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Abstract

Mood disorders are the most common mental disorders, affecting approximately
350 million people globally. Recent studies have shown that neuroimmune
interaction regulates mood disorders. Brain-derived neurotrophic factor (BDNF)
and its precursor pro-BDNF, are involved in the neuroimmune crosstalk during
the development of mood disorders. BDNF is implicated in the pathophysiology
of psychiatric and neurological disorders especially in antidepressant pharmaco-
therapy. In this review, we describe the functions of BDNF/pro-BDNF signaling
in the central nervous system in the context of mood disorders. In addition, we
summarize the developments for BDNF and pro-BDNF functions in mood
disorders. This review aims to provide new insights into the impact of
neuroimmune interaction on mood disorders and reveal a new basis for further
development of diagnostic targets and mood disorders.

Key Words: Brain-derived neurotrophic factor; pro-BDNF; Neural circuits; Neuroimmune;
Mood disorders; Depression

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The neuroimmune crosstalk plays a crucial role in the regulation of mood
disorders. Recent studies have shown that the brain-derived neurotrophic factor (BDNF)
and its precursor pro-BDNF are cardinal regulators in the neuroimmune axis. However,
the roles and potential mechanisms of BDNF/pro-BDNF signaling in the neuroimmune
crosstalk in the context of mood disorders remain unexplored. In this review, we
summarize recent studies on the role of BDNF/TrkB signaling and pro-BDNF/p75N™®
signaling in the neuroimmune axis and how they influence the development of mood
disorders.
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INTRODUCTION

Mood disorders are complex diseases characterized by mood depression and anhedonia. Depressive
episodes, manic episodes, bipolar disorder, as well as persistent mood disorders are the typical
symptoms. In addition, mood disorders are among the most common mental disorders in the world and
major contributors to the global burden of disease[1,2]. In Europe, for example, the current burden is
greater than that from 10 years ago despite the availability of reasonably effective pharmacological and
psychological interventions[3]. Moreover, the World Health Organization in 2008 ranked major
depression as the third cause of the disease burden worldwide and predicted that the disease will rank
first by 2030[4]. Furthermore, various studies have shown the impact of depression, anxiety and stress
on different systems including the cardiovascular and immune systems[5]. However, the mechanisms
and pathogenesis of the syndrome still remain unclear. Although antidepressants were previously used
extensively in the treatment of mood disorders, current forms of treatment are largely suboptimal. It is
therefore urgent and necessary to explore novel therapeutic targets for the treatment of mood disorders.

Several theories have been put forward to explain mood disorders, including the neural circuit
hypothesis, neurotransmitter hypothesis, hypothalamus-pituitary-adrenal (HPA) axis dysfunction,
neurotrophic hypothesis and cytokine hypothesis[1]. Among them, neurotrophins, particularly brain-
derived neurotrophic factor (BDNF), are extensively studied for their role in mood disorders.
Additionally, dysfunctions in BDNF and its precursor pro-BDNF in the central nervous system (CNS)
are well known to play a critical role in the pathogenesis of mood disorders. However, it is still unclear
whether peripheral BDNF can reflect changes in the levels of BDNF in the CNS. Moreover, recent
studies have shown that there are changes in BDNF and pro-BDNF signaling in the immune cells of
patients with depression[6]. Nonetheless, the exact mechanisms of BDNF/pro-BDNF in neuroimmune
crosstalk are yet to be elucidated. The changes in BDNF/pro-BDNF signaling in the CNS and immune
system suggest that this neurotrophin is a linker in neuroimmune crosstalk; an emerging topic that has
gained popularity in the field of mood disorders.

INTRACELLULAR PROCESSING AND SIGNALING OF BDNF AND PRO-BDNF

BDNF is the second identified member of the neurotrophin family and the most widely distributed
neurotrophin in the CNS as well as the peripheral nervous system[7]. Previous studies have reported
that BDNF is expressed in neurons, astrocytes, Schwann cells, fibroblasts and possibly, smooth muscle
cells[8]. In addition, regulation of BDNF processing is governed by complex regulatory mechanisms at
the transcriptional, translational and posttranslational levels of gene expression[9]. The human BDNF
gene is located on chromosome 11, region p13-14 and spans 70 kb. The gene has a complex structure as
it consists of 11 exons (I-IX, plus Vh and VIIIh) in the 5' end and nine functional promoters. The coding
sequence resides in exon 9 and has eight upstream exons that encode promoters regulating regional and
cell-type-specific expression[10]. Moreover, the BDNF protein is initially synthesized into pro-BDNF in
the endoplasmic reticulum. Pro-BDNF is then subsequently cleaved by proconvertases/furin to
generate either a 28-kDa truncated form (truncated BDNF) or the 13.5-kDa mature BDNF. Following
this, the mature BDNF is stored in the dense-core vesicle and is secreted upon neuronal activation.
Additionally, BDNF signaling plays a critical role in promoting neuronal survival, phenotypic differen-
tiation, axonal and dendritic growth and synapse formation[11,12].

