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Metabolic regulation of adult stem cell-derived neurons
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Abstract The discovery of continuous generation of functional neurons throughout life has emerged as a major
contributor to plasticity in defined regions of the adult mammalian brain. Work over the past decades identified cellular
constituents of the distinct adult neurogenic niches as well as numerous signaling pathways, transcriptional and
epigenetic regulators that exert tight control over the production of new neurons from resident stem cells. Recent studies
uncovered developmental stage-specific adaptations of metabolic circuits and have provided evidence for their central
regulatory function in the adult neurogenic lineage. Moreover, there is increasing evidence for a regulatory impact of a
wide range of systemic metabolic factors including exercise induced metabolic changes and diet on the development of
adult-born neurons. Here, we will summarize current knowledge and emerging principles underlying the metabolic
control of neuronal maturation in adult neurogenesis.
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Introduction

The lifelong generation of functional neurons from neural
stem cells has emerged as a significant contributor to neural
network plasticity in restricted regions of the adult mamma-
lian brain (Ming and Song, 2011). Over the past two decades,
adult neurogenesis has been consistently observed in rodents
and primates in two brain regions, the subventricular zone
(SVZ) of the lateral ventricles where stem cells give rise to
immature neurons that migrate through the rostral migratory
stream (RMS) to integrate as interneurons into the olfactory
bulb circuit, and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) where stem cells generate
new dentate granule cells. Notably, convincing evidence has
also been presented that neurogenesis continues in the human
hippocampus throughout adulthood (Eriksson et al., 1998;
Spalding et al., 2013). Besides the “classical” neurogenic
regions, neurogenesis has also been repeatedly reported in the
hypothalamus adjacent to the third ventricle wall (Kokoeva et
al., 2005; Kokoeva et al., 2007; Pierce and Xu, 2010; Lee and
Blackshaw, 2012; Lee et al., 2012; Lee et al., 2014).

The neurogenic lineages in the adult DG and SVZ/OB
system have been characterized in great detail [for a
comprehensive overview we refer the reader to the excellent
review by Ming and Song (2011)]. Despite a number of
region-specific characteristics in the neurogenic lineage, both
neurogenic systems share the basic principle that neurons are
generated from largely quiescent glia-like stem cells via a
stereotypic sequence of proliferation, differentiation, migra-
tion and maturation steps, that culminate in the integration of
the newborn neuron into a pre-existing neural circuit. It is also
common to both neurogenic systems that cells of the
neurogenic lineage are embedded into a niche with
specialized cellular cytoarchitecture, vascularization pattern,
and extracellular matrix properties. Niche-derived signals
exert major regulatory control over the formation of neurons
from stem cells by initiating or modulating developmental
programs and are crucial to adapt the rate and timing of
neurogenesis to complex behavioral stimuli. In past years,
efforts to decipher the regulatory logic in adult neurogenesis
have primarily focused on classical developmental signals,
transcription factors and epigenetic regulators for their impact
on neuronal development; there has also been a strong bias to
investigate trophic factors/cytokines and cytoskeleton-asso-
ciated proteins as downstream targets to explain the role of
signaling pathways and transcriptional and epigenetic
regulators on adult neurogenesis (Zhao et al., 2008; Ming
and Song, 2011).
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Metabolic control and development: an
emerging player in the regulation of adult
neurogenesis

It is appropriate to assume that the developmental programs
underlying specialization of a quiescent glia-like stem cell
into a functional neuron will encompass coordinated
remodeling of cell biological, biochemical, and molecular
pathways according to the changing demands of the
developing neuron.

Fundamental differences regarding the metabolic require-
ments between proliferative and differentiated cells have long
been reported especially in the context of cancer cells (Ward
and Thompson, 2012). The investigation of distinct metabolic
signatures between stem cells, precursor cells and fully
differentiated cells have received major attention not least
because of the increasing evidence that differential activity of
metabolic circuits – rather than being a passive response to
cellular function – may in fact represent a major driving force
to attain or maintain a specific cellular phenotype (Mihaylova
et al., 2014). The regulatory function of metabolic programs
in adult neurogenesis has only very recently been appreciated.
A landmark study by Knobloch and colleagues (2013)
uncovered the importance of a lipogenic switch to recruit
quiescent stem cells in the adult hippocampus into prolifera-
tion. Furthermore, in vitro studies linked activity of the
Pentose Phosphate Pathway and glutaminolysis to long-term
maintenance of the adult neural stem cell pool and implied
mitochondrial integrity as an important factor for adult neural
stem/precursor cell proliferation and neuronal fate determina-
tion (Stoll et al., 2011; Yeo et al., 2013). An in-depth review
of the metabolic control of stem cell maintenance and
proliferation is provided in this issue by Knobloch and
Jessberger.

