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The growing incidence of neurodegenerative disorders in our populations is leading the research to identify potential biomarkers and targets for facilitating their early management and treatments. Biomarkers represent the crucial indicators of both physiological and pathological processes. Specific changes in molecular and cellular mechanisms of physiological processes result in biochemical alterations at systemic level, which can give us comprehensive information regarding the nature of any disease. In addition, any disease biomarker should be specific and reliable, able to consent of distinguishing the physiological condition of a tissue, organ, or system from disease, and be diverse among the various diseases, or subgroups or phenotypes of them. Accordingly, biomarkers can predict chances for diseases, facilitate their early diagnosis, and set guidelines for the development of new therapies for treating diseases and disease-making process. Here, we focus our attention on brain neurotrophic factor (BDNF)–tropomyosin receptor kinase (Trk) pathway, describing its multiple roles in the maintenance of central nervous system (CNS) health, as well as its implication in the pathogenesis of multiple sclerosis (MS). In addition, we also evidence the features of such pathway, which make of it a potential MS biomarker and therapeutic target.
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INTRODUCTION

The increase in incidence of neurodegenerative disorders is leading to search potential biomarkers and targets for facilitating their management and treatments. The particular focus on related pathophysiological mechanisms and pathways can consent to achieve this important aim. Among these, the alterations in expression of neurotrophins are emerging (1). Here, we report a brief overview on brain neurotrophic factor (BDNF)–tropomyosin receptor kinase (Trk) pathway, describing its numerous roles in the maintenance of central nervous system (CNS) health, as well as its implication in the pathogenesis of multiple sclerosis (MS). Our aim was to provide an updated and comprehensive evidence regarding the role of BDNF-Trk pathway in MS pathology with an emphasis on the probability that its expression and levels could represent a potential biomarker and target.


BDNF: Molecular Characteristics and Functions

Brain neurotrophic factor (BDNF) is a neurotrophin, a member of a large family of neurotrophins, including the nerve growth factor (NGF), neurotrophin-3 (NT3), and neurotrophin-4 (NT4) (2). BDNF plays an important role in maintaining the structural integrity and function of neurons, influencing their growth, survival, and differentiation. The expression of BDNF has been documented both in the CNS—where it is the most abundant neurotrophic factor (3)—and the peripheral nervous system (PNS) (4). Furthermore, BDNF is produced by the neurons and oligodendrocytes, but also platelets (4, 5), cells of the immune system (i.e., T and B lymphocytes, monocytes/macrophages) (6), and active muscles can release BDNF, therefore representing the main reserve of BDNF at the peripheral level (7).

The BDNF gene is located on chromosome 11 (11p14.1), between the loci of the FSHB and HVBS1 genes, in a region of about 4 Mb (7). In both humans and rodents, it contains nine exons, each of which has its own promoter; because of this, many kinds of transcripts are known, even if the final product of the translation is then identical for all (8). The existence of different promoters is, however, very important in terms of temporal and spatial regulation since different promoters can be used in different brain regions and cell types. Some variants of transcripts, deriving from four coding exons, are expressed at the cardiac and pulmonary level (9). Overall, the BDNF gene can produce about 34 different transcripts in response to a wide variety of stimuli (10), which are polyadenylated at the level of two alternative sites, leading to the formation of two populations of mRNA: one with a short untranslated region (UTR) at the 3 “end, and the other with a long UTR at the 3” end (9). The two types of transcripts are also characterized by a different localization: sequences with a short UTR at the 3 “end are restricted to the cell soma, and sequences with a long UTR at the 3” end can also be found in dendrites for local translation (11).

Likewise, the synthesis of BDNF also is a complex process. The polypeptide is synthesized starting from a precursor, the pre-pro-BDNF at the level of the endoplasmic reticulum (12). Subsequently, the removal of the leader peptide takes place, with the formation of pro-BDNF, a protein weighing 32 kDa. The pro-BDNF, in turn, undergoes a proteolytic cut that generates, within the cell, the mature BDNF (13). However, pro-BDNF can also be cut later, after secretion in the extracellular environment, by the plasmin serine protease (14) and matrix metalloproteases (15) and it is also endowed with bioactive actions on the cells. It is interesting to note how the two forms, the immature form, called pro-BDNF, and the mature form, the BDNF, have not only different binding properties (16), but also multiple diversity in biological functions. In fact, BDNF promotes neuronal survival, cell differentiation, synaptic plasticity, and long-term potentiation (LTP). The pro-BDNF could induce apoptosis, reduces the density of dendritic spines, determines the retraction of the cones of growth, and facilitates long-term depression (LTD) at the hippocampal level (17).



Focus on BDNF-Trk Pathway

BDNF mediates its effects by interacting with two types of receptors: The first belongs to the family of receptors with tyrosine kinase activity namely tropomyosin receptor kinase (i.e., Trk), while the second is a neurotrophin receptor with low binding affinity, known as p75 neurotrophin receptor (i.e., p75NTR) (Figure 1).
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FIGURE 1. TrkB and p75NTR signaling. The binding between BDNF and TrkB induces the activation of three transduction pathways at the intracellular level mediating their effects on neuronal growth and synaptic plasticity. The interaction between pro-BDNF and p75NTR receptor promotes cell apoptosis and neuronal survival via JNK NF-kB, respectively. BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase; p75NTR, p75 neurotrophin receptor; Shc, Grb2, growth factor receptor-bound protein 2; SOS, Son of Sevenless; Gab1, GRB2-associated-binding protein 1; AKT, protein kinase B; PI3K, phosphatidylinositol 3-kinase; PLC, phospholipase C; PKC, protein kinase C; DAG, diacylglycerol; IP3, inositol-3-phosphate; CaMKII, type II calcium/calmodulin-dependent protein kinase; JNK, c-Jun N-terminal kinases; NF-kB, nuclear factor kappa B; CREB, cAMP response element-binding protein; mTOR, mammalian target of rapamycin; AMPA, α-Ammino-3-idrossi-5-Metil-4-isossazol-Propionic Acid.


The class of Trk receptors includes three isoforms, TrkA, TrkB, TrkC, resulting from different mRNA splicing events (18, 19). Although they are highly conserved and have numerous homologous sequences, Trk receptors differ in the extracellular domain, responsible for the interaction with ligands. This makes each isoform specific for a different neurotrophin. In detail, TrkA is activated by NGF (20), TrkB is activated by BDNF (21) and NT4 (22), and TrkC is activated by NT3. However, in some stages of brain development, NT-3 can also activate TrkA and TrkB (23).

The interaction of BDNF with TrkB can induce the activation of three different signal transduction pathways at the intracellular level: the phospholipase-Cγ (PLCγ) pathway, the phosphatidylinositol 3-kinase (PI3K) pathway and the kinase pathway regulated by extracellular signals (ERK), and members of the mitogen-activated protein kinase (MAPK) family (24) (Figure 1). Once BDNF is bound, TrkB undergoes dimerization and phosphorylation on the intracytoplasmic kinase side (25). Phosphorylation on Y816 activates PLCγ (26) with increased intracellular calcium and activation of type II calcium/calmodulin-dependent protein kinase (CaMKII). The result is the activation of the CREB transcription factor. On the contrary, the phosphorylation on residue Y490 facilitates the recruitment of Shc (27) which, once phosphorylated, activates the Grb2/SOS complex. SOS, in proximity of the plasma membrane, induces the detachment of the GDP from the Ras protein, which can therefore bind to the GTP, activating itself. Activated Ras, in turn, initiates the cascade that recruits Raf, MEK, and ERK in succession (28). Instead, the activation of PI3K and, further downstream, of the Akt kinase occurs starting from the bond of Grb2 with Gab1. Akt and ERK can also activate CREB or mTOR, which, respectively, promote gene expression and protein translation (29).

The TrkB receptor exists in two isoforms, the gp145TrkB and the truncated gp95TrkB, characterized by identical transmembrane and extracellular structure and the absence of the tyrosine kinase domain. The transcripts for gp145TrkB have been identified at the level of the motor cortex and pyramidal neurons of the hippocampus, while the transcripts for gp95TrkB are located at the level of the ependymal lining of the cerebral ventricles and in the choroid plexuses (21). In MS, the expression of the whole form of TrkB appears to contribute to the maintenance of autoimmunity of peripherally recruited cells, mediating the resistance of T lymphocytes to apoptosis induced by the so-called “activation-induced cell death mechanism” (AICD) (30).

Both BDNF and TrkB are widely expressed in the CNS, especially in the cerebral cortex, hippocampus, and cerebellum (31). The presence of BDNF has also been demonstrated in the striatum, synthesized at the cortical level, and released by the descending cortico-striatal pathways (32). In cortical neurons, BDNF production appears to be regulated by NT-4/5, as well as by BDNF itself, in a glutamate receptor-dependent manner. Through TrkB, BDNF and NT-4/5 activate dose-dependent mRNA production for BDNF, suggesting that neurotrophic factors are capable of mutual modulation. Stimulation of TrkB leads to the activation of MAPK and PI3K, which negatively and positively modulate, respectively, the expression of AMPA receptors. In turn, AMPA receptors increase the expression of the BDNF gene through the activation of Lyn, a member of the Src family, capable of activating MAPK with a consequential increase in BDNF (33).

The p75NTR receptor, on the contrary, belongs to the superfamily of TNF-α receptors, is encoded by a gene composed of 10 exons and 11 introns (34), and consists of an extracellular domain, a transmembrane domain, and an intracellular domain. The extracellular domain has four cysteine repeats, and the cysteines in positions three and four are essential for the interaction with the ligands (35). The intracellular domain, known as the death domain, is capable both in vivo and in vitro of causing the death of nerve cells. If hyper-expressed and in multimeric forms, p75NTR can cause cell death regardless of binding to a ligand, presumably because of spontaneous activation of the intracellular signal from the death domain (36) and the activation of the JNK kinase (Jun N-terminal kinase). Despite the expression of p75NTR often correlates with neuronal death, multiple evidence indicates its involvement in cell survival mechanisms. In fact, in some cases, the absence of the p75NTR receptor leads to an increase in the death of peripheral sensory neurons (37). It has been hypothesized that this may be due to either the death or impaired migration of Schwann cells, which are necessary for the survival of sensory neurons. Among other things, p75NTR is expressed at high levels by Schwann cells to ensure their correct migration along the peripheral nerves (38, 39).