BDNF function is mediated by two receptor systems, namely, TrkB and p75~™ (pan 75 neurotrophin
receptor)[13]. Extensive research has shown that BDNF binds to its high-affinity receptor TrkB, causing
the autophosphorylation of TrkB, subsequently activating the mitogen-activated protein kinase
pathway, phospholipase C-y pathway, phosphatidylinositol 3-kinase pathway and other signaling
pathways. Additionally, BDNF-TrkB signaling affects the survival, development and function of
neurons. They also promotes the formation of the dendritic spine, provides a structural basis for
synapse formation and improves the transmission efficiency of synapses[14].

As the intermediate during the synthesis of BDNF, pro-BDNF can also be secreted outside the cells in
different sites of the CNS, such as the cerebral cortex, cerebellum, substantia nigra, amygdala and
hypothamalus[8]. In addition, pro-BDNF can be cleaved extracellularly into mature or truncated BDNF
by matrix metalloproteinases/plasmin[12]. Pro-BDNF can also bind to its high affinity receptor, p75N™®
with its co-receptor sortilin and exert an effect opposite to the biological function of mature BDNF,
including neuronal apoptosis, pruning of axons and dendrites and long-term depression[13-15].
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Therefore, it is important to discuss the roles of these two proteins involved in mood disorders.
Moreover, activation of TrkB and p75"™® promotes and suppresses the growth of the dendritic spine,
respectively. Therefore, cleavage of pro-BDNF may represent a new mechanism that controls the
direction of BDNF regulation, i.e., synaptic potentiation or synaptic depression.

Several signaling pathways are activated following the binding of pro-neurotrophin to p75V™®. These
signaling pathways which summarized in Figure 1 are mediated by the interaction of p75~"™® to its
adaptor proteins, including tumor necrosis factor receptor-associated factor 6, the neurotrophin
receptor-interacting factor, melanoma-associated antigen (MAGE), neurotrophin receptor p75
interacting MAGE homolog, Schwann cell factor 1, rho GDP dissociation inhibitor (RhoGDI) and other
proteins[16]. Additionally, there are three major downstream pathways for p75"™® including nuclear
factor (NF)- xB signaling, RhoGDI and the RhoA signaling, and Jun kinase signaling cascade. Notably,
NF-«B is a transcription factor that can be activated by p75N™ but not via Trk receptors. Moreover, RIP2
was previously shown to link p75™™® to the NF-«xB pathway[17]. Activation of NF-xB also contributes to
the NGF-dependent survival of developing sensory neurons, oligodendrocytes and Schwann cells[18-
21]. It mediates the NGF-dependent increase in the expression of the survival factor Bcl-xL and a
survival pathway in PC12 cells[22]. RhoA causes the actin cytoskeleton to become rigid, which limits the
mobility of the growth cone and inhibits neuronal elongation in the developing nervous system[23].
Recent evidence suggests that RhoA activity is regulated by the cytoplasmic domain of p75N™R[24].
Furthermore, the unbound state of p75"™® associates with RhoGDI, which subsequently interacts with
RhoA and activates RhoA signaling[25]. It was also shown that neurotrophins inhibit the association
between RhoGDI and p75"™, thus suppressing the release of RhoA and promoting the elongation of the
growth cone[26,27]. Additionally, pro-neurotrophin binds to p75"™ and activates the c-Jun N-terminal
kinases (JNK) signaling pathway, causing apoptosis of developing neurons[28]. In contrast, TrkA can
prevent p75N™®-mediated apoptosis induced by the JNK pathway[29].