The development of recombinant mouse-moloney leuke-
mia virus (MMLV) for birth dating and visualization of
proliferating precursor cells in the adult neurogenic regions
has significantly advanced our understanding of the timeline
of adult-born neuron maturation in situ (van Praag et al.,
2002; Zhao et al., 2006). This timeline has been extensively
analyzed in adult mice. During the first three weeks after their
birth from stem/precursor cells, new neurons undergo rapid
dendritic and axonal growth to extend a dendritic tree with
complex arborization in the molecular layer and to project
axons toward the CA3 area (Zhao et al., 2006; Sun et al.,
2013). GABAergic synaptic inputs are detected as early as
one week after neuronal birth (Ge et al., 2006). Morpholo-
gical and electrophysiological evidence for glutamatergic
synaptic inputs and for mossy fiber synaptic outputs to hilar
and CA3 neurons is observed during the third week after
neuronal birth (Espositó et al., 2005; Ge et al., 2006; Zhao et
al., 2006; Toni et al., 2008). Around the same time the initial
depolarizing (excitatory) action of GABA is converted into
hyperpolarization (inhibition) due to a decrease in the
intracellular chloride concentration in maturing neurons (Ge

et al., 2006). Over the following weeks the synaptic
integration and neurophysiological properties of newborn
neurons are constantly refined. Approximately four to six
week-old neurons exhibit enhanced synaptic plasticity
compared to older DG neurons, mediated at least in part by
the expression of NR2B-containing NMDA receptors and the
protracted development of GABAergic inhibition (Schmidt-
Hieber et al., 2004; Ge et al., 2007; Marín-Burgin et al.,
2012).

Functionally integrated neurons have high energy needs.
Maintenance and restoration of ion gradients dissipated by the
repeated generation of postsynaptic potentials and action
potentials, and the neurotransmitter cycle, are the main cause
of neuronal energy demands (Attwell and Laughlin, 2001;
Alle et al., 2009). Neurons are metabolically coupled to their
environment and in particular to astrocytes in multiple ways.
Astrocytes are an essential cellular component of the blood-
brain barrier, contact blood vessels through specialized
endfeets, and contribute to the regulation of cerebral blood
flow through the activity-dependent release of vasoactive
substances, thereby providing active brain regions with
sufficient substrates for energy production (Alvarez et al.,
2013). Thus, astrocytes may contribute to metabolic regula-
tion of adult neurogenesis through the control of access to
circulating factors.

The energy requirement of the adult brain is mainly met by
glucose. An increasing body of evidence, however, suggests
that neurons do not directly utilize glucose for energy
production, but prefer lactate as an oxidative substrate (Itoh et
al., 2003). According to the Astrocyte-Neuron-Lactate-
Shuttle model, lactate is supplied to neurons by astrocytes,
which i) take up glucose from the circulation, ii) metabolize
glucose into lactate via glycolysis and conversion of
pyruvate, iii) release lactate into the extracellular space,
from where it is taken up by neurons (Pellerin and Magistretti,
1994; Rouach et al., 2008; Bélanger et al., 2011).

Astrocytes and neurons are in addition metabolically
coupled in neurotransmitter recycling. A large proportion of
the glutamate released at the synapse is taken up by astrocytes
in an energy consuming process that triggers astrocytic
glucose uptake and consumption. Astrocytes transfer gluta-
mate back to neurons by converting glutamate into glutamine
and release of glutamine, which is taken up and converted
back to glutamate via by neuronal glutaminase (Schousboe et
al., 2014).

Finally, the high activity of oxidative metabolism in
neurons generates high levels of toxic reactive oxygen
species. Astrocytes support detoxification by supplying
neurons with precursors for the synthesis of gluthathione,
the most abundant antioxidant molecule in the brain. In
addition, supply of lactate by astrocytes for energy consump-
tion enables neurons to spare glucose as substrate for
generation of NADPH in the Pentose-Phosphate pathway
(PPP). NADPH can then be used to recycle reduced
glutathione from oxidized glutathione, which is formed via
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the detoxification of ROS (Herrero-Mendez et al., 2009;
Rodriguez-Rodriguez et al., 2012).

