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Abstract. Brain-derived neurotrophic factor (BDNF) is the brain’s most-produced neurotrophin during the lifespan, essentially
involved in multiple mechanisms of nervous system development and function. The production/release of BDNF requires
multi-stage processing that appears to be regulated at various stages in which the presence of a polymorphism “Val66Met”
can exert a critical influence.

Aim: To synthesize the knowledge on the BDNF Val66Met polymorphism on intracellular processing and function of BDNF.
Methods: We performed a systematic review and collected all available studies on the post-translation processes of BDNF,
regarding the Val66Met polymorphism. Searches were performed up to 21st March 2021.

Results: Out of 129 eligible papers, 18 studies addressed or had findings relating to BDNF post-translation processes and
were included in this review.

Discussion: Compilation of experimental findings reveals that the Val66Met polymorphism affects BDNF function by slightly
altering the processing, distribution, and regulated release of BDNF. Regarding the critical role of pro-BDNF as a pro-apoptotic
factor, such alteration might represent a risk for the development of neuropsychiatric disorders.

Keywords: Val66Met polymorphism, pro-BDNF cleavage, Post-translation, BDNF secretion, Brain development, Neuro-
plasticity

INTRODUCTION system (CNS) [1, 2]. Mainly expressed in neurons
and neural tissue, the pleiotropic roles of BDNF
include neural stem cell survival and differentiation;
axon—dendrite differentiation, growth and guidance;
synapse formation and maturation; and survival of
differentiated neurons [3-6].

- - - The gene BDNF primarily transcripts a pre-pro-
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Brain-derived neurotrophic factor (BDNF) is the
most studied neurotrophin that has an essential role in
the development and function of the central nervous
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through the endoplasmic reticulum (ER) and trans-
Golgi network (TGN), before release as the mature
BDNEF. The complexity of BDNF processing before
release involves both independent and integrated
steps that are regulated at multiple stages, and has
been well described by several investigations [7-9].
Release of BDNF from neurons occurs both in a regu-
lated (in response to depolarization) and a constitutive
(in a steady stream) manner [10, 11].

BDNF signaling, through its high affinity tro-
pomyosin receptor kinase B (TrkB), initiates sev-
eral pro-growth and survival biochemical cascades
within neural cells. Whereas the pro-BDNF precursor
form is also an active factor which binds with low-
affinity to the common p75NTR receptor to induce
pro-apoptosis pathways [12]. So that, regulation of
the pro-BDNF to BDNF cleavage is critical during
the brain’s development, as well as in neuron-specific
activities such as long-term synaptic formation and/or
depression. Impairment in any of these mechanisms
can result in errors of neuronal circuit formations
and/or activity [13, 14].

A well-studied polymorphism situated on the p13
region of chromosome 11 referring to the substitution
of an adenine (A) by a guanine (G) base in the BDNF
gene causes a shift from valine to methionine in posi-
tion 66 of the pro-BDNF isoform — specifically at
the pro-domain region [15]. This polymorphism has
been identified in 20-30% of the genotyped subpop-
ulations afflicted with various neurological disorders
[16]. Although, the BDNF Val66Met polymorphism
alone is not a determinant factor for the diagnosis
of neuropathology, several studies have suggested
that the BDNF Val66Met polymorphism has a role
in the etiology of a variety of neuropsychiatric disor-
ders, such as depression, schizophrenia, and bipolar
disorder [17-23].

In the first in situ study identifying a difference
in the allele-specific expression of the BDNF con-
taining the Val66met polymorphism, a decrease in
the expression levels of BDNF was shown in individ-
uals heterogenous for the Val66met polymorphism,
which is not detected in circulating blood [24]. This
is consistent with the available clinical studies to date
that have been unable to demonstrate a relationship
between the presence of the Val66met polymorphism
and alterations in circulating BDNF concentrations
[25-28]. The Val66met polymorphism is found
more frequently in a small segment of the popu-
lation that are undergoing stress-related disorders,
and is associated with a poor treatment response
[29-31].