ROLE OF BDNF/PRO-BDNF IN THE CNS IN DEPRESSION/BIPOLAR DISORDERS

The neurocircuits involved in regulating mood disorders include the hypothalamus, hippocampus,
brain stem nuclei, temporal lobe, caudate, the anterior cingulate cortex (ACC), frontal cortex, basal
forebrain, the extended amygdala, including the central nucleus of the amygdala (CeA) and medial
nucleus of the amygdala (MeA), bed nucleus of the stria terminalis (BNST) and the shell of the nucleus
accumbens (NAc)[11,30]. Clinical and experimental studies showed that depression may be driven by a
dysregulated circuit function across multiple brain regions[31]. In addition, BDNF was also shown to be
highly expressed in the cortex, hippocampus, limbic structures, cerebellum and the olfactory bulb[32].
Using specific antibodies against pro-BDNF, previous studies showed that pro-BDNF is widely and
abundantly expressed throughout the adult brain. Moreover, experimental studies have shown that pro-
BDNF, in different brain regions, regulates depressive behaviors. A previous study also reported that
pro-BDNF is upregulated in the hippocampus, neocortex, the medial prefrontal cortex (PFC) and
brainstem of individuals with a depression-like phenotype[33]. In contrast, there was a decrease in the
expression of pro-BDNF in the NAc of rats with learned helplessness. These studies therefore suggest
that the association of BDNF and pro-BDNF with the mood status is dependent on the specific location
and the neural circuitry.

Hippocampus

Existing evidence shows that the BDNF in the hippocampus plays an important role in the pathogenesis
of depression[34]. First, previous studies reported that the expression of hippocampal BDNF declined in
different depression models. For instance, chronic-stress-induced models of depression showed
decreasing levels of BDNF in the hippocampus and antidepressant treatment upregulated the
expression of BDNF and TrkB in the hippocampus of rats[35]. It was also shown that chronic
unpredictable mild stress (CUMS) decreased the levels of BDNF in the hippocampus and PFC, but
increased the levels of BDNF in the basolateral nucleus of the amygdala (BLA). On the contrary, the
blood oxygen level-dependent (BOLD) activity was elevated in the hippocampus and PFC but reduced
in the BLA after exposure to CUMS, indicating that the levels of BDNF were negatively correlated with
BOLD activity in the WT CUMS-exposed mice[30]. Second, it was reported that various antidepressants
can restore the downregulation of BDNF in the hippocampus. Notably, antidepressant drugs increased
the expression of BDNF mRNA in the hippocampi of rats[36]. In addition, treatment with monoamine
oxidase inhibitors increased the expression of BDNF in specific hippocampal subfields. Consistent with
these results, it is reported that administration of leptin exerted antidepressant effects and increased the
expression of BDNF in the hippocampus[37]. Third, it has been shown that impairment of hippocampal
BDNF signaling produces certain depression-related behaviors and reduces the effect of the antide-
pressants[38]. Previous studies have shown that upregulating the levels of hippocampal BDNF
produces antidepressant effects. In addition, it is reported that direct incorporation of BDNF in the
hippocampus of rodents mimics antidepressant treatment[12]. Moreover, it was previously shown that
peripheral administration of BDNF produces anxiolytic and antidepressant effects. Therefore, the
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Figure 1 Role of brain-derived neurotrophic factor and pro-BDNF in neuroimmune crosstalk in mood disorders. Brain-derived neurotrophic
factor (BDNF) or pro-BDNF can be stored in the dense-core vesicles and released upon neuronal activity. The released BDNF and pro-BDNF mainly bind to their high
affinity receptors, TrkB and p75N™®, respectively and mediate the downstream signaling pathways. BDNF-TrkB signaling leads to neuronal survival, development and
long-term potentiation. In contrast, pro-BDNF-p75"™R signaling mediates neuronal apoptosis, axonal pruning and long-term depression. BDNF: Brain-derived
neurotrophic factor; NF-kB: Nuclear factor-kB.
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downregulation of BDNF in the hippocampus contributes to the pathogenesis of depression.

Several mechanisms have been proposed to underlie the role of hippocampal BDNF in depression. It
is well known that BDNF/TrkB signaling activates the cAMP-response element binding protein (CREB)
cascade and that antidepressant treatment upregulates the cAMP-CREB cascade in the hippocampus
[39]. The activating cAMP-CREB signaling enhances the response to a tricyclic antidepressant.
Therefore, downregulation of BDNF may inhibit downstream cAMP-CREB signaling and promote
progression of mood disorders. In contrast, the inhibition of neurogenesis resulting from the reduced
levels of BDNF may contribute to mood disorders, particularly depression. It is noteworthy that
neurogenesis in adult animals is restricted to the subventricular zone of lateral ventricles and the
dentate gyrus of the hippocampus. Furthermore, hippocampal neurogenesis is mediated by BDNF/
TrkB signaling and is sensitive to a variety of environmental stimuli, including exercise, enrichment and
antidepressant treatment[40]. It has also been shown that chronic antidepressant treatment increases
neurogenesis in the hippocampus of adult rodents. Moreover, the effects of antidepressants on
neurogenesis are dependent on intact BDNF signaling through TrkB[36]. According to a previous study,
mice lacking TrkB in hippocampal neural progenitor cells failed to exhibit antidepressant-induced
proliferation and neurogenesis[41].