Furthermore, p75NTR can activate, alternatively to JNK, NF-κB, thus promoting cell survival (40).

Ultimately, p75NTR can mediate both death and cell survival. Its final effect therefore depends on the context and on the different and numerous pathways activated in each cell (41).




EFFECTS OF BDNF IN THE NERVOUS SYSTEM


BDNF Role in the Myelination Process

Several evidence from animal studies consistently indicated the contribution of BDNF pathways to the myelination process. In mice, the impaired expression of p75NTR results in reduced myelination at the SNP level, in the absence of alterations on myelination of the CNS. It has been suggested that the p75NTR receptor is the one responsible for BDNF-induced myelin synthesis at the SNP level (42). On the contrary, BDNF seems to exert its myelinating effect on the CNS via the receptor TrkB (43). In a cuprizone-induced mouse model of demyelination, a positive correlation was noted between BDNF levels and myelin expression by oligodendrocytes (44). BDNF appears in fact to induce myelination by oligodendrocytes through the ERK1/2 phosphorylation (90). Other evidence arrives from BDNF-deficient mice expressing low levels of myelin proteins during the recovery phase of demyelination (45). More precisely, myelin basic protein (MBP) mRNA levels are significantly reduced in the hippocampus and cerebral cortex when BDNF gene expression is silenced (46). The activity of BDNF on oligodendrocytes is not limited anyway only to the induction of their functional activity. In fact, BDNF seems to be able to control their proliferation and differentiation. Accordingly, these processes can be hindered by a deficit in the BDNF production (47). Consistent with this evidence, relevant are the numerous data obtained from the group of Dr. Dreyfus in mice, animal, and culture works. Precisely, they have demonstrated that the BDNF levels impact oligodendrocyte lineage cells (47). In oligodendrocyte progenitor cells (OPCs), in culture, they have demonstrated that the reduced levels of BDNF influence the proliferation of OPCs (48). Adequate BDNF amounts, through the TrkB receptor, increase, indeed, the DNA synthesis in OPCs and induce differentiation of post-mitotic oligodendrocytes (OLGs) of the basal forebrain (BF). In addition, by using BDNF knockout animals, they have investigated the BDNF's effects on OLG in vivo (48). OLCs of BF resulted to express the TrkB receptor, suggesting their responsiveness to BDNF. Furthermore, immunohistochemistry analysis with NG2 and CC1 antibodies has been performed for evaluating the numbers of NG2+ OPCs and CC1+ post-mitotic BF OLGs in the embryo (E17) of both BDNF –/– and BDNF ± mice. A reduced number of NG2+ cells characterized the embryos without BDNF. The same result has been obtained in the BDNF ± mice at E17 and at postnatal day 1 (P1), P14, and adult, indicating the BDNF crucial role in OPC development (47). Accordingly, BDNF ± mice did not have an altered number of CC1+ OLGs, even if they showed decreased levels of myelin basic protein (MBP), myelin-associated glycoprotein (MAG), and proteolipid protein (PLP). Such data have consequently confirmed that BDNF also has a fundamental role in OLG differentiation, as well as in the impairment, in vivo and at decreased levels, of progenitor cells and myelin proteins (47).



Modulation of Central Motor Structures by BDNF

The mRNA for BDNF is widely expressed in numerous neurons of the cerebellum, basal nuclei, brainstem, motor cortex, and spinal cord (32). These are areas with strategic functions on motor control and behavior influencing, and regulating the initiation, learning, execution, and coordination of motor activity. For example, at the cerebellar level, BDNF acts as a survival, differentiation, and morphogenetic development factor of Purkinje cells and cerebellar granules (49) and can induce rapid depolarization in cells of Purkinje through the activation of sodium channels (50). BDNF deprivation in the striatum leads to the loss of numerous dopaminergic neurons. On the contrary, following a spinal injury, treatment with BDNF prevents the death of spinal motor neurons in vivo and can promote the connections of the corticospinal tract with the damaged cord (51). It seems that BDNF can also mediate the activation of anti-apoptotic pathways at the spinal level by recruiting ERK. Activation of PI3K/Akt may also determine the same effect, thanks to the production of BAD, an inhibitor of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), and of the transcription factor FKHRL1(52). Furthermore, BDNF stimulates post-synaptic excitatory potentials (EPSPs) via NMDA receptors on spiny neurons of adult mouse striatum and induces LTP production in cortico-striatal synapses (53).



BDNF Modulation of Synaptic Plasticity and Activity

BDNF stimulates the increase in the density of synaptic spines through a mechanism dependent on the Ras/ERK pathway (54) and the activation of the TRPC (transient receptor-potential cation channel subfamily C) type 3 ion channel (55). At the hippocampal level, BDNF induces the polymerization of actin filaments in dendritic spines through the modulation of PAK (p21-activated kinase) and ADF (actin-depolymerizing factor)/cofilin, determining the initiation and maintenance of LTP in vivo (long-term potentiation) (56). In the context of the LPT, BDNF does not appear to act directly at the post-synaptic level but appears to act positively on the pre-synaptic terminals, preparing the exocytosis events necessary to modify the responses of the post-synaptic neurons (56). Moreover, many of the functions of BDNF on synaptic plasticity depend on its ability to modulate the expression levels of numerous micro-RNAs. For example, long-term stimulation by BDNF regulates the extension and branching of axons in cortical neuronal cultures by increasing the levels of mir-9 (57). Another miRNA capable of responding to BDNF is miR-132, which is induced by BDNF via CREB activation and induces dendritic growth, inhibiting translation of the P250GAP protein (58). Inhibition of mir-132 causes a decrease in the BDNF-dependent expression of important synaptic proteins such as GluN2A, GluN2B, and GluA1 (59).

In animal model of MS, such as EAE, the administration of IL-17 exerts immune-protective effects through the reduction in mir-155 levels with a parallel increase in BDNF levels (60). In the PMBC of patients with symptomatic relapsing–remitting MS, miR-132-3p, miR-106b-5p, and miR-19b-3p are downregulated and their levels are related to BDNF levels (61).



BDNF and Neuroprotection

The neuro-protective activity is ensured by several mechanisms. In hippocampal neurons, BDNF eliminates glutamatergic toxicity via ERK and PI3K signaling (62). In primary rat cortical cultures, the effects of BDNF against apoptosis and mitochondrial dysfunction induced by 3-nitropropionic acid (3-NP) are mediated through nitric oxide (NO), cyclic guanosine monophosphate (cGMP)-dependent protein kinase (PKG), and NF-κB (63). Neuroprotection and reduction in neuroinflammation in numerous animal and cellular studies are also often accompanied by an increase in BDNF expression. For example, fingolimod, a sphingosine-1-phosphate receptor modulator used to treat MS, causes increased BDNF expression in experimental models of Huntington's disease, MS, and AD (64–66).



Effect on Cell Survival, Migration, and Differentiation

BDNF has several effects on cell development. For example, BDNF is a migration and differentiation factor of cortical GABAergic inter-neurons, regulating their development by stimulating growth and ensuring the stabilization of synapses. This function is performed in synergy with the endocannabinoid system (eCS) that enhances the morphogenetic effects of BDNF through CB1-TrkB trans-activation (67). In general, BDNF seems to play a role in promoting the development of different cell subpopulations: It, in fact, stimulates neuronal differentiation and the growth of dendrites in the neurons of the sub-granular zone in the hippocampus. In this region, it seems that a decrease in BDNF levels does not affect the number of neurons but may compromise synaptic plasticity (68). BDNF is essential also for the development, growth, and differentiation of sensory neurons starting from the neural crest (69). However, the survival of sensory neurons is not totally dependent on BDNF: When their axons begin to move toward peripheral targets, in fact, the neurons survive independently of BDNF. Once the appropriate synaptic connections have been established, they become sensitive to BDNF again and this response is necessary for their survival (70). Immunohistochemical analyses have shown that the expression of TrkB and its ligands increases during corticogenesis and is essential for the development and survival of cortical neurons; the absence of TrkB determines the apoptosis of numerous cellular elements in development at the level of layer II, III, V, and VI of the cerebral cortices (71).




MULTIPLE SCLEROSIS AND BDNF: A BIOMARKER OF THE DISEASE PHASES

There is a complex relationship between BDNF, and MS presumably associated with the different disease phases. BDNF levels have been shown to be globally reduced in people with MS (72). This could be correlated for instance, to a decreased neuroprotection (73). BDNF levels have been observed to increase in relapsing–remitting MS (RRMS) patients after a relapse compared to the stable phase of the disease (74). This suggests a possible role of the neurotrophic factor in remyelination from an acute inflammatory lesion as confirmed by numerous studies. Indeed, it has been found that BDNF levels inversely correlate with the number of lesions evidenced by magnetic resonance imaging (75). In addition, the tendency to demyelination is less sustained in EAE models when BDNF levels are increased (76). These data are reinforced by the fact that in RRMS patients, the levels of expression of BDNF and its receptor also increase during the relapse phases of the disease, and this event seems to constitute a biochemical pathway useful for achieving the subsequent phase of remission (77). Furthermore, TNR (Tenascin R), an activator of BDNF and modulator of microglia with a role in neuroprotection (78) and ARHGEF10[image: image] involved in the processes of remyelination and neurogenesis (79), is also over-expressed during a relapse. The levels of such molecules decrease then once clinical remission is reached (77).

Immunohistochemistry analyses showed how macrophages and T lymphocytes, positive for BDNF, have been found in the active lesions of the brain in MS patients and their number correlates with the entity of demyelination. Chronic and inactive lesions are differently infiltrated by a smaller number of BDNF-secreting cells (80). The potential significance of this presence is unclear, as the BDNF produced by the SI cells seems unable to exert neuroprotection in a model of MOG35−55 EAE (81). However, outside the areas of injury, in MS patients and in healthy controls, neurons are the main source of BDNF. Since BDNF produced by neurons can be transported in an anterograde direction (82), its release at lesion sites in MS may provide further aid to the supportive action already performed by the BDNF released locally by immune cells. Furthermore, the anterograde transport of BDNF increases after damage to the axon (83). Conversely, in the progressive stages of disease, characterized by a deficiency in antegrade axonal transport due to the reduced expression of proteins belonging to the kinesin family (84), the efficiency of protective functions of BDNF may be lost or reduced. Figure 2 illustrates the effects of BDNF in MS.