Thus, to provide further insight on whether the
Val66Met polymorphism is a risk factor for the devel-
oping and/or aggravation of a spectrum of neuro-
psychiatric related disorders, we synthetized the
available scientific knowledge on the post-transla-
tional processes involved in BDNF release/secretion
addressing the Val66Met polymorphism in vivo and
in vitro.

METHODS

To address the available scientific literature on the
possible implications of the human BDNF Val66Met
polymorphism on the intracellular processing and
production of BDNF, we performed a systematic
review using an analog strategy to the PICO strat-
egy for clinical studies as follows: P — Experimental
models in vivo/in vitro; 1 — Cells, tissue and ani-
mals transfected with the human BDNF Val66Met
polymorphism; C — Non-polymorphic BDNF; O —
Post- transcriptional processing and release/secretion
mechanisms. The following combinations of the
terms identified by the Medical Subject Headings
(Mesh terms) were applied to the Advanced search in
the Pubmed platform: [(Brain-derived neurotrophic
factor precursor OR pro-BDNF) AND (Secretory
rate OR secretory pathway OR Secretory vesicles
OR Protein processing OR Post-translational pro-
cess)] and [(Brain-derived neurotrophic factor OR
BDNF) AND (Secretory rate OR secretory pathway
OR Secretory vesicles OR Protein processing OR
Post-translational process)]. All the papers retrieved
with the search were screened by two independent
researchers for the specific inclusion criteria of:
studies addressing the human BDNF Val66Met poly-
morphism in human or animal models, in vivo or in
vitro. Reviews and studies with non-biological mod-
els or not presenting data of the BDNF Val66Met
polymorphism were excluded from results. The num-
ber of studies excluded with reasons are present in
Fig. 1. Eighteen studies were included for discussion.
Studies main findings were described in the Results
section. Studies methods and data summary were dis-
played in Table 1. The searches were performed from
September 9th, 2020 to March 21st, 2021. Mendeley
desktop 1.19.4 was used to select the files.

RESULTS

There has only been one study to date that has
addressed BDNF production (expression and secre-
tion) and the BDNF Val66Met polymorphism in
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Fig. 1. PubMed search diagram.

humans [24]. Considering that this study was very
recent, all the experimental studies that helped syn-
thesize the knowledge on the BDNF polymorphism
impact on the proteins’ production will follow a
temporal order. Describing the post-translational
mechanisms of BDNF transcript products, Seidaha
and colleagues [32] used a vaccine virus expression
system in activity-deficient cells and demonstrated
that endoproteases furin, PACE4, and PC5/6-B effec-
tively process pro-BDNF in different cell types.
While exploring how neurotrophins are sorted into
secretory systems, Heymach and colleagues [33]
showed that all members of the neurotrophin fam-
ily are released via a regulated secretory pathway,
and that their signal(s) for sorting lie within the neu-
rotrophins moiety structure. Subsequently, Mowla
et al. [34] was able to identify that neurotrophin
sorting might differ from each other, by using the
independent criteria of retention or release from cells
after pulse—chase labeling, depolarization dependent
release, and immunocytochemical localization of
both nerve growth factor (NGF) and BDNF into
recombinant virus-infected neuronal cells. Results
showed that pro-BDNF is preferentially sorted into
a regulated secretory pathway, while the bulk of
newly synthesized NGF is sorted into the constitu-
tive pathway. It was also revealed that pro-BDNF is
not as efficiently cleaved by furin in TGN as is the

pro-NGF. These findings suggested that BDNF
appears to be sorted into either a constitutive or regu-
lated secretory pathway dependent on the efficiency
of enzymatic cleavage into TGN. An additional inves-
tigation by Mowla and colleagues [35] described the
32-kDa pro-BDNF isoform with N-glycosylation in
the pro-domain site. They reported that pro-BDNF
undergoes an N-terminal cleavage within the TGN
and/or immature secretory vesicles to generate the
mature BDNF form (14 kDa). A 28-kDa protein
residue was also identified in the ER after the N ter-
minal cleavage without a noticeable effect on BDNF
production.