It has also been shown that the levels of pro-BDNF and its receptors are increased in the
hippocampus of rats with depression[42]. In addition, pro-BDNF negatively regulates dendritic
complexity and depresses synaptic transmission in the hippocampus. There was an increase in the levels
of hippocampal pro-BDNF in carioca high-conditioned freezing (a model of anxiety disorder) rats[43].
Additionally, injection of anti-pro-BDNF antibodies through the intracerebroventricular and intraperi-
toneal routes reverses the stress-induced depressive behavior[44]. In the major depressive disorder
(MDD), reductions in the levels of pro-BDNF are seen in the right but not the left hippocampus, with no
changes in the dentate gyrus[45]. Furthermore, exposure to the water maze increases the levels of the
pro-BDNF protein in the dorsal hippocampus although the levels decrease in the ventral hippocampus.
A recent study by our research group also demonstrated that pro-BDNF was upregulated in the
hippocampus of rats with a depression-like or anxiety-like phenotype[44]. Moreover, intra-hippocampal
injection of pro-BDNF antibodies attenuated the depression-like and anxiety-like behaviors, suggesting
that pro-BDNF, in the hippocampus, is a common mediator of anxiety and depression[44].

Hypothalamus

The hypothalamus is a vital neuroendocrine region that not only influences the neuroendocrine and
immune systems but also is closely related to the pathogenesis of depression. Additionally, many
preclinical and clinical studies have proven that certain depressive characteristics are associated with
abnormities in the hypothalamus. For instance, neuroimaging and postmortem brain microscopy
studies showed widespread anatomical changes, volume deficits and neuron pathological changes in
the hypothalamus of individuals with depression[46]. It has also been shown that intracerebroven-
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tricular administration of BDNF in rats leads to an increase in the activity of the HPA axis[47].
According to previous studies, BDNF in the hypotha-lamus can regulate glucose and energy
metabolism by acting directly on the hypotha-lamus. Moreover, a decrease in the levels of BDNF in
hypothalamic nuclei may result in anorexia in rats[48,49]. It has been reported that trans-resveratrol
increases the expression of BDNF in the frontal cortex, hippocampus and hypothalamus of rats with
stroke, suggesting that BDNF protects neurons against cerebral ischemia[50].

PFC

The PFC is an important region of the brain that is involved in depression-like behavior. Previous
studies reported that depressed suicide victims had low levels of BDNF in the hippocampus and PFC,
especially in the ventromedial PFC[51]. Additionally, the antidepressant effects of ketamine were lost in
mice lacking BDNF or TrkB or when the medial PFC was injected with anti-BDNF antibodies. Moreover,
the chronic administration of different antidepressants such as escitalopram and fluoxetine is capable of
increasing the levels of BDNF in the PFC of both rats and humans[52]. The mPFC-selective knockdown
of BDNF showed diminished motivation but not impaired response-outcome learning[53].

ACC

The ACC is located in the medial subregion of the frontal lobe and is part of a neural system involved in
motivating or energizing behavior and hierarchical reinforcement learning. It has been shown that there
is a decrease in BDNF signaling in the subequal ACC of individuals with MDD[54]. Additionally, the
Chaihu Shugan Powder significantly improves depressive behavior by increasing the mRNA expression
levels of BDNF and TrkB in the hippocampus, amygdala and frontal lobe[55]. It is also reported that
treatment with anti-pro-BDNF antibodies in the ACC restores the CUMS-induced decrease in the levels
of BDNF mRNA in the cortex and hippocampus[56].

Midbrain

The midbrain, also known as the mesencephalon, is a region of the developing vertebrate brain that is
composed of the tectum and tegmentum. The tectum makes up the rear portion of the midbrain and is
composed of two paired rounded swellings, the superior and inferior colliculi. The tegmentum is
located in front of the tectum. It consists of fiber tracts and three regions distinguished by their color, i.e.,
the red nucleus, the periaqueductal gray (PAG) and the substantia nigra[57]. It has been shown that the
BDNF and TrkB receptors are enriched in the dorsal PAG of the rat midbrain, which is considered to be
a key structure in the pathophysiology of panic disorder. In addition, BDNF/TrkB signaling in the
dorsal PAG is implicated in the beneficial effects of antidepressants in panic disorder[58,59]. Moreover,
chronic infusion of BDNF into the midbrain is reported to increase the neurotransmission of 5-hydroxy-
tryptamine (HT) and exert antidepressant effects in the learned helplessness and forced swim test
depression models[60]. Moreover, direct administration of BDNF into the midbrain is sufficient to
induce antidepressant-like behavior and neurogenesis[36]. A recent study also showed that BDNF-TrkB-
mTORCI signaling in the ventral PAG is required for sustained antidepressant effects[61].

