
cells

Review

TGF-β/Smad Signalling in Neurogenesis: Implications for
Neuropsychiatric Diseases

Lih-Fhung Hiew, Chi-Him Poon , Heng-Ze You and Lee-Wei Lim *

����������
�������

Citation: Hiew, L.-F.; Poon, C.-H.;

You, H.-Z.; Lim, L.-W. TGF-β/Smad

Signalling in Neurogenesis:

Implications for Neuropsychiatric

Diseases. Cells 2021, 10, 1382.

https://doi.org/10.3390/cells

10061382

Academic Editor: FengRu Tang

Received: 21 April 2021

Accepted: 1 June 2021

Published: 3 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Neuromodulation Laboratory, School of Biomedical Sciences, Li Ka Shing Faculty of Medicine, The University of
Hong Kong, Hong Kong, China; u3005074@connect.hku.hk (L.-F.H.); chpoonac@connect.hku.hk (C.-H.P.);
17097461d@connect.polyu.hk (H.-Z.Y.)
* Correspondence: drlimleewei@gmail.com

Abstract: TGF-β/Smad signalling has been the subject of extensive research due to its role in the
cell cycle and carcinogenesis. Modifications to the TGF-β/Smad signalling pathway have been
found to produce disparate effects on neurogenesis. We review the current research on canonical
and non-canonical TGF-β/Smad signalling pathways and their functions in neurogenesis. We also
examine the observed role of neurogenesis in neuropsychiatric disorders and the relationship between
TGF-β/Smad signalling and neurogenesis in response to stressors. Overlapping mechanisms of cell
proliferation, neurogenesis, and the development of mood disorders in response to stressors suggest
that TGF-β/Smad signalling is an important regulator of stress response and is implicated in the
behavioural outcomes of mood disorders.
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1. Introduction

The transforming growth factor-β (TGF-β) pathway consists of many genes involved
in cell growth, differentiation, migration, and apoptosis [1,2]. TGF-β ligands bind to
the TGF-β receptor kinase to form a complex that phosphorylates receptor-activated
Smads (R-Smads), allowing recruitment of Smad4 that translocates to the nucleus to
regulate transcriptional activity [3]. Smad-mediated TGF-β signalling is referred to as the
canonical pathway. Notably, Smad3 is the primary molecule involved in canonical TGF-β
signalling [4]. TGF-β also activates a myriad of other pathways, including the Erk, JNK,
and MAPK pathways [5], which together are known as the non-canonical pathway. TGF-β
is involved in a vast number of interactions and can have many roles depending on the
cellular context. TGF-β has been found in neural progenitor cells, differentiating neurones,
and mature neural cells. TGF-β exhibits both anti-tumour properties and tumourigenic
properties [6] depending on the manner of its activation. Given that TGF-β is known
to have proliferative effects in somatic cells [7], it was proposed that they would have a
similar role in neural cells. Indeed, TGF-β induces cell cycle exit in murine hippocampal
neurones [8] and has been associated with the loss of adult neurogenesis through arresting
the proliferation of progenitor cells [9]. TGF-β also plays a function in various neurogenic
processes, including the formation and elongation of axons [10], neurite growth [11], and
initiation of neuronal migration [12]. Given the diverse roles of TGF-β and its function in
the nervous system, it is clear that TGF-β signalling is also involved in neuroplasticity and
neuroprotection.

Neuroplasticity broadly refers to the ability of the nervous system to responds to
internal and external stimuli by reorganising its structure and function at the molecular,
cellular, and organisational levels. These adaptations can be beneficial or harmful to the
organism; consequently, neuropsychiatric disorders have been examined as a manifestation
of deleterious neuroplasticity. Indeed, neuropsychiatric disorders have been characterised
according to alterations in the limbic, fronto-striatal, and prefrontal circuits, which in turn
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generate disturbances in behaviour, cognition, and motivation [13]. These behavioural
changes can manifest over long periods, meaning the course of treatments can be similarly
drawn out. The improvements due to such treatments can also be lost over time, and
each episode of illness increases the probability of relapse as the altered neural networks
become more dysfunctional [14]. Neuroinflammation, neuronal survival, and proliferation
are some of the factors that can negatively influence neuroplasticity. Furthermore, these
processes can also be negatively affected by inflammation, as demonstrated by treatment
with lipopolysaccharides from E. coli used to induce an immune response [15]. Neuroin-
flammation has also been implicated in several nervous system diseases, including multiple
sclerosis, Alzheimer’s Disease, Parkinson’s Disease, and major depression [16]. Although
inflammation is commonly associated with physical injury or infection, stress can also
trigger the release of inflammatory cytokines [17], such as Interleukin-1β, Interleukin-6,
and tumour necrosis factor-α (TNF-α), that interfere with the production of neural growth
factors. Meanwhile, preclinical studies inhibiting interleukin-1 in mouse model showed
effective reversal of this effect and alleviated stress-induced behavioural changes [18,19].

Evidence from previous work suggests an association between TGF-β signalling and
the phenomena of neuroplasticity and neurogenesis, as well as their combined effects on
mood disorders [20–22]. Based on these findings, TGF-β signalling mediated by Smad3
has been hypothesised to play an important role in neurogenesis in the hippocampus,
and has been implicated in the development of mood disorders and the manifestation
of depressive and anxiety disorders. Previous studies on mood disorders were largely
based on neuroplasticity mechanisms, however, the underlying pathways are not well
understood and relatively underexplored [23,24]. Thus, we hypothesise the neurogenic
mechanisms of depression and anxiety involve TGF-β and its signalling molecules.

2. Non-Canonical Signalling

Non-canonical TGF-β signalling refers to molecular events that occur independent
of the SMAD pathway. TGF-β activated kinase 1 (TAK1) is an important effector in
non-canonical TGF-β signalling. TAK1 initiates a signalling cascade that activates c-Jun
N-terminal Kinases (JNK) and p38/mitogen activated protein kinase (MAPK) in response
to TNF/TGF-β signalling, as well as activates the IkB Kinase (IKK) and Nuclear Factor-
κB (NF-κB) pathways. TAK1 is an important regulator of innate and adaptive immune
responses [25], and is essential for the survival of haematopoietic cells and hepatocytes [26].
TAK1 is highly expressed in the brain [27] and is assumed to play a role in neural functions.
Indeed, TAK1 was shown to be important in axon growth, as neurones with knockdown of
TAK1 had significantly shorter axons than normal neurones. TAK1 also rescued axonal
growth in the presence of JNK inhibitor SP600125. Furthermore, TAK1-negative mice
exhibited embryonic lethality due to defects in the brain, supporting the essential role of
TAK1 in brain development [28]. TAK1 is also a major signalling partner of TGF-β, as
TGF-β receptors could only induce low levels of JNK phosphorylation in TAK1-negative
cells [28].

The MAPK signalling pathway has been shown to be involved in neuronal differ-
entiation and axon growth [29]. The MAPK pathway has also been implicated in the
development of depression [30], as the inhibition of MAPK signalling inducing depressive-
like behaviours [31]. Indeed, some pharmacological treatments for depression activate
the MAPK signalling pathway [32]. It was shown that MAPK differentially affected mice
depending on age, with juvenile mice spending significantly more time in the open arms
of the elevated plus maze (EPM), indicating ablated anxiety compared with wildtype
mice [33]. The involvement of MAPK signalling in mood disorders was further studied by
knockout of Braf, an upstream effector of MAPK. Adult mice lacking Braf showed greater
passivity in the forced swim test, indicating greater depressive behaviours [33]. Taken
together, these findings indicate MAPK pathway has differential effects across the lifespan,
highlighting the potential of targeting MAPK signalling in regulating the pathogenesis of
mood disorders.
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The c-AMP response element binding protein (CREB) is involved in the TGF-β path-
way, as TGF-β was shown to activate extracellular elements that activate CREB [34]. TGF-β
was also able to directly induce phosphorylation of CREB, as shown by increased phos-
phorylation of CREB in hippocampal cells treated with TGF-β2 compared with the control,
implying that CREB can mediate the long-term effects of TGF-β2 [35]. CREB has also
been implicated in hippocampal functions such as memory [36] and has been targeted by
antidepressants [37]. Loss of CREB function in the brains of mice was shown to increase
neurogenesis and abolish depressive-like behaviour in assays, such as the forced swim
test [38]. Various other studies showed CREB is important in cell survival and maturation
in the hippocampus [39,40], and can improve the antidepressant response [41]. Further
studies are needed to understand the role of CREB in neurogenesis.

3. Canonical Signalling in Neurogenesis

TGF-β has been shown to play a role in inflammation and promote cell survival,
induce apoptosis, and initiate proliferation and differentiation [2,42]. In mammals, TGF-β
exists as three molecular isoforms (TGF-β1, β2, and β3) found in the cerebral cortex [43],
olfactory epithelium [44], adult astrocytes, neurones, and microglia [45]. TGF-β is involved
in the initiation of cell cycle exit and neuronal differentiation, among other functions.
TGF-β is also required for neuronal survival. This is consistently supported by in vitro and
in vivo data, which demonstrated lower survivability of TGF-β knockout neurones [46],
and embryonic lethality, increased neuronal apoptosis and other abnormalities such as
reduced synaptic integrity and microgliosis, observed in TGF-β-null mice [46,47]. Taken
together, these results indicate that TGF-β plays a vital role in neuronal survival and
microglial activation. Given that Smad3 is an important effector of TGF-β function, the
implication of these findings on Smad3 warrants further research to delineate its functions
in the brain.

Despite extensive research on the effect of TGF-β on neurogenesis (Table 1), the re-
lationship between Smad3 signalling and neurogenesis is not well understood. Previous
research on Smad3 deficiency indicated that Smad3 signalling was important in neurogen-
esis, given that Smad3 was found to be abundantly expressed in neurogenic zones [48–50].
The role of Smad3 in neurogenesis is further corroborated by the finding that showed
colocalization of Smad3 transcript with mature neuron marker neuronal nuclei (NeuN)
in the dentate gyrus of hippocampus [51]. Moreover, Smad3-null mice showed disrupted
neuronal proliferation and migration [49] and expressed significantly less neurones in the
dentate gyrus compared with wildtype mice [49]. Conversely, Smad3-null mice exhibited a
series of alterations, for instance impaired hippocampal neurogenesis, reduced newborn
neurone survival and elimination of long-term potentiation (LTP) in the medial perforant
pathway by facilitating gamma-amino butyric acid (GABAergic) signalling [51,52]. These
results provided evidence supporting the broad potential of Smad3 in modulating neuroge-
nesis. Interestingly, these effects appeared to be region-specific, as increased progenitor cell
population in the rostral hippocampus and intact LTP in the Schaffer collateral pathway
were also found in Smad3-null mice [51]. Similarly, increased levels of TGF-β reduced
neurogenesis in vitro and in vivo at rates largely similar to that in Smad3-deficient ani-
mals [9,30,53,54]. Contrary to these findings, it was shown that knockout of TGF-β receptor
activin receptor-like kinase 5 (ALK5) resulted in decreased neurogenesis, whereas upregu-
lation of ALK5 resulted in greater neurogenesis and improved memory functions [55]. This
indicates that the components in the canonical pathway, especially Smad3, potentially plays
a role in memory and cognitive functions and may regulate neurogenesis differentially
in various parts of the brain. Furthermore, Smad3 signalling in neurones and astroglia
were found to differentially regulate dendritic spine growth [56], whereas its inhibition
leads to increased susceptibility to neuronal apoptosis [57], potentially increasing the risk
of Parkinson’s disease [25] and neurodegeneration [26]. However, the specific effects of
Smad3 on behaviour have yet to be studied.
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Table 1. TGF-β canonical and non-canonical signalling mechanisms in behavioural and physiological changes.