Neurons and adult neural stem cells exhibit profound
differences in the prevalent metabolic circuits; consequently,
metabolic transition will be important during the maturation
of adult-generated neurons (Fig. 1). Moreover, the importance
of metabolic-coupling of neurons with the local astrocyte
network for neuronal function and maintenance strongly
suggests that metabolic integration into the local environment
plays a major role during functional maturation of adult-born
neurons. It will be interesting to determine if and when the
metabolism of adult-born neurons and their surrounding
environment become intertwined (Fig. 1).

In the following we will discuss emerging evidence and
concepts on the impact of cellular metabolism on maturation
and functional integration of adult generated neurons.

Key regulators of neuronal maturation are
linked to metabolic pathways

Several studies have linked the activity of the mammalian
target of rapamycin (mTOR) and of the cyclic AMP response
element binding protein (CREB) to the regulation of neuronal
maturation in adult neurogenesis. mTOR is a highly
conserved serine/threonine kinase that as part of two large
biochemical complexes, mTORC1 and mTORC2, directly
regulates protein synthesis, transcription, autophagy, and
stability of the actin cytoskeleton (Lipton and Sahin, 2014).
Notably, aberrant mTOR activity in developing adult-born
hippocampal neurons accelerates dendritic development and
synaptic integration and produces hypertrophied neurons with
excessive dendritic arborization (Kim et al., 2009; Kim et al.,
2012; Amiri et al., 2012; Zhou et al., 2013).

CREB is a neuronal activity-regulated transcription factor.
CREB-signaling is highly active in immature adult-generated
neurons of the DG and the olfactory bulb/RMS system
(Nakagawa et al., 2002; Giachino et al., 2005; Jagasia et al.,
2009; Merz et al., 2011; Herold et al., 2011). Activity of the
CREB pathway is at least in immature DG neurons controlled
by GABA-mediated excitation, a key driver of neuronal
maturation. Pharmacological enhancement of CREB-signal-
ing promotes dendrite outgrowth of newborn neurons in the
adult hippocampus (Fujioka et al., 2004); in contrast
inhibition of CREB-signaling broadly interferes with the
maturation of adult-generated neurons by impairing dendrite
development, maintenance of neurogenic expression pro-
grams and survival of newborn neurons (Giachino et al.,
2005; Jagasia et al., 2009; Herold et al., 2011).

Intriguingly, mTOR and CREB-dependent pathways have
direct links to the regulation of metabolic pathways in other
cellular systems. mTORCs represent metabolic rheostats as
they not only integrate nutrient availability and growth factor
signaling but also regulate mitochondrial biogenesis, and
lipid and glucose metabolism through their transcriptional

and translational targets (Mihaylova et al., 2014). CREB and
its co-activators are essential regulators of energy balance on
the organismal level. Here, CREB serves as sensor for
hormonal and metabolic signals and regulates the transcrip-
tion of enzymes, which catalyze key steps of glucose
metabolism (Altarejos and Montminy, 2011). In addition,
CREB impacts on mitochondrial biogenesis and mitochon-
drial respiratory chain function by directly controlling the
expression of nuclear-encoded respiratory genes and through
the induction of the expression of PGC1α, the central
transcriptional regulator of mitochondrial biogenesis (Spie-
gelman, 2007). Notably, PGC1α was recently demonstrated
to be central to spine formation and maintenance in the adult
hippocampus (Cheng et al., 2012).

The importance of mTOR- and CREB-dependent signaling
to the regulation of adult-born neuron maturation on one hand
and their documented regulatory function in organismal and
cellular metabolism on the other hand are strongly suggestive
that metabolic adaptation is closely intertwined with neuronal
maturation in adult neurogenesis.

Importance of mitochondria-dependent
metabolism in controlling adult-born
neuron maturation

The first evidence for the regulatory function of metabolism
in controlling adult-born neuron maturation came from
morphological analysis of mitochondria and manipulation
of their function.

