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CLINICAL HIGHLIGHTS
Brain-derived neurotrophic factor (BDNF) is a growth factor synthesized in, and secreted by, excitatory neurons. It is a
key regulator of synaptic plasticity involved in fundamental aspects of human brain function including memory. The lev-
els of BDNF in the brain are very low and controlled by neuronal activity. Postmortem analyses of the human brain
revealed that these levels inversely correlate with the rate of cognitive decline during aging, underlying the role of
BDNF as an endogenous neuroprotectant. In dominant forms of inherited Alzheimer’s disease, a frequent BDNF poly-
morphism is associated with Tau hyperphosphorylation and increased rates of cognitive decline. Additional human
polymorphisms identified more recently underlie the multiple roles of BDNF, including the regulation of food intake and
abnormal weight gain. BDNF has a complex mode of action mediated by two different cell surface receptors, recently
proposed to be molecular targets of antidepressants and psychoactive drugs. Although clinical trials in neurodegenera-
tive conditions have failed thus far to show benefits, better outcomes now appear likely as the reasons for previous fail-
ures are better understood. Meanwhile, physical exercise and activation of sensory pathways, both known to increase
BDNF levels, are the most realistic options to improve memory and to retard cognitive decline during aging.
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Abstract

Brain-derived neurotrophic factor (BDNF) is synthesized and secreted by excitatory neurons. Decades of work
with animal models prepared the ground for interpreting the results of human genome analyses associating
polymorphisms with memory deficits, mood disorders, and dysregulation of food intake. These association stud-
ies include a frequent human polymorphism causing an amino acid substitution in the protein-coding sequence
of BDNF. Even if its biochemical impact is still incompletely understood, this polymorphism helped understand-
ing of the role of BDNF in humans in specific aspects of memory and neurodegeneration and in central nervous
system (CNS) remyelination after lesion. BDNF is stored with its pro-peptide in the presynaptic terminals of exci-
tatory neurons. Both are released when neurons are activated by the pattern of stimuli that also efficiently
increase the transcription of the BDNF gene. While the restricted availability is a key aspect of BDNF’s physiol-
ogy, this feature greatly complicated studies of its biochemistry and cell biology. It also led to the extensive use
of overexpression paradigms that generated considerable confusion. As a result, the notion that BDNF is
released from neurons after intracellular processing of its precursor is not universally shared nor is its accumula-
tion in presynaptic nerve terminals as opposed to dendrites. Beyond the use of drugs reported to activate the
BDNF/TrkB pathway such as commonly used antidepressants, therapeutic successes have been limited thus far.
However, as BDNF signaling is now better understood, rapid progress can now be expected. Meanwhile, physi-
cal activity remains the most realistic option to maintain BDNF levels and delay cognitive decline during aging.
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1. INTRODUCTION

1.1. Discovery and Purification

The discovery of brain-derived neurotrophic factor
(BDNF) is a direct result of much earlier work on nerve
growth factor (NGF), the first growth factor ever to have
been characterized and shown to be essential for the

development of the vertebrate nervous system (for a
review, see Ref. 1). The finding by Viktor Hamburger’s
student Elmer Bueker that some tumor cells can be suc-
cessfully grown in chick embryos led to the unexpected
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observation that “in mouse sarcoma 180 experiments
the spinal ganglia which innervated this tumor were
enlarged 33% (average of three cases) above those on
the control side” (2). The same sarcoma cells grown
onto the chorioallantois membrane of chick embryos
were then used as starting material in the initial purifica-
tion attempts of NGF, with a purification factor of 50- to
100-fold achieved with precipitation-based methods.
This led to the conclusion that “the active material is a
protein or is bound to a protein” (3). About two decades
later, a biological activity supporting the survival of sen-
sory neurons dissociated from chick dorsal root ganglia
(DRGs) was detected in the conditioned medium of C6
glioma cells (4). This neuron survival-promoting activity
was additive to that of NGF and may or may not have
corresponded to what was later named BDNF (5).
Whereas later experiments confirmed that Bdnf is
among the genes expressed by cultured C6 glioma cells
(6), cultured tumor cells secrete a number of factors sup-
porting the survival of cultured embryonic sensory neu-
rons, including for example ciliary neurotrophic factor
(CNTF) (7). Tumor biology was an even more direct
source of inspiration for the identification of neurotro-
phin receptors: The NGF receptor TrkA, a tyrosine
kinase receptor transducing the best-known biological
properties of NGF, was first identified as an oncogene
generated by the fusion of the tyrosine kinase domain
with a nonmuscle tropomyosin causing ligand-inde-
pendent activation (8). The protooncogene version of
TrkA was then recognized a few years later as the
receptor transducing the most characteristic biological
activities of NGF (see sect. 4). The successful purification
of NGF and the generation of neutralizing antibodies
administered to newborn rodents then led to what is
arguably the most significant experiment ever per-
formed in the growth factor field: the demonstration that
an endogenous protein is required for the survival of
specific neuronal populations (9, 10). This extraordinary
conclusion could be reached long before the discovery
of the mechanisms regulating programmed cell death in
multicellular organisms and the realization of the gener-
ality of these mechanisms (for reviews, see Refs. 11, 12).
In the absence of this knowledge, it was difficult to con-
sider the possibility that cell suicide needed to be pre-
vented by extracellular factors for neurons to survive
during development (13). Over a few decades, NGF was
discussed instead as a growth factor primarily stimulat-
ing axonal elongation and cell division (for a detailed
account of the thought process, see Ref. 14). Further
illustrating this point, the first in vivo demonstration that
naturally occurring cell death may be a consequence of
the limited availability of NGF was brought about compa-
ratively late (15): the injection of NGF into the yolk sac of
developing chick embryo decreases cell death in dorsal

root ganglia (15). When sequence-grade BDNF purified
from pig brain became available (FIGURE 1), similar
results were obtained in related experiments performed
with developing quail embryos selected because of their
smaller sizes and compressed development compared
with chick embryos (21). This was a consideration at the
time, as these experiments were performed before the
availability of recombinant BDNF. Pig brain-derived
BDNF applied to the chorioallantois membrane reduced
naturally occurring cell death of the placode-derived
sensory neurons of the nodose ganglion, previously
shown in vitro to respond to BDNF and not to NGF (5).
Despite its extremely low abundance, both the molecu-

lar weight and approximate isoelectric point of BDNF were
determined early on, as BDNF’s biological activity could
be recovered after two-dimensional gel electrophoresis

FIGURE 1. Coomassie Blue-stained 10–20% polyacrylamide gradi-
ent gel illustrating the purification steps from adult pig brain. About
20 lg of protein was applied in lanes 1–5 and 2 lg in lane 6. Thirty
kilograms of starting material generated ⁓30 lg of purified, amino
acid sequence-ready brain-derived neurotrophic factor (BDNF), with
an overall yield of ⁓10% after a purification of well over 1 million-fold.
One of several technical issues with the BDNF protein is its
extraction from postnatal brain tissue, especially in the absence
of acidification and high salt concentration (see text for further
details and implications). MW, molecular mass markers in kilodal-
tons. Top: phosphorylase b (16), bovine serum albumin (17), oval-
bumin (18), carbonic anhydrase (19), soybean trypsin inhibitor (20),
lysozyme (14). Lane 1: pig brain extract supernatant. Acidic pH and
high salt concentration are needed to maximize BDNF extraction
from adult brain homogenates. Lane 2: carboxymethyl cellulose
eluate. Lane 3: hydroxyapatite eluate. Lane 4: high-ionic-strength
flowthrough of octyl-phenyl-Sepharose columns used in tandem.
Lane 5: low-ionic-strength eluate from material retained by the phe-
nyl-Sepharose column. Lane 6: C8 reverse-phase column eluate (for
details, see Table 1 in Ref. 21). The empirical finding that at high ionic
strength BDNF does not bind to octyl- but is retained by phenyl-
Sepharose greatly helped in the purification procedure. All proteo-
lytic fragments generated from the material depicted in lane 6 were
contained in the amino acid sequence predicted from the nucleotide
sequence (22). However, the amino acid composition of BDNF iso-
lated from pig brain indicated a better fit with the omission of the 3
carboxy-terminal amino acids (RGR). A carboxy-terminal peptidase
may have trimmed BDNF during the purification procedure (see
sect. 3 for possible implications).
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(23). However, BDNF turned out to occur as a homodimer
in physiological solution, just like NGF, as isolated BDNF
monomers spontaneously dimerize in physiological solu-
tions (24).
As has been the case with several other growth fac-

tors characterized in the 1980s, the lengthy approach of
protein purification and sequencing was the method of
choice for the cloning of a cDNA encoding a biological
activity of interest. This type of work was conducted
long before the availability of whole genome sequence
data that would have revealed the existence of NGF-
related sequences. Intriguingly, another NGF family
member, initially named NGF-2, was discovered inde-
pendently at around the same time and without protein
purification or the use of polymerase chain reaction (25).
After the detection of an activity promoting the survival
of chick sensory neurons in medium conditioned by
human Hs683 glioma cells, Kaisho and colleagues (25)
managed to isolate cDNA clones encoding an NGF-
related sequence with a human probe, low-stringency
hybridization, and a library constructed from these gli-
oma cells. NGF-2 was then renamed Neurotrophin-3
after a series of reports by others (see below). Yet
another glioma line, B49, was the source of glioma cell
line-derived neurotrophic factor (GDNF), a member of
the transforming growth factor (TGF)b family purified
and sequenced from serum-free medium conditioned
by these rat B49 cells (20). Remarkably, the purification
of GDNF was monitored by using its ability to promote
dopamine uptake by cultured cells dissociated from E16

rat mesencephalon. The corresponding cDNA was
isolated by screening a library generated using RNA
extracted from B49 cells, screened with a radiolabeled
20-nucleotide mixture corresponding to a 6-amino acid-
long sequence (20). The focus from the outset on dopa-
minergic neurons may explain why GDNF was used com-
paratively early in clinical trial related to Parkinson’s
disease (26).