The first experiment to demonstrate that hip-
pocampal neurons transfected by constructs encoding
Val66- or Met66-BDNF to effect activity-dependent
secretion of BDNF was performed by Egan et al. [36].
Their study showed a lower depolarization induced
BDNEF release, with no effects on the constitutive
secretion system in Met66BDNF transfected neu-
rons. In addition, they reported that Met66 containing
pro-BDNF isoforms failed to localize to secretory
granules or synaptic terminals in these cells, implying
a Val66Met influence on the intracellular trafficking
of BDNF. Subsequently, in vitro studies using cor-
tical neurons co-transfected with both Valo66BDNF
and Met66BDNF coding constructs verified the
expression products and locations within cells Chen,
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Table 1
Data summary of studies included by criteria

#  Authors Aims

Model/Method

Seidah, N. G, et al., 1996. To define the enzymes responsible for the maturation of the
precursors of the human BDNF and neurotrophin-3
2 Heymach,J. V., etal.,, 1996. To understand how different neurotrophins (nerve growth
factor, BDNF, and neurotrophin-3) are sorted and secreted by
neurons

3  Mowla, S.J., etal., 1999. To determine whether (NGF and BDNF) sorting differences are
intrinsic to the neurotrophins or reflect differences between

cell types.

4  Mowla, S.J., etal., 2001. To examinate the biosynthesis and post-translational processing
of the pro-BDNF

5 Egan, M. F, etal., 2003. To investigate underlying molecular mechanisms of trafficking
of val- and met-BDNF proteins.

6 Chen,Z. Y., etal., 2004. To examinate the effect of co-expressed BDNF Met on BDNF
Val intracellular trafficking and processing.

7 Wang, L. C,, etal., 2004. To investigate (i) whether BDNF is present in all three secretory

granule types; (ii) whether BDNF coexists with POMC and a
MSH and (iii) whether the amount of BDNF in one or more of
the secretory granule types is related to the secretory activity
8 Wu, Y.J. ], etal., 2004. To examinate the subcellular localization and release
characteristics of NGF, BDNF, and NT-3 in
adenovirus-infected primary cortical neurons.

9 Li, H, etal., 2005. to assess the trafficking of monoamine transporter 2 and the
potential for monoamine release by exocytosis
10 Salio, C., et al., 2007. To examinate the subcellular localization of BDNF and

coexisting peptides under normal conditions or after
intrathecal infusion of NGF.

11 Jiang, X., et al., 2009. To describe how BDNF isoform levels were regulated by
chronic drug use.
12 Dieni, S, et al., 2012. To demonstrate that BDNf and its pro peptide localize in large

dense core vesicles in excitatory presynaptic terminals

13 Petoukhov, E., et al., 2013. To demonstrate that PGRN is colocalized with dense-core
vesicle markers and is co-transported with BDNF within
axons and dendrites

14 Anastasia, A., et al., 2013. To show that the isolated pro-BDNF is detected in the
hippocampus and that it can be secreted from neurons in an
activity- dependent manner.

15 Eckenstaler, R., et al., 2016.  To show that calcium-dependent activator protein 1 plays a role
in regulating the intragranular pH and exocitoses of
BDNF-containing secretory granules.

16 Aravamudan, B., et al., 2016. To dissect intrinsic mechanisms regulating endogenous, as well
as in- flammation-induced BDNF secretion in ASM of
nonasth- matic vs. asthmatic conditions.

17 Uegaki, K., et al., 2017. To investigated the influence of the common Val66Met BDNF
polymorphism on the interaction between BDNF and the
pro-peptide.

18 de Assis et al., 2021 The Val66 and Met66 Alleles-Specific Expression of BDNF in
Human Muscle and Their Metabolic Responsivity.

Rodent PC1, PC2, PC5, and PC5/6-B
cells; Human furin and PACE4.

Rodent cDNA subclones.

COS-7 and PC12 transfected cells.
Transient transfections of AtT-20,
PC12, and MDCK cells.