[image: Figure 2]
FIGURE 2. Role of BDNF in multiple sclerosis. (A) BDNF is reduced in patients with MS although during the relapses, its production is enhanced by neurons, macrophages, and T cells; (B) BDNF levels are inversely correlated with the number of lesions evidenced by magnetic resonance imaging; (C) gut microorganisms producing butyrate are able to induce BNDF expression; (D) muscles are able to produce BDNF and myokines as well as they may stimulate sympathetic system. Peripheral BDNF may directly cross the BBB, thus explaining its effect on CNS. Also, it may serve as retrograde signal for the motor neurons of the spinal cord. Myokines such as irisin and sympathetic system may both stimulate the BDNF production in hippocamp; (E) in progressive multiple sclerosis, the impairment in anterograde axonal flux may lead to disrupted BDNF afflux in demyelinating lesions, thus reducing the protective role of BDNF. BDNF, brain-derived neuron factor; MS, multiple sclerosis.



BDNF Polymorphisms and MS

One polymorphism in BDNF gene, the Val66Met polymorphism leading to the substitution of a methionine in place of a valine at position 66, has been observed to be associated with an alteration in activity-dependent secretion of BDNF, while the constitutive secretion of neurotrophins does not change. Subjects with the Val66Met polymorphism have defects in memory because of alterations in hippocampal functions (85). In Italy, in a population of 223 people examined, the Met/Met homozygosis is present in 4.3% of cases, while the heterozygous Met/Val form is present in 32.6% of cases (86). Met carriers are more numerous in Asian populations than in Caucasians (87). Studies have shown conflicting results about associations of BDNF levels in controls and subjects with this BDNF polymorphism. Indeed, higher (88), lower (89), and similar (90) levels of BDNF have been found in Met carriers compared to controls. In subjects with MS, in a longitudinal study conducted on a population of Southern Italy, patients with Val66Met polymorphism showed higher peripheral BDNF levels than healthy controls (91). Differently from what is evidenced in other neurological diseases, the Vat/Met polymorphism of BDNF is associated with better cognitive performance than the Val/Val form on neuropsychological tests (92). Furthermore, the Val/Met polymorphism is associated with a conservation of gray matter in MS (93) and increased hippocampus–posterior cingulate cortex connectivity (94). However, further analysis is needed. In fact, these data appear to be clearly in contrast with other observations, such as the fact that the Met allele is related to a loss of gray matter (95). In a study on Polish population, BDNF 196G/G genotype resulted to be associated with an increased incidence of the disease, although this finding was only found in the female population under study. The onset of the disease appears to be even earlier in six subjects with the 196G/G genotype than in subjects with the 196G/A genotype. On the contrary, in the same population, the risk of the disease related to the 270C/T genotype does not seem to consider the gender (96).



Experimental Model of MS and BDNF Role

BDNF has been shown to prolong neuron survival after axotomy (97) and induce proliferation of oligodendrocytes (98). For example, BDNF enhances oligodendrocytes proliferation and development through the activation of TrkB and the MAPK pathway without involving the p75 receptor (99) and the deficiency of this neurotrophic factor reduces the proliferation of oligodendrocytes in the basal forebrain (48). The myelin proteins, such as myelin basic protein, myelin-associated glycoprotein, and proteolipid protein, are also compromised by the reduction in BDNF (100). Furthermore, the use of agonists that mimic the effects of BDNF on the TrkB receptor can induce the repair of damaged myelin (101). The effects of BDNF have been investigated in numerous animal models of MS. In cuprizone-induced demyelination, TDP6, a mimetic of BDNF, induces oligodendrocyte differentiation and myelin repair via the expression of TrkB (102). Similar effects are obtained during the process of remyelination of the corpus callosum by the TrkB Agonist LM22A-4, which increases the density of the oligodendrocytes, stimulating their myelin. Both effects are achieved by stimulating the TrkB receptor (103). Since the BDNF transport system through the BBB is saturable, methods have been recently tested to increase the delivery of BDNF into the brain thanks to the simultaneous administration of substances capable of acting on the permeability of the BBB. For example, in relapsing–remitting experimental autoimmune encephalomyelitis (RR-EAE), eight intravenous injections of BDNF (5.7 nmol/kg)—every 4 days beginning on day 21 after EAE induction, using also the ADTC5 peptide, a modulator of BBB—can induce the remyelination of the corpus callosum and suppression of relapse more in the group treated with BDNF and ADTC5 than in the group treated with only BDNF or only ADTC5 (104).

Astrocyte-derived BDNF enhances myelin repair after a demyelinating lesion (44). In cuprizone-treated mice, the injection of CHPG, an agonist of the astrocytic metabotropic glutamate receptor 5, stimulates the myelination supported by BDNF (105). The BDNF secreted by the astrocytes after the white matter lesion can also support the differentiation of oligodendrocyte precursors (106).




PRO-BDNF AND MATURE BDNF IN HUMAN BLOOD AS MS BIOMARKERS: SOME CONSIDERATIONS AND LIMITATIONS

Thanks to the growing literature evidence, in part abovementioned, the BDNF can represent a promising biomarker for MS disease, even if some considerations and limitations must be underlined. First, it is imperative to consider that BDNF exists in two forms, as precursor, the pro-BDNF, and mature protein, the mature BNF, having different roles and effects on neuronal survival, cognition, and myelination. Another limitation is due by the difficulty of quantifying the individual circulating levels of precursor and mature BDNF by using commercial ELISA kits. These aspects are briefly described and discussed in the following paragraphs.


The Different Effects and Roles of Pro-BDNF and Mature BNF on Neuronal Survival, Cognition, and Myelination

Diverse roles and effects appear to mediate the pro-BDNF and mature BDNF. Precisely, pro-BDNF levels increase in aged mice brains, while BDNF transcripts decrease during aging (107). Increased levels of pro-BDNF at the hippocampal level are associated with memory loss (108) and intra-hippocampal administration of anti-proBDNF antibodies reduces cognitive dysfunction (109). Moreover, synaptic plasticity dysfunctions are mediated by p75NTR, a receptor typically activated by pro-BDNF (110). Differently, BDNF, through the TrkB receptor, helps to strengthen synapses and has a positive role in memory and cognition (111). Yet, neuronal survival is negatively affected by pro-BDNF, which can induce cell death in neurons through the co-stimulation of p75NTR and sortilin (112). Interestingly, truncated TrkB isoforms may also contribute to hindering the BDNF signaling (113).

The role mediated by the BDNF/pro-BDNF balance on oligodendrocytes and astrocytes is also different. Oligodendrocytes express both TrkB and p75NTR, suggesting that these cells are sensitive to mature BDNF and pro-BDNF (48). Pro-BDNF appears to have inhibitory effects on oligodendrocytes. Indeed, pro-BDNF reduces cell proliferation and migration in a line of OLN-93 oligodendrocytes through p75NTR signaling (114). Furthermore, the expression of p75NTR does not seem to be required to induce myelination. In fact, only the BDNF promotes myelination and proliferation in cultures of oligodendrocytes (115) and BDNF-deficient mice have reduced levels of various myelin proteins, such as MAG, MBP, and PLP, and a deficit in the production of the oligodendrocyte lineage (47). Furthermore, loss of BDNF appears to specifically affect oligodendrocytes but not astrocytes or microglia (47). However, myelination appears to be an effect mediated directly by the TrkB receptor, while the proliferation of OPC is independently influenced by TrkB, because it can be stimulated by the expression of TrkC (116).

Astrocytes are also targets for both BDNF and pro-BDNF. Pro-BDNF contained in extracellular vesicles derived from astrocytes has negative effects on cell survival (117), and p75NTR stimulation is associated with oligodendrocytes loss after a spinal cord damage (118). Neuronal death induced by isoflurane is reduced by the buffering of pro-BDNF levels induced by the intervention of astrocytes (119). Following a damage to myelin, the BDNF capable of supporting myelination is not only that produced by oligodendrocytes but also that produced by astrocytes (44). In fact, the BDNF-secreting astrocytes can induce the transition from the immature form of the oligodendrocytes to the myelin-producing phenotype. The analogous differentiation in microglia, on the contrary, seems to be supported by IGF-1 and not by BDNF (120). The neurons themselves, after damage to myelin, release an action potential that stimulates the release of BDNF along the exposed axon. This stimulates the OPCs near the axon to differentiate into mature oligodendrocytes, to proliferate, and to promote the activity-dependent myelination (43).



Levels of the Two Form BDNF in Human Blood and Cerebrospinal (CSF) Samples: The Current Evidence

The accurate measurement of blood BDNF levels could serve as a potential biomarker of MS, given its presence in circulation, and even if highly concentrated in brain tissue. Of further relevance would be the quantification of the individual circulating levels of precursor and mature BDNF, given the different effects mediated. The BDNF levels in human blood can be assessed by using commercially available human BDNF ELISA kits. However, the reduced specificity of the BDNF antibodies of these kits makes difficult to discriminate the circulating pro-BDNF amount than that of mature BDNF, also using human pro-BDNF or BDNF ELISA kits. This question has been raised by Yoshida and coworkers in 2012 (121), by quantifying the serum levels of precursor and mature BDNF in healthy subjects. Precisely, they have observed an unacceptable sensitivity of pro-BDNF kit (121). Consequently, the development of highly sensitive pro-BDNF and BDNF ELISA systems, as well as of standardized methodologies and measures currently represent a priority. In addition, it is recently considered to use other fluid liquids as more appropriate biological matrices for testing the BDNF levels or combining different evaluations in the same biological liquid. For example, interesting results have been obtained by assessing the levels of BDNF and neurofilament light chains (NfL) in both serum and cerebrospinal (CSF) samples of 42 newly diagnosed MS patients (122). Precisely, the group of Dr. Foerch has evidenced that CSF BDNF and NfL levels measured at the time of the diagnosis appeared inversely associated with cognitive performance in MS cases (122). Therefore, such suggests that CSF biomarkers related to different pathophysiological processes can indicate neuropsychological impairment in the earliest stages of the disease, and consequently, a combination of different CSF measures might facilitate the developing of a better biomarker of cognition in MS (122).