Signalling Molecule Models Behavioural and
Physiological Changes Mechanisms References

TGF-β

Receptor inhibition in vivo
(C57BL6 Mouse) Increased neurogenesis

Reduction of inflammatory response
mediated by B2M through

attenuation of pSmad3 activity
[50]

Knockout in vivo
(C57BL6 Mouse)

Increased neuronal degeneration
and microgliosis

TGF-β-related decrease in
laminin-reduced survivability and

increased susceptibility to apoptosis
[46]

Chronic upregulation of
TGF-β1 in vivo

(C57BL6 Mouse)

Decreased immature
hippocampal neurones and

neurogenesis

Induced early cell cycle exit of neural
progenitor cells [54]

Exogenous upregulation of
TGF-β2 in vitro

(Sprague-Dawley
Rat Hippocampus)

Induction of evoked
post-synaptic currents and

inhibition of miniature
post-synaptic currents

TGF-β-related upregulation of CREB
in hippocampal neurones [35]

Receptor knockout in vivo
(C57BL6 Mouse)

Reduction of immature neurones
and neurogenesis

Increased expression of
pro-apoptotic effectors; decreased

expression of anti-apoptotic effectors
[55]

Smad3

Knockout in vivo
(C57BL6 Mouse)

Reduction of Neurogenesis Disruption of neuronal proliferation
and migration [49]

Inhibition of long-term
potentiation

Impairment of NMDA activity by
Smad3-related increase in

GABAergic signalling
[52])

Rostral increase of proliferative
cells; caudal decrease in

neurogenesis

Potential compensatory mechanism
in rostral DG to maintain cell

numbers; increased apoptosis at
intermediate cell stage
reduces neurogenesis

[58]

Decreased neuronal viability
following injury

Disruption of Smad3 signalling
in astrocytes [59]

Accelerated wound closure and
decreased activation of microglia

Reduced expression of MCP-1 and
reduced leukocyte activity [60]

Transient knockdown in vivo
(Chick Embryo) Decreased neurogenesis Preferential activation of Smad2

targets due to loss of Smad3 activity [48]

Smad2 Transient knockdown in vivo
(Chick Embryo) Increased neurogenesis Preferential activation of Smad3

targets due to loss of Smad2 activity [48]

Braf Knockout in vivo
(129S1/Sv + C57BL6 Mouse)

Increase of depressive-like
behaviour in adults, decrease of
anxiety in juveniles; reduction of

dendritic spine growth

Disturbance of Erk/MAP signalling
and alteration of serotonergic

transmission
[33]

CREB

Inhibition by dominant
negative mutant in vivo

(129SvEv + C57BL6 Mouse)

Anti-depressant effects mediated
by increase in neurogenesis

Potential mCREB interaction with
non-CREB targets [38]

Decreased granule
cell proliferation Disruption of cAMP-CREB signalling [39]

Conditional knockout in vivo
(129SvEv + C57BL6 Mouse)

Impairment of performance in
spatial retention Upregulation of CREB [36]

Transient overexpression of
CREB in vivo

(Sprague-Dawley Rat)

Reduction of depressive-like
behaviours

Improved adaptation due to
CREB-related regulation of

granule cells
[41]

Gadd45b Knockout in vivo (Mouse)
Reduction of the effectiveness of
ECT in inducing neurogenesis

and dendritic spine growth

Attenuation of Gadd45b-mediated
demethylation in regulatory regions

of BDNF and FGF1
[61]

JMJD3 Knockout in vivo (Mouse)
Disruption of neuronal

migration and reduction
of neurogenesis

Reduction of Dlx2 activation and
H3K27me3 demethylation [62]

Disruption of TGF-β/Smad
signalling cascade [63]

MAPK Transient inhibition in vivo
(Mouse)

Increased behavioural despair
and reduced effectiveness of

anti-depressant treatment
Disruption of MEK-ERK signalling [31]
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Table 1. Cont.

Signalling Molecule Models Behavioural and
Physiological Changes Mechanisms References

TAK1 Knockdown in vivo (Mouse) Reduction of axonal length Impairment of JNK activity
mediated by TAK1 [64]

TrkB Conditional knockout in vivo
(Mouse)

Impairment of neurogenesis;
resistance to anti-depressant

treatment
Blockade of BDNF signalling [65]

Abbreviation: B2M, β2 microglobulin; NMDA, N-methyl-D-aspartic acid; GABA, gamma-aminobutyric acid; DG, dentate gyrus; MCP-1,
Monocyte chemoattractant protein-1; FGF1, Fibroblast growth factor 1; Dlx2, distal-less homeobox 2.

Besides interacting with TGF-β, Smad3 also interacts with a host of other signalling
molecules such as its close analogue Smad2 (Figure 1). Although both proteins share 91%
amino acid sequence, they recruit different cofactors and thus target different transcription
pathways [43]. Nevertheless, they have been shown to share redundant roles in certain
contexts, particularly [44,45,48,66]. Both Smad2 and Smad3 were found to cooperate and
antagonize targets simultaneously, for example, Smad3 activates its targets while antago-
nizing Smad2 targets. This is because Smad2 targets only respond to Smad2 homodimers,
whereas Smad3 targets respond to both Smad3 homodimers and heterodimers, thus in-
creased co-expression of Smad2 and Smad3 leads to greater activation of Smad3 targets
but inactivation of Smad2 targets [48]. In terms of neurogenic mechanisms, knockdown of
Smad3 reduced neurogenesis, whereas knockdown of Smad2 increased neurogenesis [48].
Silencing of Smad3 in aged mice by shRNA resulted in greater neurogenesis, indicating
that Smad3 plays a significant role in hippocampal degeneration in old age [49]. This
suggests that Smad2 would inhibit the pro-neurogenic effects of Smad3, whereas knockout
of Smad3 would result in elevated Smad2 processes, resulting in an overall reduction
of neurogenesis.

TGF-β binds to the type II receptor that in turn forms a complex that phosphorylates
Smad3. TGF-β receptors were found to be expressed on new cells in the neurogenic region
of the dentate gyrus and the subventricular zone [49]. Similarly, Smad3 was also found to be
distributed in neurogenic zones, whereas Smad3-null mice exhibited markedly decreased
Bromo-deoxyuridine (BrdU)-positive cells in the dentate gyrus and subventricular zone.
Both Smad3 and Smad2 pathways are activated by activin in a manner similar to activation
by TGF-β. It was found that activin A was upregulated in the dentate gyrus and the CA1
region of the hippocampus following chronic paroxetine treatment [56]. Additionally, direct
injection of activin A into mouse dentate gyrus significantly reduced immobility in the
forced swim test, indicating it can exert antidepressant-like effects [56]. Moreover, there was
increased neuronal survival and development in rat hippocampal cell cultures treated with
activin. Activin also affected dendritic spine growth by modulating actin dynamics [57].
Taken together, these results imply a possible relationship between TGF-β and activin
signalling. The above findings also suggest that Smads could be worth investigating, as it
remains unclear how activin interacts with downstream signalling molecules to exert its
antidepressant effects.
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TGF-β receptor to form a complex (Created with BioRender.com, accessed on 19 April 2021). The 
receptor-induced phosphorylation of R-Smads leads to binding with cytoplasmic Smad2/3. Phos-
phorylated Smads form a complex with Smad4, which translocates to the nucleus where it binds 
with various transcription factors for gene transcription. Smad complexes initiate a negative feed-
back loop, leading to Smad7 inhibition of further phosphorylation of R-Smads. TGF-β receptors 
also phosphorylate TAK1 and CREB, which regulate neuronal differentiation, axonal growth, cell 
cycle progression, and anti-depressant effects, respectively. 

4. TGF-β Signalling in Epigenetics 
Smad signalling has been implicated in epigenetic functions such as Jumonji domain-

containing protein D3 (JMJD3). Knockdown studies showed that spinal cord [67] and ret-
inal [68] development are regulated by JMJD3. JMJD3 is also expressed in neural stem 
cells as well as doublecortin expressing neuroblasts. Postnatal JMJD3-null mice experi-
enced significantly less neural growth and exhibited neuroblast migration disturbances 
[62], indicating JMJDs are required in neurogenesis. Adult neurogenesis was found to re-
quire JMJD3, as neural stem cells (NSCs) lacking JMJD3 had stunted neurogenesis and 
impaired differentiation with reduced oligodendrocyte production [62]. Moreover, JMJD3 
knockdown impaired TGF-β signalling in NSCs. Further examination of the relationship 
between TGF-β and JMJD3 revealed that the functions of TGF-β in development, differ-
entiation, and apoptosis were dependent on JMJD3 [63]. Additionally, Smad3 function 
was also found to involve JMJD3. Co-immunoprecipitation assays revealed that phos-
phorylated Smad3, but not Smad2, interacted with JMJD3. Genome-wide analysis also 
showed that Smad3 and JMJD3 expression overlapped at transcriptional start sites, indi-
cating that JMJD3 is involved in Smad3 activation of gene transcription. 

Figure 1. Illustration of canonical and non-canonical TGF-β signalling. TGF-β ligand binds with TGF-β receptor to form
a complex (Created with BioRender.com, accessed on 19 April 2021). The receptor-induced phosphorylation of R-Smads
leads to binding with cytoplasmic Smad2/3. Phosphorylated Smads form a complex with Smad4, which translocates to
the nucleus where it binds with various transcription factors for gene transcription. Smad complexes initiate a negative
feedback loop, leading to Smad7 inhibition of further phosphorylation of R-Smads. TGF-β receptors also phosphorylate
TAK1 and CREB, which regulate neuronal differentiation, axonal growth, cell cycle progression, and anti-depressant
effects, respectively.

4. TGF-β Signalling in Epigenetics

Smad signalling has been implicated in epigenetic functions such as Jumonji domain-
containing protein D3 (JMJD3). Knockdown studies showed that spinal cord [67] and
retinal [68] development are regulated by JMJD3. JMJD3 is also expressed in neural stem
cells as well as doublecortin expressing neuroblasts. Postnatal JMJD3-null mice experi-
enced significantly less neural growth and exhibited neuroblast migration disturbances [62],
indicating JMJDs are required in neurogenesis. Adult neurogenesis was found to require
JMJD3, as neural stem cells (NSCs) lacking JMJD3 had stunted neurogenesis and impaired
differentiation with reduced oligodendrocyte production [62]. Moreover, JMJD3 knock-
down impaired TGF-β signalling in NSCs. Further examination of the relationship between
TGF-β and JMJD3 revealed that the functions of TGF-β in development, differentiation, and
apoptosis were dependent on JMJD3 [63]. Additionally, Smad3 function was also found
to involve JMJD3. Co-immunoprecipitation assays revealed that phosphorylated Smad3,
but not Smad2, interacted with JMJD3. Genome-wide analysis also showed that Smad3
and JMJD3 expression overlapped at transcriptional start sites, indicating that JMJD3 is
involved in Smad3 activation of gene transcription.
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Growth arrest and DNA-damage inducible protein 45 (Gadd45) is another epigenetic
regulator that is affected by the TGF-β signalling pathway, as shown by blocking of TGF-β
and TrkB leading to the overexpression of Gadd45 in vitro [69]. Gadd45 functions as a
modulator of hippocampal stem cell proliferation, and its deletion was shown to prevent
demethylation of brain-derived neurotrophic factor (BDNF) leading to disrupted neuroge-
nesis [61]. Inactivation of Smad4, which is a core component of Smad signalling, increased
Gadd45 expression, implicating TGF-β/Smad interactions in the neurogenic function of
Gadd45. The expression of Gadd45 was shown to increase when TGF-β receptor function
was impaired, and this effect was amplified by simultaneously blocking TrkB signalling.
These data indicate that TGF-β signalling is involved in DNA demethylase expression by
suppressing Gadd45 expression. Further DNA methylation and gene expression analyses
in the mouse genome following potassium chloride treatment revealed increased expres-
sion of certain genes, with at least six genes associated with psychiatric diseases such as
autism and depression. Induction of depression in an animal model resulted in decreased
Gadd45 expression in the hippocampus and prefrontal cortex, accompanied by a decrease
in TGF-β2 and TGF-β3 expressions [69]. These findings show that TGF-β signalling plays
a role in the regulation of epigenetic mechanisms. Given that Smad4, which operates in
tandem with Smads2/3, is able to affect Gadd45 expression, the effects of impaired Smad3
phosphorylation may shed more light on the relationship between TGF-β and Gadd45.

5. Neurogenesis in Neuropsychiatric Disorders

Neurogenesis is hypothesised to play a role in depression via changes to the rate of
neurogenesis, specifically the deleterious effects from stress-related neurogenesis in the
dentate gyrus. Neurogenesis in the dentate gyrus can impact behavioural output and
the efficacy of antidepressant treatments. New neurones heavily affects hippocampal
circuitry and behaviour. Clinical evidence shows hippocampal shrinkage is linked to
depression. In the pre-clinical stage, depressive behaviour results in a host of adverse
effects on hippocampal neurogenesis, including reduced proliferation of neural stem cells
and reduced neuronal survival. Furthermore, antidepressant treatment in rats induced
hippocampal neurogenesis over time, in a pattern that mirrors the delay in antidepressant
efficacy in human subjects [70]. One could associate neurogenesis with cellular reparation
and plasticity, as these events have been shown in animal models given antidepressant
treatments, electroconvulsive therapy, and stress reducing exercise. However, the capacity
to draw a causal relationship between hippocampal neurogenesis and depression remains
elusive as other studies showed a loss of neurogenesis does not necessarily lead to the
development of depression [71] and stress does not always decrease neurogenesis [72].

Although a direct causal link between hippocampal neurogenesis and mood disorders
seems unlikely, neurogenesis is nonetheless an important factor in the development of
mood disorders. The neurogenic interactome model attempts to reconcile these opposing
findings by taking into account various factors affecting neurogenesis. The neurogenic
interactome considers the interactions between brain structures, the various functions of
the hippocampus, and the heterogeneity of elements in the neurogenic niche [73]. For
example, hippocampal connections to regions involved in stress responses and emotional
memory indicates the involvement of adult neurogenesis in depression. The complex series
of connections proposed by the interactome model can possibly explain the discrepancies
between behaviour tests, in that each test induces different levels of stress and thus engages
different components of the neurogenic interactome. The interactome also suggests that
neurogenic mechanisms can respond to stressful stimuli in different ways, such as coping
or adapting to stress, thus predictable stress might increase neurogenesis [74,75]. The
concept of a neurogenic interactome provides a holistic framework to study the various
factors in neurogenesis. It would be illuminating to determine the involvement of Smad3
in the interactome as well as the behavioural effects of disturbances in Smad3 signalling.

The pathogenesis of mood disorders has been hypothesised to be related to neuro-
plastic changes, particularly neuroimmune processes such as neuroinflammation, which
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might affect the central and periphery nervous systems to impact the neurobiology of
depression. Neuroinflammatory processes are suspected to exert deleterious effects on
various pathways, such as the hypothalamic-pituitary-adrenal (HPA) axis, neurogenesis,
neuroimmune response, and neurocircuitry by upregulating apoptotic functions. Various
mechanisms have been put forward on how the immune system regulates neurogenesis
and neuroplasticity, particularly the role of T-reg cells on enhancing hippocampal neuro-
genesis via upregulating glial cell-derived neurotrophic factors and TGF-β. It was shown
that T-reg cells are attenuated during depression, whereas T-reg cells are increased with
antidepressant treatments. However, behavioural studies in animals with suppressed
neurogenesis but not exposed to stressors showed that neurogenesis by itself does not
produce a depressive phenotype, as there were no differences in the behaviour between
animals with ablated neurogenesis and controls [76].

6. Effects of Stress on TGF-β Signalling and Neurogenesis

Stress has been shown to induce anxiety and depressive disorders by disturbing the
HPA axis-regulated release of glucocorticoids [77,78]. In particular, hippocampal inhibitory
regulation of the HPA axis can be disturbed by chronic stress [79,80]. Observations in
various species indicated that the decreased cell proliferation and neurogenesis in the den-
tate gyrus following exposure to stressors was related to elevated stress hormones [81–83].
Thus, it follows that chronic stress could exacerbate depression by altering neuroplasticity
and neurogenesis. Furthermore, it was shown that anti-depressant treatments could reverse
the reduced neurogenesis and cell proliferation. These studies also demonstrated a causal
link between hippocampal plasticity and depressive disorders. However, the finding that
decreased hippocampal neurogenesis failed to increase sensitivity to stress casts doubt on
the causal relationship between neurogenic effects in the hippocampus and depression.
Even so, the effects of stress still constitute a major factor in the development of depres-
sive disorders. The expression of TGF-β was shown to be reduced in the hippocampus
of stressed rats, which coincided with increased expression of inflammatory cytokines
such as IL-1β and lowered expression of anti-inflammatory cytokines such as IL-10 [84].
Neurogenesis was also found to be impaired, as demonstrated by the level of BrdU-stained
cells in the dentate gyrus of these rats, which indicates a potential relationship between
decreased TGF-β signalling, loss of neurogenic function, and development of depressive-
like symptoms. In vitro studies showed neurones exposed to increased cortisol levels had
decreased TGF-β expression and reduced neurogenesis, supporting this relationship [85].

A connection between stress and neurogenesis has also been observed, in that a re-
duction of neurogenesis precipitated the development of stress-related disorders such as
post-traumatic stress disorder [86]. This connection is reflected in several animal models
such as social defeat paradigm and unpredictable chronic mild stress to mimic symptoms
of depression and stress disorders [76]. Neurogenic functions in the dentate gyrus are
known to be sensitive to stress, showing reduced cell proliferation in response to stress or to
elevated serum glucocorticoid levels, but induced cell division with reduced glucocorticoid
levels [87]. A loss of neurogenic function in the dentate gyrus inhibits regular functioning
of the neural circuitry, and thus prevents the formation of new cognition and associations,
perpetuating the development of depression [88]. Indeed, adult neurogenesis is capa-
ble of neuroplasticity, which facilitates the acquisition and separation of closely spaced
memories [89]. It has been shown that decreased neurogenesis results in impaired pattern
separation and learning, whereas increased neurogenesis improves them. Apart from the
obvious functions in learning and memory, pattern separation may also be important in
recognizing danger and stress [90]. Mice exposed to social stressors undergo increased
neurogenesis, possibly indicating superior recognition of negative stimuli, whereas pre-
venting neurogenesis diminished social avoidance [72]. Stress also affects the amygdala
by disrupting endocannabinoid signalling, resulting in pathological anxiety [91]. Stress
has also been shown to increase dendritic spine length in the basolateral amygdala, which
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may be indicative of spine instability during plasticity responses, and such morphological
changes correspond with increased anxiety [92].

The hippocampus has been implicated in the development of depressive disorders.
Neuroimaging studies and post-mortem examinations showed an association between
reduced hippocampal volume and the duration of depression [93–95]. Hippocampal neu-
rogenesis was also found to be necessary for the function of certain antidepressants. The
effects of imipramine and fluoxetine were abolished when hippocampal neurogenesis was
ablated by irradiation. The importance of hippocampal neurogenesis in drug treatments
was further reinforced by the observation that antidepressants also increased hippocampal
neurogenesis. Hippocampal activity can also affect neurotrophin release, as demonstrated
by the release of TGF-β and BDNF following induced depolarization [69]. In animals ex-
posed to prenatal stress and in patients suffering from childhood trauma, the hippocampus
was shown to express greater amounts of FoxO, a proinflammatory transcription factor that
responds to insulin signalling as well as oxidative stress [96]. The upregulation of FoxO1 in
the presence of cortisol mediated cortisol-induced reduction of neuronal proliferation [97].

The amygdala has also been implicated in the pathogenesis of anxiety disorders,
likely caused by hyperexcitability of neurones in the amygdala [98,99]. Further study
on the amygdala revealed the endocannabinoid system is a key pathway that influences
the regulation of stress and anxiety. Disruption of endocannabinoid signalling induced
neurobehavioural effects similar to those produced by exposure to stress, such as increased
activation of the HPA axis and heightened anxiety behaviours [100,101]. Interestingly, these
effects could be replicated by direct disruption of endocannabinoid signalling in the amyg-
dala [102]. Chronic stress via impaired LMO4 function resulted in halting endocannabinoid
signalling in the amygdala, which caused anxiety behaviours, supporting the involvement
of the amygdala in regulating anxiety states [92].

7. Discussion and Perspectives

The TGF-β pathway has been implicated in a wide range of processes. This is evident
by reports showing increased TGF-β in circulation predisposes an individual to hyper-
tension [103] and polymorphisms in TGF-β result in variable risk for the development
of oesophageal cancer [104]. Intriguingly, TGF-β demonstrated paradoxical effects in
oncology studies, in which TGF-β exhibited essential roles in tumorigenesis as well as
tumour suppression. Histology on clinical samples of gastric carcinoma revealed that TGF-
β itself gradually increases in expression as carcinoma progresses and is correlated with
advanced stages of carcinoma while Smad molecules are associated with earlier stages [105].
Further substantiating the role of TGF- β in tumorigenesis is the finding that exogenous
upregulation of TGF-β induces tumours with metastatic properties in zebrafish [106]. Inter-
estingly, loss of TGF-β function in carcinomas appears to contribute to tumour suppressant
properties [107,108]. Specifically, TGF-β exercises anti-proliferative effects through Smad
signalling by increasing expression of Cyclin-dependent kinase (Cdk), which in turn results
in cell cycle arrest [109]. Indeed, aberration in Smad function of gastric cancer cells renders
TGF-β mediated growth inhibition ineffective [110]. The role that TGF-β plays in the cell
cycle is no less apparent in the brain, directing axon growth during the developmental
stage with cells lacking TGF-β failing to form axons [12]. Furthermore, the endogenous
levels of TGF-β in circulation varies among the population, and this produces differences
in phenotype. For instance, overexpression of TGF-β seems to heighten its antiproliferative
effects, as the development of several cancers are ablated by increase of TGF-β [111–113].
These findings indicate that cell proliferation mechanisms can be affected through mea-
sured manipulation of TGF-β and its associated signalling molecules, as such there is
potential in the TGF-β pathway modulation to alleviate disorders involving premature
apoptosis and impaired cell proliferation.

TGF-β plays an important role in the central nervous system as a response to injury
and trauma and functions as a signal to initiate cellular repair and protection [114,115].
TGF-β has been shown to be upregulated significantly following spinal lesioning and
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was observed in astrocytes, motor neurons, and surrounding epithelial cells. This is
in tandem with astrocyte mobilisation around the site of injury [116], which remains
for up to a year post injury [117]. TGF-β is also implicated in immune dysregulation
disorders such as Multiple Sclerosis (MS), in which a drastic increase in TGF-β expression
was observed during an MS attack and increased TGF-β circulation observed in patients
afflicted with the disease [118]. Furthermore, increased TGF-β activity was also observed
in neurodegenerative diseases. It has been posited that the increase in TGF-β is a protective
response against neuronal loss that occur in these diseases. Evidence compiled in a review
of the role of TGF-β in neurodegeneration seems to support this view as aging and chronic
inflammation impair TGF-β/Smad signalling and promotes overactivation of microglia,
which implicates loss of TGF-β signalling in plaque and tangle formation [119]. Indeed,
post-mortem analysis of Alzheimer’s and Parkinson’s disease patients showed that TGF-β
ligands were elevated in cerebrospinal fluid [120,121].

The potential for TGF-β to be applied in a therapeutic context has been considered in
the context of oncology where anti-TGF-β treatment has been proposed to target tumour
cells and microenvironment [122]. This concept is expanded upon in studies where various
TGF-β inhibitors have been tested against fibrotic diseases and cancer, showing encour-
aging results [123]. The possible negative effects of TGF-β inhibition therapy have been
examined as well, and it was found that adverse changes to major organs and lymphocyte
function were limited in mice treated with anti-TGF-β antibodies chronically [124]. Even a
lifetime inhibition of TGF-β receptors has not produced significant adversities in mice [125].
However, a high degree of inhibition has been observed to result in epithelial hyperplasia
and carcinoma in certain conditions [126]. Similarly, TGF-β upregulation has also been
discussed as a potential treatment to Alzheimer’s Disease [127], but relatively little has been
discussed regarding the therapeutic potential of TGF-β outside of the context of cancer.

Although there is a link between neurogenesis and depression, several studies [128–130]
indicated this was an indirect relationship. In support of neurogenesis playing a role
in the aetiology of depression, clinical studies showed a correlation between depression
and neuronal degeneration in the hippocampus [131,132] and reduced hippocampal vol-
ume [93–95,133]. Furthermore, some established depression treatments, such as 5-HT,
tianeptine, and electroconvulsive therapy, have been observed to stimulate neurogene-
sis [70,133,134]. Preclinical studies using animal models showed antidepressants could
induce neurogenesis [135,136], which is necessary to mediate the antidepressant effect as
the abolition of neurogenesis resulted loss of antidepressant function [137]. Consistent
with these observations, exposure to stressors was found to inhibit neurogenesis, which
recovered after antidepressant treatment [82]. All these studies provide a convincing case
for the involvement of neurogenesis in the aetiology of depression. However, this narrative
is complicated by some studies that showed neurogenesis is not correlated with depressive-
like symptoms, or is not a causal factor in the development of depression and associated
behaviours [138]. Furthermore, antidepressant treatments might act through neurogenesis-
independent mechanisms to achieve disease attenuation [139]. Yet other studies showed
that neuronal proliferation, which is a standard measure of neurogenesis, may be preserved
despite decreased cell survivability [140]. Taken together, our current understanding points
to the hypothesis that suppressed neurogenesis predisposes to depression but does not
necessarily produce depressive symptoms [141–143].

Analysis of human hippocampal neurogenesis showed that neurogenesis takes place
at a roughly equivalent rate to that in middle-age rodents [144] and persists even into old
age [145], indicating that neurogenesis plays a role in normal brain function in humans.
The relationship between hippocampal neurogenesis and mood dysregulation is still un-
clear, although stress appears to impair hippocampal neurogenesis and is associated with
depressive behaviours [146]. This observation is in line with the findings that hippocampal
neurogenesis regulated the endocrine stress response, and that loss of neurogenesis in the
dentate gyrus resulted in hypersecretion of corticosteroids in response to stress leading
to reduced clearance of glucocorticoids [147]. Nonetheless, discrepancies across studies
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make it difficult to define the precise role of hippocampal neurogenesis in the aetiology of
depression. The proposed concept of the ‘neurogenic interactome’ attempts to reconcile
these discrepancies. The theory posits three key elements: (1) Interconnectivity between the
hippocampus and regions such as the HPA and limbic system, (2) interrelations between
mood and memory, and (3) complex interplay among heterogenous components of the neu-
rogenic niche influencing the observed response in behaviour and drug effectiveness [73].

The observation that the inhibition of neurogenesis does not replicate the stress-
induced hippocampal volume loss or behavioural changes indicates that neurogenesis is
not the sole mechanism in the manifestation of depressive behaviours, and it is likely that
stress affects other contributory factors. Regarding the loss of neurogenesis, previous work
found it could be induced by autophagic cell death of neural stem cells. It was shown that
deletion of Atg7, an important molecule in the formation of autophagosomes, resulted in
neuroprotective effects in chronic restraint stress (CRS) and cortisol injection [148]. This
may explain why the inhibition of neurogenesis was insufficient to reproduce the morpho-
logical changes seen in stressed animals. Clinical research showed that depression-related
changes to hippocampal volume largely occurred in the posterior hippocampus [149,150].
In rodents, the dorsal hippocampus also showed stress-related volume losses [151], while
the ventral hippocampus was largely unaffected [71]. These changes were suggested to
involve variation in glucocorticoid receptor distribution in the dorsal and ventral hippocam-
pus [152], and variation in amygdala input to the dorsal and ventral hippocampus [153,154].
However, the volume changes were not shown to be the result of reduced neurogenesis,
indeed, other factors such as loss of interneurones and microvasculature [155,156], and
reduction and shrinkage of astrocytes in the hippocampus [157–159] were shown to play
a part.

In conclusion, the TGF-β pathway is involved in many functions and is required for
embryonic viability; however, its role in neurogenic mechanisms and their implication on
mood regulation are largely unknown. Based on the available evidence, the TGF-β pathway
potentially exerts effects on neurogenesis via the canonical pathway. These effects may in
turn play a role in the development of mood disorders such as depression and pathological
anxiety. Inactivation of Smad3 in animal models of depression induced by chronic restraint
stress reveals TGF-β/Smad3 signalling together with non-canonical pathway components
such as TAK1 and Erk play potential roles in hippocampal neurogenesis.

Author Contributions: Conceptualization and writing—original draft preparation, L.-F.H. and L.-
W.L.; writing—review and editing, L.-F.H., C.-H.P., H.-Z.Y., and L.-W.L.; funding acquisition and
supervision, L.-W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This scientific work was supported by the Hong Kong Research Grant Council, and
research funding from The University of Hong Kong (Seed Fund for Basic Research and Seed Fund
for Translational & Applied Research) awarded to L.-W.L.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Derynck, R.; Akhurst, R.J. Differentiation plasticity regulated by TGF-beta family proteins in development and disease. Nat. Cell

Biol. 2007, 9, 1000–1004. [CrossRef]
2. Massague, J.; Blain, S.W.; Lo, R.S. TGFbeta signaling in growth control, cancer, and heritable disorders. Cell 2000, 103, 295–309.

[CrossRef]
3. Ten Dijke, P.; Hill, C.S. New insights into TGF-beta-Smad signalling. Trends Biochem. Sci. 2004, 29, 265–273. [CrossRef]
4. Nakao, A.; Afrakhte, M.; Moren, A.; Nakayama, T.; Christian, J.L.; Heuchel, R.; Itoh, S.; Kawabata, M.; Heldin, N.E.; Heldin,

C.H.; et al. Identification of Smad7, a TGFbeta-inducible antagonist of TGF-beta signalling. Nature 1997, 389, 631–635. [CrossRef]
[PubMed]

5. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-beta family signalling. Nature 2003, 425,
577–584. [CrossRef] [PubMed]

6. Massague, J. TGFbeta in Cancer. Cell 2008, 134, 215–230. [CrossRef]
7. Lyons, R.M.; Moses, H.L. Transforming growth factors and the regulation of cell proliferation. Eur. J. Biochem. 1990, 187, 467–473.

[CrossRef]

http://doi.org/10.1038/ncb434
http://doi.org/10.1016/S0092-8674(00)00121-5
http://doi.org/10.1016/j.tibs.2004.03.008
http://doi.org/10.1038/39369
http://www.ncbi.nlm.nih.gov/pubmed/9335507
http://doi.org/10.1038/nature02006
http://www.ncbi.nlm.nih.gov/pubmed/14534577
http://doi.org/10.1016/j.cell.2008.07.001
http://doi.org/10.1111/j.1432-1033.1990.tb15327.x


Cells 2021, 10, 1382 12 of 17

8. Vogel, T.; Ahrens, S.; Buttner, N.; Krieglstein, K. Transforming growth factor beta promotes neuronal cell fate of mouse cortical
and hippocampal progenitors in vitro and in vivo: Identification of Nedd9 as an essential signaling component. Cereb. Cortex
2010, 20, 661–671. [CrossRef]

9. Wachs, F.P.; Winner, B.; Couillard-Despres, S.; Schiller, T.; Aigner, R.; Winkler, J.; Bogdahn, U.; Aigner, L. Transforming growth
factor-beta1 is a negative modulator of adult neurogenesis. J. Neuropathol. Exp. Neurol. 2006, 65, 358–370. [CrossRef] [PubMed]

10. Abe, K.; Chu, P.J.; Ishihara, A.; Saito, H. Transforming growth factor-beta 1 promotes re-elongation of injured axons of cultured
rat hippocampal neurons. Brain Res. 1996, 723, 206–209. [CrossRef]

11. Knoferle, J.; Ramljak, S.; Koch, J.C.; Tonges, L.; Asif, A.R.; Michel, U.; Wouters, F.S.; Heermann, S.; Krieglstein, K.; Zerr, I.; et al.
TGF-beta 1 enhances neurite outgrowth via regulation of proteasome function and EFABP. Neurobiol. Dis. 2010, 38, 395–404.
[CrossRef] [PubMed]

12. Yi, J.J.; Barnes, A.P.; Hand, R.; Polleux, F.; Ehlers, M.D. TGF-beta signaling specifies axons during brain development. Cell 2010,
142, 144–157. [CrossRef]

13. Beauregard, M.; Levesque, J.; Bourgouin, P. Neural correlates of conscious self-regulation of emotion. J. Neurosci. 2001, 21, RC165.
[CrossRef]

14. Patten, S.B. Sensitization: The sine qua non of the depressive disorders? Med. Hypotheses 2008, 71, 872–875. [CrossRef] [PubMed]
15. Ekdahl, C.T.; Claasen, J.H.; Bonde, S.; Kokaia, Z.; Lindvall, O. Inflammation is detrimental for neurogenesis in adult brain. Proc.

Natl. Acad. Sci. USA 2003, 100, 13632–13637. [CrossRef] [PubMed]
16. Wang, B.; Jin, K. Current perspectives on the link between neuroinflammation and neurogenesis. Metab. Brain Dis. 2015, 30,

355–365. [CrossRef] [PubMed]
17. Garcia-Bueno, B.; Caso, J.R.; Leza, J.C. Stress as a neuroinflammatory condition in brain: Damaging and protective mechanisms.

Neurosci. Biobehav. Rev. 2008, 32, 1136–1151. [CrossRef]
18. Menachem-Zidon, O.B.; Goshen, I.; Kreisel, T.; Menahem, Y.B.; Reinhartz, E.; Hur, T.B.; Yirmiya, R. Intrahippocampal transplan-

tation of transgenic neural precursor cells overexpressing interleukin-1 receptor antagonist blocks chronic isolation-induced
impairment in memory and neurogenesis. Neuropsychopharmacology 2008, 33, 2251–2262. [CrossRef]

19. Goshen, I.; Kreisel, T.; Ben-Menachem-Zidon, O.; Licht, T.; Weidenfeld, J.; Ben-Hur, T.; Yirmiya, R. Brain interleukin-1 mediates
chronic stress-induced depression in mice via adrenocortical activation and hippocampal neurogenesis suppression. Mol.
Psychiatry 2008, 13, 717–728. [CrossRef] [PubMed]

20. Dias, J.M.; Alekseenko, Z.; Applequist, J.M.; Ericson, J. Tgfbeta signaling regulates temporal neurogenesis and potency of neural
stem cells in the CNS. Neuron 2014, 84, 927–939. [CrossRef] [PubMed]

21. Kandasamy, M.; Lehner, B.; Kraus, S.; Sander, P.R.; Marschallinger, J.; Rivera, F.J.; Trumbach, D.; Ueberham, U.; Reitsamer, H.A.;
Strauss, O.; et al. TGF-beta signalling in the adult neurogenic niche promotes stem cell quiescence as well as generation of new
neurons. J. Cell. Mol. Med. 2014, 18, 1444–1459. [CrossRef]

22. Meyers, E.A.; Kessler, J.A. TGF-beta Family Signaling in Neural and Neuronal Differentiation, Development, and Function. Cold
Spring Harb. Perspect. Biol. 2017, 9, a022244. [CrossRef] [PubMed]

23. Drevets, W.C. Neuroplasticity in mood disorders. Dialogues Clin. Neurosci. 2004, 6, 199–216. [PubMed]
24. Manji, H.K.; Moore, G.J.; Rajkowska, G.; Chen, G. Neuroplasticity and cellular resilience in mood disorders. Mol. Psychiatry 2000,

5, 578–593. [CrossRef] [PubMed]
25. Sato, S.; Sanjo, H.; Takeda, K.; Ninomiya-Tsuji, J.; Yamamoto, M.; Kawai, T.; Matsumoto, K.; Takeuchi, O.; Akira, S. Essential

function for the kinase TAK1 in innate and adaptive immune responses. Nat. Immunol. 2005, 6, 1087–1095. [CrossRef]
26. Tang, M.; Wei, X.; Guo, Y.; Breslin, P.; Zhang, S.; Zhang, S.; Wei, W.; Xia, Z.; Diaz, M.; Akira, S.; et al. TAK1 is required for the

survival of hematopoietic cells and hepatocytes in mice. J. Exp. Med. 2008, 205, 1611–1619. [CrossRef] [PubMed]
27. Yamaguchi, K.; Shirakabe, K.; Shibuya, H.; Irie, K.; Oishi, I.; Ueno, N.; Taniguchi, T.; Nishida, E.; Matsumoto, K. Identification of a

member of the MAPKKK family as a potential mediator of TGF-beta signal transduction. Science 1995, 270, 2008–2011. [CrossRef]
28. Yu, J.; Zhang, F.; Wang, S.; Zhang, Y.; Fan, M.; Xu, Z. TAK1 is activated by TGF-beta signaling and controls axonal growth during

brain development. J. Mol. Cell Biol. 2014, 6, 349–351. [CrossRef] [PubMed]
29. Zhong, J.; Li, X.; McNamee, C.; Chen, A.P.; Baccarini, M.; Snider, W.D. Raf kinase signaling functions in sensory neuron

differentiation and axon growth in vivo. Nat. Neurosci. 2007, 10, 598–607. [CrossRef] [PubMed]
30. Coyle, J.T.; Duman, R.S. Finding the intracellular signaling pathways affected by mood disorder treatments. Neuron 2003, 38,

157–160. [CrossRef]
31. Duman, C.H.; Schlesinger, L.; Kodama, M.; Russell, D.S.; Duman, R.S. A role for MAP kinase signaling in behavioral models of

depression and antidepressant treatment. Biol. Psychiatry 2007, 61, 661–670. [CrossRef] [PubMed]
32. Einat, H.; Yuan, P.; Gould, T.D.; Li, J.; Du, J.; Zhang, L.; Manji, H.K.; Chen, G. The role of the extracellular signal-regulated kinase

signaling pathway in mood modulation. J. Neurosci. 2003, 23, 7311–7316. [CrossRef] [PubMed]
33. Wefers, B.; Hitz, C.; Holter, S.M.; Trumbach, D.; Hansen, J.; Weber, P.; Putz, B.; Deussing, J.M.; de Angelis, M.H.; Roenneberg, T.;

et al. MAPK signaling determines anxiety in the juvenile mouse brain but depression-like behavior in adults. PLoS ONE 2012,
7, e35035. [CrossRef] [PubMed]