1.2. The BDNF Protein and Family Members

The publication of the nucleotide sequence of BDNF
(22) not only opened the field by allowing generation
of the recombinant protein and of specific nucleotide
probes to localize the sites of BDNF expression but
also greatly facilitated the rapid identification of two
other neurotrophins in mammals, Neurotrophin-3 and
Neurotrophin-4. As neurotrophins share �50% amino
acid sequence identities in their carboxy-terminal moi-
eties, it was comparatively straightforward to uncover
the existence of other members of the family using mix-
tures of oligonucleotides in polymerase chain reactions
(27–33). The four neurotrophins are encoded as secreted
prepro-proteins with the mature sequence generated by
cleavage from the precursor (FIGURE 2). All neurotro-
phins occur as homodimers in solution and interact with
the neurotrophin receptor p75NTR with similar nanomolar
affinities. They also all bind to and activate one or more
tyrosine kinase receptors of the Trk family (see sect. 4).
With regard to its general characteristics, the amino acid

FIGURE 2. The brain-derived neurotrophic factor (BDNF) monomer. The signal peptide characterizing secreted proteins is thought to be cleaved off
upon entry into the rough endoplasmic reticulum. An 8-amino acid (AA)-longer sequence generated by alternative splicing has also been described
(see sects. 2 and 3). The position of the valine (Val) to methionine (Met) substitution caused by a much-discussed human polymorphism (see sect. 6) is
indicated, as are the positions of the 6 cysteine residues involved in the formation of the cystine knot. The pro-BDNF sequence is 2 amino acids longer
in mice, and by comparison with the human sequence there are 6 differences in the rodent amino acid sequence of pro-BDNF. The N-glycosylation
site close to the cleavage site is located at an identical position in the sequence of all pro-neurotrophins and may be required for folding and secretion
(see sect. 3).
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sequence of mature BDNF, referred to as BDNF through-
out this article, is highly conserved across species, signifi-
cantly more so than the sequence of the pro-domain (see
Ref. 34 for a recent compilation). Indeed, the amino acid
sequence of mature BDNF is identical in a very large
number of mammals.

1.3. Role of BDNF in Vivo: an Overview

Brain was used as starting material for the purification of
BDNF not only because it is readily available in very
large quantities but also because, at the time, it was
widely assumed that the survival of central nervous sys-
tem (CNS) neurons would depend on the availability of
growth factors, just as had been demonstrated with NGF
in the peripheral nervous system (PNS). This notion was
mostly based on the widespread occurrence of naturally
occurring cell death in the CNS and on its increase fol-
lowing axotomy (19, 35). This also led to the erroneous
suggestion that sensory neurons may require a CNS-
derived survival factor (36) that most likely was in fact
muscle-derived NT3 in the case of the trigeminal mesen-
cephalic nucleus (27). Although a survival-promoting
activity of NGF for CNS neurons had been demonstrated
early on (37), it was thought to be restricted to a small
population of cholinergic neurons in the basal forebrain
(37). However, the generation of Bdnf-null animals
promptly revealed that the assumption that BDNF would
be a significant survival factor for developing neurons in
the CNS was incorrect (38, 39). The early postnatal
death of Bdnf-null mutants is caused by the loss of pla-
code-derived sensory neurons in the PNS, not by the
loss of CNS neurons (see sect. 7). A number of subse-
quent region- or cell-selective deletions of the Bdnf
gene in the CNS led to the overall conclusion that BDNF
is a growth-promoting but not survival factor for devel-
oping CNS neurons. For example, the deletion of Bdnf in
the developing cerebral cortex, the main source of
BDNF for neurons in the striatum, only begins to cause
neuronal losses after �12 mo, at a time when even wild-
type animals begin to lose neurons (40). However, stria-
tal neurons do show much reduced dendritic arbors
many months before their death (40). Likewise, the near-
complete elimination of BDNF from the nervous system
with Cre-mediated excision driven by the Tau (akaMapt)
promoter does not cause major losses of neurons or a
lethal phenotype, even if the behavior of the adult
mutant animals is severely impaired (41). In the absence
of BDNF, no changes were observed in the number of
either motoneurons (42) or retinal ganglion cells (41).
These two neuronal populations were the most likely to
be BDNF dependent for survival based on the results of
cell culture as well as in vivo axotomy experiments (43–
46). Not even the small loss of tyrosine hydroxylase-

positive neurons in the pars compacta of the substantia
nigra in animals carrying a Wnt-1 Cre-mediated Bdnf
deletion can be safely taken as evidence that BDNF is
required in vivo for the survival of these neurons: BDNF
may be merely required for tyrosine hydroxylase expres-
sion by these neurons, as suggested by the authors (47).
What has been consistently observed instead in the
CNS of Bdnf conditional mutants is a reduction of the
dendritic arbor and spine density of a large range of
CNS neurons. These changes are particularly noticeable
in major populations of GABAergic neurons (18, 40, 41).
The overall conclusion of this large body of work with

genetically modified mice then is that BDNF is a growth-
promoting factor for most CNS neurons (they all express
TrkB) but not a major survival factor in the absence of
lesions such as axotomy.

2. TRANSCRIPTION AND TRANSCRIPTIONAL
REGULATION

2.1. Introduction

As the availability of BDNF in neurons is primarily regu-
lated at the level of transcription, the complex topic of
transcriptional regulation is of special relevance. The
salient aspects are that the BDNF gene is expressed at
very low levels and that expression in the nervous sys-
tem is restricted to excitatory neurons.

2.2. Regulation of Transcription by Neuronal
Activity

In humans, the BDNF gene spans �70 kb on chromo-
some 11 and is split into 11 exons with the 30-most exon
encoding prepro-BDNF (see FIGURE 3). Much of the ini-
tial work centered on the genomic organization of the
gene and its transcription in rodents, but work on the
human gene soon revealed striking similarities, includ-
ing the presence of nine functional promoters (for
review, see Ref. 48). A significant difference is the pres-
ence of much longer antisense transcripts in humans, an
aspect likely to receive increasing attention in the future
after the identification of a human polymorphism associ-
ated with obesity and anxiety altering the levels of
BDNF antisense transcripts (see below). By contrast, the
presence of antisense transcripts in rodents was initially
less clear (50–52). However, more recent work does
indicate the expression of Bdnf antisense transcripts in
the mouse, and there is now evidence for their func-
tional relevance in vivo (53).
With regard to the regulation of expression in neu-

rons, much of the work focused on transcripts I, IV, and
VI in neurons. By contrast, less is known about the
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regulation of expression in nonneuronal tissues, even
though BDNF expression in such tissues is essential
for the survival of subpopulations of peripheral sen-
sory neurons and indeed for the animal as a whole
(see sect. 7).
Early studies initiated soon after specific nucleotide

probes became available (22) indicated that glutamate
receptor agonists increase Bdnf mRNA levels in rodent
neurons, both in vitro and in vivo (54). As discussed in
subsequent sections, these initial observations were
subsequently extended, and the development of drugs
activating or potentiating excitatory neurotransmission
toward increasing BDNF levels in the nervous system is a
topic of major interest. Massive increases of BdnfmRNA
were reported early on in vivo after lesion-induced seiz-
ures, especially in the cerebral cortex and the hippocam-
pus (55). Physiological stimuli such as light were also
shown early on to regulate BDNF levels in relevant brain
areas (56) and the impact of activity on Bdnf expression
noted from the earliest stages of visual system develop-
ment (57). Early observations also indicated that neuronal
activation in the adult rat brain involves a number of differ-
ent transcripts (see FIGURE 4) and that these transcripts
differ depending on the type of stimulus and the area
investigated (63). Calcium influx in cultured neurons was
then shown to trigger phosphorylation of CREB, a tran-
scription factor modulating Bdnf transcription by virtue of
its binding to the calcium-response element CRE within
the Bdnf gene, later renamed CRE/Carf3 as it is also a
binding site for the calcium-responsive factor transcrip-
tion factor designated CaRF (58, 64–66). The observation
that CREB alone is not sufficient to drive expression of
promoter IV led to the subsequent identification of addi-
tional calcium-responsive elements designated CaREs,
the binding sites for a transcription factor, CaRF (48, 58,
59, 66, 67). Mice lacking Carf show reduced expression
of Bdnf exon IV-containing transcripts and BDNF protein
in the cerebral cortex but not in the hippocampus (68).
Intriguingly, the loss of Carf leads to enhanced N-methyl-
D-aspartate (NMDA) receptor (NMDAR)-dependent induc-
tion of both Bdnf IV transcripts and the activity-regulated
gene Arc, revealing a novel role for CaRF as an upstream

regulator of NMDAR-dependent processes in the devel-
oping brain (69).
Whether transcription is differentially regulated by

activity in neurons derived from the cerebral cortex or
the hippocampus has been examined, with the former
being more dependent on CREB than the latter (70).
This study also identified a number of transcription fac-
tors by chromatin immunoprecipitation including FOXP1,
SATB2, RAI1, BCL11A, and TCF4 as additional factors
explaining the fine-tuning of the region-specific, activity-
dependent expression of Bdnf (70). Although the differ-
ences observed between cultured hippocampal and

FIGURE 3. Organization of the BDNF gene (after Ref. 48). The BDNF gene is transcribed from several promoters. Some are regulated by neuronal
activity, including in particular I, IV, and VI (colored). The prepro-brain-derived neurotrophic factor (BDNF) coding sequence is common to all transcripts.
Exon I provides an alternative initiation site, adding 8 amino acids to prepro-BDNF (Ref. 49, see sect. 3). In publicly available databases such as UniProt,
this additional amino acid sequence encoded by exon I is included in the translated sequences ofMus spicilegus or Peromyscus californicus but not of
Mus musculus.