INTERACTION OF PRO-BDNF/BDNF WITH NEUROTRANSMITTERS IN MOOD
DISORDERS

The monoamine hypothesis postulates that depression is primarily caused by imbalances in the
neurotransmission of monoamines, namely dopamine (DA), serotonin (5-HT) or norepinephrine (NE)
[62]. In addition, numerous studies have suggested that BDNF signaling is closely associated with
changes in the 5-HT and DA systems during the development and neuroplasticity of mood dysfunction.

§-HT system

Distinct effects of BDNF on the 5-HT system have been identified in depression. Notably, 5-HT is
produced in the raphe nuclei of the brain stem region then spreads to terminal regions throughout the
brain including the hypothalamus, cortex, hippocampus and amygdala. It also regulates a wide
repertoire of functions such as behavior, cognition and mood[12,34]. Previous studies conducted on
preschoolers have revealed a correlation between BDNF and 5-HT polymorphisms during brain
development. The studies have also shown high levels of cortisol that could be a cause of depression.
Additionally, the local administration of BDNF into the main cluster of the cell bodies of serotonergic
neurons in the dorsal raphe nuclei (DRN) is reported to increase the length of dendrites and alter the
electrophysiological activity of 5-HT neurons[63].

Infusion with BDNF results in hyperinnervation of 5-HT axons at the site of infusion in either the
cerebral cortex or hippocampus. Moreover, BDNF has a profound effect on the sprouting of either intact
5-HT or neurotoxin-lesioned neurons[62]. Reduced levels of BDNF in BDNF*/-mice also leads to
decreased functional activity in the 5-HT, A receptor in the hippocampus and deficient 5-HT,A receptors
in the PFC and DRN of the midbrain. In addition, BDNF/TrkB is an upstream regulator of the 5-HT,A
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pathway[64]. It is also reported that hippocampal BDNF improves some specific behavioral
impairments including anxiety and anhedonia in 5-HT,R KO mice[65].

Dopaminergic system

Depression is likely controlled by two interacting brain systems: the brain stress system HPA pathway
and the brain reward system [ventral tegmental area-NAc (VTA-NAc) and VTA-PFC]. The VTA-NAc is
the origin of dopaminergic neurons[12] and the dopaminergic VTA-NAc pathway is critical for reward
and motivation. Notably, intrahippocampal infusion of BDNF produces antidepressant effects although
it appears to play a prodepressive role in the VTA-NAc reward system. Additionally, many studies
have shown that the levels of BDNF are increased in the VTA and NAc of depressed rats and mice
although the levels are reduced in the hippocampus. Moreover, recent research has shown that intra-
VTA injections of BDNF lead to an increase in depression-like behavior in rats as revealed by the forced
swim test. It has also been shown that chronic neonatal stress not only leads to long-term changes in the
expression of BDNF in the VTA, but also causes depression-like behavior in adults. In addition, the
increased levels of BDNF seem to disinhibit the VT A DA neurons since knocking down BDNF in VTA
prevents social-defeat-induced cross-sensitization to amphetamine. Furthermore, BDNF activity is
closely associated with the excitability of VT A-DA neurons[66]. Chronic optogenetic phasic stimulation
of VTA DA neurons increases the levels of NAc-BDNF and exacerbates social avoidance. Additionally,
blocking BDNF-TrkB signaling in the NAc and VTA prevents aggravation of social avoidance.
Therefore, BDNF signaling in the VTA-NAc pathway is required for the development of the susceptible
phenotype induced by chronic social stress.

NAc is located in the basal forebrain, rostral to the preoptic areas. In addition, neurons in NAc
integrate reward-related dopaminergic signals as well as glutamatergic input from the PFC,
hippocampus, amygdala and hypothalamus[38,67]. In NAc, BDNF is expressed in dopaminergic and
excitatory neurons projecting to NAc. TrkB is expressed in neurons expressing both the dopamine D1
and D2 receptors. Similar to VTA, it is reported that enhancing BDNF function in NAc can induce the
behavioral changes associated with mood disorders, including anhedonia, anxiety and social interaction
in rodents[38]. Moreover, inhibiting BDNF-TrkB signaling using dominant-negative TrkB-T1 in NAc,
results in a dramatic antidepressant effect.