Cultured hippocampal neurons

Cultured hippocampal neurons
Rodent hippocampal neurons

Rodent cortical neurons cultures

Xenopus laevis melanotrope cells

Rodent cortical neurons cultures

Rodent neuroendocrine PC12 cells

Rodents spinal cord and amygdala
coronal sections

Human brain biopsies
Rodent brain hippocampus

Cultured hippocampal neurons

Nuclear magnetic resonance
spectroscopy and circular
dichroism in rodent neurons

Primary cortical astrocytes and
cultured hippocampal neurons.

Human airway smooth muscle cells

Computational Modeling and
Recombinant human BDNF

Muscle biopsies from 13 male
(34 £ 9yo) were analyzed before
and after a VO2max test.
Allele-specific BDNF mRNA
concentrations were quantified by
ddPCR in heterozygous and
homozygous.

et al. [37]. The product of Val66 and Met66 BDNF products, in comparison to Val66 BDNF products,

co-expression contained ~70% of Val66Met pro- were localized more in the cell body then in the
BDNF heterodimers compared to either Val/Val or dendrites or axons. Wu et al. [38] described the
Met/Met BDNF labeled homodimers. When indi- subcellular localization and release of BDNF in cor-

vidually expressed in the cells, the Met66 BDNF tical neurons by using confocal microscopy. They
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reported that BDNF co-localized with all members
of the neurotrophin family in the ER and Golgi
apparatus within cell bodies and were distributed in
the large dense-core vesicles (DCVs) within axons
and dendrites of neurons. Their study demonstrated
that BDNF release, triggered by depolarization via
a regulated secretory pathway, can be packaged into
shared vesicles. Similarly, Wang and colleagues [39]
quantified the intracellular BDNF isoforms in dif-
ferent stages of the regulated secretory pathway.
Using immunoelectron microscopy, they reported
that BDNF-immunoreactivity increases along with
the secretory granule maturation axis, from immature
to mature secretory granules. The authors were able
to show that, in opposition to large DCVs, immature
and low-density secretory granules contain primar-
ily pro-BDNF molecules, and that the high-density
secretory granules represent the stage in which pro-
BDNF is processed into mature BDNF. Subsequent
investigations by both Li et al. [40] and Salio and col-
leagues [41] confirmed that BDNF is stored in DCVs,
as well as in neuronal tissue of both the central and
peripheral nervous systems. Moreover, BDNF is co-
localized with the vesicular monoamine transporter
2 within the DCVs. Because the location of vesicu-
lar monoamine transporter 2 defines a population of
secretory vesicles that mediate the activity-dependent
somato-dendritic release of multiple retrograde sig-
nals, these findings help elucidate the mechanism
of the somato-dendritic release of BDNF by neural
cells.

Jiang and colleagues [42], examined hippocampal
neurons transfected by constructs encoding Val66-
or Met66-BDNF differing in their signal peptide
(pre-regions) - referred to as short BDNF, BDNF1
and BDNF2 variants. In basal conditions, the cells
expressing each variant released the same amount of
BDNEF, regardless of the polymorphism. When depo-
larization occurred, a decrease was detected in the
pattern of BDNF secretion for the short-BDNF Met66
compared to Val66, but not for BDNF1 or BDNF2,
which turned out to be greater than those of short
BDNF. Consistent with earlier observations, Dieni
et al. [43] highlighted that BDNF and pro-BDNF
are prominently distributed in the cell body and in
axon terminals. They demonstrated that both BDNF
and its cleaved pro-peptide are found in large DCVss
located in presynaptic terminals of excitatory neurons
at roughly equimolar ratios, while the lack of BDNF
expression in dendritic spines suggested an antero-
grade role of BDNF in neurons. Anastasia et al. [44]
compared hippocampal neurons of Met/Met, Val/Val

and Val/Met BDNF knock-in mice and reported that
the presence of the Met66 polymorphism induced a
structural change in the pro-peptide domain of pro-
BDNEF. They observed that only the Met66-, but not
Val66- pro-peptide induced acute growth cone retrac-
tion through a differential engagement to a Sortilin
receptor, implying that such a structural change in the
pro-domain region of pro-BDNF may infer increased
bioactivity.