MMLV-mediated expression of mitochondria-targeted
fluorescent protein allowed visualization of these organelles
during distinct stages of adult hippocampal neurogenesis
(Steib et al., 2014) (Fig. 2). Morphometric analyses revealed
that in vivo maturation is paralleled by increases in
mitochondrial mass. This increase in total mitochondrial
content is largely due to a continuous increase in dendritic
arbor-localized mitochondria. Notably, dendritic mitochon-
drial content increases after the neuron has established its full
dendritic arbor, suggesting that the mitochondrial content is
not simply the consequence of the increasing cell size but may
also reflect the growing dependence of the functional neuron
on mitochondrial metabolic pathways.

While mitochondria in the growing and fully developed
dendritic arbor are almost exclusively of globular shape,
mitochondria in the soma and the proximal dendritic segment
show distinct morphologies at different maturation stages.
Early after neuronal fate determination, mitochondria form
large tubular structures. During the phases of rapid dendritic
and axonal growth and synaptogenesis, mitochondria in the
cell body and the dendritic shaft are of mixed tubular and
globular shape. Mitochondria in the soma of fully mature
adult-born neurons display heterogeneous morphologies: in
the majority of neurons mitochondria are of mixed tubular
and globular shape; occasionally, however, a prominent
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interconnected network is observed, which extends into the
dendritic shaft.

Mitochondrial biogenesis and mitochondrial dynamics,
i.e., the balance between mitochondrial fusion and fission
processes, are major determinants of mitochondrial morphol-
ogy. Rather than being generated de novo, mitochondria are

generated by growth of preexisting mitochondria and
subsequent fission (Attardi and Schatz, 1988; Osman et al.,
2011). The differential distribution of tubular and globular
mitochondria may therefore reflect that mitochondrial
biogenesis in developing neurons occurs close to the soma
and that new mitochondria are distributed from there into the

Figure 1 Metabolism and regulation of adult neurogenesis. Systemic metabolism and metabolites may directly impact on the
development of adult-born hippocampal neurons. Exercise – a powerful behavioral stimulus of neurogenesis – may modulate adult
hippocampal neurogenesis via expression of growth factors, alteration of systemic metabolism and metabolites. The development of stem
cells into functional neurons is accompanied by adaptation of cellular metabolism. Adaptations of the functional neuron may include the
increasing reliance on mitochondrial function, the Pentose Phosphate Pathway, lactate as a primary energy source, and metabolic coupling
to astrocytes.
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Figure 2 Extensive remodelling of the mitochondrial compartment accompanies maturation of adult-generated DG neurons. Analysis
of adult-born DG neurons at different days after retrovirus mediated birthdating. (A) Development of adult-born neurons (red) is paralleled
by increase in mitochondria mass (mitochondria in green). Scale bar 25 µm. (B) Higher magnification reveals distinct morphologies of
somatic mitochondria: At early stages mitochondria predominantly formed large tubular structures. Between 16 days post retroviral
injection (dpi) and 42 dpi mitochondria were of mixed tubular and globular shape. At 106 dpi, mitochondria in some adult-generated
neurons formed an interconnected network. Note the dense packing of the dendritic shaft with mitochondria at all developmental time
points. Scale bar 3 µm. (C) Higher magnification of the dendritic mitochondria at 16, 28, and 106 dpi, reveals increasing presence of round
mitochondria. Scale bar 8 µm. Figure and legend reproduced from Steib et al. (2014).
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dendritic arbor. In this scenario, mitochondrial fission would
be essential to efficiently supply the dendritic arbor with new
mitochondria (Li et al., 2004). Inhibition of mitochondrial
fission via expression of a dominant-negative mutant of the
fission factor Drp1, indeed, reduces overall mitochondrial
number and the dendritic distribution of mitochondria in
adult-born neurons. On the cellular level, impaired fission
was associated with compromised neuronal fate maintenance
or determination, dendrite development, and survival (Steib et
al., 2014). Hence, balancing mitochondrial dynamics is
crucial to ensure development of adult-born neurons.