34. Lhuillier, L.; Dryer, S.E. Developmental regulation of neuronal KCa channels by TGFbeta 1: Transcriptional and posttranscriptional
effects mediated by Erk MAP kinase. J Neurosci. 2000, 20, 5616–5622. [CrossRef] [PubMed]

http://doi.org/10.1093/cercor/bhp134
http://doi.org/10.1097/01.jnen.0000218444.53405.f0
http://www.ncbi.nlm.nih.gov/pubmed/16691117
http://doi.org/10.1016/0006-8993(96)00253-3
http://doi.org/10.1016/j.nbd.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20211260
http://doi.org/10.1016/j.cell.2010.06.010
http://doi.org/10.1523/JNEUROSCI.21-18-j0001.2001
http://doi.org/10.1016/j.mehy.2008.06.040
http://www.ncbi.nlm.nih.gov/pubmed/18768266
http://doi.org/10.1073/pnas.2234031100
http://www.ncbi.nlm.nih.gov/pubmed/14581618
http://doi.org/10.1007/s11011-014-9523-6
http://www.ncbi.nlm.nih.gov/pubmed/24623361
http://doi.org/10.1016/j.neubiorev.2008.04.001
http://doi.org/10.1038/sj.npp.1301606
http://doi.org/10.1038/sj.mp.4002055
http://www.ncbi.nlm.nih.gov/pubmed/17700577
http://doi.org/10.1016/j.neuron.2014.10.033
http://www.ncbi.nlm.nih.gov/pubmed/25467979
http://doi.org/10.1111/jcmm.12298
http://doi.org/10.1101/cshperspect.a022244
http://www.ncbi.nlm.nih.gov/pubmed/28130363
http://www.ncbi.nlm.nih.gov/pubmed/22033747
http://doi.org/10.1038/sj.mp.4000811
http://www.ncbi.nlm.nih.gov/pubmed/11126389
http://doi.org/10.1038/ni1255
http://doi.org/10.1084/jem.20080297
http://www.ncbi.nlm.nih.gov/pubmed/18573910
http://doi.org/10.1126/science.270.5244.2008
http://doi.org/10.1093/jmcb/mju030
http://www.ncbi.nlm.nih.gov/pubmed/24963009
http://doi.org/10.1038/nn1898
http://www.ncbi.nlm.nih.gov/pubmed/17396120
http://doi.org/10.1016/S0896-6273(03)00195-8
http://doi.org/10.1016/j.biopsych.2006.05.047
http://www.ncbi.nlm.nih.gov/pubmed/16945347
http://doi.org/10.1523/JNEUROSCI.23-19-07311.2003
http://www.ncbi.nlm.nih.gov/pubmed/12917364
http://doi.org/10.1371/journal.pone.0035035
http://www.ncbi.nlm.nih.gov/pubmed/22529971
http://doi.org/10.1523/JNEUROSCI.20-15-05616.2000
http://www.ncbi.nlm.nih.gov/pubmed/10908598


Cells 2021, 10, 1382 13 of 17

35. Fukushima, T.; Liu, R.Y.; Byrne, J.H. Transforming growth factor-beta2 modulates synaptic efficacy and plasticity and induces
phosphorylation of CREB in hippocampal neurons. Hippocampus 2007, 17, 5–9. [CrossRef]

36. Balschun, D.; Wolfer, D.P.; Gass, P.; Mantamadiotis, T.; Welzl, H.; Schutz, G.; Frey, J.U.; Lipp, H.P. Does cAMP response element-
binding protein have a pivotal role in hippocampal synaptic plasticity and hippocampus-dependent memory? J. Neurosci. 2003,
23, 6304–6314. [CrossRef] [PubMed]

37. Nibuya, M.; Nestler, E.J.; Duman, R.S. Chronic antidepressant administration increases the expression of cAMP response element
binding protein (CREB) in rat hippocampus. J. Neurosci. 1996, 16, 2365–2372. [CrossRef] [PubMed]

38. Gur, T.L.; Conti, A.C.; Holden, J.; Bechtholt, A.J.; Hill, T.E.; Lucki, I.; Malberg, J.E.; Blendy, J.A. cAMP response element-binding
protein deficiency allows for increased neurogenesis and a rapid onset of antidepressant response. J. Neurosci. 2007, 27, 7860–7868.
[CrossRef] [PubMed]

39. Nakagawa, S.; Kim, J.E.; Lee, R.; Chen, J.; Fujioka, T.; Malberg, J.; Tsuji, S.; Duman, R.S. Localization of phosphorylated cAMP
response element-binding protein in immature neurons of adult hippocampus. J. Neurosci. 2002, 22, 9868–9876. [CrossRef]

40. Nakagawa, S.; Kim, J.E.; Lee, R.; Malberg, J.E.; Chen, J.; Steffen, C.; Zhang, Y.J.; Nestler, E.J.; Duman, R.S. Regulation of
neurogenesis in adult mouse hippocampus by cAMP and the cAMP response element-binding protein. J. Neurosci. 2002, 22,
3673–3682. [CrossRef]

41. Chen, A.C.; Shirayama, Y.; Shin, K.H.; Neve, R.L.; Duman, R.S. Expression of the cAMP response element binding protein (CREB)
in hippocampus produces an antidepressant effect. Biol. Psychiatry 2001, 49, 753–762. [CrossRef]

42. Dennler, S.; Goumans, M.J.; ten Dijke, P. Transforming growth factor beta signal transduction. J. Leukoc. Biol. 2002, 71, 731–740.
[PubMed]

43. Brown, K.A.; Pietenpol, J.A.; Moses, H.L. A tale of two proteins: Differential roles and regulation of Smad2 and Smad3 in
TGF-beta signaling. J. Cell. Biochem. 2007, 101, 9–33. [CrossRef] [PubMed]

44. Bernard, D.J. Both SMAD2 and SMAD3 mediate activin-stimulated expression of the follicle-stimulating hormone beta subunit in
mouse gonadotrope cells. Mol. Endocrinol. 2004, 18, 606–623. [CrossRef] [PubMed]

45. Li, Q.; Pangas, S.A.; Jorgez, C.J.; Graff, J.M.; Weinstein, M.; Matzuk, M.M. Redundant roles of SMAD2 and SMAD3 in ovarian
granulosa cells in vivo. Mol. Cell. Biol. 2008, 28, 7001–7011. [CrossRef]

46. Brionne, T.C.; Tesseur, I.; Masliah, E.; Wyss-Coray, T. Loss of TGF-beta 1 leads to increased neuronal cell death and microgliosis in
mouse brain. Neuron 2003, 40, 1133–1145. [CrossRef]

47. Kulkarni, A.B.; Huh, C.G.; Becker, D.; Geiser, A.; Lyght, M.; Flanders, K.C.; Roberts, A.B.; Sporn, M.B.; Ward, J.M.; Karlsson, S.
Transforming growth factor beta 1 null mutation in mice causes excessive inflammatory response and early death. Proc. Natl.
Acad. Sci. USA 1993, 90, 770–774. [CrossRef]

48. Miguez, D.G.; Gil-Guinon, E.; Pons, S.; Marti, E. Smad2 and Smad3 cooperate and antagonize simultaneously in vertebrate
neurogenesis. J. Cell Sci. 2013, 126, 5335–5343. [CrossRef]

49. Wang, Y.; Symes, A.J. Smad3 deficiency reduces neurogenesis in adult mice. J. Mol. Neurosci. 2010, 41, 383–396. [CrossRef]
50. Yousef, H.; Conboy, M.J.; Morgenthaler, A.; Schlesinger, C.; Bugaj, L.; Paliwal, P.; Greer, C.; Conboy, I.M.; Schaffer, D. Systemic

attenuation of the TGF-beta pathway by a single drug simultaneously rejuvenates hippocampal neurogenesis and myogenesis in
the same old mammal. Oncotarget 2015, 6, 11959–11978. [CrossRef] [PubMed]

51. Tapia-Gonzalez, S.; Munoz, M.D.; Cuartero, M.I.; Sanchez-Capelo, A. Smad3 is required for the survival of proliferative
intermediate progenitor cells in the dentate gyrus of adult mice. Cell Commun. Signal. 2013, 11, 1–15. [CrossRef] [PubMed]

52. Munoz, M.D.; Antolin-Vallespin, M.; Tapia-Gonzalez, S.; Sanchez-Capelo, A. Smad3 deficiency inhibits dentate gyrus LTP by
enhancing GABAA neurotransmission. J. Neurochem. 2016, 137, 190–199. [CrossRef]

53. Schmierer, B.; Tournier, A.L.; Bates, P.A.; Hill, C.S. Mathematical modeling identifies Smad nucleocytoplasmic shuttling as a
dynamic signal-interpreting system. Proc. Natl. Acad. Sci. USA 2008, 105, 6608–6613. [CrossRef]

54. Buckwalter, M.S.; Yamane, M.; Coleman, B.S.; Ormerod, B.K.; Chin, J.T.; Palmer, T.; Wyss-Coray, T. Chronically increased
transforming growth factor-beta1 strongly inhibits hippocampal neurogenesis in aged mice. Am. J. Pathol. 2006, 169, 154–164.
[CrossRef]

55. He, Y.; Zhang, H.; Yung, A.; Villeda, S.A.; Jaeger, P.A.; Olayiwola, O.; Fainberg, N.; Wyss-Coray, T. ALK5-dependent TGF-beta
signaling is a major determinant of late-stage adult neurogenesis. Nat. Neurosci. 2014, 17, 943–952. [CrossRef]

56. Ganea, K.; Menke, A.; Schmidt, M.V.; Lucae, S.; Rammes, G.; Liebl, C.; Harbich, D.; Sterlemann, V.; Storch, C.; Uhr, M.; et al.
Convergent animal and human evidence suggests the activin/inhibin pathway to be involved in antidepressant response. Transl.
Psychiatry 2012, 2, e177. [CrossRef] [PubMed]

57. Shoji-Kasai, Y.; Ageta, H.; Hasegawa, Y.; Tsuchida, K.; Sugino, H.; Inokuchi, K. Activin increases the number of synaptic contacts
and the length of dendritic spine necks by modulating spinal actin dynamics. J. Cell Sci. 2007, 120, 3830–3837. [CrossRef]

58. Tapia-Gonzalez, S.; Giraldez-Perez, R.M.; Cuartero, M.I.; Casarejos, M.J.; Mena, M.A.; Wang, X.F.; Sanchez-Capelo, A. Dopamine
and alpha-synuclein dysfunction in Smad3 null mice. Mol. Neurodegener. 2011, 6, 1–23. [CrossRef]

59. Villapol, S.; Wang, Y.; Adams, M.; Symes, A.J. Smad3 deficiency increases cortical and hippocampal neuronal loss following
traumatic brain injury. Exp. Neurol. 2013, 250, 353–365. [CrossRef] [PubMed]

60. Wang, Y.; Moges, H.; Bharucha, Y.; Symes, A. Smad3 null mice display more rapid wound closure and reduced scar formation
after a stab wound to the cerebral cortex. Exp. Neurol. 2007, 203, 168–184. [CrossRef]

http://doi.org/10.1002/hipo.20243
http://doi.org/10.1523/JNEUROSCI.23-15-06304.2003
http://www.ncbi.nlm.nih.gov/pubmed/12867515
http://doi.org/10.1523/JNEUROSCI.16-07-02365.1996
http://www.ncbi.nlm.nih.gov/pubmed/8601816
http://doi.org/10.1523/JNEUROSCI.2051-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17634380
http://doi.org/10.1523/JNEUROSCI.22-22-09868.2002
http://doi.org/10.1523/JNEUROSCI.22-09-03673.2002
http://doi.org/10.1016/S0006-3223(00)01114-8
http://www.ncbi.nlm.nih.gov/pubmed/11994497
http://doi.org/10.1002/jcb.21255
http://www.ncbi.nlm.nih.gov/pubmed/17340614
http://doi.org/10.1210/me.2003-0264
http://www.ncbi.nlm.nih.gov/pubmed/14701940
http://doi.org/10.1128/MCB.00732-08
http://doi.org/10.1016/S0896-6273(03)00766-9
http://doi.org/10.1073/pnas.90.2.770
http://doi.org/10.1242/jcs.130435
http://doi.org/10.1007/s12031-010-9329-x
http://doi.org/10.18632/oncotarget.3851
http://www.ncbi.nlm.nih.gov/pubmed/26003168
http://doi.org/10.1186/1478-811X-11-93
http://www.ncbi.nlm.nih.gov/pubmed/24330661
http://doi.org/10.1111/jnc.13558
http://doi.org/10.1073/pnas.0710134105
http://doi.org/10.2353/ajpath.2006.051272
http://doi.org/10.1038/nn.3732
http://doi.org/10.1038/tp.2012.104
http://www.ncbi.nlm.nih.gov/pubmed/23092981
http://doi.org/10.1242/jcs.012450
http://doi.org/10.1186/1750-1326-6-72
http://doi.org/10.1016/j.expneurol.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24120438
http://doi.org/10.1016/j.expneurol.2006.08.006


Cells 2021, 10, 1382 14 of 17

61. Ma, D.K.; Jang, M.H.; Guo, J.U.; Kitabatake, Y.; Chang, M.L.; Pow-Anpongkul, N.; Flavell, R.A.; Lu, B.; Ming, G.L.; Song,
H. Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis. Science 2009, 323,
1074–1077. [CrossRef] [PubMed]

62. Park, D.H.; Hong, S.J.; Salinas, R.D.; Liu, S.J.; Sun, S.W.; Sgualdino, J.; Testa, G.; Matzuk, M.M.; Iwamori, N.; Lim, D.A. Activation
of neuronal gene expression by the JMJD3 demethylase is required for postnatal and adult brain neurogenesis. Cell Rep. 2014, 8,
1290–1299. [CrossRef]

63. Estaras, C.; Akizu, N.; Garcia, A.; Beltran, S.; de la Cruz, X.; Martinez-Balbas, M.A. Genome-wide analysis reveals that Smad3 and
JMJD3 HDM co-activate the neural developmental program. Development 2012, 139, 2681–2691. [CrossRef] [PubMed]

64. Yu, C.Y.; Gui, W.; He, H.Y.; Wang, X.S.; Zuo, J.; Huang, L.; Zhou, N.; Wang, K.; Wang, Y. Neuronal and astroglial TGFbeta-Smad3
signaling pathways differentially regulate dendrite growth and synaptogenesis. Neuromolecular Med. 2014, 16, 457–472. [CrossRef]

65. Li, Y.; Luilkart, B.W.; Birnbaum, S.; Chen, J.; Kwon, C.H.; Kernie, S.G.; Bassel-Duby, R.; Parada, L.F. TrkB Regulates Hippocampal
Neurogenesis and Governs Sensitivity to Antidepressive Treatment. Neuron 2008, 59, 399–412. [CrossRef] [PubMed]

66. Jia, S.; Ren, Z.; Li, X.; Zheng, Y.; Meng, A. Smad2 and Smad3 are required for mesendoderm induction by transforming growth
factor-beta/nodal signals in zebrafish. J. Biol. Chem. 2008, 283, 2418–2426. [CrossRef]

67. Akizu, N.; Estaras, C.; Guerrero, L.; Marti, E.; Martinez-Balbas, M.A. H3K27me3 regulates BMP activity in developing spinal cord.
Development 2010, 137, 2915–2925. [CrossRef]

68. Iida, A.; Iwagawa, T.; Kuribayashi, H.; Satoh, S.; Mochizuki, Y.; Baba, Y.; Nakauchi, H.; Furukawa, T.; Koseki, H.; Murakami, A.;
et al. Histone demethylase Jmjd3 is required for the development of subsets of retinal bipolar cells. Proc. Natl. Acad. Sci. USA
2014, 111, 3751–3756. [CrossRef]

69. Grassi, D.; Franz, H.; Vezzali, R.; Bovio, P.; Heidrich, S.; Dehghanian, F.; Lagunas, N.; Belzung, C.; Krieglstein, K.; Vogel, T.
Neuronal Activity, TGFbeta-Signaling and Unpredictable Chronic Stress Modulate Transcription of Gadd45 Family Members and
DNA Methylation in the Hippocampus. Cereb. Cortex 2017, 27, 4166–4181. [CrossRef]

70. Malberg, J.E.; Eisch, A.J.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases neurogenesis in adult rat
hippocampus. J. Neurosci. 2000, 20, 9104–9110. [CrossRef]

71. Jayatissa, M.N.; Henningsen, K.; Nikolajsen, G.; West, M.J.; Wiborg, O. A reduced number of hippocampal granule cells does not
associate with an anhedonia-like phenotype in a rat chronic mild stress model of depression. Stress 2010, 13, 95–105. [CrossRef]
[PubMed]

72. Lagace, D.C.; Donovan, M.H.; DeCarolis, N.A.; Farnbauch, L.A.; Malhotra, S.; Berton, O.; Nestler, E.J.; Krishnan, V.; Eisch, A.J.
Adult hippocampal neurogenesis is functionally important for stress-induced social avoidance. Proc. Natl. Acad. Sci. USA 2010,
107, 4436–4441. [CrossRef]

73. Eisch, A.J.; Petrik, D. Depression and hippocampal neurogenesis: A road to remission? Science 2012, 338, 72–75. [CrossRef]
74. Lyons, D.M.; Buckmaster, P.S.; Lee, A.G.; Wu, C.; Mitra, R.; Duffey, L.M.; Buckmaster, C.L.; Her, S.; Patel, P.D.; Schatzberg,

A.F. Stress coping stimulates hippocampal neurogenesis in adult monkeys. Proc. Natl. Acad. Sci. USA 2010, 107, 14823–14827.
[CrossRef]

75. Parihar, V.K.; Hattiangady, B.; Kuruba, R.; Shuai, B.; Shetty, A.K. Predictable chronic mild stress improves mood, hippocampal
neurogenesis and memory. Mol. Psychiatry 2011, 16, 171–183. [CrossRef]

76. Petrik, D.; Lagace, D.C.; Eisch, A.J. The neurogenesis hypothesis of affective and anxiety disorders: Are we mistaking the
scaffolding for the building? Neuropharmacology 2012, 62, 21–34. [CrossRef] [PubMed]

77. Caspi, A.; Sugden, K.; Moffitt, T.E.; Taylor, A.; Craig, I.W.; Harrington, H.; McClay, J.; Mill, J.; Martin, J.; Braithwaite, A.; et al.
Influence of life stress on depression: Moderation by a polymorphism in the 5-HTT gene. Science 2003, 301, 386–389. [CrossRef]

78. Heuser, I. Anna-Monika-Prize paper. The hypothalamic-pituitary-adrenal system in depression. Pharmacopsychiatry 1998, 31,
10–13. [CrossRef]

79. Mizoguchi, K.; Ishige, A.; Aburada, M.; Tabira, T. Chronic stress attenuates glucocorticoid negative feedback: Involvement of the
prefrontal cortex and hippocampus. Neuroscience 2003, 119, 887–897. [CrossRef]

80. Herman, J.P.; Spencer, R. Regulation of hippocampal glucocorticoid receptor gene transcription and protein expression in vivo. J.
Neurosci. 1998, 18, 7462–7473. [CrossRef]

81. Gould, E.; McEwen, B.S.; Tanapat, P.; Galea, L.A.; Fuchs, E. Neurogenesis in the dentate gyrus of the adult tree shrew is regulated
by psychosocial stress and NMDA receptor activation. J. Neurosci. 1997, 17, 2492–2498. [CrossRef]

82. Malberg, J.E.; Duman, R.S. Cell proliferation in adult hippocampus is decreased by inescapable stress: Reversal by fluoxetine
treatment. Neuropsychopharmacology 2003, 28, 1562–1571. [CrossRef] [PubMed]

83. Pham, K.; Nacher, J.; Hof, P.R.; McEwen, B.S. Repeated restraint stress suppresses neurogenesis and induces biphasic PSA-NCAM
expression in the adult rat dentate gyrus. Eur. J. Neurosci. 2003, 17, 879–886. [CrossRef]

84. You, Z.; Luo, C.; Zhang, W.; Chen, Y.; He, J.; Zhao, Q.; Zuo, R.; Wu, Y. Pro- and anti-inflammatory cytokines expression in rat’s
brain and spleen exposed to chronic mild stress: Involvement in depression. Behav. Brain Res. 2011, 225, 135–141. [CrossRef]

85. Anacker, C.; Cattaneo, A.; Luoni, A.; Musaelyan, K.; Zunszain, P.A.; Milanesi, E.; Rybka, J.; Berry, A.; Cirulli, F.; Thuret, S.; et al.
Glucocorticoid-related molecular signaling pathways regulating hippocampal neurogenesis. Neuropsychopharmacology 2013, 38,
872–883. [CrossRef]

86. Bremner, J.D.; Elzinga, B.; Schmahl, C.; Vermetten, E. Structural and functional plasticity of the human brain in posttraumatic
stress disorder. Prog. Brain Res. 2008, 167, 171–186. [CrossRef]

http://doi.org/10.1126/science.1166859
http://www.ncbi.nlm.nih.gov/pubmed/19119186
http://doi.org/10.1016/j.celrep.2014.07.060
http://doi.org/10.1242/dev.078345
http://www.ncbi.nlm.nih.gov/pubmed/22782721
http://doi.org/10.1007/s12017-014-8293-y
http://doi.org/10.1016/j.neuron.2008.06.023
http://www.ncbi.nlm.nih.gov/pubmed/18701066
http://doi.org/10.1074/jbc.M707578200
http://doi.org/10.1242/dev.049395
http://doi.org/10.1073/pnas.1311480111
http://doi.org/10.1093/cercor/bhx095
http://doi.org/10.1523/JNEUROSCI.20-24-09104.2000
http://doi.org/10.3109/10253890902951786
http://www.ncbi.nlm.nih.gov/pubmed/19929309
http://doi.org/10.1073/pnas.0910072107
http://doi.org/10.1126/science.1222941
http://doi.org/10.1073/pnas.0914568107
http://doi.org/10.1038/mp.2009.130
http://doi.org/10.1016/j.neuropharm.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21945290
http://doi.org/10.1126/science.1083968
http://doi.org/10.1055/s-2007-979288
http://doi.org/10.1016/S0306-4522(03)00105-2
http://doi.org/10.1523/JNEUROSCI.18-18-07462.1998
http://doi.org/10.1523/JNEUROSCI.17-07-02492.1997
http://doi.org/10.1038/sj.npp.1300234
http://www.ncbi.nlm.nih.gov/pubmed/12838272
http://doi.org/10.1046/j.1460-9568.2003.02513.x
http://doi.org/10.1016/j.bbr.2011.07.006
http://doi.org/10.1038/npp.2012.253
http://doi.org/10.1016/S0079-6123(07)67012-5


Cells 2021, 10, 1382 15 of 17

87. Gould, E.; Cameron, H.A.; Daniels, D.C.; Woolley, C.S.; McEwen, B.S. Adrenal hormones suppress cell division in the adult rat
dentate gyrus. J. Neurosci. 1992, 12, 3642–3650. [CrossRef] [PubMed]

88. Jacobs, B.L.; van Praag, H.; Gage, F.H. Adult brain neurogenesis and psychiatry: A novel theory of depression. Mol. Psychiatry
2000, 5, 262–269. [CrossRef] [PubMed]

89. Nakashiba, T.; Cushman, J.D.; Pelkey, K.A.; Renaudineau, S.; Buhl, D.L.; McHugh, T.J.; Rodriguez Barrera, V.; Chittajallu, R.;
Iwamoto, K.S.; McBain, C.J.; et al. Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate
pattern completion. Cell 2012, 149, 188–201. [CrossRef]

90. Anacker, C.; Pariante, C.M. Can adult neurogenesis buffer stress responses and depressive behaviour? Mol. Psychiatry 2012, 17,
9–10. [CrossRef]

91. Hill, M.N.; Patel, S. Translational evidence for the involvement of the endocannabinoid system in stress-related psychiatric
illnesses. Biol. Mood Anxiety Disord. 2013, 3, 1–14. [CrossRef] [PubMed]

92. Qin, Z.; Zhou, X.; Pandey, N.R.; Vecchiarelli, H.A.; Stewart, C.A.; Zhang, X.; Lagace, D.C.; Brunel, J.M.; Beique, J.C.; Stewart, A.F.;
et al. Chronic stress induces anxiety via an amygdalar intracellular cascade that impairs endocannabinoid signaling. Neuron 2015,
85, 1319–1331. [CrossRef] [PubMed]

93. Bremner, J.D.; Narayan, M.; Anderson, E.R.; Staib, L.H.; Miller, H.L.; Charney, D.S. Hippocampal volume reduction in major
depression. Am. J. Psychiatry 2000, 157, 115–118. [CrossRef] [PubMed]

94. MacQueen, G.M.; Campbell, S.; McEwen, B.S.; Macdonald, K.; Amano, S.; Joffe, R.T.; Nahmias, C.; Young, L.T. Course of illness,
hippocampal function, and hippocampal volume in major depression. Proc. Natl. Acad. Sci. USA 2003, 100, 1387–1392. [CrossRef]

95. Sheline, Y.I.; Wang, P.W.; Gado, M.H.; Csernansky, J.G.; Vannier, M.W. Hippocampal atrophy in recurrent major depression. Proc.
Natl. Acad. Sci. USA 1996, 93, 3908–3913. [CrossRef]

96. Wang, X.W.; Yu, Y.; Gu, L. Dehydroabietic acid reverses TNF-alpha-induced the activation of FOXO1 and suppression of
TGF-beta1/Smad signaling in human adult dermal fibroblasts. Int. J. Clin. Exp. Pathol. 2014, 7, 8616–8626.

97. Cattaneo, A.; Cattane, N.; Malpighi, C.; Czamara, D.; Suarez, A.; Mariani, N.; Kajantie, E.; Luoni, A.; Eriksson, J.G.; Lahti, J.; et al.
FoxO1, A2M, and TGF-beta1: Three novel genes predicting depression in gene X environment interactions are identified using
cross-species and cross-tissues transcriptomic and miRNomic analyses. Mol. Psychiatry 2018, 23, 2192–2208. [CrossRef] [PubMed]

98. Etkin, A.; Prater, K.E.; Schatzberg, A.F.; Menon, V.; Greicius, M.D. Disrupted amygdalar subregion functional connectivity and
evidence of a compensatory network in generalized anxiety disorder. Arch. Gen. Psychiatry 2009, 66, 1361–1372. [CrossRef]

99. Kim, M.J.; Loucks, R.A.; Palmer, A.L.; Brown, A.C.; Solomon, K.M.; Marchante, A.N.; Whalen, P.J. The structural and functional
connectivity of the amygdala: From normal emotion to pathological anxiety. Behav. Brain Res. 2011, 223, 403–410. [CrossRef]

100. Patel, S.; Roelke, C.T.; Rademacher, D.J.; Cullinan, W.E.; Hillard, C.J. Endocannabinoid signaling negatively modulates stress-
induced activation of the hypothalamic-pituitary-adrenal axis. Endocrinology 2004, 145, 5431–5438. [CrossRef] [PubMed]

101. Shonesy, B.C.; Bluett, R.J.; Ramikie, T.S.; Baldi, R.; Hermanson, D.J.; Kingsley, P.J.; Marnett, L.J.; Winder, D.G.; Colbran, R.J.; Patel,
S. Genetic disruption of 2-arachidonoylglycerol synthesis reveals a key role for endocannabinoid signaling in anxiety modulation.
Cell Rep. 2014, 9, 1644–1653. [CrossRef] [PubMed]

102. Gunduz-Cinar, O.; Hill, M.N.; McEwen, B.S.; Holmes, A. Amygdala FAAH and anandamide: Mediating protection and recovery
from stress. Trends Pharmacol. Sci. 2013, 34, 637–644. [CrossRef] [PubMed]

103. Cambien, F.; Ricard, S.; Troesch, A.; Mallet, C.; Generenaz, L.; Evans, A.; Arveiler, D.; Luc, G.; Ruidavets, J.B.; Poirier, O.
Polymorphisms of the transforming growth factor-beta 1 gene in relation to myocardial infarction and blood pressure. The Etude
Cas-Temoin de l’Infarctus du Myocarde (ECTIM) Study. Hypertension 1996, 28, 881–887. [CrossRef] [PubMed]

104. Jin, G.; Deng, Y.; Miao, R.; Hu, Z.; Zhou, Y.; Tan, Y.; Wang, J.; Hua, Z.; Ding, W.; Wang, L.; et al. TGFB1 and TGFBR2 functional
polymorphisms and risk of esophageal squamous cell carcinoma: A case-control analysis in a Chinese population. J. Cancer Res.
Clin. Oncol. 2008, 134, 345–351. [CrossRef] [PubMed]

105. Kim, S.H.; Lee, S.H.; Choi, Y.L.; Wang, L.H.; Park, C.K.; Shin, Y.K. Extensive alteration in the expression profiles of TGFB
pathway signaling components and TP53 is observed along the gastric dysplasia-carcinoma sequence. Histol. Histopathol. 2008,
23, 1439–1452. [CrossRef]

106. Yan, C.; Yang, Q.; Gong, Z. Transgenic expression of tgfb1a induces hepatic inflammation, fibrosis and metastasis in zebrafish.
Biochem. Biophys. Res. Commun. 2019, 509, 175–181. [CrossRef] [PubMed]

107. Elliott, R.L.; Blobe, G.C. Role of transforming growth factor Beta in human cancer. J. Clin. Oncol. 2005, 23, 2078–2093. [CrossRef]
[PubMed]

108. Hata, A.; Shi, Y.; Massague, J. TGF-beta signaling and cancer: Structural and functional consequences of mutations in Smads. Mol.
Med. Today 1998, 4, 257–262. [CrossRef]

109. Jahn, S.C.; Law, M.E.; Corsino, P.E.; Law, B.K. TGF-beta antiproliferative effects in tumor suppression. Front. Biosci. (Schol. Ed.)
2012, 4, 749–766. [CrossRef] [PubMed]

110. Han, S.U.; Kim, H.T.; Seong, D.H.; Kim, Y.S.; Park, Y.S.; Bang, Y.J.; Yang, H.K.; Kim, S.J. Loss of the Smad3 expression increases
susceptibility to tumorigenicity in human gastric cancer. Oncogene 2004, 23, 1333–1341. [CrossRef]

111. Boulanger, C.A.; Smith, G.H. Reducing mammary cancer risk through premature stem cell senescence. Oncogene 2001, 20,
2264–2272. [CrossRef]

112. Pierce, D.F., Jr.; Gorska, A.E.; Chytil, A.; Meise, K.S.; Page, D.L.; Coffey, R.J., Jr.; Moses, H.L. Mammary tumor suppression by
transforming growth factor beta 1 transgene expression. Proc. Natl. Acad. Sci. USA 1995, 92, 4254–4258. [CrossRef] [PubMed]

http://doi.org/10.1523/JNEUROSCI.12-09-03642.1992
http://www.ncbi.nlm.nih.gov/pubmed/1527603
http://doi.org/10.1038/sj.mp.4000712
http://www.ncbi.nlm.nih.gov/pubmed/10889528
http://doi.org/10.1016/j.cell.2012.01.046
http://doi.org/10.1038/mp.2011.133
http://doi.org/10.1186/2045-5380-3-19
http://www.ncbi.nlm.nih.gov/pubmed/24286185
http://doi.org/10.1016/j.neuron.2015.02.015
http://www.ncbi.nlm.nih.gov/pubmed/25754825
http://doi.org/10.1176/ajp.157.1.115
http://www.ncbi.nlm.nih.gov/pubmed/10618023
http://doi.org/10.1073/pnas.0337481100
http://doi.org/10.1073/pnas.93.9.3908
http://doi.org/10.1038/s41380-017-0002-4
http://www.ncbi.nlm.nih.gov/pubmed/29302075
http://doi.org/10.1001/archgenpsychiatry.2009.104
http://doi.org/10.1016/j.bbr.2011.04.025
http://doi.org/10.1210/en.2004-0638
http://www.ncbi.nlm.nih.gov/pubmed/15331569
http://doi.org/10.1016/j.celrep.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25466252
http://doi.org/10.1016/j.tips.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24325918
http://doi.org/10.1161/01.HYP.28.5.881
http://www.ncbi.nlm.nih.gov/pubmed/8901839
http://doi.org/10.1007/s00432-007-0290-1
http://www.ncbi.nlm.nih.gov/pubmed/17680270
http://doi.org/10.14670/HH-23.1439
http://doi.org/10.1016/j.bbrc.2018.12.098
http://www.ncbi.nlm.nih.gov/pubmed/30581008
http://doi.org/10.1200/JCO.2005.02.047
http://www.ncbi.nlm.nih.gov/pubmed/15774796
http://doi.org/10.1016/S1357-4310(98)01247-7
http://doi.org/10.2741/s297
http://www.ncbi.nlm.nih.gov/pubmed/22202088
http://doi.org/10.1038/sj.onc.1207259
http://doi.org/10.1038/sj.onc.1204312
http://doi.org/10.1073/pnas.92.10.4254
http://www.ncbi.nlm.nih.gov/pubmed/7753792


Cells 2021, 10, 1382 16 of 17

113. Siegel, P.M.; Shu, W.; Cardiff, R.D.; Muller, W.J.; Massague, J. Transforming growth factor beta signaling impairs Neu-induced
mammary tumorigenesis while promoting pulmonary metastasis. Proc. Natl. Acad. Sci. USA 2003, 100, 8430–8435. [CrossRef]
[PubMed]

114. Buckwalter, M.S.; Wyss-Coray, T. Modelling neuroinflammatory phenotypes in vivo. J. Neuroinflamm. 2004, 1, 1–12. [CrossRef]
[PubMed]

115. Finch, C.E.; Laping, N.J.; Morgan, T.E.; Nichols, N.R.; Pasinetti, G.M. TGF-beta 1 is an organizer of responses to neurodegeneration.
J. Cell. Biochem. 1993, 53, 314–322. [CrossRef]

116. O’Brien, M.F.; Lenke, L.G.; Lou, J.; Bridwell, K.H.; Joyce, M.E. Astrocyte response and transforming growth factor-beta localization
in acute spinal cord injury. Spine 1994, 19, 2321–2329. [CrossRef]

117. Buss, A.; Pech, K.; Kakulas, B.A.; Martin, D.; Schoenen, J.; Noth, J.; Brook, G.A. TGF-beta1 and TGF-beta2 expression after
traumatic human spinal cord injury. Spinal Cord 2008, 46, 364–371. [CrossRef] [PubMed]

118. Nicoletti, F.; Di Marco, R.; Patti, F.; Reggio, E.; Nicoletti, A.; Zaccone, P.; Stivala, F.; Meroni, P.L.; Reggio, A. Blood levels of
transforming growth factor-beta 1 (TGF-beta1) are elevated in both relapsing remitting and chronic progressive multiple sclerosis
(MS) patients and are further augmented by treatment with interferon-beta 1b (IFN-beta1b). Clin. Exp. Immunol. 1998, 113, 96–99.
[CrossRef]

119. Estrada, L.D.; Oliveira-Cruz, L.; Cabrera, D. Transforming Growth Factor Beta Type I Role in Neurodegeneration: Implications
for Alzheimer s Disease. Curr. Protein Pept. Sci. 2018, 19, 1180–1188. [CrossRef]

120. Chao, C.C.; Hu, S.; Frey, W.H., 2nd; Ala, T.A.; Tourtellotte, W.W.; Peterson, P.K. Transforming growth factor beta in Alzheimer’s
disease. Clin. Diagn. Lab. Immunol. 1994, 1, 109–110. [CrossRef]

121. Vawter, M.P.; Dillon-Carter, O.; Tourtellotte, W.W.; Carvey, P.; Freed, W.J. TGFbeta1 and TGFbeta2 concentrations are elevated in
Parkinson’s disease in ventricular cerebrospinal fluid. Exp. Neurol. 1996, 142, 313–322. [CrossRef]

122. Saunier, E.F.; Akhurst, R.J. TGF beta inhibition for cancer therapy. Curr. Cancer Drug Targets 2006, 6, 565–578. [CrossRef]
123. Prud’homme, G.J. Pathobiology of transforming growth factor beta in cancer, fibrosis and immunologic disease, and therapeutic

considerations. Lab. Investig. 2007, 87, 1077–1091. [CrossRef]
124. Ruzek, M.C.; Hawes, M.; Pratt, B.; McPherson, J.; Ledbetter, S.; Richards, S.M.; Garman, R.D. Minimal effects on immune parame-

ters following chronic anti-TGF-beta monoclonal antibody administration to normal mice. Immunopharmacol. Immunotoxicol. 2003,
25, 235–257. [CrossRef] [PubMed]

125. Yang, Y.A.; Dukhanina, O.; Tang, B.; Mamura, M.; Letterio, J.J.; MacGregor, J.; Patel, S.C.; Khozin, S.; Liu, Z.Y.; Green, J.; et al.
Lifetime exposure to a soluble TGF-beta antagonist protects mice against metastasis without adverse side effects. J. Clin. Investig.
2002, 109, 1607–1615. [CrossRef] [PubMed]

126. Forrester, E.; Chytil, A.; Bierie, B.; Aakre, M.; Gorska, A.E.; Sharif-Afshar, A.R.; Muller, W.J.; Moses, H.L. Effect of conditional
knockout of the type II TGF-beta receptor gene in mammary epithelia on mammary gland development and polyomavirus
middle T antigen induced tumor formation and metastasis. Cancer Res. 2005, 65, 2296–2302. [CrossRef] [PubMed]

127. Wyss-Coray, T. Tgf-Beta pathway as a potential target in neurodegeneration and Alzheimer’s. Curr. Alzheimer Res. 2006, 3,
191–195. [CrossRef]

128. Sahay, A.; Drew, M.R.; Hen, R. Dentate gyrus neurogenesis and depression. Prog. Brain Res. 2007, 163, 697–722. [CrossRef]
129. Sahay, A.; Hen, R. Adult hippocampal neurogenesis in depression. Nat. Neurosci. 2007, 10, 1110–1115. [CrossRef]
130. Vollmayr, B.; Mahlstedt, M.M.; Henn, F.A. Neurogenesis and depression: What animal models tell us about the link. Eur. Arch.

Psychiatry Clin. Neurosci. 2007, 257, 300–303. [CrossRef]
131. Gold, P.W.; Goodwin, F.K.; Chrousos, G.P. Clinical and biochemical manifestations of depression. Relation to the neurobiology of

stress (2). N. Engl. J. Med. 1988, 319, 413–420. [CrossRef] [PubMed]
132. Sapolsky, R.M. The possibility of neurotoxicity in the hippocampus in major depression: A primer on neuron death. Biol.

Psychiatry 2000, 48, 755–765. [CrossRef]
133. Davidson, R.J.; Lewis, D.A.; Alloy, L.B.; Amaral, D.G.; Bush, G.; Cohen, J.D.; Drevets, W.C.; Farah, M.J.; Kagan, J.; McClelland,

J.L.; et al. Neural and behavioral substrates of mood and mood regulation. Biol. Psychiatry 2002, 52, 478–502. [CrossRef]
134. Czeh, B.; Michaelis, T.; Watanabe, T.; Frahm, J.; de Biurrun, G.; van Kampen, M.; Bartolomucci, A.; Fuchs, E. Stress-induced

changes in cerebral metabolites, hippocampal volume, and cell proliferation are prevented by antidepressant treatment with
tianeptine. Proc. Natl. Acad. Sci. USA 2001, 98, 12796–12801. [CrossRef]

135. Anacker, C.; Zunszain, P.A.; Cattaneo, A.; Carvalho, L.A.; Garabedian, M.J.; Thuret, S.; Price, J.; Pariante, C.M. Antidepressants
increase human hippocampal neurogenesis by activating the glucocorticoid receptor. Mol. Psychiatry 2011, 16, 738–750. [CrossRef]

136. Perera, T.D.; Coplan, J.D.; Lisanby, S.H.; Lipira, C.M.; Arif, M.; Carpio, C.; Spitzer, G.; Santarelli, L.; Scharf, B.; Hen, R.; et al.
Antidepressant-induced neurogenesis in the hippocampus of adult nonhuman primates. J. Neurosci. 2007, 27, 4894–4901.
[CrossRef] [PubMed]

137. Santarelli, L.; Saxe, M.; Gross, C.; Surget, A.; Battaglia, F.; Dulawa, S.; Weisstaub, N.; Lee, J.; Duman, R.; Arancio, O.; et al.
Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants. Science 2003, 301, 805–809. [CrossRef]

138. Vollmayr, B.; Simonis, C.; Weber, S.; Gass, P.; Henn, F. Reduced cell proliferation in the dentate gyrus is not correlated with the
development of learned helplessness. Biol. Psychiatry 2003, 54, 1035–1040. [CrossRef]

http://doi.org/10.1073/pnas.0932636100
http://www.ncbi.nlm.nih.gov/pubmed/12808151
http://doi.org/10.1186/1742-2094-1-10
http://www.ncbi.nlm.nih.gov/pubmed/15285805
http://doi.org/10.1002/jcb.240530408
http://doi.org/10.1097/00007632-199410150-00012
http://doi.org/10.1038/sj.sc.3102148
http://www.ncbi.nlm.nih.gov/pubmed/18040277
http://doi.org/10.1046/j.1365-2249.1998.00604.x
http://doi.org/10.2174/1389203719666171129094937
http://doi.org/10.1128/CDLI.1.1.109-110.1994
http://doi.org/10.1006/exnr.1996.0200
http://doi.org/10.2174/156800906778742460
http://doi.org/10.1038/labinvest.3700669
http://doi.org/10.1081/IPH-120020473
http://www.ncbi.nlm.nih.gov/pubmed/12784916
http://doi.org/10.1172/JCI200215333
http://www.ncbi.nlm.nih.gov/pubmed/12070308
http://doi.org/10.1158/0008-5472.CAN-04-3272
http://www.ncbi.nlm.nih.gov/pubmed/15781643
http://doi.org/10.2174/156720506777632916
http://doi.org/10.1016/S0079-6123(07)63038-6
http://doi.org/10.1038/nn1969
http://doi.org/10.1007/s00406-007-0734-2
http://doi.org/10.1056/NEJM198808183190706
http://www.ncbi.nlm.nih.gov/pubmed/3041279
http://doi.org/10.1016/S0006-3223(00)00971-9
http://doi.org/10.1016/S0006-3223(02)01458-0
http://doi.org/10.1073/pnas.211427898
http://doi.org/10.1038/mp.2011.26
http://doi.org/10.1523/JNEUROSCI.0237-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17475797
http://doi.org/10.1126/science.1083328
http://doi.org/10.1016/S0006-3223(03)00527-4


Cells 2021, 10, 1382 17 of 17

139. Czeh, B.; Welt, T.; Fischer, A.K.; Erhardt, A.; Schmitt, W.; Muller, M.B.; Toschi, N.; Fuchs, E.; Keck, M.E. Chronic psychosocial
stress and concomitant repetitive transcranial magnetic stimulation: Effects on stress hormone levels and adult hippocampal
neurogenesis. Biol. Psychiatry 2002, 52, 1057–1065. [CrossRef]

140. Lee, K.J.; Kim, S.J.; Kim, S.W.; Choi, S.H.; Shin, Y.C.; Park, S.H.; Moon, B.H.; Cho, E.; Lee, M.S.; Choi, S.H.; et al. Chronic mild
stress decreases survival, but not proliferation, of new-born cells in adult rat hippocampus. Exp. Mol. Med. 2006, 38, 44–54.
[CrossRef]

141. Bennett, A.J.; Lesch, K.P.; Heils, A.; Long, J.C.; Lorenz, J.G.; Shoaf, S.E.; Champoux, M.; Suomi, S.J.; Linnoila, M.V.; Higley, J.D.
Early experience and serotonin transporter gene variation interact to influence primate CNS function. Mol. Psychiatry 2002, 7,
118–122. [CrossRef]

142. Coe, C.L.; Kramer, M.; Czeh, B.; Gould, E.; Reeves, A.J.; Kirschbaum, C.; Fuchs, E. Prenatal stress diminishes neurogenesis in the
dentate gyrus of juvenile rhesus monkeys. Biol. Psychiatry 2003, 54, 1025–1034. [CrossRef]

143. Kaufman, J.; Yang, B.Z.; Douglas-Palumberi, H.; Grasso, D.; Lipschitz, D.; Houshyar, S.; Krystal, J.H.; Gelernter, J. Brain-derived
neurotrophic factor-5-HTTLPR gene interactions and environmental modifiers of depression in children. Biol. Psychiatry 2006, 59,
673–680. [CrossRef]

144. Spalding, K.L.; Bergmann, O.; Alkass, K.; Bernard, S.; Salehpour, M.; Huttner, H.B.; Bostrom, E.; Westerlund, I.; Vial, C.; Buchholz,
B.A.; et al. Dynamics of hippocampal neurogenesis in adult humans. Cell 2013, 153, 1219–1227. [CrossRef] [PubMed]

145. Boldrini, M.; Fulmore, C.A.; Tartt, A.N.; Simeon, L.R.; Pavlova, I.; Poposka, V.; Rosoklija, G.B.; Stankov, A.; Arango, V.; Dwork,
A.J.; et al. Human Hippocampal Neurogenesis Persists throughout Aging. Cell Stem Cell 2018, 22, 589–599.e585. [CrossRef]
[PubMed]

146. Toda, T.; Parylak, S.L.; Linker, S.B.; Gage, F.H. The role of adult hippocampal neurogenesis in brain health and disease. Mol.
Psychiatry 2019, 24, 67–87. [CrossRef]

147. Snyder, J.S.; Soumier, A.; Brewer, M.; Pickel, J.; Cameron, H.A. Adult hippocampal neurogenesis buffers stress responses and
depressive behaviour. Nature 2011, 476, 458–461. [CrossRef]

148. Jung, S.; Choe, S.; Woo, H.; Jeong, H.; An, H.K.; Moon, H.; Ryu, H.Y.; Yeo, B.K.; Lee, Y.W.; Choi, H.; et al. Autophagic death of
neural stem cells mediates chronic stress-induced decline of adult hippocampal neurogenesis and cognitive deficits. Autophagy
2020, 16, 512–530. [CrossRef]

149. Neumeister, A.; Wood, S.; Bonne, O.; Nugent, A.C.; Luckenbaugh, D.A.; Young, T.; Bain, E.E.; Charney, D.S.; Drevets, W.C.
Reduced hippocampal volume in unmedicated, remitted patients with major depression versus control subjects. Biol. Psychiatry
2005, 57, 935–937. [CrossRef]

150. Sivakumar, P.T.; Kalmady, S.V.; Venkatasubramanian, G.; Bharath, S.; Reddy, N.N.; Rao, N.P.; Kovoor, J.M.; Jain, S.; Varghese, M.
Volumetric analysis of hippocampal sub-regions in late onset depression: A 3 tesla magnetic resonance imaging study. Asian J.
Psychiatry 2015, 13, 38–43. [CrossRef]

151. Pinto, V.; Costa, J.C.; Morgado, P.; Mota, C.; Miranda, A.; Bravo, F.V.; Oliveira, T.G.; Cerqueira, J.J.; Sousa, N. Differential impact
of chronic stress along the hippocampal dorsal-ventral axis. Brain Struct. Funct. 2015, 220, 1205–1212. [CrossRef] [PubMed]

152. Ahima, R.S.; Harlan, R.E. Charting of type II glucocorticoid receptor-like immunoreactivity in the rat central nervous system.
Neuroscience 1990, 39, 579–604. [CrossRef]

153. Aggleton, J.P. A description of the amygdalo-hippocampal interconnections in the macaque monkey. Exp. Brain Res. 1986, 64,
515–526. [CrossRef] [PubMed]

154. Pikkarainen, M.; Ronkko, S.; Savander, V.; Insausti, R.; Pitkanen, A. Projections from the lateral, basal, and accessory basal nuclei
of the amygdala to the hippocampal formation in rat. J. Comp. Neurol. 1999, 403, 229–260. [CrossRef]

155. Czeh, B.; Simon, M.; Schmelting, B.; Hiemke, C.; Fuchs, E. Astroglial plasticity in the hippocampus is affected by chronic
psychosocial stress and concomitant fluoxetine treatment. Neuropsychopharmacology 2006, 31, 1616–1626. [CrossRef]

156. Czeh, B.; Varga, Z.K.; Henningsen, K.; Kovacs, G.L.; Miseta, A.; Wiborg, O. Chronic stress reduces the number of GABAergic
interneurons in the adult rat hippocampus, dorsal-ventral and region-specific differences. Hippocampus 2015, 25, 393–405.
[CrossRef]

157. Cobb, J.A.; O’Neill, K.; Milner, J.; Mahajan, G.J.; Lawrence, T.J.; May, W.L.; Miguel-Hidalgo, J.; Rajkowska, G.; Stockmeier, C.A.
Density of GFAP-immunoreactive astrocytes is decreased in left hippocampi in major depressive disorder. Neuroscience 2016, 316,
209–220. [CrossRef]

158. Czeh, B.; Abumaria, N.; Rygula, R.; Fuchs, E. Quantitative changes in hippocampal microvasculature of chronically stressed rats:
No effect of fluoxetine treatment. Hippocampus 2010, 20, 174–185. [CrossRef]

159. Rajkowska, G.; Stockmeier, C.A. Astrocyte pathology in major depressive disorder: Insights from human postmortem brain
tissue. Curr. Drug Targets 2013, 14, 1225–1236. [CrossRef]

http://doi.org/10.1016/S0006-3223(02)01457-9
http://doi.org/10.1038/emm.2006.6
http://doi.org/10.1038/sj.mp.4000949
http://doi.org/10.1016/S0006-3223(03)00698-X
http://doi.org/10.1016/j.biopsych.2005.10.026
http://doi.org/10.1016/j.cell.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23746839
http://doi.org/10.1016/j.stem.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29625071
http://doi.org/10.1038/s41380-018-0036-2
http://doi.org/10.1038/nature10287
http://doi.org/10.1080/15548627.2019.1630222
http://doi.org/10.1016/j.biopsych.2005.01.016
http://doi.org/10.1016/j.ajp.2014.11.005
http://doi.org/10.1007/s00429-014-0713-0
http://www.ncbi.nlm.nih.gov/pubmed/24500370
http://doi.org/10.1016/0306-4522(90)90244-X
http://doi.org/10.1007/BF00340489
http://www.ncbi.nlm.nih.gov/pubmed/3803489
http://doi.org/10.1002/(SICI)1096-9861(19990111)403:2&lt;229::AID-CNE7&gt;3.0.CO;2-P
http://doi.org/10.1038/sj.npp.1300982
http://doi.org/10.1002/hipo.22382
http://doi.org/10.1016/j.neuroscience.2015.12.044
http://doi.org/10.1002/hipo.20599
http://doi.org/10.2174/13894501113149990156

	Introduction 
	Non-Canonical Signalling 
	Canonical Signalling in Neurogenesis 
	TGF- Signalling in Epigenetics 
	Neurogenesis in Neuropsychiatric Disorders 
	Effects of Stress on TGF- Signalling and Neurogenesis 
	Discussion and Perspectives 
	References