Moreover, previous research has enhanced basal dopaminergic and BDNF signaling to investigate
their effects on behavioral changes. The results have shown significant comorbidity of substance
dependence and depressive disorders[68]. However, the implication of pro-BDNF signaling in NAc on
mood disorders is yet to be explored. Since the antidepressant effects on behavior despair are mediated
by BDNF-TrkB signaling in the hippocampus, it is possible that pro-BDNF-p75"™ mechanisms are
involved in the VTA-NAc-mediated anhedonic phenotype. Therefore, selective deletion of genes
encoding receptor p75N™ in NAc may be helpful in explaining the specific role of pro-BDNF and
mBDNF in depressive behaviors.

Glutamatergic and y-aminobutyric acid systems

Pharmacological, genetic and postmortem evidence strongly suggests the involvement of synaptic
dysfunction in affective disorders. Importantly, disorders are associated with a broad range of altered
glutamatergic and glutamatergic and y-aminobutyric acid (GABAergic) neurometabolism[69].

It is noteworthy that decreased levels of GABA in the plasma, cerebrospinal fluid, prefrontal and
occipital cortices and dorsal anterolateral PFC neurons have been reported in patients with MDD[70].
Additionally, the effect of BDNF on the plasticity of GABAergic neurons in the hippocampus has been
widely investigated in neuropsychiatric disorders. Previous studies using transgenic mouse models
have shown that the genes with a high level of BDNF dependency were Cort, Vgf, Sst, Tacl and Npy.
Those with intermediate BDNF dependency were Snap25 and Gad2 (Gad65) and those with little or no
BDNF dependency were Gadl (GAD67), Pvalb, Rgs4, Slc6al, Calb2 and Gabral[71]. BDNF regulates
transmission at glutamatergic and GABAergic synapses through both pre- and postsynaptic
mechanisms. In addition, BDNF promotes the release of GABA and increases the expression of cell
membrane GABAA-R through the presynaptic tyrosine receptor kinase B[72]. It is also reported that
postsynaptic BDNF promotes the expression and synaptic insertion of glutamate receptors. A previous
study on promoter IV mutant BDNF (BDNF-KIV) mice uncovered the suppression of GABAergic
transmission and an aberrant plasticity in the mPFC. This suggests that decreased activity-dependent
transcription of BDNF results in altering synaptic function[73].

Additionally, previous studies have found a higher hippocampal mRNA expression of the GABAA-R
subunit in the right hemisphere of rats. Intra-PFC infusion with allopregnanolone is also able to increase
the gene expression of the y2 GABAA-R subunit and BDNF in the right hemisphere of the same infused
area, while bilateral injection increases the expression of BDNF in the hippocampus and PFC[53].
Moreover, deletion of the serotonin transporter induces neuroplastic impairments mediated by BDNF
signaling in the spine and reduces the levels of GABAergic markers in both adulthood and during
development[74]. Furthermore, the application of BDNF in the neocortical layer 2/3 rapidly suppresses
GABAergic transmission through the release of endocannabinoids from the postsynaptic pyramidal
cells, which act in a retrograde manner to suppress the release of presynaptic transmitters[75].
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Several studies have shown that BDNF can also modulate the release and function of glutamatergic
neurons. For example, a previous study showed that there was a decrease in the levels of the N-methyl-
D-aspartate (NMDA) receptor and GABAergic transmission in BDNF¥</™¢t mice in which the processing
of BDNF was impaired[41]. It is also reported that BDNF-dependent synaptic plasticity is involved in
the antidepressant effect of low-dose ketamine, a noncompetitive antagonist of the NMDA receptor.
According to a previous study, ketamine enhances BDNF signaling and augments plasticity at
excitatory synapses[76]. In addition, activation of TrkB modulates presynaptic glutamate release in
hippocampus[77]. Overall, these studies strongly suggest the critical role of BDNF-dependent synaptic
activity in the regulation of affective behaviors.

BDNF/PRO-BDNF AS MEDIATORS OF NEUROIMMUNE CROSSTALK IN MOOD
DISORDERS

More recent studies have been conducted to explore the neuroimmune crosstalk in mood disorders[78].
The crosstalk includes the communication between the nervous and immune systems, the effects of
neuroendocrine hormones on the immune system, the innervation of lymphoid organs and the
regulatory effects of cytokines on the HPA axis[79]. In addition, it is reported that microglia (resident
immune cells in the CNS) as well as astrocytes can secrete some soluble agents such as chemokines,
cytokines and neurotrophic factors to regulate immune responses in the CNS, and are implicated in the
pathogenesis of mood disorders. Moreover, the levels of pro-BDNF/BDNF in the blood or mononuclear
cells are associated with mood disorders, suggesting that peripheral pro-BDNF/BDNF can be diagnostic
markers of mood disorders.