The importance of mitochondrial dynamics is not confined
to biogenesis and distribution of the organelle. Mitochondrial
dynamics is also essential to sustain the pool of functional
mitochondria by segregating damaged mitochondria and
facilitating mitophagy (Mishra and Chan, 2014). Given the
impact of deficient mitochondrial quality control on neuronal
maintenance and plasticity in aging and neurodegeneration
(Tatsuta and Langer, 2008), it is tempting to speculate that
impaired segregation of dysfunctional mitochondria may also
affect the development of adult-born neurons. Mitochondrial
fusion and fission impact on mitochondrial membrane
potential, thereby modulating reactive oxygen species
(ROS) generation, the sequestration of cytosolic calcium,
and electron transport chain activity. In vitro studies have not
only implied mitochondria distribution, but also mitochon-
drial bioenergetics and calcium buffering in the regulation of
neuronal morphogenesis and synaptogenesis (Li et al., 2004;
Dietrich et al., 2008; Macaskill et al., 2009; Wang and
Schwarz, 2009; MacAskill et al., 2010; Li et al., 2010; Dickey
and Strack, 2011; Cheng et al., 2012; Steketee et al., 2012;
Bertholet et al., 2013; Courchet et al., 2013). Regulation of
dendritic Ca2+ buffering capacity in adult-generated hippo-
campal granule cells was proposed to contribute to their
activity-dependent dendritic growth and synaptogenesis
(Stocca et al., 2008). Moreover, knockdown of the electron
transport chain complex I protein NDUFV2 results in
defective dendritic arborization of adult-generated DG cells,
indicating that electron transport chain activity and ATP
supply by mitochondria are essential for dendrite growth and
morphogenesis in adult neurogenesis (Oruganty-Das et al.,
2012).

In sum, mitochondrial function is emerging as a crucial
determinant of maturation in the adult neurogenic lineage.
Future studies will have to address, which of the manifold
mitochondria-dependent metabolic pathways are active dur-
ing neuronal maturation and contribute to the regulation of
neurogenesis.

Systemic factors with links to metabolism
modulate adult neurogenesis

Since the discovery of adult neurogenesis and the first
indications that adult-generated neurons are essential for

circuit plasticity, the observation that adult neurogenesis may
be powerfully modulated by systemic factors have gathered
major attention. Notably, a number of these systemic factors
possess close links to systemic and cellular metabolism.

Physical activity results in complex alterations of systemic
metabolism (Hawley et al., 2014). An extensive body of
literature indicates that physical activity enhances cognitive
performance [as reviewed in (Mattson, 2012)]. Exercise-
induced cognitive enhancement has been attributed to the
stimulation of angiogenesis, synaptic plasticity, and neuro-
genesis (Pereira et al., 2007); in fact, voluntary exercise is the
most potent behavioral stimulus to increase the proliferative
activity of stem and precursor cells in the hippocampal
neurogenic niche of adult rodents (Fig. 1) (van Praag et al.,
1999; Fabel and Kempermann, 2008; Fabel et al., 2009).
Among the signals proposed to mediate the exercise-induced
neurogenic response are serotonin (Klempin et al., 2013) as
well as the growth factors IGF-1 and VEGF. Importantly, it
was shown that blockade of peripheral VEGF and IGF-1
inhibits the exercise-induced neurogenic response, which
indicates that systemic circulating factors can exert major
control over adult neurogenesis (Trejo et al., 2001; Fabel et
al., 2003). Both VEGF and IGF-1 have bi-directional links to
metabolism. On one hand their expression is modulated by
metabolic factors such as hypoxia, glucose metabolism and
lipid metabolism, on the other hand, VEGF and IGF-1
signaling induce complex changes in cellular and systems
metabolism (Arai et al., 2009; Broughton and Partridge,
2009; Kivelä et al., 2014; Kumar et al., 2014; Wu et al.,
2014).

A particularly compelling example for regulation of adult
neurogenesis by systemic metabolism is observed in adult
hypothalamic neurogenesis. The presumed precursors of the
adult hypothalamic neurogenic lineage express receptors and
signal transduction systems that allow them to respond to
nutritional signals (Frayling et al., 2011; Orellana et al.,
2012). Dietary factors modulate adult hypothalamic neuro-
genesis. High fat diet, for example, was reported to increase
proliferation and to stimulate generation of neurons expres-
sing anorexigenic peptides (Lee et al., 2012; Gouazé et al.,
2013). It was also observed that ablation of cell genesis
resulted in accelerated weight gain and obesity onset under
high fat diet (Pierce and Xu, 2010; Lee et al., 2012; Gouazé et
al., 2013). Thus, it is hypothesized that modulation of adult
neurogenesis in accordance to the nutritional status serves to
maintain energy homeostasis through the control of food
intake and bodyweight (Sousa-Ferreira et al., 2014).