STRATEGIES FOR IMPROVING THE PATHOPHYSIOLOGY OF MS


Physical Activity and BDNF

Physical activity in MS patients has been shown to have numerous beneficial effects, being able to improve, for example, the gait stability and walking (123, 124). A single exercise session can increase BDNF and NGF levels measured in the periphery (125, 126), and physical exercise can have positive effects on symptoms progression in MS patients (126). In fact, the muscles in activity produce and release BDNF into the circulation apparently involved in the first place in the autocrine and paracrine stimulation of the muscles themselves (127, 128). An interesting hypothesis is that BDNF coming from the muscles also influences the brain; in fact, it has been shown that the BDNF can cross the blood–brain barrier (BBB) in both directions, thanks to a high-capacity and saturable transport system (129). Therefore, peripheral blood BDNF levels could mirror the amount of neurotrophic factor present in the brain (130), and peripheral BDNF measurements performed following completion of motor exercise programs can provide comparable values to the concentrations present in the nervous system. The molecular mechanisms by which physical exercise activities stimulate the production of BDNF are multiple. For example, in mice a myokine, cathepsin B, produced following muscle training, is capable of positively influencing neurogenesis through the production of BDNF (131). Myokines are molecules able to cross the BBB and directly stimulate the synthesis of BDNF at the hippocampal level (132). Accordingly, the group of Dr. Y Wang has recently evidenced that the muscle acts as a secretory organ, by producing myokines, having the critical role to communicate with other organs, such as the brain, and evocating the increase in the brain levels of BDNF (133). For example, the irisin is another myokine produced following physical exercise, which can increase the production of BDNF at the hippocampal level through the mediation of PGC-1α (134).

BDNF is therefore configured as a factor capable of mediating the positive effects of physical activity on cognitive changes. Study investigation the effects of exercise seem to confirm this hypothesis. Aerobic exercise activity conducted for more than 3 months by subjects with MS and volunteers showed an increase in hippocampal volume (135), and physical activity has been shown as well to increase BDNF concentrations in subjects with multiple sclerosis (136). The effects of physical exercise on the levels of BDNF and other neurotrophic factors are independent of disability status (137). Muscle tissue, itself, participates indeed in the production of BDNF. This, in fact, can behave like a protein whose synthesis is inducible by contraction by the active muscle and is aimed at inducing, among other things, lipid oxidation in the muscle (137). It has also been shown that IS cells produce BDNF through stimulation effects from physical activity (138). Finally, muscle exercise is accompanied by the activation of the sympathetic nervous system which, through adrenergic endings, stimulates the expression of hippocampal BDNF and reduces the production of inflammatory cytokines. All this constitutes an important suggestion that the functions of stimulating growth, proliferation, and neuronal survival regularly performed by BDNF can be, in some way, elicited by physical activity. Not surprisingly, when the interaction between the TrkB receptor and BDNF is blocked, the beneficial effects of rehabilitating physical exercise following damage to the spinal cord are also lost (139).



Probiotics for Recovering BDNF Expression and Ameliorating the Clinical Conditions Related to MS

Alterations in the expression of BDNF are associated with the pathophysiology of MS, as above largely described. Consequently, the recovery of such BDNF expression might represent an advantageous therapeutic MS strategy. In this context, it appears relevant the recent indication of a possible beneficial effect of butyrate production by gut microorganisms in inducing BNDF expression and activating its secretion (140–143). In addition, the group of Romo-Araiza has also shown in middle-aged rats how probiotic and prebiotic supplementation significantly better than other groups improve the spatial memory, by increasing the BDNF levels. Such strategy, whether confirmed by clinical studies, might be used as potential therapy to be associated with current disease-modifying strategies in MS. Currently, only a small number of studies have tested the probiotic supplementation in individuals with MS (143–145). In the two small double-blinded randomized controlled trials, cases with MS daily received for 12 weeks a mix of Lactobacillus and Bifidobacterium supplementation and showed significant improvements in their disability score, depression, anxiety, and inflammatory markers (143, 144). In another study, the group of Tankou and coworkers used a probiotic mix with Lactobacillus, Bifidobacterium, and Streptococcus administered daily for 2 months to MS patients (145). Results of these studies reported a diminished CD80 expression on peripheral monocytes, which was anyway not sustained after probiotic discontinuation, thus suggesting the necessity of continuous supplementation (145) We conclude, hence, that there is no at present time, clear evidence of the biological effects of such supplementation on BDNF expression, secretion, and levels.

Another promising evidence arrives from the data, obtained by Chinese researchers (146), about the treatment with antidepressant (R)-ketamine in cuprizone (CPZ)-treated mice and remyelination after CPZ withdrawal. Precisely, they have recently demonstrated that the repeated treatment with (R)-ketamine (10 mg/kg/day, twice weekly, for 6 weeks) significantly ameliorated demyelination and activated microglia in the brain compared with saline-treated mice (146). In addition, it has been shown that the pretreatment with a TrkB antagonist, the ANA-12, significantly inhibited the beneficial effects of (R)-ketamine on the demyelination and activated microglia in the brain of CPZ-treated mice. The 16S rRNA evaluation has also revealed that (R)-ketamine significantly ameliorated the altered composition of gut microbiota and reduced the levels of lactic acid in CPZ-treated mice. Accordingly, significant correlations between the demyelination (or microglial activation) in the brain and the relative quantity of several microbiomes were detected, suggesting a close relationship between gut microbiota and brain. These relevant results have led the Dr. X Wang group to suggest that (R)-ketamine could likely be a new therapeutic drug for MS (146).




CONCLUSION

This overview on BDNF evidences its role in multiple physiological processes and diseases, particularly in MS, as above reported. Accordingly, compelling evidence demonstrates that impairment in the synthesis and levels of BDNF and its signaling are related to diverse pathologies, such as MS. Depending on the pathological conditions, such alterations can be responsible for damaging modifications in synaptic transmission, plasticity, neuronal survival, and cognitive performance maintenance, which also reflects the importance of this neurotrophic system.

The relevant importance of BDNF-related metabolic pathways, in the onset of MS, has led to suggest its role as a potential biomarker, as well as in some therapeutic strategies including physical exercise, the use of probiotics, or more recently the administration of BDNF itself. This last promising perspective has some limitations characterizing it, such as the inability to cross the BBB, the reduced half-life of the molecule, and potential adverse side effects. In addition, the possibility to delivering BDNF in a specific brain region represents another crucial limitation. Consequently, the two mentioned ways, that is physical exercise and the use of probiotics, or likely other indirect treatments able at promoting or re-establishing BDNF signaling and physiological levels, might be used.

However, it is possible to affirm that no effective MS treatments do exist until now, and a major knowledge of the mechanisms and pathways involved in BDNF dysfunction is essential to develop suitable strategies for the MS pathological scenario, as well as to suggest BDNF dysfunction as potential MS biomarker useful in early diagnosis and prognosis.



AUTHOR CONTRIBUTIONS

CB contributed to conceptualization and supervision. GSc and CB wrote the manuscript. PA, GSc, and SI performed the search and validation of literature data. GSc and SI contributed to drawing figures. CB, PR, and GSc contributed to the validation, revision, and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by Italian University Minister FFABR grant 2017 to CB and University of Palermo FFR 2019/20 grants to CB.



REFERENCES

 1. Schirò G, Balistreri CR. The close link between brain vascular pathological conditions and neurodegenerative diseases: focus on some examples and potential treatments. Vascul Pharmacol. (2022) 142:106951. doi: 10.1016/j.vph.2021.106951

 2. Binder DK, Scharfman HE. Brain-derived neurotrophic factor. Growth Factors. (2004) 22:123–31. doi: 10.1080/08977190410001723308

 3. Tirassa P, Manni L, Stenfors C, Lundeberg T, Aloe L, RT-PCR ELISA method for the analysis of neurotrophin mRNA expression in brain and peripheral tissues. J Biotechnol. (2000) 84:259–72. doi: 10.1016/S0168-1656(00)00370-9

 4. Małczyńska P, Piotrowicz Z, Drabarek D, Langfort J, Chalimoniuk M. The role of the brain-derived neurotrophic factor (BDNF) in neurodegenerative processes and in the neuroregeneration mechanisms induced by increased physical activity. Postepy Biochem. (2019) 65:2–8. doi: 10.18388/pb.2019_251

 5. Bus BA, Molendijk ML, Penninx BJ, Buitelaar JK, Kenis G, Prickaerts J, et al. Determinants of serum brain-derived neurotrophic factor. Psychoneuroendocrinology. (2011) 36:228–39. doi: 10.1016/j.psyneuen.2010.07.013

 6. Kerschensteiner M, Gallmeier E, Behrens L, Leal VV, Misgeld T, Klinkert WE, et al. Activated human T cells, B cells, and monocytes produce brain-derived neurotrophic factor in vitro and in inflammatory brain lesions: a neuroprotective role of inflammation? J Exp Med. (1999) 189:865–70. doi: 10.1084/jem.189.5.865

 7. Hanson IM, Seawright A, van Heyningen V. The human BDNF gene maps between FSHB and HVBS1 at the boundary of 11p13-p14. Genomics. (1992) 13:1331–3. doi: 10.1016/0888-7543(92)90060-6

 8. Pruunsild P, Kazantseva A, Aid T, Palm K, Timmusk T. Dissecting the human BDNF locus: bidirectional transcription, complex splicing, and multiple promoters. Genomics. (2007) 90:397–406. doi: 10.1016/j.ygeno.2007.05.004

 9. Timmusk T, Palm K, Metsis M, Reintam T, Paalme V, Saarma M, Persson H. Multiple promoters direct tissue-specific expression of the rat BDNF gene. Neuron. (1993) 10:475–89. doi: 10.1016/0896-6273(93)90335-O

 10. Vaghi V, Polacchini A, Baj G, Pinheiro VL, Vicario A, Tongiorgi E. Pharmacological profile of brain-derived neurotrophic factor (BDNF) splice variant translation using a novel drug screening assay: a “quantitative code”. J Biol Chem. (2014) 289:27702–13. doi: 10.1074/jbc.M114.586719