FIGURE 4. Main binding sites and corresponding transcription
factors regulating BDNF transcription. Although much of the work
has focused on the 3 promoters indicated (17, 58–62), other regu-
latory elements have been studied, including those regulating
transcription from promoter 2 that harbors a binding site for REST
(see sect. 2.4).
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cortical neurons were on the whole subtle, it should be
noted that they were observed within a few hours after
depolarization with 25 mM KCl in the presence of a
NMDA receptor blocker and a 1-day pretreatment of the
cultures with tetrodotoxin (70). It is thus likely that more
physiological patterns of increased neuronal activity
may result in larger differences in vivo with regard to the
role of CREB between different brain regions. A recent
study also using cultured rat hippocampal neurons and
25 mM KCl reexamined the impact of this treatment on
the levels of transcripts I, II, IV, and VI and confirmed that
it is mostly the levels of I and IV that are increased by
this manipulation (71). Given the intrinsic limitations of in
vitro studies, it is important to note that they have been
usefully complemented by in vivo experiments using
promoter-specific deletions. Much of the initial work
focused on promoter IV given its role in activity-regu-
lated expression of Bdnf, and selective mutations
preventing the binding of CREB/CARF revealed that
neurons from these animals form fewer inhibitory synap-
ses in the visual cortex (58). These results are of special
interest as they indicated a specific requirement for
activity-dependent Bdnf expression for the development
of the inhibitory circuitry in the cortex (58). Remarkably,
this comparatively subtle disruption of just one functional
element of promoter IV led to a reduction of BDNF pro-
tein levels by �50% in lysates of the entire brain (58).
This result impressively documents the role of neuronal
activity in regulating BDNF levels. Subsequent studies
revealed that disruption of promoter IV causes enhanced
fear and resistance to fear extinction (reviewed in Ref. 72)
that can be rescued by overexpressing BDNF in hippo-
campal neurons projecting to the prefrontal cortex (73).
These studies also involved a systematic approach con-
sisting in the deletion of the four main promoters driving
the expression of transcripts I, II, IV, and VI, with the over-
all outcome that disruption of specific Bdnf transcripts
leads to specific behavioral deficits. These results sug-
gest different roles for BDNF in the assembly of neural cir-
cuits underlying social behavior. In particular, the deletion
of promoter I or II promoted aggression in mutant males
associated with changes in gene associated with sero-
tonin signaling (74). The deletion of the same promoters
caused reduced sexual receptivity in female mice,
impaired maternal care, and decreased oxytocin expres-
sion during development (75). By contrast, deletion of
promoter IV or VI did not cause enhanced aggressivity
but instead impaired gene expression related to the
GABAergic system (58, 74). Interestingly, the deletion of
any of the four main promoters leads to the reduction by
�50% of BDNF levels in the hypothalamus and the pre-
frontal cortex (74). In the hippocampus, BDNF levels
remained unchanged in mice carrying deletions of either
promotor I or II but were reduced by about half after

deletion of promoter IV or VI (74). Further highlighting the
functional significance of the different Bdnf promoters in
the mouse, deletion of promoter I or II was found to cause
obesity as a result of hyperphagia, a phenotype that was
not observed after deletion of promoter IV or VI (76).
Among the numerous regulators of Bdnf transcription,
the neuronal PAS domain protein 4 (NPAS4) is of special
interest. It belongs to a family of transcriptional regulators
and is a member of a basic helix-loop-helix (bHLH) tPer-
Arnt-Sim (bHLH-PAS) protein family. It is one of the most
strongly and selectively induced immediate-early genes
by neuronal activity (77). This PAS domain is critical
for neuronal activity-dependent transcription from pro-
moter I. ARN2 and NPAS4 dimerize and bind to a Ca21-
responsive element termed bHLH-PAS t NPAS4, and the
ARNT2 and NPAS4 heterodimers formed after the first
wave of immediate-early genes have been transcribed
and translated in response to the activating stimulus (59).
This finding may explain the later rise of exon I transcripts
compared with exon IV transcripts, the latter being pre-
dominantly under the control of the CREB/CRE system
(58). NPAS4 regulates the number of inhibitory synapses
(77, 78) and is involved in vivo in DNA repair, thus contrib-
uting to prevention of DNA damage caused by neuronal
activity by virtue of its association with NuA4 (79). As indi-
cated in FIGURE 4, additional transcription factors have
been implicated in mediating the neuronal activity-
dependent induction. These include nuclear factor kappa
B (NF-κB) through binding to NF-κB response elements in
proximity of BDNF promoter I (80) and the myocyte-spe-
cific enhancer factor (MEF) via binding an upstream
enhancer element (reviewed in Ref. 67). In a rat model,
retrieval of contextual conditioned fear memories has
been shown to activate the NF-κB pathway and to regu-
late histone H3 phosphorylation and acetylation at specific
gene promoters in the hippocampus (80). An evolutionarily
conserved sequence located �3 kb downstream of the
exon I transcription start site has also been shown to func-
tion as an enhancer (81).

2.3. Regulation of Transcription Downstream of
TrkB Activation

Activation of the tyrosine kinase receptor TrkB by BDNF
(see sect. 4) also activates BDNF transcription, thus add-
ing to the complexity of the transcriptional regulation of
the BDNF gene. Yet given the limited availability of
BDNF, this self-amplifying mechanism is of great func-
tional relevance. An autocrine/paracrine mechanism
was first suggested by the observation that in vitro the
survival of isolated adult rat DRG neurons is dependent
on the biosynthesis of BDNF by these neurons (82).
Though the relevance of this mechanism to the early
development of sensory neurons was later questioned

BARDE

2078 Physiol Rev �VOL 105 � OCTOBER 2025 � www.prv.org

Downloaded from journals.physiology.org/journal/physrev at Cardiff University Libraries (131.251.000.015) on September 12, 2025.

http://www.prv.org


(83), its functional significance should not be underesti-
mated. In particular, in the adult visual cortex of the
mouse, soma size and the numbers of dendrites and of
spines of single neurons deprived of BDNF are reduced
compared with wild-type neighboring neurons (84).
These reductions are similar in magnitude to those
observed in animals deprived of BDNF in all neurons
(84). It thus appears that the activation of TrkB by BDNF-
secreting neurons is necessary for neurons to success-
fully compete with their wild-type, BDNF-producing
neighbors (84). With regard to the mechanisms involved
in this autoregulation, Yasuda and colleagues (85)
reported a marked, biphasic increase of exon IV-con-
taining transcripts. Activation of the ERK/MAPK pathway
mostly accounts for the first wave of increased BDNF
transcription and calcium/calmodulin-dependent protein
kinase IV for the second (85). The mechanisms involved
in increased BDNF transcription caused by either
increased neuronal activity or TrkB activation thus signif-
icantly overlap, albeit with different time courses. In line
with this notion, the transcription factors involved in both
processes also partially overlap, as revealed by studies
involving chromatin immunoprecipitation (70). The tim-
ing of chromatin accessibility has been compared after
either BDNF addition to cultured mouse neurons or their
depolarization (86). This led to the identification of
BDNF-specific programs, with enhancer activation uncov-
ered as an early event as well as the pioneering role of
Fos in chromatin opening (86). Importantly, this study also
includes comparisons between BDNF and depolarization
using excitatory neurons generated from human induced
pluripotent stem cells (86). The question of chromatin
accessibility, or lack thereof, is critical in the context of
transcriptional activation by external stimuli such as BDNF.
A case in point is inhibitory neurons that do not express
the BDNF gene at significant levels (see FIGURE 7). This
is also the case after TrkB activation, yet TrkB is
expressed by essentially all inhibitory neurons and at lev-
els comparable to those expressed by excitatory neurons
(see FIGURE 7). Using the transposon-based tagging and
sequencing approach known as ATAC-seq (87), Carullo
and colleagues (88) compared cultures consisting of
either excitatory or inhibitory neurons to explore chroma-
tin accessibility in neurons either depolarized with KCl or
treated with tetrodotoxin. It is conceivable that the Bdnf
locus is less accessible in striatal cultures consisting
largely of inhibitory neurons. This is significant, as in the
nervous system Bdnf expression is essentially limited to
populations of excitatory, as opposed to inhibitory, neu-
rons as revealed early on by in situ hybridization experi-
ments (89) and Bdnf-lacZ reporter studies (40), see also
FIGURE 8. This segregation of BDNF expression between
excitatory and inhibitory neurons is one of the central
aspects of BDNF’s physiology in the CNS.

2.4. Regulation of BDNF Transcription in Humans
and in Animal Models of CNS Dysfunction

As many as 17 different transcripts can be generated from
the BDNF human gene (52), a complexity further
increased by the use of alternative 30 polyadenylation
site. This arrangement gives rise to transcripts of substan-
tially different length, with 30 untranslated sequences of
0.35 and 2.85 kb, respectively. This is also the case in
rodents, and the proportion of the short and long BDNF
transcripts varies substantially between tissues, even
between different brain regions. However, the functional
significance of these 30 untranslated regions (UTRs) is
unclear and somewhat controversial with regard to the
impact on the half-life, localization, and translation of the
corresponding mRNAs in dendrites (90, 91). The sugges-
tion that BdnfmRNAsmay be translated in dendrites rests
in part on the use of overexpressed BDNF-green fluores-
cent protein (GFP) constructs (see sect. 3 for a critical dis-
cussion of the use of such constructs). By contrast,
probes allowing direct in situ hybridization without amplifi-
cation through enzymatic reaction challenge this notion,
as do the results of deep sequencing (92). As can be
expected given the overall picture of the regulation of
BDNF’s availability, BDNF transcripts are short-lived com-
pared with most other transcripts expressed in neurons
(92). Recent work involving affinity purification of actively
translating ribosome and reporter constructs indicates
that the prevalent 50 UTRs exert a repressive role on
translation (93). The same study also indicates that neuro-
nal activity does not affect translation (93), suggesting
that BDNF’s availability is primarily regulated by mecha-
nisms controlling transcription, as opposed to translation.
The relevance of the mechanisms regulating BDNF
transcription to human conditions is becoming increas-
ingly evident (for review see Ref. 94) and an important
aspect of current BDNF research (for a recent example,
see Ref. 16). With regard to BDNF transcriptional
repressors, methyl-CpG-binding protein 2 (MeCP2) has
been much discussed in the past, given that this major
repressor is expressed at high levels in the brain, com-
parable with histones (95, 96). There is a great deal of
interest for this repressor as MECP2 mutations are the
cause of most cases of Rett syndrome, an X-linked neu-
rodevelopmental disorder causing severe neurological
dysfunction in females (97). However, the role of
MeCP2 in the regulation of BDNF transcription is com-
plex. Brain-specific elimination of Mecp2 suggested
early on that some of the key functional deficits result-
ing from MECP2 mutations are a consequence of neu-
ronal dysfunction (98, 99). Remarkably, restoring
Mecp2 expression in mouse mutants as late as 3–4 wk
after birth, when mutant mice already begin to deterio-
rate because of the absence of Mecp2, is sufficient to
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erase many of the deleterious consequences resulting
from the lack of MeCP2 (100). This key result suggests
a lack of widespread neurodegeneration caused by
the lack of Mecp2, a finding that has significant thera-
peutic implications. Although Mecp2 was shown to
bind to Bdnf promoter IV and initially proposed to
repress transcription (101, 102), the interpretation of a
possible link between these two genes is complicated
by the observation that the lack of Mecp2 also alters
neuronal excitability due to a shift in the balance
between excitation and inhibition (103). Interestingly,
depolarization of cultured neurons triggers a calcium-
dependent phosphorylation of MeCP2 and its release
from DNA, thereby facilitating transcription (101). A fur-
ther contributing factor is the depolarization-induced
decrease in CpG methylation within the regulatory
region of the Bdnf gene (102). In vivo, the levels of
BDNF are clearly decreased in the brain of mouse
mutants lacking Mecp2, and increasing BDNF expres-
sion by genetic engineering significantly improves the
behavior of mice lacking Mecp2 (104). These observa-
tions prompted a number of studies aiming at counter-
acting the impact of theMecp2mutation by attempting
to restore MECP2 expression (for recent review, see
Ref. 105) or by increasing BDNF levels or TrkB signaling
with drugs (106, 107). In particular, a drug widely used
to treat multiple sclerosis and known to diffuse into the
brain designated fingolimod, a sphingosine-1 phos-
phate receptor modulator, was shown to increase
BDNF levels and to markedly mitigate the impact of the
Mecp2 mutation when injected intraperitoneally into
mice (107).
One of the best-known factors repressing transcrip-

tion in the nervous system is the repressor element
1-silencing transcription factor REST, also known as neu-
ron-restrictive silencer factor NRSF. This is a negative
regulator of transcription binding to a cis-acting negative
regulator element designated RE1. REST binds CoREST
(108) and Sin3A, and this protein complex recruits the
histone deacetylases repressing transcription (109). RE-1
is located downstream of promoter II, and Bdnf promoter
II assay with cortical neurons indicated constitutive
repression by REST (110). In a later study, increased neu-
ronal activity caused by the addition of 4-aminopyridine
(4-AP) to newborn mouse cortical neurons resulted in a
transient increase of Bdnf transcription that was more
sustained after inhibition of REST with shRNA (111). The
same study showed that the increase in the number of
perisomatic inhibitory synapses caused by 4-AP was
blocked by the BDNF scavenging reagent Fc-TrkB, sug-
gesting increased release of perisomatic BDNF (111). A
possible role for REST and its associated effectors has
also been examined in the context of Huntington’s dis-
ease (112). Wild-type Huntingtin has been proposed to

activate BDNF transcription by inhibiting REST-media-
ting silencing at promoter II through cytoplasmic seques-
tering, thus preventing the binding of the REST complex
(62). This important finding led to the virtual screening of
large collections of molecules potentially interacting
with the REST complex with the goal of disrupting the
interaction of REST with mutant forms of huntingtin (112).

2.5. BDNF Antisense Transcripts

In humans and nonhuman primates, as many as 12 differ-
ent antisense (AS) transcripts have been identified and
shown to form RNA duplexes in the human brain by
hybridizing with the sense transcripts. These results sug-
gest an important regulatory function for these BDNF-
AS, and AS-mediated regulation could become an
important aspect of the physiopathology of BDNF. A
human AS polymorphism designated rs10767664 has
been recently identified on the basis of its strong associ-
ation with obesity (see sect. 9). The initial notion that
BDNF antisense transcripts may be primate specific has
been subsequently disputed, and the deletion of rodent
antisense RNAs using a siRNA strategy shown to cause
increased levels of both sense RNA and protein (113).
Using this knowledge, the same group went on to show
that the levels of BDNF are somewhat increased in the
hippocampus of mice carrying a 6-kb deletion upstream
of the Bdnf antisense promoter and that object discrimi-
nation is improved after bouts of involuntary exercise
(53). Although these studies are recent, they indicate
that genomic polymorphisms found in noncoding region
of the BDNF gene may become an important aspect of
BDNF research and may help guide the diagnosis of
complex behavioral traits and brain disorders.

2.6. Epigenetic Modifications

Given the multiple links between BDNF and memory-
related processes (see sect. 6), there is increasing inter-
est in the covalent modifications of histones within
BDNF promoter sequences as a way to record and store
persistent changes leading to long-lasting altered gene
expression (for a recent review, see Ref. 114). Using one
of the best-established behavioral paradigms related to
memory persistence in mice, Bredy and colleagues (115)
found that the extinction of conditioned fear is accompa-
nied by increased histone H4 acetylation in Bdnf pro-
moters I and IV in neurons of the prefrontal cortex in
young males. In addition, the histone acetylase inhibitor
valproic acid was found to potentiate the effects of
extinction training (115). A later study using rats and a
contextual fear paradigm described a regulation of Bdnf
transcripts I, IV, VI, and IX associated with DNA methyla-
tion (116). This study also showed that infusion of a DNA
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methyltransferase inhibitor altered DNA methylation and
the composition of Bdnf transcripts in the rat hippocam-
pus. NMDA receptor blockade prevented DNA methyla-
tion of Bdnf promoters in the hippocampus while also
eliciting deficits in memory formation (116). In a mouse
model of neurodegeneration caused by the forebrain
expression of the truncated version of the kinase p25,
HDAC2-mediated changes were examined and the
enzyme found to be enriched at Bdnf promoter 4 with
concomitant increased acetylation of lysine 12 of histone
4, decreased polymerase II binding, and decreased Bdnf
IV, but not I and II, transcripts (117). Decreasing the levels
of HDAC2 with shRNA restored expression of several
plasticity-associated genes including Bdnf IV transcripts
and reduced memory impairment (117). Later related stud-
ies revealed that inhibition of class II histone deacetylases
(HDACs) caused a rapid increase in BdnfmRNA levels in
cultured rat neurons whereas inhibition of class I HDACs
delayed the increase of Bdnf mRNA levels (118). The
same study revealed that HDAC4 and HDAC5 repressed
Bdnf promoter IV activity (118). Long-lasting epigenetic
changes have been noted as a result of prenatal stress in
rats, with decreased exon IV- and VI-containing tran-
scripts in the amygdala and hippocampus as long as 3 wk
after birth (119). Inhibition of histone deacetylase increases
BDNF expression and promotes neuronal rewiring and
functional recovery after brain injury (120). Interestingly,
exercise has been proposed to increase BDNF expres-
sion in mice through the action of b-hydroxybutyrate act-
ing as an inhibitor of histone deacetylase, particularly
HDAC2 and 3, and to increase Bdnf transcription from
promoter I (121). Interest in this all-important field of
research is likely to further increase given recent results
involving single-cell analyses in circuits known to be
involved in specific tasks and ready to be recruited in
memory tasks (122). Single neurons in the mouse lateral
amygdala exhibit different degrees of intrinsic chromatin
plasticity that could be correlated with increased neuronal
excitability. In line with this, epigenetic alterations of neu-
rons prevent memory formation (122). Whether these
results may contribute to explain the large differences in
BDNF translation from neuron to neuron (see FIGURE 9)
remains to be investigated. In a rat model, the antidepres-
sant effects of ketamine have been explained by the abil-
ity of the drug to inhibit histone deacetylases and restore
Bdnf expression at promoter IV (123).

3. BIOSYNTHESIS AND DISTRIBUTION

3.1. Introduction

Given the very low abundance of BDNF, studies of its
localization and biosynthesis are technically challenging.

As a result, there is no consensus as to the isoforms of
BDNF released from neurons or with regard to the distri-
bution of BDNF within neurons. As discussed in this sec-
tion, the problems arose in large part from the extensive
use of overexpression paradigms, of insufficiently vali-
dated constructs encoding BDNF fusion proteins, and of
antibodies lacking specificity.

3.2. Biosynthesis

3.2.1. Translation and folding.

The prepro-BDNF protein is encoded in exon IX
included in all BDNF transcripts (see sect. 2). Translation
follows the classical pathway of glycosylated precursor
proteins including transit through the Golgi apparatus
(FIGURE 5). Transcripts also containing exon I have
been detected in most brain areas (51, 52). This is func-
tionally significant, as the inclusion of exon I provides an
alternative, in-frame translation initiation codon encod-
ing a prepro-protein with 8 additional amino acids. Exon
I promoter is also regulated by neuronal activity, and the
transcripts are translated more efficiently than those not
including exon I (49). The transcripts are expressed at
significant levels in the human brain, including the hypo-
thalamus (48).
Like many secreted neuropeptides, BDNF is synthe-

sized as a prepro-protein, with the cleavage of the signal
sequence presumably occurring during translation and
translocation into the endoplasmic reticulum (ER), where
an elaborate folding process takes place resulting in the
formation of a cystine knot (124). As first demonstrated
with NGF (125), the first cystine knot growth factor to
have been structurally characterized (126), the BDNF
pro-domain is required for the proper folding of mature
BDNF. This process involves the formation of covalent
bonds between the cysteine residues 1–4, 2–5, and 3–
6, the arrangement at the core of the cystine knot motif.
The chaperone function of the BDNF pro-domain can be
fulfilled by other neurotrophin pro-domains, for example
the pro-domain of NT3 (127). Whether or not the Val/Met
polymorphism (see sect. 6) impacts the rate or other
aspects of BDNF folding is unknown. The recombinant
forms of BDNF used in most published experiments are
produced in bacteria using constructs without the pro-
domain. BDNF folding is achieved with denaturation and
renaturation conditions and with methionine instead of
histidine as the amino terminal of the mature protein
(128), hence the designation Met-BDNF in some studies
(129).
Just one set of experiments has been performed

directly addressing the question of the biosynthesis of
endogenous BDNF in neurons (130). Western blot analy-
sis of immunoprecipitates of neurons pulse-labeled with
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radioactive amino acids revealed that the radioactivity
initially incorporated in pro-BDNF is then found in
mature BDNF after a chase period with unlabeled amino
acids, thus indicating that pro-BDNF is a transient bio-
synthetic intermediate (130). These experiments also
revealed a lack of significant secretion of pro-BDNF
upon analysis of the culture medium (130). After cleav-
age, BDNF and its pro-peptide likely remain associated
(131), and a quantitative electron microscopy study
revealed that the subcellular distribution of both compo-
nents is identical in the mouse hippocampus (132). It
would thus appear likely that both components are
cosecreted. However, the notion of a complete intracel-
lular processing of pro-BDNF within neurons is not uni-
versally shared, in large part because of the extensive
use of overexpression paradigms (see below).
As first described for NGF (133), BDNF exists in solution

as a stable dimer (24). Unlike the case with other members
of the cystine knot family, the neurotrophin protomers are
not bound by disulfide bridges, as all cysteine residues
are involved in the formation of the cystine knot of the pro-
tomer forming a flat surface by virtue of the arrangements
of their three antiparallel b-strands (126). BDNFmonomers
can be isolated under denaturing conditions, and they
spontaneously reform homodimers at neutral pH, with

BDNF interacting with its receptors as a homodimer (24).
Neurotrophins can form heterodimers after either denatu-
ration/renaturation of mixtures of homodimers (134, 135) or
coexpression of the corresponding cDNAs in transfected
cells (127). BDNF/NT3 heterodimers are biologically active
and can activate both TrkB and TrkC (127), but the potency
of such heterodimers is reduced when assessed in neuron
survival assays compared with the respective monomers
(127). There is no evidence that such heterodimers exist in
vivo. The structures of BDNF/NT3 and BDNF/NT4 hetero-
dimers have been reported (136, 137).

3.2.2. The cleavage of pro-BDNF.

The glycosylated glutamine close to the pro-BDNF
cleavage site (see FIGURE 2) carries sulfated LacdiNAc
residues (138), a posttranslational modification first rec-
ognized with NGF (139). Sulfation has been shown to be
required for the secretion of pro-BDNF in overexpres-
sion paradigms (138) and N-glycosylation likely required
to facilitate neurotrophin folding and prevent protein
aggregation (140). In ex vivo experiments with recombi-
nant proteins, the furin-mediated cleavage of pro-BDNF
has been shown to be independent of pro-BDNF
N-glycosylation (138). Furin is a member of a family of

FIGURE 5. Biosynthesis of brain-derived neurotrophic factor (BDNF) in neurons. The BDNFmRNA is translated on the rough endoplasmic reticulum
(ER). After packaging in large dense-core vesicles and anterograde transport, BDNF is released together with its cleaved pro-peptide following calcium
entry triggered by high-frequency stimuli. Figure created with a licensed version of BioRender.com.
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pro-protein convertases (PCs) comprising nine members
of serine proteases related to bacterial subtilases and
yeast kexin, hence the abbreviation PCSKs. They cleave
at single or paired basic amino acid residues (for a
recent review, see Ref. 141). PC7 could be shown in vivo
to be involved in the cleavage of pro-BDNF because
Pcsk7-null mutants are viable, unlike the case with other
null mutants of the PC family, with the exception of PC9
(141). Like furin, PC7 is mainly localized in the trans-Golgi
network and is thus likely to come into contact with pro-
BDNF during its biosynthesis (142). The tissue distribution
of PC7 in the brain matches that of BDNF in some of the
most thoroughly investigated brain areas such as the cer-
ebral cortex and the hippocampus. The viability of Pcsk7-
null mutants also allowed the demonstration that the lev-
els of BDNF are reduced in the adult hippocampus and
amygdala, and in line with these findings these mutant
animals were found to exhibit learning deficits (142). Yet
the very fact that Pcsk7-null mutant animals survive until
adulthood indicates that other proteases can also cleave
pro-BDNF. A number of different candidates have been
proposed, but their in vivo relevance is questionable
given that a protease with a trypsinlike specificity is suffi-
cient to ensure cleavage. For example, tissue plasmino-
gen activator (TPA) has been implicated because of its
pattern of expression in the brain and its ability to activate
plasmin, but it is unclear whether plasmin is physiologi-
cally involved in the processing of endogenous pro-
BDNF [see sect. 5 for a proposed link between plasmin
and long-term potentiation (LTP)].
With regard to the processing of pro-BDNF, an impor-

tant question has remained unaddressed thus far: the
adjustment of the pro-BDNF processing capacity with
the levels of pro-BDNF to be processed. Work with cul-
tured neurons (130) as well as in vivo with Bassoon
mutants (FIGURE 6) revealed that such adjustments do
take place, both in vitro and in vivo. Bassoon is a major
presynaptic protein, and for reasons that are not entirely
clear, its loss causes increased neuronal activity, to the
extent that the mutant animals eventually die of epilepsy
(for a recent review that also discusses Bassoon muta-
tions in humans, see Ref. 143). As the brain of these ani-
mals is significantly enlarged, brain levels of BDNF were
determined and found to be much higher than in age-
matched control animals (144). Increased neurogenesis
was also noted in the dentate gyrus of these animals
(144). Subsequent Western blot experiments (FIGURE 6)
revealed that the ratio pro-BDNF/BDNF is the same in
wild-type and Bassoon mutants, indicating that the
capacity to process pro-BDNF is also increased in
mutant animals (132). How the levels and/or the activity
of the protease(s) involved in the cleavage of pro-BDNF
in neurons are adjusted as a function of neuronal activity
remains unclear. Adaptative mechanisms have been

recently reviewed in the case of pro-insulin and its proc-
essing (145), but they have yet to be investigated in the
case of BDNF’s biosynthesis in neurons.
The much higher levels of BDNF in the hippocampus

of the Bsnmutant compared to wild-type animals greatly
facilitated the visualization of BDNF and of its pro-pep-
tide (FIGURE 7). Both were found to colocalize as
revealed by a quantitative immunoelectron microscopy
using gold-labeled antibodies to BDNF and to its pro-
peptide (132). This study also revealed a presynaptic
localization of both components in CA3. Neither postsy-
naptic structures nor astrocytes were labeled above
background. Gold particle counts well above back-
ground could also be visualized in the Golgi apparatus
and in axons (132). The unresolved question of the
adjustment of the processing capacity of neurons as a
function of neuronal activity is also critical in view of the
countless overexpression experiments using cDNAs
encoding prepro-BDNF. These experiments invariably
led to the secretion of pro-BDNF from transfected cells
including neurons, and this has fueled the widespread
notion that neurons secrete pro-BDNF (see below).

3.2.3. Challenges and controversies related to the
reported secretion of pro-BDNF by neurons.

Whether or not neurons release pro-BDNF under physi-
ological conditions is an important question given that

FIGURE 6. Western blot experiments performed after immunopre-
cipitation of hippocampal (HIP) lysates. Lysates prepared from con-
trol (CON) or Bassoon (Bsn) mutant animals were incubated with
anti-brain-derived neurotrophic factor (BDNF; left) or anti-pro-BDNF
(right) antibodies. After transfer, the membranes were probed with
anti-BDNF antibodies (left) or pro-BDNF antibodies (right). Molecular
masses are indicated in kilodaltons. The Bassoonmutation causes a
massive increase in neuronal activity resulting in increased BDNF
levels. Yet the ratio pro-BDNF to BDNF remains as in wild-type ani-
mals, indicating that the capacity to process pro-BDNF also
increases when neuronal activity increases. This is not the case
when neurons are acutely transfected with cDNA constructs encod-
ing pro-BDNF. Reproduced from Ref. 132 with permission.
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BDNF has prosurvival effects through the activation of
TrkB whereas pro-BDNF can cause cell death through
p75NTR (see sect. 4). As has been the case in other fields
(146), the extensive use of insufficiently validated anti-
bodies has been quite problematic, leading to initial
claims that pro-BDNF is the dominant, or even the only
detectable, form of BDNF in brain lysates (90, 147).
These reports were later challenged when more specific
BDNF antibodies suitable for Western blotting became
available, including in particular a thoroughly validated
monoclonal antibody designated 3C11 developed by
Icosagen (Õssu, Estonia) recognizing a defined BDNF
epitope (48, 148, 149). The addition of small tags such as
Myc or HA (for hemagglutinin) added to the carboxy ter-
minal of BDNF in gene substitution experiments also
helped but limited the work to the corresponding engi-
neered animals (130, 150). Currently, the controversy
about the release of pro-BDNF from neurons is mostly
fueled by the extensive use of overexpression para-
digms, under the implicit assumption that the processing
and sorting capacity of neurons transfected with cDNA
constructs, or with constructs activating specific Bdnf
promoters (71), would not be limiting. When analyzed
with suitable BDNF antibodies, overexpression para-
digms invariably do lead to the secretion of pro-BDNF.
By contrast, the only published pulse-chase experiment
monitoring the biosynthesis of endogenous BDNF in cul-
tured neurons indicates a simple precursor-product rela-
tionship and an intracellular conversion of pro-BDNF

into BDNF (130). Increasing activity of the neurons by
blocking ongoing inhibitory activity increases BDNF’s
biosynthesis and its release as mature BDNF, suggest-
ing that, as discussed above in the case of the Bassoon
mutant, increased neuronal activity scales up the pro-
BDNF processing capacity of neurons (130). However,
experiments also performed with cultured hippocampal
neurons isolated from animals carrying an HA-tagged
version of BDNF led to a different conclusion, namely
that neurons do release pro-BDNF (150). Unfortunately,
the reasons for these discrepant results remain unclear,
but differences in the culture protocols used in these
studies may be part of the explanation. In particular, the
use of mitotic inhibitors and of 56 mM KCl to depolarize
the neurons may have compromised neuronal survival
and/or impaired neuronal maturation because of the
lack of astrocytes and other supporting cells (150).
Adding to the initial confusion was the notion that the
cleaved BDNF pro-peptide is not detectable in brain
lysates (150). However, later experiments revealed that
the pro-peptide, likely costored with BDNF in presynap-
tic vesicles (see above), is lost from the blotting mem-
branes unless the transferred proteins are cross-linked
to the membrane (132). The notion of presynaptic stor-
age of BDNF together with its cleaved pro-peptide was
subsequently supported by the results of Western blot
experiments performed with extracts of the striatum
(151): The accumulation of BDNF in the striatum is widely
recognized to result from the anterograde transport of

FIGURE 7. Hippocampal sections of control (CON; A–D) and Basson (Bsn) mutant (E–H) animals stained with antibodies to either brain-derived neuro-
trophic factor (BDNF) (red, a-BDNF) or the BDNF pro-peptide (green, a-pro-BDNF). Note the colocalization of BDNF and its pro-peptide and the much
higher staining intensity in sections prepared from young adult Bsnmutant animals. This colocalization was also observed in isolated, strongly labeled
principal neurons in the dentate gyrus (132). The marked increase in the staining intensity of both components is a result of the increased neuronal
activity in the Bsn mutant, to the extent that it leads to seizure episodes. Scale bar in H, 100 lM. DG, dentate gyrus; GCL, granule cell layer; H, hilus;
PCL, pyramidal cell layer; SL, stratum lucidum. Reproduced from Ref. 132 with permission.
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BDNF from the cerebral cortex (see for example Refs.
40, 152), and Western blot experiments with lysates of
the striatum failed to detect significant levels of pro-
BDNF (151). It appears then that the presynaptic pool of
BDNF ready to be released consists of BDNF costored
with its cleaved pro-peptide as illustrated in FIGURE 5.
Release of the BDNF pro-peptide triggered by depola-
rizing neurons with 25 mM KCl has also been docu-
mented, with the levels of the pro-peptide remaining
unchanged in the presence of protease inhibitors (153).
In sum then, excitatory neurons are likely to secrete
BDNF together with its pro-peptide, a notion that is
becoming increasingly important given the finding that
the secreted pro-peptide, including its Met version, may
have an activity on its own (153, 154).

3.2.4. Human polymorphisms related to the pro-
BDNF cleavage site.

Beyond the Val/Met polymorphism (see sect. 6), poly-
morphisms have been reported causing amino acid sub-
stitutions in the cleavage site of human pro-BDNF.
Specifically, rs1048220 and rs104822 cause the replace-
ment of arginine residues by methionine and leucine,
respectively (see TABLE 1). Although both polymor-
phisms are often described as rare, they are nonethe-
less sufficiently frequent to have been included in
studies attempting to correlate them with human condi-
tions such as Alzheimer’s disease (AD) and major mood
disorders (see for example Refs. 158, 159). Given the out-
come of related experiments in the mouse involving the
BDNF cleavage site (see TABLE 1), it is surprising that
the carriers of these polymorphisms are not more symp-
tomatic. For example, the study by Yang and colleagues
(157) indicates that mice heterozygous for a mutation in
the cleavage site (FIGURE 4) show a strong phenotype

likely caused by the secretion of pro-BDNF. This
includes an abnormal weight gain postnatally that is
more pronounced than in mice lacking one Bdnf allele
(Ref. 157; see sect. 9). By contrast, the substitution of two
arginine residues by methionine and leucine (FIGURE 4)
causes a comparatively mild phenotype, to the extent
that even adult animals homozygous for the mutation
can be studied in detail. Although these mutant animals
do show a reduction in nest building (155, 156) this is a
comparatively mild outcome compared with what was
observed in the 2014 study by Yang et al. (157). Early in
vitro work on the pro-BDNF cleavage may offer some
clue as to how to explain this surprising discrepancy.
With the use of recombinant proteins expressed in a
vaccinia virus-based system, it has been fortuitously
observed that the substitution of the distal arginine resi-
due by lysine at the cleavage site (FIGURE 4) did not
prevent the cleavage of pro-BDNF but caused instead a
cleavage further upstream. This leads to the generation
of a glycosylated form of BDNF carrying a 19 amino-ter-
minal extension (24). Unexpectedly, this material turned
out to be fully biologically active in an in vitro neuron sur-
vival assay (24). This result potentially explains why
rs1048220 and rs104822 carriers do not exhibit severe
phenotypes: Sufficient amounts of biologically active
BDNF may be available in the human carriers of these
polymorphisms, possibly explaining why the carriers
are not more symptomatic. This speculation could be
experimentally tested by analyzing the isoforms of BDNF
present in the blood of the corresponding human carriers
(see sect. 9 for the origin of BDNF in human blood). In line
with this interpretation, a close examination of the pub-
lished Western blots performed with brain extracts of the
mouse model generated to test the functional impact of
the polymorphisms rs1048220 and rs104822 suggests
the presence of a longer, possibly glycosylated form of

Table 1. Overview and outcome of experiments involving the cleavage site of pro-BDNF

Context Experiment Cleavage Site Outcome

Wild-type cleavage site Cleavage of pro-BDNF at rest and
under conditions of increased neu-
ronal activity (130)

RVRR//HSDPARRGEL Full cleavage of pro-BDNF under both
conditions

Replicating human polymorphisms
rs1048220 and rs104822

In vitro experiments and mouse
model (155, 156)

MVLR//HSDPARRGEL No dramatic phenotype, either in
mice or in humans

Deliberate mutation preventing
pro-BDNF cleavage

In vitro experiments and mouse
model (157)

RVAAHSDPARRGEL No pro-BDNF cleavage, strong phe-
notype in mice

Single deliberate mutation In vitro experiments with recombinant
proteins (24)

RVRKHSDPARRGEL Glycosylated, biologically active
BDNF with NH2-terminal extension
//LEEYKNYLDAANMSIMRVRKHSD-
PARRGEL. . .

Mutated residues are indicated by boldface characters. The small dots following the GEL sequence refer to the wild-type sequence of brain-derived neu-
rotrophic factor (BDNF) thought to remain unaffected by the mutations introduced at the cleavage site.
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BDNF, understandably interpreted as a nonspecific signal
at the time (see Fig. 1B in Ref. 155).

3.3. BDNF Distribution in the Nervous System

The expression of BDNF in the nervous system is
restricted to excitatory as opposed to inhibitory neurons.
Excitatory neurons are thus well placed to play impor-
tant roles in the activity-dependent development of
inhibitory circuits (160, 161), given that essentially all
GABAergic neurons express the BDNF receptor TrkB.
This is the case not only in rodents but also in humans
(see FIGURE 8).
A close examination of the brain of Bdnf-null mutant

mice revealed decreased staining intensity of inhibitory
neuron markers in the striatum, hippocampus, and cere-
bral cortex of mice lacking Bdnf (39). Beyond the role of
BDNF in CNS myelination reported much later (for a
review, see Ref. 162), this turned out to be the most prom-
inent CNS anomaly detected in the brain of mice lacking
BDNF. This key initial observation was supported by the
results of parallel cell culture experiments indicating that

BDNF increases the content of GABA as well as its
uptake by striatal neurons (163, 164) and increased calbin-
din staining in cells dissociated from the rat cerebral cor-
tex (165). Earlier in vitro observations with cholinergic
neurons dissociated from the rat septum, a population
previously shown to be NGF responsive (see sect. 1.3),
had indicated a survival activity of BDNF (166). Activation
of GABA receptors in cultured striatal neurons was further
shown to increase neuropeptide Y (NPY) staining in a
BDNF-dependent fashion (167) and BDNF to regulate the
density of inhibitory synapses in organotypic slice cul-
tures of postnatal hippocampus (168). As discussed in
sect. 2, the in vivo physiological relevance of activity-
dependent expression of BDNF for the development of
inhibitory circuitry in the visual cortex has also been sug-
gested in experiments involving mice carrying mutations
in the Cre/Carf3 binding sites, one of the activity-depend-
ent sites (58). Meanwhile, a wealth of information has
become available on the sites of BDNF’s biosynthesis
thanks to major single-cell RNA sequencing efforts (see,
e.g., FIGURE 8 and http://mousebrain.org/adolescent/
genesearch.html). This all-important detailed cartography

FIGURE 8. Relative levels of BDNF, NTRK2 (aka TrkB), and GAD1 expression in the adult human brain. These heat maps are based on RNAseq data
and summarize key features of the brain-derived neurotrophic factor (BDNF)/TrkB signaling system Note in A the extremely low levels of BDNF expres-
sion only in some populations of excitatory, as opposed to inhibitory, neurons. By contrast (see B) the levels of TrkB (aka NTRK2) are much higher than
those of BDNF, with all neurons analyzed expressing the gene. The levels of expression of GAD1 (aka Glutamate decarboxylase 1), one of the major
enzymes involved in the biosynthesis of the inhibitory neurotransmitter GABA, are indicated. Curiously, the reasons why inhibitory neurons transcribe
the BDNF gene at barely detectable levels are still unclear but possibly due to different chromatin accessibility compared with excitatory neurons. This
is all the more surprising given that inhibitory and excitatory neurons express TrkB at comparable levels and TrkB activation by BDNF in excitatory neu-
rons causes an increase in BDNF transcription (see text). Image credit: Allen Institute (https://celltypes.brain-map.org/rnaseq/human_m1_10x?
selectedVisualization¼Heatmap&colorByFeature¼Cell1Type&colorByFeatureValue¼GAD1).
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has also been greatly helped by the generation of
mouse lines conditionally expressing GFP under the
control of the Bdnf locus with strategies involving the
introduction of short self-cleaving sequences preceding
Cre (169). With a similar strategy involving self-cleaving
sequences, the translation of BDNF could be monitored
with mice engineered to express GFP under the control
of the Bdnf promoters (FIGURE 9), with GFP proceeded
by a short self-cleaving sequence to prevent the prob-
lems described in sect. 3.2.3 (148). This study also quan-
tified the impact of tags of different lengths added to the
carboxy terminal of BDNF with regard to the ability of
these modified versions of BDNF to activate TrkB (148).
Briefly, an extension up to 20 amino acids had no meas-
urable impact on TrkB activation, but 30 and beyond did
measurably decrease it (148).
The main general outcome of these studies is a confir-

mation of what in situ hybridization and reporter studies
had long suggested, namely that the Bdnf gene is pri-
marily expressed by excitatory neurons (18, 89). These
include not only CNS neurons but also peripheral sen-
sory ganglia, with some expressing Bdnf at levels con-
siderably higher than those in the CNS, including the
subdivisions of the hippocampus (http://mousebrain.org/
adolescent/genesearch.html). The comparatively high
levels of BDNF in sensory ganglia including their projec-
tions in the spinal cord greatly facilitated the subcellular
localization of BDNF in neurons (170, 171). These studies
indicated early on that after its biosynthesis in neuronal
cell bodies, BDNF is transported anterogradely in large

dense-core vesicles (172) and is stored in the presynap-
tic terminals of many excitatory neurons.

3.4. Distribution of BDNF within Neurons and
Controversies Resulting from the Use of
BDNF-GFP Constructs

Given the very low levels of BDNF, addressing the issue
of its intracellular distribution within neurons is techni-
cally challenging. Yet this issue is critical to understand
the role and function of BDNF in brain circuits. Although
the localization of BDNF in presynaptic large dense-core
vesicles is not controversial, its localization in postsynap-
tic structures, including dendrites and spines, is. Beyond
the problems caused by the use of antibodies lacking
specificity, those resulting from the extensive use of
overexpression paradigms have not received sufficient
attention. First, overexpression paradigms are excep-
tionally challenging to validate in view of the minuscule
amounts of endogenous BDNF. When attempted at all,
validation has been for the most part unconvincing
and/or performed with cultured neurons with unclear
degree of maturation. Second, experiments of this type
involve the use of BDNF constructs tagged at the car-
boxy terminal with covalently bound GFP, under the sur-
prising assumption that such comparatively large tags
would not interfere with the folding, processing, and
intracellular distribution of the protein. Unfortunately,
these widely used constructs have not been sufficiently
validated (see Ref. 173 and related comments in
PubPeer) and their suitability is questionable. The out-
come of experiments using Bdnf constructs directly
coupled to GFP to replace the endogenous Bdnf gene
in mice illustrates the limitations of the approach: Only
half of the expected number of transgenic animals were
found to be viable (174), and in the surviving animals the
GFP signal was found in locations distinct from those
where endogenous BDNF typically accumulates, such
as the presynaptic mossy fiber terminals in CA3 (see
FIGURE 7), where BDNF is comparatively easy to detect
in wild-type animals (132, 175, 176). The mislocalization of
the GFP signal in BDNF-GFP animals may have been
caused by the carboxy-terminal cleavage of GFP in the
surviving mice (see FIGURE 1). Beyond questions
related to the localization of BDNF, these considerations
are also important with regard to the site of release of
BDNF. In particular, the widespread suggestion that
BDNF may be released not just from presynaptic termi-
nals but also from dendrites is primarily supported by
the results of experiments performed with BDNF-GFP
constructs (173, 174, 177, 178). By contrast, quantitative
immunoelectron microscopic experiments using gold-
coated, validated antibodies to BDNF and to its pro-pep-
tide indicate that both colocalize to presynaptic large

FIGURE 9. Mapping brain-derived neurotrophic factor (BDNF)
translation in the mouse brain with a self-cleaving green fluorescent
protein (GFP) tag. Transverse section of a young adult mouse brain
expressing GFP under the control of the Bdnf promoters. To avoid
the problems resulting from BDNF tagging (see below), a self-cleav-
ing sequence was added between BDNF and GFP tagged with a
nuclear localization signal (148). Note the relatively high levels of
BDNF expression by isolated single neurons, for example in CA3
and in layers 3 and 5 of the motor cortex (MC), presumably reflect-
ing higher levels of activity of these neurons. CA, cornus ammonis;
DG, dentate gyrus, RSC, retrosplenial cortex; SSC, somatosensory
cortex.
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dense-core vesicles. In CA3, no labeling above back-
ground was detected in postsynaptic structures or in
astrocytes. Similar quantitative analyses performed on
the hippocampus of the Bassoon mutants that express
much higher levels of BDNF (see FIGURE 7) indicate a
similar distribution. In sum then, it seems that mature
BDNF is costored with its pro-peptide in presynaptic ter-
minals of excitatory neurons in the brain but not in post-
synaptic structure (132). This interpretation is also in line
with studies related to the localization of mRNAs actively
translating BDNF in microdissected areas of the hippo-
campus (179). The outcome of these experiments indi-
cates that Bdnf mRNAs are among those most strictly
localized to the neuronal soma as opposed to dendrites.
Meanwhile, a small number of anti-BDNF monoclonal
antibodies have been validated for their use in immuno-
histochemistry experiments (149). BDNF can also be reli-
ably localized on tissue sections in mice engineered to
express Bdnf carrying small tags such as hemagglutinin
(150) or c-myc (132). Neurons actively translating BDNF
can also be mapped on tissue sections in mice express-
ing a self-cleaving sequence linking the carboxy termi-
nal of BDNF with GFP (Ref. 148; FIGURE 9). Using a
similar strategy consisting of short, self-cleaving sequen-
ces preceding Cre, a reliable mapping of cells express-
ing the Bdnf gene has also been achieved by crossing
these mice with reporter lines conditionally expressing
GFP (169, 180). This approach turned out to be particu-
larly useful when delineating BDNF circuitry and/or
allowing the selective expression of light-activatable ion
channels (181). It also revealed that beyond numerous
excitatory neurons, rare astrocytes in some brain areas
as well as some oligodendrocytes do express the Bdnf
gene (182). The same strategy has also been used to
map cells expressing TrkB. This led to the observation
that oligodendrocyte precursors express full-length
TrkB, thus explaining how BDNF can impact myelination
(182), confirming previous reports that oligodendrocyte
precursors express TrkB (183).
Beyond the fundamental problem resulting from the

very low abundance of BDNF, its detection in fixed tis-
sue is further complicated by the comparatively large
number of surface-exposed basic residues likely to be
altered by conventional fixation techniques. An early
study using rapid freezing and acetone, as opposed to
aldehyde-based fixation methods, reported the localiza-
tion of BDNF in most rat DRG neurons cultured in the
presence of NGF (184), a finding later confirmed by
numerous studies (see sect. 7). With regard to the
anterograde transport of BDNF, Zhou and Rush (185)
convincingly reported early on the accumulation of
BDNF proximal to axonal ligatures of sensory axons, an
important finding confirming early suggestions based on
the use of radiolabeled neurotrophins that they may act

as “anterograde transport messenger” (186). The notion
that in the CNS BDNF is transported anterogradely from
the neuronal cell bodies to the presynaptic endings of
excitatory neurons is now well established, but it was
less popular initially given the attractiveness of the
notion that trophic interactions in the nervous system
primarily involve retrograde mechanisms. This notion
was, and still is, strongly supported by much of the early
work on NGF in the PNS (see Ref. 187 for an early critical
discussion) and confirmed much later with work on
BDNF in the PNS (sect. 7).