Metabolic pathologies and diet also inflict on the rate of
adult hippocampal neurogenesis. Stranahan and colleagues
(2008) described impaired hippocampal plasticity and
hippocampal neurogenesis in rat and mouse models for
diabetes, and provided evidence that the negative impact was
conferred by increased glucocorticoid signaling. A wide
variety of dietary factors including trace elements, vitamins,
complex diets and plant-derived compounds were reported to
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alter the rate of hippocampal neurogenesis. The mechanism
underlying the neurogenic effect of dietary factors, however,
has not been conclusively established [for a comprehensive
review on diet and neurogenesis see (van Praag, 2009) and
(Zainuddin and Thuret, 2012)].

Current research mainly describes the impact of systemic
physiology, dietary and metabolic factors on the rate of
neurogenesis. Several observations, however, suggest that
systemic metabolism and metabolites also modulate matura-
tion and function of adult-generated neurons. The increased
generation of hypothalamic neurons expressing anorexigenic
peptides following high fat diet may be the consequence of
enhanced neuronal maturation (Gouazé et al., 2013).
Voluntary exercise increases the speed of maturation of
adult-born neurons as evidenced by accelerated dendritic
growth, initiation of spinogenesis, and mature neuronal
marker expression (Piatti et al., 2011; Steib et al., 2014).
Morphometric analysis of mitochondria in adult-generated
hippocampal neurons revealed that exercise has a develop-
mental stage specific impact on mitochondrial content. Thus,
continuous exposure to voluntary exercise increased total
mitochondrial mass in developing neurons during the phase
of rapid dendritic and axonal growth to a level that is
comparable to the one in mature adult-generated neurons.
This exercise-induced increase in mitochondrial content is
transient and is not observed in mature adult-generated
neurons that developed under continuous voluntary exercise
conditions or that were exposed to exercise conditions at the
mature stage. Yet, mitochondria show a different distribution
pattern: in the developing neuron the majority of mitochon-
dria were located in the soma and dendritic shaft whereas in
mature neurons the bulk of the mitochondria localized to the
dendritic arbor (Steib et al., 2014).

Interestingly, enhancement of mitochondrial fission, which
facilitates mitochondrial movement and distribution, further
accelerates exercise-induced dendritic growth, spinogenesis,
and mature marker expression; enhanced fission under non-
exercising conditions, however, had no discernible effect on
neuronal maturation. Finally, impaired mitochondrial fission
and dendritic distribution decrease survival of newborn
neurons under basal conditions, and impede on morphologi-
cal development and expression of neuron-specific markers
during exercise-induced neurogenesis. Overall these observa-
tions revealed an intriguing interplay between exercise,
mitochondrial biogenesis and distribution, and maturation
of adult-born neurons (Steib et al., 2014).

Conclusions

The adaptation of cell-intrinsic metabolic circuits to devel-
opmental stage-specific metabolic requirements is emerging
as a key contributor to the development of adult-born
neurons. Another important question to solve is, how
coordination between adaptation of metabolic circuits with

signaling pathways, transcriptional, and epigenetic regulators
of the development of adult-born neurons is achieved. Here,
metabolic circuits may not only be positioned downstream of
genetic regulatory circuits, but could also directly influence
regulatory pathways, e.g., by generating substrates for
epigenetic modifications. There are also indications that
systemic metabolism and metabolites represent powerful
signals to modulate adult neurogenesis under physiological
and pathological conditions, yet the underlying molecular
mechanisms remain to be established: are signaling inter-
mediates involved? What is their identity? Do nutrient supply
and metabolites directly impact on the developing neuron or
do they impact on the neurogenic niche?

Impairment of adult hippocampal neurogenesis is sug-
gested to contribute to learning and memory deficits and
mood disturbances in neurodegenerative and neuropsychia-
tric disorders (Aimone et al., 2011; Sahay et al., 2011; Winner
et al., 2011; Kheirbek et al., 2012). As metabolism unfolds as
a key regulator of adult neurogenesis, strategies targeting
metabolic pathways may represent a new therapeutic concept
to enhance neurogenesis and neural plasticity (Pieper et al.,
2010; Cheng et al., 2010; Kim et al., 2014).
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