 11. Vicario A, Colliva A, Ratti A, Davidovic L, Baj G, Gricman Ł, et al. Dendritic targeting of short and long 3' UTR BDNF mRNA is regulated by BDNF or NT-3 and distinct sets of RNA-binding proteins. Front Mol Neurosci. (2015) 8:62. doi: 10.3389/fnmol.2015.00062

 12. Foltran RB, Diaz SL. BDNF isoforms: a round trip ticket between neurogenesis and serotonin? J Neurochem. (2016) 138:204–21. doi: 10.1111/jnc.13658

 13. Mowla SJ, Farhadi HF, Pareek S, Atwal JK, Morris SJ, Seidah NG, et al. Biosynthesis and post-translational processing of the precursor to brain-derived neurotrophic factor. J Biol Chem. (2001) 276:12660–6. doi: 10.1074/jbc.M008104200

 14. Pang PT, Teng HK, Zaitsev E, Woo NT, Sakata K, Zhen S, et al. Cleavage of proBDNF by tPA/plasmin is essential for long-term hippocampal plasticity. Science. (2004) 306:487–91. doi: 10.1126/science.1100135

 15. Hwang JJ, Park MH, Choi SY, Koh JY. Activation of the Trk signaling pathway by extracellular zinc. Role of metalloproteinases. J Biol Chem. (2005) 280:11995–2001. doi: 10.1074/jbc.M403172200

 16. Snider WD. Functions of the neurotrophins during nervous system development: what the knockouts are teaching us. Cell. (1994) 77:627–38. doi: 10.1016/0092-8674(94)90048-5

 17. Woo NH, Teng HK, Siao CJ, Chiaruttini C, Pang PT, Milner TA, et al. Activation of p75NTR by proBDNF facilitates hippocampal long-term depression. Nat Neurosci. (2005) 8:1069–77. doi: 10.1038/nn1510

 18. Ninkina N, Grashchuck M, Buchman VL, Davies AM. TrkB variants with deletions in the leucine-rich motifs of the extracellular domain. J Biol Chem. (1997) 272:13019–25. doi: 10.1074/jbc.272.20.13019

 19. Strohmaier C, Carter BD, Urfer R, Barde YA, Dechant G. A splice variant of the neurotrophin receptor trkB with increased specificity for brain-derived neurotrophic factor. EMBO J. (1996) 15:3332–7. doi: 10.1002/j.1460-2075.1996.tb00698.x

 20. Bradshaw RA, Pundavela J, Biarc J, Chalkley RJ, Burlingame AL, Hondermarck H, et al. NGF and ProNGF: Regulation of neuronal and neoplastic responses through receptor signaling. Adv Biol Regul. (2015) 58:16–27. doi: 10.1016/j.jbior.2014.11.003

 21. Klein R, Nanduri V, Jing SA, Lamballe F, Tapley P, Bryant S, et al. The trkB tyrosine protein kinase is a receptor for brain-derived neurotrophic factor and neurotrophin-3. Cell. (1991) 66:395–403. doi: 10.1016/0092-8674(91)90628-C

 22. Ip NY, Ibáñez CF, Nye SH, McClain J, Jones PF, Gies DR, et al. Mammalian neurotrophin-4: structure, chromosomal localization, tissue distribution, and receptor specificity. Proc Natl Acad Sci U S A. (1992) 89:3060–4. doi: 10.1073/pnas.89.7.3060

 23. Davies AM, Minichiello L, Klein R. Developmental changes in NT3 signalling via TrkA and TrkB in embryonic neurons. EMBO J. (1995) 14:4482–9. doi: 10.1002/j.1460-2075.1995.tb00127.x

 24. Segal RA. Selectivity in neurotrophin signaling: theme and variations. Annu Rev Neurosci. (2003) 26:299–330. doi: 10.1146/annurev.neuro.26.041002.131421

 25. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annu Rev Neurosci. (2001) 24:677–736. doi: 10.1146/annurev.neuro.24.1.677

 26. He XP, Pan E, Sciarretta C, Minichiello L, McNamara JO. Disruption of TrkB-mediated phospholipase Cgamma signaling inhibits limbic epileptogenesis. J Neurosci. (2010) 30:6188–96. doi: 10.1523/JNEUROSCI.5821-09.2010

 27. Stephens RM, Loeb DM, Copeland TD, Pawson T, Greene LA, Kaplan DR. Trk receptors use redundant signal transduction pathways involving SHC and PLC-gamma 1 to mediate NGF responses. Neuron. (1994) 12:691–705. doi: 10.1016/0896-6273(94)90223-2

 28. Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal transduction. Annu Rev Biochem. (2003) 72:609–42. doi: 10.1146/annurev.biochem.72.121801.161629

 29. Sarbassov DD, Ali SM, Sabatini DM. Growing roles for the mTOR pathway. Curr Opin Cell Biol. (2005) 17:596–603. doi: 10.1016/j.ceb.2005.09.009

 30. Klein R, Conway D, Parada LF, Barbacid M. The trkB tyrosine protein kinase gene codes for a second neurogenic receptor that lacks the catalytic kinase domain. Cell. (1990) 61:647–56. doi: 10.1016/0092-8674(90)90476-U

 31. Hofer M, Pagliusi SR, Hohn A, Leibrock J, Barde YA. Regional distribution of brain-derived neurotrophic factor mRNA in the adult mouse brain. EMBO J. (1990) 9:2459–64. doi: 10.1002/j.1460-2075.1990.tb07423.x

 32. Altar CA, Cai N, Bliven T, Juhasz M, Conner JM, Acheson AL, et al. Anterograde transport of brain-derived neurotrophic factor and its role in the brain. Nature. (1997) 389:856–60. doi: 10.1038/39885

 33. Xiong H, Futamura T, Jourdi H, Zhou H, Takei N, Diverse-Pierluissi M, et al. Neurotrophins induce BDNF expression through the glutamate receptor pathway in neocortical neurons. Neuropharmacology. (2002) 42:903–12. doi: 10.1016/S0028-3908(02)00043-6

 34. Santee SM, Owen-Schaub LB. Human tumor necrosis factor receptor p75/80 (CD120b) gene structure and promoter characterization. J Biol Chem. (1996) 271:21151–9. doi: 10.1074/jbc.271.35.21151

 35. Dechant G, Barde YA. The neurotrophin receptor p75(NTR): novel functions and implications for diseases of the nervous system. Nat Neurosci. (2002) 5:1131–6. doi: 10.1038/nn1102-1131

 36. Rabizadeh S, Oh J, Zhong LT, Yang J, Bitler CM, Butcher LL, et al. Induction of apoptosis by the low-affinity NGF receptor. Science. (1993) 261:345–8. doi: 10.1126/science.8332899

 37. von Schack D, Casademunt E, Schweigreiter R, Meyer M, Bibel M, Dechant G. Complete ablation of the neurotrophin receptor p75NTR causes defects both in the nervous and the vascular system. Nat Neurosci. (2001) 4:977–8. doi: 10.1038/nn730

 38. Johnson EM Jr, Taniuchi M, DiStefano PS. Expression and possible function of nerve growth factor receptors on Schwann cells. Trends Neurosci. (1988) 11:299–304. doi: 10.1016/0166-2236(88)90090-2

 39. Bentley CA, Lee KF. p75 is important for axon growth and schwann cell migration during development. J Neurosci. (2000) 20:7706–15. doi: 10.1523/JNEUROSCI.20-20-07706.2000

 40. Ahmad I, Yue WY, Fernando A, Clark JJ, Woodson EA, Hansen MR. p75NTR is highly expressed in vestibular schwannomas and promotes cell survival by activating nuclear transcription factor κB. Glia. (2014) 62:1699–712. doi: 10.1002/glia.22709

 41. Mamidipudi V, Wooten MW. Dual role for p75(NTR) signaling in survival and cell death: can intracellular mediators provide an explanation? J Neurosci Res. (2002) 68:373–84. doi: 10.1002/jnr.10244

 42. Cosgaya JM, Chan JR, Shooter EM. The neurotrophin receptor p75NTR as a positive modulator of myelination. Science. (2002) 298:1245–8. doi: 10.1126/science.1076595

 43. Fletcher JL, Murray SS, Xiao J. Brain-derived neurotrophic factor in central nervous system myelination: a new mechanism to promote myelin plasticity and repair. Int J Mol Sci. (2018) 19:4131. doi: 10.3390/ijms19124131

 44. Fulmer CG, VonDran MW, Stillman AA, Huang Y, Hempstead BL, Dreyfus CF. Astrocyte-derived BDNF supports myelin protein synthesis after cuprizone-induced demyelination. J Neurosci. (2014) 34:8186–96. doi: 10.1523/JNEUROSCI.4267-13.2014

 45. Huang Y, Dreyfus CF. The role of growth factors as a therapeutic approach to demyelinating disease. Exp Neurol. (2016) 283 (Pt B):531–40. doi: 10.1016/j.expneurol.2016.02.023

 46. Djalali S, Höltje M, Grosse G, Rothe T, Stroh T, Grosse J, et al. Effects of brain-derived neurotrophic factor (BDNF) on glial cells and serotonergic neurones during development. J Neurochem. (2005) 92:616–27. doi: 10.1111/j.1471-4159.2004.02911.x

 47. VonDran MW, Singh H, Honeywell JZ, Dreyfus CF. Levels of BDNF impact oligodendrocyte lineage cells following a cuprizone lesion. J Neurosci. (2011) 31:14182–90. doi: 10.1523/JNEUROSCI.6595-10.2011

 48. Tsiperson V, Huang Y, Bagayogo I, Song Y, VonDran MW, DiCicco-Bloom E, et al. Brain-derived neurotrophic factor deficiency restricts proliferation of oligodendrocyte progenitors following cuprizone-induced demyelination. ASN Neuro. (2015) 7:1759091414566878. doi: 10.1177/1759091414566878

 49. Schwartz PM, Borghesani PR, Levy RL, Pomeroy SL, Segal RA. Abnormal cerebellar development and foliation in BDNF-/- mice reveals a role for neurotrophins in CNS patterning. Neuron. (1997) 19:269–81. doi: 10.1016/S0896-6273(00)80938-1

 50. Kafitz KW, Rose CR, Thoenen H, Konnerth A. Neurotrophin-evoked rapid excitation through TrkB receptors. Nature. (1999) 401:918–21. doi: 10.1038/44847