3.5. BDNF in Nonneuronal Cells

There are few exceptions to the notion that the levels of
BDNF are so low in nonneuronal cells that they are
exceedingly difficult to detect. This also applies to widely
cited studies involving microglial cells and the potential
role of microglia-derived BDNF in learning-dependent
synapse formation (188) and neuropathic pain (189). With a
genetic approach involving Cre-dependent excision of
Bdnf in microglial cells, the effects of microglia depletion
on synapse formation could be recapitulated and cultured
microglial cells shown to contain and secrete BDNF (188).
In the spinal cord, microglial cells have also been sug-
gested to be a functionally relevant source of BDNF (189).
Microglial cells exposed to ATP released detectable levels
of BDNF measured by ELISA, and allodynia was signifi-
cantly reduced when ATP-stimulated microglial cells were
delivered locally to the spinal cord and were incubated
with BDNF scavengers or transfected with BDNF siRNA
(189). As gene expression in microglial cells is highly
dependent on signals such as ATP and various cytokines
released by other cells, the unequivocal histological dem-
onstration that microglial cells in situ do release BDNF
would be desirable. This has been attempted in the hypo-
thalamus in the context of the regulation of food intake
(190). Three different BDNF polyclonal antibodies are
mentioned in this study, but their specificities and valida-
tion remain unclear. Beyond microglial cells, early studies
with various blood cells including B and T cells as well as
monocytes indicated that they secrete biologically active
BDNF and that this secretion can be augmented by expo-
sure of autoreactive T cells to myelin-derived antigen (191).
Yet a convincing immunohistochemical demonstration of
the presence of BDNF in nonneuronal cells in situ is still
lacking. In particular, recent studies failed to confirm the
presence of BDNF in microglial cells (182, 192).
One prominent cell type of the hematopoietic lineage

expressing readily detectable levels of BDNF is human
and rat, but not mouse, megakaryocytes (193). Toward
the end of their maturation process, once these cells
have endoreplicated their DNA and developed proc-
esses designated pro-platelets, megakaryocytes do
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express the BDNF gene at high levels, allowing BDNF to
be readily detected in so-called alpha granules, where
BDNF colocalizes with abundant proteins such as plate-
let factor 4 (193). In hair follicles, the use of Bdnf-driven
reporter constructs allowed the localization of the sites
of Bdnf expression to the caudal, but not the rostral, side
of hair follicles, in close proximity to the terminations of
Ad low-threshold, TrkB-expressing mechanoreceptors
(194). Accordingly, BDNF-TrkB signaling has been pro-
posed to dictate the polarization of Ad-low-threshold
mechanosensory neuron (LTMR) lanceolate endings
underlying direction-selective responsiveness of Ad-
LTMRs to hair deflection (194), a result that further
underlies the significance of the restricted availability
of BDNF. In situ hybridization data also indicate the
presence of comparatively high levels of Bdnf mRNA
in several epithelia including those lining the intestinal
tract and especially the duodenum and the colon
(195). Other epithelia include the lung, exocrine pan-
creas, and those lining the kidney tubules (195). The
same study also includes BDNF measurements by
ELISA in various nonneuronal tissues, but the reported
levels in the brain, �5 pg per mg protein, illustrate the
difficulties of extracting BDNF from adult brain tissue
at close to neutral pH (195). Maximizing extraction of
BDNF, especially from the adult brain, requires low pH
and high salt concentrations (23), and although still
very low, the levels of extractable BDNF from the post-
natal brain are in the low nanogram per milligram pro-
tein range.
In general, the distribution of BDNF in cells and tis-

sues does not differ much between humans and
rodents, at either the protein or mRNA level. However,
a striking exception is blood. As discussed in sect. 10,
human and rat platelets contain comparatively high
levels of BDNF: on a total protein basis, these levels
are considerably higher in human platelets compared
with the brain.

4. BDNF RECEPTORS

4.1. Introduction

All neurotrophins bind to two structurally unrelated
receptors with nanomolar affinities when determined in
systems based on receptor expression in transfected
nonneuronal cells. The association of these two very dif-
ferent receptors either with each other or with other
membrane proteins endogenously expressed by neu-
rons and other cells increases their binding affinities by
up to 100-fold, i.e., a much higher affinity range likely
required to transduce the effects of the trace amounts of
neurotrophins present in tissues and body fluids.

4.2. The p75 Neurotrophin Receptor

After the early discovery of NGF, it took a comparatively
long time to identify a cell surface receptor expressed
by NGF-responsive cells transducing its best-known bio-
logical effects, i.e., the elongation of neuronal processes
and the prevention of cell death. The first NGF receptor
candidate was concomitantly identified by two groups
using the same strategy involving expression cloning
and cell sorting with monoclonal antibodies selected on
the basis of promising staining features (196, 197). The
binding characteristics of what turned out to be the first
member of the tumor necrosis factor receptor (TNFR)
family, now also named CD271 or TNFRF16 (FIGURE 10),
corresponded to the low-affinity NGF binding sites char-
acterized in suspension of NGF-responsive chick sensory
neurons (213). Later binding studies with radiolabeled
BDNF purified from pig brain revealed binding character-
istics strikingly similar to those of NGF on the same neu-
rons, i.e., a few hundred high-affinity sites per cell body
and several thousand low-affinity sites, with dissociation
constants of roughly 10�11 and 10�9 M, respectively (214).
As the subsequent elucidation of the primary structure of
BDNF revealed a spacing of cysteine residues similar to
NGF (22), it was then of interest to explore whether the
“NGF receptor” as it was then named may also bind
BDNF. This turned out to be the case (214), a finding later
extended to NT3 (215). Although this receptor has long
been renamed neurotrophin receptor p75 (p75NTR), the
corresponding gene still carries the historical designation
NGFR (for review, see Ref. 201). Even if the dissociation
constants of p75NTR for NGF, BDNF, and NT3 are similar,
i.e., �1 nM, the rates of association to, and dissociation
from, the receptor markedly differ for each neurotrophin
(214, 215). This feature is indicative of different degrees of
ligand-induced changes in the conformation of p75NTR

and is least pronounced for NGF (216). The biological
impact of these kinetic distinctions is still unknown.
The role played by p75NTR in the physiopathology of

BDNF turned out to be particularly challenging to delin-
eate, in large part because it is a noncatalytic transmem-
brane receptor, as is also the case with truncated TrkB
(see below). As a result, it is comparatively difficult to
determine whether p75NTR has been engaged after the
binding of BDNF or of other ligands. In addition, any func-
tional or biochemical outcome critically depends on which
cell type expresses the receptor. The interactions of
p75NTR with transmembrane and cytoplasmic proteins can
engage several different pathways, some leading to out-
comes as diverse as the promotion of cell death or of cell
survival (202, 203, 205, 206). A further difficulty in assess-
ing the role of p75NTR is that the phenotype of animals
lacking p75NTR is comparatively mild; the null mutants are
viable and fertile. Detailed analyses revealed modest
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deficits in the distal sensory innervation of peripheral tis-
sues (217), contrasting with the Bdnf- orNtrk2-null mutants
(see below): both die before sexual maturity. Experiments
performed with peripheral ganglia isolated from Ngfr-null
animals indicated that higher concentrations of NGF are
needed to keep sensory neurons alive compared with
those of wild-type animals (218). This observation under-
lines the functional significance of early findings indicating
that the association between p75NTR and TrkA increases
NGF’s binding affinity (219). Although it could have been
expected that the association of p75NTR with TrkB may

lower the concentrations of BDNF needed to support the
survival of sensory neurons expressing both receptors,
this turned out not to be the case: No changes were noted
in the BDNF concentrations required to support the sur-
vival of neurons isolated from sensory ganglia of Ngfr-null
mutants, unlike the case with NGF as indicated (218). This
is somewhat surprising, as overexpression paradigms indi-
cate that p75NTR associates with the three Trk receptors,
an association that also significantly increases the selec-
tivity of TrkB toward BDNF (220). In the absence of
p75NTR, TrkB can also be readily activated by NT3 and
NT4 (220). More generally, predictions from biochemical
experiments performed with p75NTR in reconstituted sys-
tems often failed to be confirmed in vivo in cells naturally
expressing the receptor. However, p75NTR is clearly
involved in both death-promoting and death-inhibiting
activities. