was clearly shown by Moreno-
Jimenez et al. [8], the detection of AHN markers in humans
critically depends on fixing procedure and further steps in
sample  processing.  Persistent  storage  in  a  fixing  solution
condition may reduce antigen integrity, thereby weakening
the power of detection. Furthermore, the fact that the study
was carried in brain tissue from epileptic patients could have
been confounding, since the hippocampal neurogenic niche
is altered by epilepsy [11, 38].

On  this  topic,  by  using  a  strict  methodological  proce-
dure, Moreno-Jimenez et al. identified thousands of DCX--
positive neuronal precursors in the DG of several adults [8].
These data further confirm the persistence of neurogenesis
in  older  healthy  people,  a  phenomenon  that  is  found  de-
creased  in  patients  with  AD.  In  addition,  this  study  con-
firmed that the detection of AHN markers in humans is criti-
cally  dependent  on  fixation  and  histological  preparations,
where prolonged fixation conditions can drastically reduce
the detection of neuronal precursors.

In addition, Boldrini et al. [7] found a reduction in angio-
genesis  and  neural  plasticity  in  older  people,  even  though
neurogenesis still persists.

3. NEUROPHYSIOLOGY OF AHN IN ANIMAL MOD-
ELS AND HUMANS

In order to establish a role of adult neurogenesis, a varie-
ty  of  experimental  approaches  in  mice  can  be  performed,
such as low dose brain irradiation, treatment with anti-mitot-
ic agents, or aging models. Lately, the development of trans-
genic mice has offered the possibility to induce a neurogene-
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sis deficit in a temporally regulated manner [25, 39, 40]. It is
now clear that newborn immature neurons regulate the exc-
itability of DG and thus influence the information flow com-
ing from the entorhinal cortex to DG and then to CA3, the
so-called trisynaptic model. The number of principal cells in
the DG of rats is around ten times higher than in the entorhi-
nal cortex and CA3, which emphasizes the role of neurogen-
esis in the DG compared with other limbic cortex structures
[25].

The  alteration  of  AHN  selectively  affects  hippocam-
pus-dependent tasks such as spatial and contextual memory,
and pattern discrimination [41].

One possible explanation is that the inhibitory control of
immature neurons on the activity of DG cells determines se-
lection and sparse activation of non-overlapping cellular spe-
cific circuits, also called engrams, which allow distinguish-
ing similar experiences spatially and temporally by produc-
ing different outputs for similar inputs. In fact, the ablation
of  adult  neurogenesis  increases  the  activity  of  DG mature
neurons, while the increase of neurogenesis reduces DG exc-
itability. In the latter, the number of excitatory synaptic con-
tacts  of  newborn  neurons  onto  GABAergic  hilar  interneu-
rons is increased [42].

On  the  one  hand,  young  neurons  are  broadly  tuned  to
novelty and time-related information due to their hyper-exc-
itability, and on the other hand, mature GCs are supposed to
be more critical to encode space-related novelties due to a
higher excitation threshold. In fact, highly excitable young
neurons  may  be  ineffective  in  separating  similar  events,
while mature GCs are proposed to be more efficient in the
sparse encoding of contextual information due to their high-
er excitation level. In this scheme, young neurons act as pat-
tern integrators to encode temporal associations and as indi-
rect pattern separators for inhibiting mature GCs to facilitate
sparse coding [15].

Adult neurogenesis is required for changing a previous
memory (e.g., safety location) but not for learning the initial
rule. In fact, in the Morris water maze test, intact neurogene-
sis is necessary for mice to learn the new position of the safe-
ty platform when it  is  changed (reverse learning),  while it
does not seem relevant to find the platform for the first time.
In  addition,  neurogenesis  is  also  implicated  in  avoiding
merging between the novel and previously formed memories
and/or in the process needed to clear unnecessary memories
[26].

Based on this evidence, we might infer how adult neuro-
genesis  seems  important  for  cognitive  flexibility  to  adopt
successful strategies, especially in new situations. Although
much of this function is attributable to the prefrontal cortex
(PFC), hippocampus could also have a role [26]. Important-
ly, while the dorsal hippocampus may contribute to cogni-
tion, orientation and spatial learning, the ventral hippocam-
pus  seems relevant  for  emotional  behavior,  social  interac-
tion,  mood  and  regulation  of  the  neuroendocrine  system
[26].

Besides neutral situations, AHN also seems relevant in
stressful and emotionally charged circumstances where it in-

fluences emotional engrams generated in the DG. Such func-
tion contributes to reduce anxiety and depression in stressful
conditions, as demonstrated in animal models [43]. In fact,
neurogenesis within the ventral hippocampus may exert in-
hibitory control over the hypothalamus and HPA axis, thus
regulating the stress-related neuroendocrine response, which
in turn has a negative feedback activity on the hippocampus
itself [44].

As demonstrated for spatial and contextual memory, the
inhibitory  activity  of  newborn  neurons  over  mature  GCs
may be important to modulate responses to fear experiences,
e.g.,  to  erase  fear  memories  when  necessary  [45].  When
mice learn to associate an experience with an aversive event,
such as a foot-shock, this memory trace is encoded by a cel-
lular representation (engram) in the hippocampus. Once the
shock is removed in a fear extinction animal protocol, cogni-
tive  flexibility  is  subsequently  required  to  learn  that  the
same context has now become unharmful, and this process
may need adult neurogenesis. In fact, in stressful conditions,
where neurogenesis is inhibited, the discriminatory capacity
can  be  reduced,  and  new  safe  conditions  can  still  be  per-
ceived as dangerous [46]. Although the ablation of new neu-
rons can impair the capability of reducing anxiety in stress-
ful environments, it has a low impact on basal levels of anxi-
ety in animal models [47].

The relevance of AHN in humans in vivo is more diffi-
cult to establish with respect to animal models because there
are no straightforward tools to neither identify newborn neu-
rons nor inhibit neurogenesis [48].

Neural  precursors were identified in the human hippo-
campus  using  magnetic  resonance  spectroscopy  markers.
However, these findings need to be confirmed [49]. Current-
ly, many efforts are being made to find new in vivo markers
using magnetic resonance imaging (MRI) and positron emis-
sion  tomography  (PET)  techniques,  which  could  pave  the
way to finally confirm adult neurogenesis in humans [50]. In-
direct evidence of adult neurogenesis in humans comes from
hippocampal volume reports where it has been shown how
physical exercise, enriched environment and antidepressant
medications can either increase or prevent a decrease of hip-
pocampal volume in healthy and pathological conditions. Th-
ese activities seem to increase cerebral blood flow in the hip-
pocampus, which is unfortunately, not a specific marker of
neurogenesis [51]. To corroborate the potential relevance of
AHN in humans, aging individuals show a reduced pattern
separation  capability  that  is  associated  with  a  weaker  DG
functional  MRI signal  [26],  and patients  treated  with  che-
motherapy often report a decline in memory as a sign of hip-
pocampal alteration [52].

4. PHARMACOLOGICAL TREATMENTS AND AHN
IN ANIMAL MODELS AND HUMANS

4.1. Antidepressants
The strongest evidence of a correlation between pharma-

cological treatment and the occurrence of neurogenesis ap-
plies to antidepressants (Fig. 1).
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Fig. (1). Effects of pharmacological treatments on the different phases of AHN A schematic representation showing the stimulatory ef-
fects of the most widely used psychoactive drugs on the different phases of AHN. Based on the number of publications showing drug effica-
cy, values are reported as high ( ), medium ( ), low ( ) and not effective (-). High ( ) refers to many papers, medium ( ) to several pa-
pers, low ( ) to few papers and (-) refers to no papers. Citations supporting our criteria are also included. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

A large number of studies have pointed out how antide-
pressants increase AHN in different species, from rodents up
to primates and humans [53]. Among these, mouse models
are  the  most  studied,  and  a  recent  meta-analysis  has  con-
firmed  that  chronic  treatments  involving  most  commonly
used antidepressants significantly increase the hippocampal
neurogenesis [54]. A pioneer study showed that when hippo-
campal neurogenesis was abolished by X-irradiation, the ef-
fects of the serotonin selective reuptake inhibitor (SSRI) an-

tidepressant fluoxetine on depression-anxiety paradigms are
abolished [55]. Following these early results, other studies
reproduced these findings,  showing that  the  occurrence of
this effect is dependent on the specific mouse strain and the
type of antidepressant being administered [56-58].

The sequential process of AHN includes division from
neural precursors (e.g. QNPs or INPs) to generate newborn
neurons (proliferation), development of neuronal morpholo-
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gy,  axonal  elongation  and  dendritic  arborization  (matura-
tion),  and  finally  prevention  of  cell  death  that  normally
could erase a fraction of adult newborn neurons (survival).

Antidepressants and lithium are the strongest pharmaco-
logical stimulants to increase AHN, where the former seem
more  powerful  in  the  proliferative  and  maturation  steps,
while  the  latter  is  more  potent  in  the  survival  phase.  Val-
proic  acid  has  less  impact  on  AHN  compared  to  lithium.
AAPs,  particularly  clozapine,  have  a  certain  degree  of  in-
creasing AHN, especially in the proliferative phase, whereas
haloperidol has no effect. BDZs seem not to have any effect
on AHN.

Different dosing of SSRIs, such as fluoxetine, appears to
affect differently the various steps of neurogenesis, includ-
ing an increase in cell proliferation and the rate of symmet-
ric divisions of neural progenitors. In particular, fluoxetine
administration in rats determines an increase in proliferation
of type II and type III INPs, with no effect on type I cells
[59,60]. In addition, chronic, but not sub-chronic, administra-
tion of fluoxetine accelerates the maturation of newly born
neurons by enhanced dendritic arborization, thus increasing
the numbers of mature neurons [58, 61].

Conversely,  the  ability  of  antidepressants  to  boost  the
survival of newly born neurons is less evident. One initial
study showed that fluoxetine treatment was unable to alter
cell  survival  [62],  but  later  on,  it  was  demonstrated that  a
four-week treatment was effective in prolonging cell survi-
val [61, 63]. Fluoxetine also seems endowed with a specific
anti-apoptotic effect, which appears to be associated with an
increase of  anti-apoptotic  gene Bcl-2 in the rat  hippocam-
pus, frontal cortex and striatum [64].

Tricyclic antidepressants, such as imipramine, although
less studied, have been shown to positively affect prolifera-
tion, maturation and survival [56, 65] (Fig. 1).

In postmortem human studies, in first work, Boldrini et
al. [66] found that patients treated with SSRI and tricyclics
antidepressants presented an increased number of neural pre-
cursor  cells  (NPCs)  and  dividing  cells.  Then,  in  a  subse-
quent study, they discovered that treated patients have high-
er numbers of mature GCs and increased granular layer, but
no  expansion  of  neural  progenitors.  Therefore,  they  pro-
posed  that  this  enhanced  neurogenesis  could  be  related  to
the maturation and survival phases [67].

Besides the different phases of neurogenesis involved in
the activity of antidepressants, the increase of brain-derived
neurotrophic factor (BDNF) in the hippocampus is consid-
ered as one of the key elements in the mechanism of antide-
pressants action [68]. For example, the deletion of the BD-
NF receptor TrkB abolished the effect of antidepressants, de-
creased  AHN and increased  anxiety-like  behavior  in  mice
[47, 69].

Considering that antidepressants increase the serotonin
(5-HT) levels, the serotoninergic terminals in the hippocam-
pus should be determinant for this neurotrophic potentiation
by acting through various 5-HT receptors. Among these re-

ceptors,  5-HT1A  and  5-HT4  have  received  particular  atten-
tion,  as  they  increase  BDNF  expression  through  different
mechanisms, e.g., the activation of the cAMP response ele-
ment-binding protein (CREB) [70]. Blocking of 5-HT1A  or
5-HT4 receptors strongly reduces the neurogenic effect of flu-
oxetine [71]. Similarly, the norepinephrine reuptake inhibi-
tor reboxetine also increases the levels of BDNF in a CRE-
B-dependent fashion [72].

DG neurons express different 5-HT receptors other than
5-HT1A and 5-HT4, such as 5-HT2A, 5-HT2C and 5-HT7. It has
been proposed that if 5-HT1A  receptors are involved in the
acute stimulation of proliferation, then the 5-HT2C receptors
may antagonize this effect and cause a delay in fluoxetine ef-
fect [73]. For this reason, the antagonism at 5-HT2C receptor
shared by atypical antidepressants, such as mirtazapine, tra-
zodone and agomelatine, is considered relevant for their effi-
cacy.

Among  the  different  5-HT  receptors  involved  in  the
mechanism of antidepressants, the 5-HT1A receptors surely
have a special role that goes beyond the process of neurogen-
esis.  In  fact,  5-HT  increase  induced  by  SSRI  activates  5-
HT1A receptors on mature GCs, which are Gi protein-coupled
receptors that silence neuronal activity by opening the G pro-
tein-coupled inwardly-rectifying potassium channels (GIRK-
s) and inhibit the DG function similar to newborn hippocam-
pal neurons. This dual-action provided by 5-HT1A receptors
may be relevant in the antidepressant and anxiolytic effects
of  SSRI.  In  fact,  fluoxetine  loses  its  efficacy  in  5-HT1A

knockout mice, while imipramine is still effective due to its
influence on the noradrenergic system [55]. In addition, the
5-HT1A partial agonist buspirone is commonly used for treat-
ing generalized anxiety and depression, and its neurotrophic
effect has already been demonstrated in animal models [74].

Regarding downstream effectors targeted by SSRIs in re-
lation to neurogenesis, the p21 kinase and the bone morpho-
genetic protein 4 (BMP4) growth factor have been studied.
Reduction of p21 levels in the SGZ of the DG was observed
after  treatment  with  fluoxetine,  imipramine  and  de-
sipramine, which was responsible for hippocampal neuronal
proliferation [75]. Brooker et al. [76] demonstrated that flu-
oxetine suppresses BMP signaling that normally inhibits cell
proliferation in the DG, leading to enhanced neurogenesis.

If we consider AHN across age, it is well-known that at
an  older  age,  neurogenesis  seems  to  decrease,  in  terms  of
both the number of progenitor cells and maturation [8, 35,
77], as evidenced mostly in animal models. Still, in elderly
people, a reduction of QNPs has been found in the anterior
DG.  In  fact,  fluoxetine  was  able  to  increase  neurogenesis
and survival in three-month-old mice, but not in older mice
[78, 79]. This evidence might imply that in the elderly popu-
lation, the antidepressant effect of SSRI, which is still pre-
sent, might involve other mechanisms besides neurogenesis
[80]. Conversely, if we consider the large variability of the
number of neural precursors in the general population, espe-
cially in the elderly, one can speculate that this can be a rele-
vant factor influencing the response to antidepressants [7].
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Nonetheless, the hippocampus of aged mice is still sensitive
to synaptic remodeling and an increase of dendritic spines in-
duced by fluoxetine and other SSRIs. Synaptogenesis is ac-
tive not only in the hippocampus, but also in other areas of
the  brain,  such  as  the  pre-frontal  cortex  (PFC)  and  amyg-
dala, and it is relevant in the general mechanism of action of
the antidepressants [79, 81].

In summary, AHN is relevant for the mechanism of ac-
tion of antidepressants, at least in terms of improvement of
certain cognitive domains and resilience to stress. These are
some but not  all  the aspects of  depression,  a complex and
heterogeneous  disorder  characterized  by  different  pheno-
types and etiologies, which at the moment are still not well
characterized.

4.2. New Antidepressants: Ketamine
The 2-4 weeks of the lag period in the antidepressant re-

sponse  matches  the  time  needed  for  the  whole  process  of
neurogenesis  to  become  effective  [82].  This  characterizes
both first- and second-generation antidepressants and repre-
sents  a  time  limitation  in  getting  a  therapeutic  response
when  it  is  needed.

With these premises, the discovery of ketamine, which
at low dose is able to obtain an antidepressant response in
24h in humans lasting for several days, has been an extraord-
inary breakthrough in neuropharmacology.

In  animal  models,  ketamine  rapidly  accelerates  BDNF
expression and release through different signaling shortcuts
that promote rapid morphological changes. The mechanism
of action involves NMDA receptor antagonism, especially
on the GABAergic interneurons that control the glutamaterg-
ic activity. Subsequently, the ketamine-induced glutamate re-
lease  stimulates  postsynaptic  α-amino-3-hydrox-
y-5-methyl-4-isoxazolepropionic  acid  (AMPA)  receptors,
which causes depolarization and activation of L-type volt-
age-dependent  Ca2+  channels  leading  to  a  rapid  BDNF re-
lease [83]. In addition, the ketamine NMDA receptor antag-
onism increases BDNF translation through the deactivation
of eukaryotic elongation factor 2 (EEF2) signaling [84], and
it reduces the production of reactive oxygen species (ROS)
due to increase of calcium.

In the very short term, in mice, a single dose of ketamine
rapidly increases, especially in the medial prefrontal cortex
(mPFC) pyramidal neurons, the number of dendritic spines,
the level  of  synaptic proteins such as postsynaptic density
protein 95 (PSD95) and synapsin-1,  and is  able to reverse
chronic stress induced by synaptic deficits [85]. At the same
time, the rapid increase of BDNF in the hippocampus stimu-
lates neurogenesis in the DG, which is important for the sus-
tained antidepressant actions of ketamine [86].

Ketamine  seems  to  accelerate  the  maturation  phase  of
hippocampal immature neurons, but it has less effect on the
numbers of neural progenitors [86, 87] (Fig. 1). However, a
recent study found an increase in the densities of neuronal
progenitors and newborn GCs in the hippocampal ventral re-
gion, together with an increase of expression of specific NM-

DA  and  AMPA  subunits  and  mammalian  target  of  ra-
pamycin  (mTOR)  phosphorylation  [87].  In  addition,
Grossert et al. [88], through an in vitro model based on hu-
man induced pluripotent stem cells (iPSCs), determined an
increase  of  proliferation  of  NPCs  induced  by  ketamine,
where transcriptome analysis revealed significant upregula-
tion of insulin-like growth factor 2 (IGF2) and p11, a mem-
ber of the S100 EF-hand protein family, which are both im-
plicated in the pathophysiology of depression.

Importantly,  the antidepressant  effects  of  ketamine are
blocked in conditional BDNF knockout mice and are strong-
ly reduced in BDNF Val66Met mice [84]. In addition, infu-
sion of an anti-BDNF neutralizing antibody blocked the an-
tidepressant effects of ketamine [89], while systemic admin-
istration of a TrkB inhibitor antagonized the antidepressant
effects of both the (R)- and (S)-ketamine enantiomers [90],
confirming  the  relevance  of  BDNF  pathway  in  the  mech-
anism of ketamine. In humans, the antidepressant actions of
ketamine seem attenuated in major depressive disorder (MD-
D) patients with BDNF Val66Met allele [91], although this
effect appears to be race-specific [92].

The  rapid  activation  of  the  BDNF  signaling  pathway
compared to the slower increase of expression induced by
monoaminergic antidepressants might produce different ki-
netics on TrkB receptor activation and its downstream effec-
tors,  thereby  generating  diverse  neural  responses  [93].
Among these effectors, mTOR surely has a relevant role. In
fact, the administration of the mTOR inhibitor rapamycin in-
to the mPFC seems to strongly reduce the antidepressant be-
havioral actions of ketamine [85]. Moreover, the blood-brain
barrier-permeable  molecule  NV-5138,  which  activates
mTORC1, produces ketamine-like changes and antidepres-
sant behavioral responses [94]. These findings demonstrate
the relevance of the BDNF-TrkB-mTORC1 signaling path-
way in the mechanism of ketamine.

Interestingly, Ly et al. [95] demonstrated how psychedel-
ic  compounds  such  as  lysergic  acid  diethylamide  (LSD),
N,N-dimethyltryptamine  (DMT),  and  2,5-dimethoxy-4-io-
doamphetamine  (DOI)  may  increase  dendritic  arbor  com-
plexity,  promote  dendritic  spine  growth  and  stimulate  sy-
napse  formation,  thereby  highlighting  the  potential  of
psychedelics for treating depression and related disorders.

Together, all these studies indicate that neural hippocam-
pal proliferation and maturation could be involved mostly in
the sustained antidepressant action of ketamine, while synap-
togenesis and neural plasticity, particularly in the PFC, seem
to  have  a  prominent  role  in  the  very  early  phases  of  ke-
tamine actions. However, a recent study in mice found that
some behavior  changes  induced by ketamine,  like  sucrose
preference,  were  independent  of  synaptogenesis  in  the
mPFC, implying that other mechanisms can be involved in
the very short term [96].

4.3.  Mood Stabilizers  and AHN in  Animal  Models  and
Humans: Lithium and Valproic Acid

Mood  stabilizers  are  well-known  medications  mostly
used to treat bipolar disorder (BD). Postmortem studies on
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BD patients have found a significant decrease of volume in
areas of the brain directly involved in emotions and cogni-
tions. In addition, impaired neuroplasticity and neurodegen-
eration have been considered relevant in the etiopathogene-
sis and prognosis of this disease [97].

Despite  many  decades,  lithium  is  still  considered  the
first-line treatment for BD. In the last thirty years, numerous
studies have examined the neurotrophic and neuroprotective
effects of lithium. One of the most replicated findings is the
increased grey matter volume in BD patients following lithi-
um therapy in specific regions of the brain, such as PFC, an-
terior cingulate cortex (ACC), amygdala and the hippocam-
pus [98]. However, not all human studies have consistently
reported these findings. In fact, few studies did not find any
changes in BD patients treated with lithium [99].

Interestingly, a human brain imaging longitudinal study
found that lithium increases gray matter volume which was
associated  with  positive  clinical  outcomes,  while  the  an-
ti-epileptic  valproic  acid  (VPA)  does  not  induce  the  same
changes  [90].  In  addition,  according  to  another  study,  de-
creased hippocampus and ACC volumes may be markers of
non-response for BD patients under lithium treatment [91].

In animal models, Rajkowska et al. [102] demonstrated
that the total number of both neurons and glial cells, especial-
ly astrocytes, was significantly increased in the DG of lithi-
um-treated  mice,  but  they  remained  unchanged  in  the
mPFC. Since the  volume of  the  hippocampus and its  sub-
fields remained unchanged in lithium-treated animals,  this
study demonstrated a change of density of both neurons and
glia. Zanni et al. [103] showed that lithium accumulates in
the hippocampus of young and adult mice and increases the
Ki-67 staining of cells, but it has no effect on neural differen-
tiation observed by a total number of DCX positive neural
cells.  Dong  et  al.  [104]  found  that  lithium  enhanced  both
cell  proliferation and differentiation of mesenchymal stem
cells to neural cells in the rat spinal cord. In mice, lithium al-
so  increased  the  expression  of  anti-apoptotic  gene  Bcl-2
[105]  and suppressed p53 and the  pro-apoptotic  gene  Bax
[106] (Fig. 1).

Regarding the role of BDNF, similar to antidepressants,
chronic administration of lithium increased BDNF expres-
sion in the rodent brain [107], particularly in the hippocam-
pus and frontal cortex.

The  molecular  mechanisms  behind  the  neurogenic  ef-
fects  of  lithium are  complex  and  involve  multiple  targets.
Among the many targets of lithium, the inhibition of glyco-
gen synthase kinase 3 (GSK-3) and inositol monophospha-
tase (IMP) represent the most relevant mechanisms responsi-
ble  of  lithium  neurotrophic  and  neuroprotective  effects
[108].

The  inhibition  of  GSK-3  isoforms  modulates  down-
stream  effectors  such  as  β-catenin,  CREB,  nuclear  factor
kappa-light-chain-enhancer  of  activated  B  cells  (NF-κB),
and other elements downstream the PI3k/Akt signaling path-
way [98]. The transcription factor β-catenin is activated in
the Wnt pathway that is important for cell proliferation and

differentiation.  After  being phosphorylated  by GSK-3,  β--
catenin  undergoes  proteasomal  degradation  [109].  GSK-3
has a multifunctional role relevant not only for cell prolifera-
tion but also for maturation and survival. GSK-3 activation
has been linked to apoptotic cell death induced by a variety
of neural insults,  including glutamate excitotoxicity [110],
and its  inhibition contributes  to  the antiapoptotic  effect  of
lithium.

These effects go beyond the actions of lithium on trigger-
ing neuronal progenitors and provide the basis to compre-
hend the neuroprotection exerted by lithium following a vari-
ety of insults [111-113].

The  two  isoforms  GSK-3α  and  GSK-3β  have  distinct
roles  in  transcriptional  regulation  and  cell  survival  [114,
115], where GSK-3β is the main target of lithium responsi-
ble for its neurotrophic effects, although GSK-3α inhibition
can be involved on these aspects.

Interestingly,  modulation  of  the  expression  of  histone
deacetylase (HDAC) in specific areas of the brain, such as
the hippocampus, has implications for neurogenesis, and this
mechanism is shared by VPA as well.

In relation to novel mechanisms, it has been shown how
miRNAs play an important role in neurogenesis and synapto-
genesis [116, 117], and that the expression of several miR-
NAs are changed in humans and rats by common mood stabi-
lizers,  including lithium [118,  119].  For example,  Chen et
al.  [119]  showed  that  lithium  increased  the  expression  of
four miRNAs (miR-34a, miR-152, miR-155 and miR-221)
in lymphoblastoid cell lines derived from BD patients, while
another study found that  mood stabilizers  tend to increase
the expression of miR-128 and miR-378, which are involved
in neuron maturation and synaptogenesis [120].

Besides  neurogenesis  and  synaptogenesis,  lithium  has
been proven to have additional properties, such as being neu-
roprotective, anti-inflammatory, anti-oxidative and autopha-
gy inducer, encouraging its potential use beyond BD, espe-
cially for neurodegenerative diseases [121, 122].

After lithium, VPA is the most widely used drug to treat
BD, and its mechanism involves blocking sodium and calci-
um voltage-dependent channels and increasing GABA-medi-
ated inhibitory neurotransmission [123].  Besides  these ac-
tions,  VPA has been found to have other  targets  that  con-
tribute to its complex and diverse effects on neural prolifera-
tion and maturation.

VPA  promotes  the  neuronal  differentiation  of  neural
stem cells in several in vitro culture systems and in vivo, and
it drives NPCs into the neuronal lineage over the glial lin-
eage by a process involving HDAC inhibition that modifies
chromatin structure and gene expression [124, 125]. In addi-
tion, VPA has been shown to increase neuronal survival by
inhibiting pro-apoptotic factors through the activation of ex-
tracellular signal-regulated kinase (ERK) and protein kinase
C  (PKC),  an  action  similar  to  neurotrophic  factors  [126,
127] (Fig. 1). Moreover, VPA promotes the Wnt/β-catenin
signaling by directly or indirectly inhibiting the activity of
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GSK3β [128]. The β-catenin transcription factor is involved
in  promoting  neurogenesis  and  neuroprotection  in  mam-
malian  neural  stem  cells  [129].

In one mice study, VPA was able to increase BDNF ex-
pression in the PFC that was accompanied by the extinction
of conditioned fear. Recently, VPA has also been demons-
trated to promote cell proliferation, generation of newborn
mature GCs and an increase in density of immature neurons
in a mouse model of AD [130]. However, few studies have
found opposite evidence where VPA behaves as an inhibitor
of cell proliferation. In one mice study, VPA treatment de-
creased hippocampal neurogenesis and produced cognitive
decline  and  impairment  in  spatial  memory  test  [131].  On
this matter, Welbalt et al. [132] demonstrated that fluoxetine
prevents memory deficits and reduction in hippocampal cell
proliferation caused by VPA. In addition, it was found that
if prenatal exposure to VPA enhances embryonic neurogene-
sis, later on, it causes a depletion of NPCs and a decreased
level of AHN with cognitive functional impairment [133].

For all these reasons, it is not easy to unequivocally de-
termine the effects of VPA, probably due to its very com-
plex and diverse mechanism of action.

In relation to the other mood stabilizers, we can mention
that lamotrigine increases the number of BrdU-labeled cells
in the rat hippocampus [134]. Boku et al. [135] showed that
lithium  and  valproate,  but  not  carbamazepine  and  lamot-
rigine, recovered adult rat DG NPC proliferation that was de-
creased by dexamethasone, an agonist of the glucocorticoid
receptor. Nevertheless, all four compounds decreased NPC
apoptosis.  In addition,  when compared to retinoic acid ef-
fects on differentiation of NPC, lithium and carbamazepine
increased the ratio of neurons compared to astrocytes, while
lamotrigine had an opposite effect.

4.4. Antipsychotics and AHN in Animal Models and Hu-
mans

Antipsychotics (APs) are medications used in mental dis-
orders that are characterized by psychotic features such as
schizophrenia and BD. APs are generally divided into typi-
cal antipsychotics (TAPs) and atypical antipsychotics (AAP-
s), based on the idea that AAPs have reduced motor side ef-
fects  and  better  efficacy  on  the  cognitive  functions  [136].
However, this classification is somehow controversial under-
ling the fact that each AP has unique characteristics. TAPs
are mainly antagonists at D2 and D3 receptors, while AAPs
act beyond dopamine receptors by involving several targets
[137-139].

As postulated for BD, schizophrenia also shows brain de-
ficits in different areas, such as PFC and hippocampus, in-
cluding alterations in hippocampal neurogenesis.

In several studies of rodent models, AAPs such as cloza-
pine  and olanzapine  increased the  number  of  proliferating
cells in the SGZ, while TAP haloperidol did not (Fig. 1). Be-
sides, the effect on the survival of newly generated neurons
was less evident [140]. Similarly, Chikama et al. [141] also
demonstrated that olanzapine, quetiapine, clozapine, risperi-

done, aripiprazole increased BrdU-positive cells, but unfortu-
nately,  the  survival  of  newly generated cells  was  not  ana-
lyzed. Another study found that while clozapine was able to
rescue adult  neurogenesis,  neuronal  survival  and dendritic
branching in the hippocampus and PFC in a stress-induced
animal model, and most importantly, improved the depres-
sive  symptoms  such  as  behavior  despair  and  anhedonia,
haloperidol  aggravated them [142].  This  and other  studies
confirmed the superiority of clozapine over the other AAPs.
In  addition,  clozapine  and  quetiapine  have  been  approved
for the treatment of the resistant forms of major depression.

In a phencyclidine (PCP)-induced animal model of schi-
zophrenia, the decrease in the number of BrdU-labeled cells
in the DG was prevented by co-administration of clozapine,
but again not with haloperidol [143]. However, few studies
have questioned the neurogenic effects of AAPs, where the
dose (low vs. high) and the duration of the treatment may be
determinant for the final response [144].

In relation to neurotrophic factors,  postmortem studies
of schizophrenic patients have shown that BDNF mRNA is
reduced  in  the  hippocampus  and  PFC  areas,  where  AAPs
seem capable to significantly reverse this reduction. Several
experiments  in  animal  models  of  schizophrenia  or  depres-
sion  have  shown  that  clozapine  and  quetiapine,  but  not
haloperidol, were able to reverse the reduction of BDNF ex-
pression in both the hippocampal and cortical regions [145,
146].  In mice, while chronic administration of haloperidol
and  high-dose  of  risperidone  significantly  downregulated
hippocampal BDNF mRNA, lower doses of risperidone and
clozapine  did  not  obtain  the  same  reduction  [147].  In  hu-
mans,  following  an  eight  months  treatment  of  drug-naïve
first-episode schizophrenic patients, olanzapine, quetiapine,
risperidone,  aripiprazole  and  amisulpride  significantly  in-
creased serum BDNF levels that were associated to the vol-
ume of the left hippocampus [148].

In relation to the mechanism of action of AAPs, the ki-
nases ERK and protein kinase B (Akt) have received particu-
lar attention, considering their  relevance in brain develop-
ment, neurogenesis, neuronal differentiation, synaptogene-
sis, memory and cognition [149]. Clozapine, olanzapine and
quetiapine  are  capable  of  activating  these  kinases,  where
clozapine  results  superior  in  comparison  with  the  others
both in vitro [150] and in vivo [151]. Intriguingly, ERK and
Akt  activation  seem  in  part  mediated  by  5-HT2A  receptor
through a novel mechanism called ‘biased agonism’, where
a ligand is able to activate specific receptor-mediated intra-
cellular pathways dependent or independent from the G pro-
teins  that  might  involve other  effectors,  such as  β-arrestin
(Fig.  2).  In  different  cell  lines,  clozapine  behaves  as  a  5-
HT2A  receptor  biased  agonist  via  a  G  protein-independent
pathway [150]. Similarly, it was found that clozapine-mediat-
ed suppression of MK-801 and PCP-induced hyperlocomo-
tion in mice was dependent on 5-HT2A-induced Akt activa-
tion, thereby confirming the relevance of 5-HT2A biased ag-
onism in the pharmacological activity of clozapine [151].
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Fig. (2). Biased agonism at the 5-HT2A receptor as a new mech-
anism to stimulate AHN The ability of a ligand to activate either
G protein-dependent or G protein-independent signaling is called
“biased  agonism”  or  “functional  selectivity”.  AAPs,  especially
clozapine, act as biased agonists via G protein-independent signal-
ing  at  the  5-HT2A  receptor,  activating  ERK1/2  and  Akt  kinases
through β-arrestin 2 or other effectors. This mechanism could be
relevant to explain how AAPs stimulate AHN, with clozapine be-
ing superior among AAPs. This concept applies to other receptors,
like µ-opioid receptors [210] and β-adrenergic receptors [211].

4.5.  Benzodiazepines  and  AHN  in  Animal  Models  and
Humans

A  deficit  of  hippocampal  neurogenesis  leads  to  an  in-
crease in anxiety-  and depressive-like behaviors  in animal
models [47]. Anxiety and depression are often clinically re-
lated, where the use of the anxiolytic drugs benzodiazepines
(BDZs) and antidepressants, individually or in combination,
is frequent. BDZs have the advantage of their immediate effi-
cacy  on  anxiety  symptoms  compared  to  antidepressants.
However, when chronically used, they may induce addiction
and cognitive issues [152].

BDZs potentiate GABA activity by modulating as posi-
tive allosteric compounds receptor-channel GABAA. GABA
neurotransmitter  is  fundamental  in  the  neurodevelopment
and in the adult  brain,  and it  is  also crucial  for  adult-born
GCs maturation and synaptic integration. GABA exerts its
activities through the pentameric receptor complex GABAA,
formed  by  different  subunits  that  can  determine  different
and sometimes opposite biological responses [153].

Importantly,  in the critical  period of the first  weeks of
the newborn neurons in the DG, due to the peculiar chloride
gradient, GABA induces depolarization and Ca2+ influx lead-
ing to CREB-induced gene expression and BDNF increase
[154].

In relation to the electrophysiological properties of the
newborn  neurons,  they  do  not  seem  to  be  influenced  by
zolpidem,  while  mature  GCs  were  sensitive  to  this  drug,

most  likely  due to  a  different  expression in  the  α1-subunit
component of the GABAA [155].

In a previous study, the treatment of wild-type mice with
diazepam or GABAA agonist did not change either the survi-
val of young DG GCs or the number of fourteen-day-old Br-
dU-labeled  cells  [156].  Similar  evidence  was  confirmed
where diazepam did not have any effect on AHN [157]. Be-
sides,  diazepam has  been  shown to  reduce  the  survival  of
young olfactory bulb GCs in the adult mouse [158].

Another  study showed that  mice treated with the BDZ
midazolam in early postnatal life exhibited deficits in cogni-
tive performances along with decreased AHN and synaptoge-
nesis  [159].  Similarly,  diazepam  inhibited  the  accelerated
proliferation  of  hippocampal  neural  stem  cells  after  focal
cerebral ischemia in mice [160]. In addition, concomitant ad-
ministration  of  diazepam  and  fluoxetine  inhibited  the  in-
creased  rate  of  neurogenesis  induced  by  fluoxetine  in
healthy mice and in animal models of depression [157,161].
This evidence was confirmed in postmortem human brains,
where  patients  taking  both  BDZs  and  antidepressants  had
less GCs in their DG compared to patients taking only an-
tidepressants [67].

Interestingly, one latest study shows that the use of 2,3-
benzodiazepine derivatives instead of the classic 1,4-benzo-
diazepine  results  in  improved  cognitive  performance,  in-
creased proliferation in SGZs and synaptic transmission in
the hippocampus [162].

All these data indicate that BDZs do not seem to influ-
ence AHN activity, though they may have an inhibitory ef-
fect when AHN is increased in specific conditions (Fig. 1).
However,  considering  the  complex  and  diverse  actions  of
GABA on AHN through different GABAA complexes, fur-
ther studies are needed to reach a definitive conclusion.

4.6.  Other Drugs and AHN in Animal Models and Hu-
mans

Interestingly,  a  number  of  other  molecules  have  also
shown some potential  for  targeting AHN, especially those
with a psychotropic effect, which seems to play a role in neu-
rogenesis.  For  example,  the  anti-epileptics  and  nerve  pain
treating  pregabalin  and  gabapentin  promote  hippocampal
neurogenesis in vivo through the interaction with α2δ subu-
nit and the activation of the NF-κB pathway [163]. Another
study demonstrated the effect of the anti-epileptic ethosux-
imide  in  inducing  the  proliferation  and  differentiation  of
NPCs  in  vitro.  In  a  rat  model  of  AD,  ethosuximide  was
shown to activate PI3K/Akt and Wnt/β-catenin pathways in
the hippocampus and counteract the inhibition of neurogene-
sis [164]. Cannabinoids can also promote AHN, according
to Jiang et al. [165], where they show that HU210, a potent
synthetic  cannabinoid  agonist,  promotes  proliferation  but
not  differentiation  of  cultured  embryonic  hippocampal
NPCs by CB1  receptors mediated activation of Gi  proteins
and subsequently of ERK signaling. Moreover, chronic ad-
ministration of HU210 promoted neurogenesis in the hippo-
campal DG of adult rats [165].
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Like ketamine, low doses of the psychedelic drug psilo-
cybin also tend to increase hippocampal neurogenesis [166].

Similarly, some other chemicals with pro-neurogenic ac-
tivity have been studied:

P7C3, an aminopropyl carbazole which is potentially
useful for the treatment of AD and similar neurode-
generative disorders,  was found to  be the best  per-
former  among  1000  molecules  screened  in  vivo
[167].
BCI-838  and  its  metabolite  BCI-632,  mGluR2  and
mGluR3 antagonists with potential AD therapeutic or
prophylactic  properties  stimulated  the  proliferation
of hippocampal progenitors and increased the num-
ber  of  newborn  neurons  in  a  mouse  model  of  AD
[168].
The anti-diabetic  metformin,  by activating atypical
PKC-CBP  pathway,  promoted  neurogenesis  in  ro-
dents and humans in vitro and in adult mice in vivo
[169].
The  neurogenic  hormone  melatonin  and  its  analog
IQM316 induced hippocampal neurogenesis in mice
[170].
Curcumin [171].
12-deoxyphorbols [172].

5. NON-PHARMACOLOGICAL TREATMENTS AND
AHN IN ANIMAL MODELS AND HUMANS

Besides pharmacological treatments to increase neuroge-
nesis, alternative approaches such as physical activity, diet,
environmental enrichment, cognitive stimulation, and resto-
rative  sleep have been proven to  be  neurogenic  enhancers
[173, 174].

Among these, we decided to focus our attention on physi-
cal activity and restorative sleep. Physical activity has very
extensive scientific evidence demonstrating its efficacy and
it is nowadays part of several multidisciplinary therapeutic
programs  [175].  Restorative  sleep  not  only  is  relevant  for
AHN  but  is  clearly  related  to  neuropsychiatric  disorders
[176].  In fact,  sleep disturbances are often the core symp-
toms of mood disorders such as depression, and mood and
sleep  disorders  are  connected  to  impaired  neurogenesis
[177]. The presence of insomnia in depressed patients can
be an aggravating factor for the prognosis, where restorative
sleep can be determinant for their recovery [178].

5.1. Physical Exercise
Daily alternation of restorative sleep and physical activi-

ty is important for general wellness, and both activities have
been reported to modulate hippocampal neurogenesis [179].

Scientific evidence, especially in animal models, has vali-
dated how physical exercise decreases depressive behaviors,
enhances  hippocampal  neurogenesis  and  hippocampal-de-
pendent  learning,  and  increases  dendritic  plasticity  [180].
MRI studies, in mice and humans, have also confirmed these
effects  induced  by  physical  exercise  together  with  an  in-

crease  of  cerebral  blood  flux,  angiogenesis  and  improved
cognitive functions [181]. Recently, Song et al. [182] found
how physical exercise, in particular aerobic exercise, bene-
fits global cognition in mild cognitive impairment (MCI) pa-
tients.

However, the understanding of the mechanisms involved
in the functional and structural benefits of physical exercise
has proven to be challenging. Interestingly, It has been hy-
pothesized that exercise is able to restore normal brain neuro-
transmitter levels of animal models of depression by increas-
ing the de novo synthesis of amino acid neurotransmitters,
such as glutamate and GABA, especially in the anterior cin-
gulate cortex (ACC), an observation consistent with the ther-
apeutic  role  of  physical  activity  in  neuropsychiatric  disor-
ders  [183].  In  addition,  while  physical  exercise  increases
plasma levels of the 5-HT precursor tryptophan in humans,
in  mice,  it  increases  5-HT synthesis  and tryptophan trans-
porter expression of the blood-brain barrier [184].

The increase of AHN induced by exercise was abolished
in  Tph2  knockout  mice  and  in  5-HT3  receptor  knockout
mice, confirming the need for the 5-HT system to be functio-
nal  [184].  In  this  context,  So  et  al.  [185]  confirmed  that
while chronic moderate running in mice augments cell prolif-
eration, survival, neuronal differentiation and migration, in-
tense running promoted only neuronal differentiation and mi-
gration, which was accompanied with lower expressions of
vascular endothelial growth factor (VEGF), BDNF, insulin--
like growth factor 1 (IGF-1), and erythropoietin (EPO). Fur-
thermore, they also observed that hippocampal neurogenesis
induced by moderate, but not intense, exercise improves the
animal's ability in spatial pattern separation.

Similarly, Nokia et al. [186] found a positive correlation
between mild aerobic exercise and health improvement, in-
cluding hippocampal  neurogenesis,  whereas high-intensity
training  did  not  show the  same improvement.  This  differ-
ence has been confirmed in other studies, as well [187].

Yau et al.  [188] proposed that differences between the
two forms of exercise in activating certain genes related to
lipid metabolism (e.g., adiponectin), protein synthesis and in-
flammation in the hippocampus, including a higher level of
stress  induced by intense exercise compared to mild exer-
cise, may explain these results. Notably, the same group had
previously observed an increase of hippocampal BDNF tran-
scription [189] and hippocampal neurogenesis [187] in re-
sponse only to mild exercise. On this topic, Suwabe et al. re-
ported that acute moderate exercise improves DG-mediated
pattern separation in humans, which enhances episodic mem-
ory [190]. The same group found that leptin acting in the hip-
pocampus  mediates  this  enhancement  [173].  Interestingly,
blocking  mineralocorticoid  and  glucocorticoid  receptors
seems to attenuate the increase in hippocampal neurogenesis
induced by mild exercise, suggesting that some level of corti-
costeroids is required to augment hippocampal neurogenesis
[191]. In addition, the changes in neurogenesis and synapto-
genesis after aerobic exercise are associated with an increase
in blood flow in certain areas of the brain, such as the DG
[192].
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In  conclusion,  these  studies  have emphasized the  rele-
vance  of  physical  activity  for  modulating  AHN,  which
seems to correlate with improvements in hippocampus-relat-
ed specific activities and certain cognitive functions. For th-
ese  reasons,  physical  exercise  has  emerged  as  a  potential
therapeutic strategy for treating neuropsychiatric disorders,
such as depression.

5.2. Restorative Sleep
Sleep is a biological and homeostatic process essential

for individual’s health. Its role is crucial for brain function-
ing, body metabolism, and for immune, endocrine and car-
diovascular systems. Sleep is characterized by the alterna-
tion of different stages of rapid eye movement (REM) and
non-REM cycles,  each one distinguished by specific  elec-
troencephalography  (EEG)  patterns  [193].  In  particular,
some  of  these  rhythms  are  observed  in  the  hippocampus,
like  theta  rhythm  during  the  REM  sleep  [194]  and  shar-
p-wave ripples during the non-REM phase [195]. These os-
cillations,  in  which  the  hippocampus  is  involved,  seem to
promote consolidation of memories acquired during wakeful-
ness [196].

Circadian  rhythms  are  supervised  by  several  clock
genes.  A  master  clock  situated  in  the  suprachiasmatic  nu-
cleus in the hypothalamus is the principal circadian pacemak-
er that affects NPCs homeostasis and adult neurogenesis by
regulating the genes through epigenetic mechanisms [197].

Experimental paradigms of sleep deprivation have been
performed  in  murine  models  to  study  the  association  be-
tween  sleep  and  neurogenesis,  and  many studies  have  ob-
served  the  repercussion  on  hippocampal  cell  proliferation
[198]. Chronic sleep deprivation, sleep restriction, sleep frag-
mentation or selective REM deprivation studies have been
shown to reduce AHN, synaptic plasticity and memory con-
solidation  in  the  hippocampus  [177,  199].  Whereas  acute
sleep deprivation studies did not report any significant differ-
ences  in  AHN  between  experimental  and  control  groups
[200], though further studies are required to make conclu-
sive remarks.

Hippocampal neurogenesis was found to be significantly
reduced when sleep deprivation was protracted for several
days [201]. One study reported a reduction of neurogenesis
only in the DG but not  in the SVZ [200].  Studies that  ap-
plied  sleep  fragmentation,  which  results  in  shorter  REM
stages  and  less  consolidated  non-REM  stages,  also  show
decrements  in  cell  proliferation  [202].  A  selective  REM
sleep deprivation study found a reduction in cell prolifera-
tion similar to the total sleep deprivation paradigm, suggest-
ing that REM sleep assumes a key role in hippocampal neu-
rogenesis [203]; however, we cannot rule out that non-REM
phase may also have a role.

Sleep deprivation alters not just adult hippocampal prolif-
eration, but it also has detrimental effects on maturation and
survival of newborn neurons [203]. Most studies have pri-
marily examined the effects of sleep deprivation in the DG,
while few studies have also considered SVZ, where they did

not report any significant decrease in neurogenesis in this re-
gion [200]. Intriguingly, the ventral/posterior part of the DG,
which is mostly related to emotional regulation and anxiety,
is  more  affected  compared  to  the  dorsal/anterior  portion
[204].

Stress is another relevant factor known to reduce AHN.
Stress  and  sleep  deprivation  are  strongly  associated.  Pro-
longed sleep deprivation can lead to an increased release of
stress hormones that reduces AHN [200]. In an interesting
study,  adrenal  glands  were  surgically  removed  in  mice  to
evaluate whether sleep effect on neurogenesis is actually a
consequence of an increased level of glucocorticoids. After
sleep  deprivation,  mice  with  and  without  adrenal  glands,
both displayed a reduction of neurogenesis.  This confirms
that  the  sleep  effect  on  hippocampal  neurogenesis  is  not
merely dependent on glucocorticoids [198].

Regarding the mechanism of action, Akers et al.  [193]
proposed  that  AHN  is  influenced  by  sleep  via  epigenetic
modifications.  Acute  and  chronic  deprivation  both  lead  to
changes  in  epigenetic  markers  in  rodents  and  in  humans
[205].  In  humans,  sleep  deprivation  can  lead  to  modifica-
tions  in  the  methylation of  genes  implicated in  Notch and
Wnt signaling, both of which play a role in the regulation of
neurogenesis  [205].  Therefore,  these  epigenetic  markers
may represent a target for neurogenesis re-establishment in
subjects with insufficient sleep [193].

MRI studies found hippocampal volume reduction in pa-
tients with primary insomnia [206], while others did not re-
port the same [207, 208]. Hence, further studies are needed
to establish an exact relationship between insomnia and loss
of hippocampal volume in humans.

CONCLUSION
In the last decades, there has been a great interest in the

field of psychiatric disorders to new concepts related to func-
tional neuroanatomical deficits, such as reduced hippocam-
pal neurogenesis.

From  considerable  scientific  evidence,  it  has  emerged
that AHN is relevant in animal models for cognitive flexibili-
ty, emotional processing and pharmacological treatments. In
humans,  the  evidence  of  AHN  is  based  on  postmortem
studies, and its physiological role is still under investigation.
On this topic, the discovery of in vivo markers for neurogene-
sis will  be determinant to confirm the relevance of human
AHN  in  health  and  disease.  In  addition,  the  interplay  be-
tween AHN, hippocampus and PFC functions requires fur-
ther investigation in animals and humans. Besides, though
AHN  is  relevant  across  many  different  animal  species,  it
does not seem to follow any evolutionistic path or hierarchi-
cal scale [209].

Antidepressants and lithium are the strongest pharmaco-
logical boosters to increase AHN, where the former seems
more  powerful  in  the  proliferative  and  maturation  steps,
while the latter is more potent in the survival phase. Impor-
tantly, VPA has less impact on AHN compared to lithium,
being most active in the neural differentiation mechanism.



1652   Current Neuropharmacology, 2021, Vol. 19, No. 10 Carli et al.

AAPs, mostly clozapine, have a certain degree of increasing
AHN, especially  in  the proliferative phase,  whereas TAPs
(e.g.,  haloperidol)  have  no  effect.  However,  these  effects
must  be  considered  together  with  the  multiple  actions  in-
duced by AAPs. BDZs seem not to have any effect, but they
may inhibit AHN when it is stimulated pharmacologically or
in other particular conditions. From a clinical point of view,
future research should try to understand the consequences of
these  underlying  differences  among  the  AHN  boosters  in
terms of the number of new GCs and hippocampal-depen-
dent cognitive and emotional functions.

Non-pharmacological approaches, such as physical activ-
ity  and  restorative  sleep,  have  proved  to  improve  general
wellness and AHN, and therefore they should be considered
as an augmentation therapy to pharmacological treatments.

In summary, AHN is relevant for the mechanism of ac-
tion of several drugs in terms of the improvement of certain
cognitive domains and resilience to stress. However, these
are only some aspects of complex disorders, such as depres-
sion and schizophrenia, which are clearly characterized by
different  etiologies and phenotypes.  Moreover,  in order  to
obtain a whole picture of these complex mental  disorders,
one must include other fundamental neuroplastic processes,
such as synaptogenesis and synaptic plasticity, in different
areas of the brain, which may or may not be associated to
AHN.

LIST OF ABBREVIATIONS

5-HT = Serotonin
AAP = Atypical Antipsychotic
ACC = Anterior Cingulate Cortex
AD = Alzheimer's Disease
AHN = Adult Hippocampal Neurogenesis
Akt = Protein kinase B
AMPA = α-Amino-3-hydroxy-5-methyl-

4-isoxazolepropionic Acid
AP = Antipsychotic
BCAA = Branched Chain Amino Acid
BD = Bipolar Disorder
BDNF = Brain-derived Neurotrophic Factor
BDZ = Benzodiazepine
BMP4 = Bone Morphogenetic Protein 4
BrdU = Bromodeoxyuridine
CREB = cAMP Response Element-binding Protein
DG = Dentate Gyrus
DISC-1 = Disrupted in schizophrenia-1
DMT N = N-Dimethyltryptamine
DOI 2 = 5-Dimethoxy-4-iodoamphetamine

EEF2 = Eukaryotic Elongation Factor 2
EEG = Electroencephalography
EPO = Erythropoietin
ERK = Extracellular Signal-regulated Kinase
Fmr1 = Fragile X Mental Retardation 1
GABA = γ-aminobutyric Acid
GC = Granule Cell
GIRK = G Protein-coupled Inwardly-rectifying

Potassium Channel
GSK3 = Glycogen Synthase Kinase 3
HDAC = Histone Deacetylase
HIT = High Intensive Interval Training
HPA = Hypothalamic-pituitary-adrenal
IGF-1 = Insulin-like Growth Factor 1
IGF-2 = Insulin-like Growth Factor 2
IMP = Inositol Monophosphatase
INP = Intermediate Neural Progenitors
iPSC = Induced Pluripotent Stem Cell
LSD = Lysergic Acid Diethylamide
MCI = Mild Cognitive Impairment
MDD = Major Depressive Disorder
mPFC = Medial Prefrontal Cortex
MRI = Magnetic Resonance Imaging
mTOR = Mammalian Target of Rapamycin
NF-κB = Nuclear Factor Kappa-Light-Chain-

Enhancer of Activated B Cells
NMDA = N-Methyl-D-Aspartate
NPC = Neural Precursor Cell
PCP = Phencyclidine
PET = Positron Emission Tomography
PFC = Prefrontal Cortex
PKC = Protein Kinase C
PSA-NCAM = Polysialylated Neural Cell Adhesion

Molecule
PSD95 = Postsynaptic Density Protein 95
QNP = Quiescent Neural Progenitor
REM = Rapid Eye Movement
ROS = Reactive Oxygen Species
SGZ = Subgranular Zone
SSRI = Selective Serotonin Reuptake Inhibitor
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SVZ = Subventricular Zone
TAP = Typical Antipsychotic
VEGF = Vascular Endothelial Growth Factor
VPA = Valproic Acid
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