 51. Vavrek R, Girgis J, Tetzlaff W, Hiebert GW, Fouad K. BDNF promotes connections of corticospinal neurons onto spared descending interneurons in spinal cord injured rats. Brain. (2006) 129 (Pt 6):1534–45. doi: 10.1093/brain/awl087

 52. Hu P, Kalb RG. BDNF heightens the sensitivity of motor neurons to excitotoxic insults through activation of TrkB. J Neurochem. (2003) 84:1421–30. doi: 10.1046/j.1471-4159.2003.01599.x

 53. Jia Y, Gall CM, Lynch G. Presynaptic BDNF promotes postsynaptic long-term potentiation in the dorsal striatum. J Neurosci. (2010) 30:14440–5. doi: 10.1523/JNEUROSCI.3310-10.2010

 54. Alonso M, Medina JH, Pozzo-Miller L. ERK1/2 activation is necessary for BDNF to increase dendritic spine density in hippocampal CA1 pyramidal neurons. Learn Mem. (2004) 11:172–8. doi: 10.1101/lm.67804

 55. Amaral MD, Pozzo-Miller L. BDN. induces calcium elevations associated with IBDNF, a nonselective cationic current mediated by TRPC channels. J Neurophysiol. (2007) 98:2476–82. doi: 10.1152/jn.00797.2007

 56. Fukazawa Y, Saitoh Y, Ozawa F, Ohta Y, Mizuno K, Inokuchi K. Hippocampal LTP is accompanied by enhanced F-actin content within the dendritic spine that is essential for late LTP maintenance in vivo. Neuron. (2003) 38:447–60. doi: 10.1016/S0896-6273(03)00206-X

 57. Dajas-Bailador F, Bonev B, Garcez P, Stanley P, Guillemot F, Papalopulu N. microRNA-9 regulates axon extension and branching by targeting Map1b in mouse cortical neurons. Nat Neurosci. (2012) 15:697–9. doi: 10.1038/nn.3082

 58. Remenyi J, Hunter CJ, Cole C, Ando H, Impey S, Monk CE, et al. Regulation of the miR-212/132 locus by MSK1 and CREB in response to neurotrophins. Biochem J. (2010) 428:281–91. doi: 10.1042/BJ20100024

 59. Kawashima H, Numakawa T, Kumamaru E, Adachi N, Mizuno H, Ninomiya M, et al. Glucocorticoid attenuates brain-derived neurotrophic factor-dependent upregulation of glutamate receptors via the suppression of microRNA-132 expression. Neuroscience. (2010) 165:1301–11. doi: 10.1016/j.neuroscience.2009.11.057

 60. Ksiazek-Winiarek D, Szpakowski P, Turniak M, Szemraj J, Glabinski A. IL-17 exerts anti-apoptotic effect via miR-155-5p downregulation in experimental autoimmune encephalomyelitis. J Mol Neurosci. (2017) 63:320–32. doi: 10.1007/s12031-017-0981-2

 61. Sagir F, Ersoy Tunali N, Tombul T, Koral G, Çirak S, Yilmaz V, et al. miR-132-3p, miR-106b-5p, and miR-19b-3p Are associated with brain-derived neurotrophic factor production and clinical activity in multiple sclerosis: a pilot study. Genet Test Mol Biomarkers. (2021) 25:720–6. doi: 10.1089/gtmb.2021.0183

 62. Almeida RD, Manadas BJ, Melo CV, Gomes JR, Mendes CS, Grãos MM, et al. Neuroprotection by BDNF against glutamate-induced apoptotic cell death is mediated by ERK and PI3-kinase pathways. Cell Death Differ. (2005) 12:1329–43. doi: 10.1038/sj.cdd.4401662

 63. Chen SD, Wu CL, Hwang WC, Yang DI. More Insight into BDNF against Neurodegeneration: Anti-Apoptosis, Anti-Oxidation, and Suppression of Autophagy. Int J Mol Sci. (2017) 18:545. doi: 10.3390/ijms18030545

 64. Di Pardo A, Amico E, Favellato M, Castrataro R, Fucile S, Squitieri F, et al. FTY720 (fingolimod) is a neuroprotective and disease-modifying agent in cellular and mouse models of Huntington disease. Hum Mol Genet. (2014) 23:2251–65. doi: 10.1093/hmg/ddt615

 65. Smith PA, Schmid C, Zurbruegg S, Jivkov M, Doelemeyer A, Theil D, et al. Fingolimod inhibits brain atrophy and promotes brain-derived neurotrophic factor in an animal model of multiple sclerosis. J Neuroimmunol. (2018) 318:103–13. doi: 10.1016/j.jneuroim.2018.02.016

 66. Doi Y, Takeuchi H, Horiuchi H, Hanyu T, Kawanokuchi J, Jin S, et al. Fingolimod phosphate attenuates oligomeric amyloid β-induced neurotoxicity via increased brain-derived neurotrophic factor expression in neurons. PLoS ONE. (2013) 8:e61988. doi: 10.1371/journal.pone.0061988

 67. Berghuis P, Dobszay MB, Wang X, Spano S, Ledda F, Sousa KM, et al. Endocannabinoids regulate interneuron migration and morphogenesis by transactivating the TrkB receptor. Proc Natl Acad Sci U S A. (2005) 102:19115–20. doi: 10.1073/pnas.0509494102

 68. Wang L, Chang X, She L, Xu D, Huang W, Poo MM. Autocrine action of BDNF on dendrite development of adult-born hippocampal neurons. J Neurosci. (2015) 35:8384–93. doi: 10.1523/JNEUROSCI.4682-14.2015

 69. Kalcheim C, Gendreau M. Brain-derived neurotrophic factor stimulates survival and neuronal differentiation in cultured avian neural crest. Brain Res. (1988) 469:79–86. doi: 10.1016/0165-3806(88)90171-X

 70. Davies AM. The role of neurotrophins during successive stages of sensory neuron development. Prog Growth Factor Res. (1994) 5:263–89. doi: 10.1016/0955-2235(94)90010-8

 71. Alcántara S, Frisén J, del Río JA, Soriano E, Barbacid M, Silos-Santiago I. TrkB signaling is required for postnatal survival of CNS neurons and protects hippocampal and motor neurons from axotomy-induced cell death. J Neurosci. (1997) 17:3623–33. doi: 10.1523/JNEUROSCI.17-10-03623.1997

 72. Azoulay D, Vachapova V, Shihman B, Miler A, Karni A. Lower brain-derived neurotrophic factor in serum of relapsing remitting MS: reversal by glatiramer acetate. J Neuroimmunol. (2005) 167:215–8. doi: 10.1016/j.jneuroim.2005.07.001

 73. Azoulay D, Urshansky N, Karni A. Low and dysregulated BDNF secretion from immune cells of MS patients is related to reduced neuroprotection. J Neuroimmunol. (2008) 195:186–93. doi: 10.1016/j.jneuroim.2008.01.010

 74. Frota ER, Rodrigues DH, Donadi EA, Brum DG, Maciel DR, Teixeira AL. Increased plasma levels of brain derived neurotrophic factor (BDNF) after multiple sclerosis relapse. Neurosci Lett. (2009) 460:130–2. doi: 10.1016/j.neulet.2009.05.057

 75. Comini-Frota ER, Rodrigues DH, Miranda EC, Brum DG, Kaimen-Maciel DR, Donadi EA, et al. Serum levels of brain-derived neurotrophic factor correlate with the number of T2 MRI lesions in multiple sclerosis. Braz J Med Biol Res. (2012) 45:68–71. doi: 10.1590/S0100-879X2011007500165

 76. Bernardes D, Oliveira-Lima OC, Silva TV, Faraco CC, Leite HR, Juliano MA, et al. Differential brain and spinal cord cytokine and BDNF levels in experimental autoimmune encephalomyelitis are modulated by prior and regular exercise. J Neuroimmunol. (2013) 264:24–34. doi: 10.1016/j.jneuroim.2013.08.014

 77. Gurevich M, Achiron A. The switch between relapse and remission in multiple sclerosis: continuous inflammatory response balanced by Th1 suppression and neurotrophic factors. J Neuroimmunol. (2012) 252:83–8. doi: 10.1016/j.jneuroim.2012.07.014

 78. Liao H, Bu WY, Wang TH, Ahmed S, Xiao ZC. Tenascin-R plays a role in neuroprotection via its distinct domains that coordinate to modulate the microglia function. J Biol Chem. (2005) 280:8316–23. doi: 10.1074/jbc.M412730200

 79. Verhoeven K, De Jonghe P, Coen K, Verpoorten N, Auer-Grumbach M, Kwon JM, et al. Mutations in the small GTP-ase late endosomal protein RAB7 cause Charcot-Marie-Tooth type 2B neuropathy. Am J Hum Genet. (2003) 72:722–7. doi: 10.1086/367847

 80. Stadelmann C, Kerschensteiner M, Misgeld T, Brück W, Hohlfeld R, Lassmann H. BDNF and gp145trkB in multiple sclerosis brain lesions: neuroprotective interactions between immune and neuronal cells? Brain. (2002) 125(Pt 1):75–85. doi: 10.1093/brain/awf015

 81. Demir S, Pitarokoili K, Linker R, Gold R. Immune cell derived BDNF does not mediate neuroprotection of the murine anti-CD52 antibody in a chronic autoimmune mouse model. J Neuroimmunol. (2019) 328:78–85. doi: 10.1016/j.jneuroim.2018.12.010

 82. von Bartheld CS, Williams R, Lefcort F, Clary DO, Reichardt LF, Bothwell M. Retrograde transport of neurotrophins from the eye to the brain in chick embryos: roles of the p75NTR and trkB receptors. J Neurosci. (1996) 16:2995–3008. doi: 10.1523/JNEUROSCI.16-09-02995.1996

 83. Tonra JR, Curtis R, Wong V, Cliffer KD, Park JS, Timmes A, et al. Axotomy upregulates the anterograde transport and expression of brain-derived neurotrophic factor by sensory neurons. J Neurosci. (1998) 18:4374–83. doi: 10.1523/JNEUROSCI.18-11-04374.1998

 84. van den Berg R, Hoogenraad CC, Hintzen RQ. Axonal transport deficits in multiple sclerosis: spiraling into the abyss. Acta Neuropathol. (2017) 134:1–14. doi: 10.1007/s00401-017-1697-7

 85. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, et al. The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal function. Cell. (2003) 112:257–69. doi: 10.1016/S0092-8674(03)00035-7

 86. Guerini FR, Beghi E, Riboldazzi G, Zangaglia R, Pianezzola C, Bono G, et al. Val66Met polymorphism is associated with cognitive impairment in Italian patients with Parkinson's disease. Eur J Neurol. (2009) 16:1240–5. doi: 10.1111/j.1468-1331.2009.02706.x

 87. Shimizu E, Hashimoto K, Iyo M. Ethnic difference of the BDNF 196G/A (val66met) polymorphism frequencies: the possibility to explain ethnic mental traits. Am J Med Genet B Neuropsychiatr Genet. (2004) 126B:122–3. doi: 10.1002/ajmg.b.20118

 88. Lang UE, Hellweg R, Sander T, Gallinat J. The Met allele of the BDNF Val66Met polymorphism is associated with increased BDNF serum concentrations. Mol Psychiatry. (2009) 14:120–2. doi: 10.1038/mp.2008.80

 89. Ozan E, Okur H, Eker C, Eker OD, Gönül AS, Akarsu N. The effect of depression, BDNF gene val66met polymorphism and gender on serum BDNF levels. Brain Res Bull. (2010) 81:61–5. doi: 10.1016/j.brainresbull.2009.06.022

 90. Yoshimura R, Kishi T, Suzuki A, Umene-Nakano W, Ikenouchi-Sugita A, Hori H, et al. The brain-derived neurotrophic factor (BDNF) polymorphism Val66Met is associated with neither serum BDNF level nor response to selective serotonin reuptake inhibitors in depressed Japanese patients. Prog Neuropsychopharmacol Biol Psychiatry. (2011) 35:1022–5. doi: 10.1016/j.pnpbp.2011.02.009

 91. Liguori M, Fera F, Patitucci A, Manna I, Condino F, Valentino P, et al. longitudinal observation of brain-derived neurotrophic factor mRNA levels in patients with relapsing-remitting multiple sclerosis. Brain Res. (2009) 1256:123–8. doi: 10.1016/j.brainres.2008.11.047

 92. Portaccio E, Bellinvia A, Prestipino E, Nacmias B, Bagnoli S, Razzolini L, et al. The Brain-Derived Neurotrophic Factor Val66Met Polymorphism Can Protect Against Cognitive Impairment in Multiple Sclerosis. Front Neurol. (2021) 12:645220. doi: 10.3389/fneur.2021.645220

 93. Zivadinov R, Weinstock-Guttman B, Benedict R, Tamaño-Blanco M, Hussein S, Abdelrahman N, et al. Preservation of gray matter volume in multiple sclerosis patients with the Met allele of the rs6265 (Val66Met) SNP of brain-derived neurotrophic factor. Hum Mol Genet. (2007) 16:2659–68. doi: 10.1093/hmg/ddm189

 94. Fera F, Passamonti L, Cerasa A, Gioia MC, Liguori M, Manna I, et al. The BDNF Val66Met polymorphism has opposite effects on memory circuits of multiple sclerosis patients and controls. PLoS ONE. (2013) 8:e61063. doi: 10.1371/journal.pone.0061063

 95. Liguori M, Fera F, Gioia MC, Valentino P, Manna I, Condino F, et al. Investigating the role of brain-derived neurotrophic factor in relapsing-remitting multiple sclerosis. Genes Brain Behav. (2007) 6:177–83. doi: 10.1111/j.1601-183X.2006.00245.x

 96. Mirowska-Guzel D, Mach A, Gromadzka G, Czlonkowski A, Czlonkowska A, BDNF. A196G and C270T gene polymorphisms and susceptibility to multiple sclerosis in the Polish population. Gender differences. J Neuroimmunol. (2008) 193:170–2. doi: 10.1016/j.jneuroim.2007.10.013

 97. Gravel C, Götz R, Lorrain A, Sendtner M. Adenoviral gene transfer of ciliary neurotrophic factor and brain-derived neurotrophic factor leads to long-term survival of axotomized motor neurons. Nat Med. (1997) 3:765–70. doi: 10.1038/nm0797-765

 98. McTigue DM, Horner PJ, Stokes BT, Gage FH. Neurotrophin-3 and brain-derived neurotrophic factor induce oligodendrocyte proliferation and myelination of regenerating axons in the contused adult rat spinal cord. J Neurosci. (1998) 18:5354–65. doi: 10.1523/JNEUROSCI.18-14-05354.1998

 99. Van't Veer A, Du Y, Fischer TZ, Boetig DR, Wood MR, Dreyfus CF. Brain-derived neurotrophic factor effects on oligodendrocyte progenitors of the basal forebrain are mediated through trkB and the MAP kinase pathway. J Neurosci Res. (2009) 87:69–78. doi: 10.1002/jnr.21841

 100. Vondran MW, Clinton-Luke P, Honeywell JZ, Dreyfus CF. BDNF+/- mice exhibit deficits in oligodendrocyte lineage cells of the basal forebrain. Glia. (2010) 58:848–56. doi: 10.1002/glia.20969

 101. Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, et al. selective TrkB agonist with potent neurotrophic activities by 7,8-dihydroxyflavone. Proc Natl Acad Sci U S A. (2010) 107:2687–92. doi: 10.1073/pnas.0913572107

 102. Fletcher JL, Wood RJ, Nguyen J, Norman EML, Jun CMK, Prawdiuk AR, et al. Targeting TrkB with a Brain-Derived Neurotrophic Factor Mimetic Promotes Myelin Repair in the Brain. J Neurosci. (2018) 38:7088–99. doi: 10.1523/JNEUROSCI.0487-18.2018

 103. Nguyen HTH, Wood RJ, Prawdiuk AR, Furness SGB, Xiao J, Murray SS, et al. TrkB Agonist LM22A-4 Increases Oligodendroglial Populations During Myelin Repair in the Corpus Callosum. Front Mol Neurosci. (2019) 12:205. doi: 10.3389/fnmol.2019.00205

 104. Kopec BM, Kiptoo P, Zhao L, Rosa-Molinar E, Siahaan TJ. Noninvasive Brain Delivery and Efficacy of BDNF to Stimulate Neuroregeneration and Suppression of Disease Relapse in EAE Mice. Mol Pharm. (2020) 17:404–16. doi: 10.1021/acs.molpharmaceut.9b00644

 105. Saitta KS, Lercher LD, Sainato DM, Patel A, Huang Y, McAuliffe G, et al. enhances BDNF and myelination in cuprizone-treated mice through astrocytic metabotropic glutamate receptor 5. Glia. (2021) 69:1950–65. doi: 10.1002/glia.24003

 106. Miyamoto N, Maki T, Shindo A, Liang AC, Maeda M, Egawa N, et al. Astrocytes promote oligodendrogenesis after white matter damage via brain-derived neurotrophic factor. J Neurosci. (2015) 35:14002–8. doi: 10.1523/JNEUROSCI.1592-15.2015

 107. Perovic M, Tesic V, Mladenovic Djordjevic A, Smiljanic K, Loncarevic-Vasiljkovic N, Ruzdijic S, et al. BDNF transcripts, proBDNF and proNGF, in the cortex and hippocampus throughout the life span of the rat. Age (Dordr) (2013) 35: 2057–2070. doi: 10.1007/s11357-012-9495-6

 108. Buhusi M, Etheredge C, Granholm AC, Buhusi CV. Increased hippocampal ProBDNF contributes to memory impairments in aged mice. Front Aging Neurosci. (2017) 9:284. doi: 10.3389/fnagi.2017.00284

 109. Cui YH, Zhou SF, Liu Y, Wang S, Li F, Dai RP, et al. Injection of Anti-proBDNF Attenuates Hippocampal-Dependent Learning and Memory Dysfunction in Mice With Sepsis-Associated Encephalopathy. Front Neurosci. (2021) 15:665757. doi: 10.3389/fnins.2021.665757

 110. Wong LW, Chong YS, Lin W, Kisiswa L, Sim E, Ibáñez CF, et al. Age-related changes in hippocampal-dependent synaptic plasticity and memory mediated by p75 neurotrophin receptor. Aging Cell. (2021) 20: e13305. doi: 10.1111/acel.13305

 111. Bramham CR, Messaoudi E. BDNF function in adult synaptic plasticity: the synaptic consolidation hypothesis. Prog. Neurobiol. (2005) 76:99–125. doi: 10.1016/j.pneurobio.2005.06.003

 112. Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida RD, et al. ProBDNF induces neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin. J Neurosci. (2005) 25:5455–63. doi: 10.1523/JNEUROSCI.5123-04.2005

 113. Haapasalo A, Sipola I, Larsson K, Akerman KE, Stoilov P, Stamm S, et al. (2002). Regulation of TRKB surface expression by brain-derived neurotrophic factor and truncated TRKB isoforms. J. Biol. Chem. (2002) 277 43160–67. doi: 10.1074/jbc.M205202200

 114. Liu S, Guo W, Zhou H, Tang L, Feng S, Zhong JH, et al. proBDNF inhibits the proliferation and migration of OLN-93 oligodendrocytes Mol Med Rep. (2018) 18:3809–17. doi: 10.3892/mmr.2018.9407

 115. Du Y, Fischer TZ, Clinton-Luke P, Lercher LD, Dreyfus CF. Distinct effects of p75 in mediating actions of neurotrophins on basal forebrain oligodendrocytes. Mol Cell Neurosci. (2006) 31:366–75. doi: 10.1016/j.mcn.2005.11.001

 116. Wong AW, Xiao J, Kemper D, Kilpatrick TJ, Murray SS. Oligodendroglial expression of TrkB independently regulates myelination and progenitor cell proliferation. J Neurosci. (2013) 33:4947–57. doi: 10.1523/JNEUROSCI.3990-12.2013

 117. Chen Z, Tang HB, Kang JJ, Chen ZY, Li YL, Fan QY, et al. Necroptotic astrocytes induced neuronal apoptosis partially through EVs-derived pro-BDNF. Brain Res Bull. (2021) 177:73–80. doi: 10.1016/j.brainresbull.2021.09.014