Petoukhov and colleagues [45] demonstrated that
Progranulin, a growth factor that regulates lysosome
function with impact ranging from trophic factor
support for neurons to suppression of microglial acti-
vation, also co-localizes and is co-transported with
BDNF in hippocampal neuron synapses in both axons
and dendrites. They indicated that the two proteins
are transported within neurons in either an antero-
grade or retrograde manner, depending upon synaptic
activity recruitment. Subsequently, Eckenstaler et al.
[46] using live-cell imaging demonstrated the role of
calcium-dependent activator protein 1 in the matu-
ration and exocytosis of BDNF- containing DCVs.
Besides regulating the intragranular pH in BDNF-
containing secretory granules, calcium-dependent
activator protein was observed to be involved in the
regulation of fusion-competent secretory granules
and BDNF release in dendrites, following exocyto-
sis. Aravamudan et al. [47], comparing control versus
inflammatory conditions, reported that BDNF secre-
tion can be regulated at multiple levels in human
smooth muscle cells. Although BDNF release by
these cells is probably slower than in highly regu-
lated synaptic vesicular exocytosis such as in neurons,
it was demonstrated that local levels of extracellular
BDNF are regulated by the inflammatory response,
providing the basis for an autocrine role of BDNF in
inflammatory states.

More recently, Uegaki and colleagues [48] using
plasmid constructs expressing recombinant human
BDNF and surface plasmon resonance reflectiv-
ity measurements demonstrated that the pro-peptide
domain of pro-BDNF binds with high affinity to the
mature BDNF domain, and that this interaction is
enhanced at acidic compared to neutral pH condi-
tions. Their findings implied that such binding is more
stable in intracellular compartments as trafficking
vesicles than in the extracellular milieu. They have
also observed that the Val66Met polymorphism had
a stabilizing effect on the heterodimeric complex of
pro-BDNF, enhancing Met66 pro-BDNF stability in
both acidic and neutral pH conditions, in comparison
to the Val66 pro-BDNF.
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DISCUSSION

Knowledge on the molecular mechanisms involv-
ing BDNF expression and protein formation has
experienced considerably growth in the past few
decades. In line with the findings on BDNF
expression, the current experimental science on
the subcellular processes involving BDNF synthesis
indicates that the presence of the Val66Met polymor-
phism may also alter BDNF function at the secretory
level.

As the most abundant neurotrophin produced in
the adult brain, BDNF is essential to the maintenance
of neuroplasticity and the preservation of cognition
(i.e., memory and the executive functions). Each of
these processes requires a fine control of the timing
and quantity of BDNF production, which relies to a
certain extent on the pro-BDNF cleavage into BDNF
[49]. Experimental models have demonstrated that
the Val66Met presence directly affects the sorting and
cleavage of the pro-BDNF isoform into the secretory
pathways [35, 37, 43, 48]. This results in a more con-
centrated distribution of both pro-BDNF and BDNF
in the neuronal cell bodies, than in dendrites and
axons. The Met66 presence also appears to negatively

influence the activity-dependent release of the mature
BDNF form from DCVs in synaptic terminals upon
depolarization.

The importance of the post-translational process-
ing of pro-BDNF for the functioning of BDNF as a
trophic factor, such as sorting and enzymatic cleav-
age, has been consistently confirmed by the studies
reviewed. The release system and signaling path-
ways of BDNF are key regulators of neuronal activity
and synaptic strength, while the activity-dependent
release of BDNF (regulated secretory pathway) is
important for synaptic communication and plasticity
[50]. The constitutive release of BDNF exerts a tonic
modulation of the connection between neurons, and
neurons to non-neuronal tissue expressing TrkB [51,
52]. In neurons, the TGN is the main regulator of
these systems and localizes in the cell nucleus, den-
drites, and in some segments of the axon, allowing
for precise control of membrane composition [53].
The pro-BDNF molecules are thus packaged in the
TGN and relocated to sites of release in the axon and
dendrites to be recruited as BDNF during synaptic
activity, by calcium-mediated exocytosis [45, 54].

The pro-peptide sequence of translated pro-BDNF,
however, potentially influences the protein’s transport
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and maturation from the ER through the TGN until
the secretory vesicles, by altering the protein fold-
ing and/or transport signaling [55]. In the case of
BDNF Val66Met polymorphism, it appears that the
rate of pro-BDNF folding and transportation within
the ER-TNG system affects BDNF localization and
availability in the secretory vesicles throughout the
neuronal membrane [56]. A rigorous intrinsic con-
trol of the intracellular ratios of pro-BDNF/BDNF is
thus imperative for proper brain function. The mature
BDNF molecule is the predominant isoform located
in the DCVs at the neuronal membrane [40, 41, 43].
However, before reaching the membrane, a gradual
shift from the pro-BDNF to BDNF molecule is seen
during the maturation process of the secretory granule
[39].

Data shows that BDNF transcripts are translated
into a pro-BDNF peptide that can be sorted either into
constitutive or regulated secretory systems [32-35].
This provides a differential and independent regula-
tion of BDNF into separate membrane compartments
on the neuron’s surface [57, 58]. However, abnor-
mal trafficking and secretion of BDNF is found in
the presence of a BNDF Val66Met polymorphism,
which has been detected by several investigators [36,
37, 42]. Impaired sorting and distribution of BDNF
into the vesicles of the regulated secretory pathway on
the synaptic sites of neurons shed light on the impor-
tance of a critically stable expression/production of
BDNF (see more at de Assis et al., 2021). A stabi-
lizing effect is seen when the Met66 allele is present
in the pro-BDNF molecule, which results in a less
effective cleavage observed along the BDNF matura-
tion throughout TGN trafficking, leading to an slight
increase in pro-BDNF secretion relative to BDNF
[48]. Moreover, Anastasia et al. [44] postulated that
there is a functional change in the pro domain of the
pro-BDNF molecule containing the Val66Met poly-
morphism that affects its stability that is reflected on
BDNF production.

Once pro-BDNF is released in the extracellular
matrix and/or the circulation, protease systems sup-
port the cleavage of pro-BDNF into BDNF. For
instance, tissue plasminogen activator (tPA) rapidly
generates BDNF from pro-BDNF by converting plas-
minogen into plasmin [59-63]. It is well stablished
that any dysfunction in the BDNF gene affects the
development and maintenance of normal brain func-
tion [64]. The impact of the Met66 presence might
be sufficient to alter the fine-tuning of synaptic-
regulated neuroplasticity processes, not necessarily
affecting released BDNF concentrations. In addition,

the pro-apoptotic signaling of pro-BDNF, eventu-
ally released by the regulated secretory pathway, via
p75NTR might yet be buffered by extracellular sys-
tems of cleavage, whereas there is no available data
on whether or how the Met66 substitution affects the
constitutive release of BDNF and pro-BDNF.

During nervous system development, the release
and interaction of BDNF with TrkB receptors initiates
several pathway cascades that regulate local tran-
scription of proteins in neural precursor cells to pro-
mote cell proliferation and differentiation [65, 66].
During this process, the pro-BDNF molecule helps
define the strong neuronal connections by depress-
ing weak connections and neuronal growth processes
through p75NTR signaling interaction [67-69]. Con-
sequently, pro-BDNF is not expected to be released
in any significant amounts in the adult brain.

It was observed throughout the studies that the
BDNF Val66Met polymorphism may alter BDNF
function by each diminishing gene expression lev-
els and/or impairing pro-BDNF conversion into
BDNEF, potentially changing the gradient released
pro-BDNE/BDNEF ratios from cells [32, 34-38, 42].
While BDNF signaling is putative for the nervous sys-
tem formation and maintenance, a rigorous control
of pro-BDNF release should be critical for the for-
mation of neuronal circuits in the healthy adult brain.
Thus, the studies examined in this review suggest that
a slight alteration in the gradient of BDNF isoforms
released by cells, as a result of the Valo6Met poly-
morphism interference, might have a negative impact
on brain function and might be considered a rele-
vant factor for the development of neuro-psychiatric
disorders.
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