Neurotrophins, inflammatory mediators and oxidative stress are three well studied circulating
diagnostic markers of mood disorders[80,81]. BDNF can also be used to indicate the efficacy of psycho-
tropics. However, it is still debatable whether the levels of blood BDNF reflect the brain BDNF levels. In
clinical studies, ELISA or western-blotting-based measurements of BDNF protein levels in body fluids
or tissue samples are considered as potential proxies of brain function and associated diseases. Most
clinical studies measure the levels of peripheral BDNF in saliva, serum, plasma, platelets and whole
blood. The results show that peripheral blood BDNF appears to be a good indicator of brain BDNF
levels. Additional studies have also corroborated that the levels of BDNF in whole blood and plasma are
associated with the BDNF levels in the hippocampus[82].

A meta-analysis has shown that the levels of peripheral BDNF are equally reduced in patients with
manic and depressive episodes[83]. In addition, previous studies have shown that there is a decrease in
the levels of circulating BDNF in older and adolescent bipolar disorder patients in a euthymic state[84-
86]. Moreover, a preliminary study showed that patients with bipolar mania had lower levels of the
BDNF protein and mRNA, compared to healthy controls[87]. However, these findings were not
consistent across all the studies. For instance, a previous study reported that the levels of mature BDNF
and the ratio BDNF/proBDNF were significantly higher in patients with BD[88]. It was shown that
pediatric bipolar patients had significantly higher levels of BDNF mRNA after eight weeks of treatment
[89]. Moreover, a recent study reported that BD patients responsive to lithium had normal levels of
serum BDNF[90]. Further research also revealed that lithium and valproic acid selectively activate the
promoter IV of BDNF and trigger the respective downstream targets in neurons[91].

Pro-BDNF and its receptors, p75"™® and sortilin are upregulated in the serum of female patients with
depression and positively correlated with depression scores[92]. Furthermore, the increased levels of
pro-BDNF in the serum of patients with depression is reversed by long-term antidepressant treatment.
It has been reported that the serum levels of BDNF in mood-stabilized bipolar disorder patients are
significantly higher than those in healthy controls[93]. The serum levels of pro-BDNF in bipolar disorder
patients are significantly lower than those in controls. These studies suggest that pro-BDNF/BDNF is
closely related to the pathophysiology of bipolar disorder. However, further studies are required to
explore how peripheral pro-BDNF/BDNF affects the pathogenesis of bipolar disorder.

Despite the close correlation between the levels of blood BDNF and various mood disorders, it is still
unclear whether BDNF is able to cross the blood-brain barrier. While some studies argue that BDNF
cannot directly traverse the blood-brain barrier, others indicate that BDNF is able to be transported[94,
95]. Moreover, a number of studies have reported on additional problems related to the poor half-life
and rapid degradation of BDNF[94,95]. More importantly, BDNF and pro-BDNF are enriched in human
platelets but are undetectable in mice because the BDNF gene is not expressed in mouse megaka-
ryocytes[96]. Therefore, it may be unrealistic to compare the peripheral BDNF levels in the mouse
models of mood disorders with those of patients. Beyond the serum or plasma, peripheral BDNF/TrkB
or pro-BDNEF/p75N™® can be derived from immune cells.
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BDNF/TRKB AND PRO-BDNF/P75"™ SIGNALING DERIVED FROM IMMUNE CELLS IN
MOOD DISORDERS

The hypotheses that inflammatory processes contribute to brain-related pathologies such as depressive
disorders, has gained popularity particularly because of the activation of immune responses. Might it be
possible that some immune cells such as nonspecific leukocytes and lymphocytes produce neurotrans-
mitters and neuropeptides? Notably, immune mediators often interact with neurotransmitter receptors
and also modulate neural pathways[97]. In turn, neuropeptides trigger the release of proinflammatory
mediators that may amplify or facilitate inflammation by enhancing vasodilation, blood flow, vascular
leakiness and leukocyte trafficking to sites of inflammation.

Similarly, BDNF and TrkB are expressed and released from microglia/monocytes, T and B cells. The
released BDNF is in turn believed to exert neurotrophic effects[98]. In the CNS, BDNF and TrkB are
expressed in the microglia which are the resident macrophages within the brain parenchyma[2]. When
the microglia are activated, they can induce Ca*-response elements then bind to CREB and the calcium-
responsive factor to mediate BDNF transcription[99,100]. Additionally, the released BDNF from the
microglia can bind to TrkB and this has been implicated in neuropathic pain. However, it is still unclear
what role the BDNF in the microglia plays in mood disorders and this requires to be studied further.

In addition, more recent studies have shown that pro-BDNF and p75"™ are also expressed in
monocytes, T and B cells and are upregulated in the different immune-mediated inflammatory cells
(Figure 2)[101-103]. Previous research on septic mice also showed that pro-BDNF signaling contributes
to the development of cognitive dysfunctions by interfering with the functions of immune cells[104].
Moreover, additional studies have shown that pro-BDNF and p75"™are upregulated in patients with
multiple sclerosis as well as in mouse models and this contributes to the dysfunction of immune cells,
mediated by pro-BDNF-p75N™®-NF-xB signaling[105]. Our recent study showed that increased
expression of proBDNF in M2-like monocytes may be highly associated with proinflammatory
responses in the type-A aortic dissection disease[106]. Therefore, use of monoclonal antibodies against
pro-BDNF may be a promising treatment to modulate the perturbed immune functions in the immune-
mediated inflammatory diseases[105].

It is also reported that there is an increase in the levels of pro-BDNF, p75N™® and sortilin in the
peripheral blood mononuclear cells of patients with depression and this is associated with the severity
of disease[92]. In addition, both pro-BDNF and p75N™ are significantly upregulated in the lymphocytes
of MDD subjects[92]. An early study reported that systemic administration of anti-pro-BDNF antibodies
attenuated the depression-like behavior in rats. Given that it is hard for antibodies to reach the brain
through the intact blood-brain barrier, it is likely that the therapeutic effect of systemic treatment with
anti-pro-BDNF antibodies may be realized by neutralizing the peripheral pro-BDNF. Furthermore, a
recent study by our research group showed that there was an increase in the levels of pro-BDNF and
p75"™ in the CD11b* monocytes and macrophages in the intestinal laminar propria of mice under
CUMS-induced depression[107].

Upregulation of pro-BDNF/p75"™ in monocytes/macrophage is closely related to the activation of
proinflammatory cytokines and gastrointestinal immobility. Our recent study showed that treatment
with fluoxetine can inhibit upregulation of pro-BDNF/p75"™%, cytokine activation and attenuate
gastrointestinal immobility[107]. These results therefore indicate that pro-BDNF/p75 signaling may be
involved in the gut-brain axis during depression. We also used a lipopolysaccharide-induced model of
cognitive dysfunction in mice to show that there was an increase in the levels of pro-BDNF/p75N™ in
CD4" T lymphocytes in the meninges. There was also an increase in the levels of the tumor necrosis
factor-, interleukin (IL)-1, IL-6 and interferon-. Additionally, systemic administration but not the
intracerebroventricular injection of anti-pro-BDNF antibodies attenuated cognitive dysfunction and
inhibited the activation of proinflammatory cytokines[108]. A recent study also revealed that pro-BDNF
and p75"™ in monocytes played a role in neuroinflammation after chronic infection[109]. Therefore, pro-
BDNEF/ p75N™® signaling derived from immune cells may act as the inflammatory mediators to promote
the interaction of neuroimmune during the development of depression or cognitive dysfunction.

NTR

CONCLUSION

BDNF/TrkB and pro-BDNF/p75V™® signaling pathways are widely expressed in different regions of
brain. BDNF signaling exert different effects on mood disorders. In contrast, pro-BDNF/p75N™®
signaling in CNS mainly promotes the development of mood disorders, such as depression and anxiety.
Low levels of BDNF in circulation are negatively correlated with disease severity of depression. It
should be noted, however, that BDNF is enriched in platelets and can be detected in human samples
whereas BDNF is undetectable in the serum or platelets from mouse. This difference may limit the
application of findings about BDNF/pro-BDNF signaling in mice to clinical practice. In contrast, pro-
BDNEF/ p75N® signaling in immune cells is upregulated in patients with depression or depressive mice.
Further studies should investigate the roles of pro-BDNF/p75"™® in the neuroimmune crosstalk during
the pathogenesis of mood disorders.
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Figure 2 Intracellular signaling of pro-BDNF/brain-derived neurotrophic factor in the nervous system. Decreased levels of brain-derived
neurotrophic factor (BDNF) are observed in most of the brain regions and contribute to the pathogenesis of mood disorders by interacting with different
neurotransmitters. Pro-BDNF signaling is increased in the hippocampus and is implicated in anxiety-like behavior and depression. Moreover, there is an increase in
pro-BDNF signaling in immune cells and this is correlated with disease activity in depression. Upregulated pro-BDNF signaling in immune cells may promote disease
progression probably through interfering with the function of immune cells or directly acting on the neurons after being released from the microglia. Central nervous
system dysfunction during mood disorders may also affect the immune functions and induce gastrointestinal immobility. CNS: Central nervous system; PFC:
Prefrontal cortex; NAC: Nucleus accumbens; VTA: Ventral tegmental area; BDNF: Brain-derived neurotrophic factor; LH: Lateral hypothalamus.
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