 118. Beattie MS, Harrington AW, Lee R, Kim JY, Boyce SL, Longo FM, et al. ProNGF Induces p75-Mediated Death of Oligodendrocytes following Spinal Cord Injury Neuron. Neuron. (2002) 36:375–86. doi: 10.1016/S0896-6273(02)01005-X

 119. Stary CM, Sun X, Giffard RG. Astrocytes protect against isoflurane neurotoxicity by buffering pro-brain-derived neurotrophic factor. Anesthesiology. (2015) 123:810–9. doi: 10.1097/ALN.0000000000000824

 120. Traiffort E, Kassoussi A, Zahaf A, Laouarem Y. Astrocytes and Microglia as Major Players of Myelin Production in Normal and Pathological Conditions Front Cell Neurosci. (2020) 14:79. doi: 10.3389/fncel.2020.00079

 121. Yoshida T, Ishikawa M, Niitsu T, Nakazato M, Watanabe H, Shiraishi T, et al. Decreased serum levels of mature brain-derived neurotrophic factor (BDNF), but not its precursor proBDNF, in patients with major depressive disorder. PLoS ONE. (2012) 7:e42676. doi: 10.1371/journal.pone.0042676

 122. Yalachkov Y, Anschütz V, Jakob J, Schaller-Paule MA, Schäfer JH, Reiländer A, et al. Brain-derived neurotrophic factor and neurofilament light chain in cerebrospinal fluid are inversely correlated with cognition in Multiple Sclerosis at the time of diagnosis. Mult Scler Relat Disord. (2022) 63:103822. doi: 10.1016/j.msard.2022.103822

 123. Proia P, Amato A, Puleo R, Arnetta F, Rizzo F, Grigoli L, et al. Efficacy of 12 weeks of proprioceptive training in patients with multiple sclerosis. J Hum Sport Exerc. (2019)14(Proc5):S1986–92. doi: 10.14198/jhse.2019.14.Proc5.19

 124. Fanara S, Aprile M, Iacono S, Schirò G, Bianchi A, Brighina F, et al. The role of nutritional lifestyle and physical activity in multiple sclerosis pathogenesis and management: a narrative review. Nutrients. (2021) 13:3774. doi: 10.3390/nu13113774

 125. Knaepen K, Goekint M, Heyman EM, Meeusen R. Neuroplasticity - exercise-induced response of peripheral brain-derived neurotrophic factor: a systematic review of experimental studies in human subjects. Sports Med. (2010) 40:765–801. doi: 10.2165/11534530-000000000-00000

 126. Dinoff A, Herrmann N, Swardfager W, Lanctôt KL. The effect of acute exercise on blood concentrations of brain-derived neurotrophic factor in healthy adults: a meta-analysis. Eur J Neurosci. (2017) 46:1635–46. doi: 10.1111/ejn.13603

 127. Amato A, Ragonese P, Ingoglia S, Schiera G, Schirò G, Di Liegro CM, et al. Lactate Threshold Training Program on Patients with Multiple Sclerosis: a multidisciplinary approach. Nutrients. (2021) 13:4284. doi: 10.3390/nu13124284

 128. Pedersen BK, Pedersen M, Krabbe KS, Bruunsgaard H, Matthews VB, Febbraio MA. Role of exercise-induced brain-derived neurotrophic factor production in the regulation of energy homeostasis in mammals. Exp Physiol. (2009) 94:1153–60. doi: 10.1113/expphysiol.2009.048561

 129. Delezie J, Handschin C. Endocrine Crosstalk Between Skeletal Muscle and the Brain. Front Neurol. (2018) 9:698. doi: 10.3389/fneur.2018.00698

 130. Pan W, Banks WA, Fasold MB, Bluth J, Kastin AJ. Transport of brain-derived neurotrophic factor across the blood-brain barrier. Neuropharmacology. (1998) 37:1553–61. doi: 10.1016/S0028-3908(98)00141-5

 131. Klein AB, Williamson R, Santini MA, Clemmensen C, Ettrup A, Rios M, Knudsen GM, Aznar S. Blood BDNF concentrations reflect brain-tissue BDNF levels across species. Int J Neuropsychopharmacol. (2011) 14:347–53. E doi: 10.1017/S1461145710000738

 132. Moon HY, Becke A, Berron D, Becker B, Sah N, Benoni G, et al. Running-induced systemic cathepsin B secretion is associated with memory function. Cell Metab. (2016) 24:332–40. doi: 10.1016/j.cmet.2016.05.025

 133. Wang Y, Wu Z, Wang D, Huang C, Xu J, Liu C, et al. Muscle-brain communication in pain: The key role of myokines. Brain Res Bull. (2022) 179:25–35. doi: 10.1016/j.brainresbull.2021.11.017

 134. Zhang QX, Zhang SN, Zhang LJ, Zhang DQ, Yang L. Irisin levels in the serum and cerebrospinal fluid of patients with multiple sclerosis and the expression and distribution of irisin in experimental autoimmune encephalomyelitis. Clin Exp Immunol. (2021) 206:208–15. doi: 10.1111/cei.13656

 135. Bilek F, Cetisli-Korkmaz N, Ercan Z, Deniz G, Demir CF. Aerobic exercise increases irisin serum levels and improves depression and fatigue in patients with relapsing remitting multiple sclerosis: a randomized controlled trial. Mult Scler Relat Disord. (2022) 61:103742. doi: 10.1016/j.msard.2022.103742

 136. Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, et al. Exercise induces hippocampal BDNF through a PGC-1α/FNDC5 pathway. Cell Metab. (2013) 18:649–59. doi: 10.1016/j.cmet.2013.09.008

 137. Matthews VB, Aström MB, Chan MH, Bruce CR, Krabbe KS, Prelovsek O, et al. Brain-derived neurotrophic factor is produced by skeletal muscle cells in response to contraction and enhances fat oxidation via activation of AMP-activated protein kinase. Diabetologia. (2009) 52:1409–18. doi: 10.1007/s00125-009-1364-1

 138. Brunelli A, Dimauro I, Sgrò P, Emerenziani GP, Magi F, Baldari C, et al. Acute exercise modulates BDNF and pro-BDNF protein content in immune cells. Med Sci Sports Exerc. (2012) 44:1871–80. doi: 10.1249/MSS.0b013e31825ab69b

 139. Li XB, Yuan RR, Wang Q, Chai S, Zhang Z, Wang Y, et al. Brain-Derived Neurotrophic Factor regulates LYN kinase mediated Myosin Light Chain Kinase activation to modulate non-muscle myosin II activity in hippocampal neurons. J Biol Chem. (2022) 298:102054. doi: 10.1016/j.jbc.2022.102054

 140. Heyck M, Ibarra A. Microbiota, and memory: a symbiotic therapy to counter cognitive decline? Brain Circ. (2019) 5:124–9. doi: 10.4103/bc.bc_34_19

 141. Nasello M, Schirò G, Crapanzano F, Balistreri CR. Stem Cells and Other Emerging Agents as Innovative “Drugs” in Neurodegenerative Diseases: Benefits and Limitations. Rejuvenation Res. (2018) 21:123–40. doi: 10.1089/rej.2017.1946

 142. Ghezzi L, Cantoni C, Pinget GV, Zhou Y, Piccio L. Targeting the gut to treat multiple sclerosis. J Clin Invest. (2021) 131:e143774. doi: 10.1172/JCI143774

 143. Kouchaki E, Tamtaji OR, Salami M, Bahmani F, Daneshvar Kakhaki R, Akbari E, et al. Clinical and metabolic response to probiotic supplementation in patients with multiple sclerosis: a randomized, double-blind, placebo-controlled trial. Clin Nutr. (2017) 36:1245–9. doi: 10.1016/j.clnu.2016.08.015

 144. Tamtaji OR, Milajerdi A, Reiner Ž, Asemi Z, Dadgostar E, Heidari-Soureshjani R, et al. systematic review and meta-analysis: the effects of probiotic supplementation on metabolic profile in patients with neurological disorders. Complement Ther Med. (2020) 53:102507. doi: 10.1016/j.ctim.2020.102507

 145. Tankou SK, Regev K, Healy BC, Tjon E, Laghi L, Cox LM, et al. probiotic modulates the microbiome and immunity in multiple sclerosis. Ann Neurol. (2018) 83:1147–61. doi: 10.1002/ana.25244

 146. Wang X, Chang L, Wan X, Tan Y, Qu Y, Shan J, et al. (R)-ketamine ameliorates demyelination and facilitates remyelination in cuprizone-treated mice: A role of gut-microbiota-brain axis. Neurobiol Dis. (2022) 165:105635. doi: 10.1016/j.nbd.2022.105635

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Schirò, Iacono, Ragonese, Aridon, Salemi and Balistreri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Brief Overview on BDNF-Trk Pathway in the Nervous System: A Potential Biomarker or Possible Target in Treatment of Multiple Sclerosis?



		Introduction



		BDNF: Molecular Characteristics and Functions



		Focus on BDNF-Trk Pathway







		Effects of BDNF in the Nervous System



		BDNF Role in the Myelination Process



		Modulation of Central Motor Structures by BDNF



		BDNF Modulation of Synaptic Plasticity and Activity



		BDNF and Neuroprotection



		Effect on Cell Survival, Migration, and Differentiation







		Multiple Sclerosis and BDNF: a Biomarker of the Disease Phases



		BDNF Polymorphisms and MS



		Experimental Model of MS and BDNF Role







		Pro-BDNF and Mature BDNF in Human Blood as MS Biomarkers: Some Considerations and Limitations



		The Different Effects and Roles of Pro-BDNF and Mature BNF on Neuronal Survival, Cognition, and Myelination



		Levels of the Two Form BDNF in Human Blood and Cerebrospinal (CSF) Samples: The Current Evidence







		Strategies for Improving the Pathophysiology of MS



		Physical Activity and BDNF



		Probiotics for Recovering BDNF Expression and Ameliorating the Clinical Conditions Related to MS







		Conclusion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

A Brief Overview on BDNF-Trk
Pathway in the Nervous System: A
Potential Biomarker or Possible
Target in Treatment of Multiple
Sclerosis?





OPS/images/fneur-13-917527-g001.gif





OPS/images/fneur-13-917527-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





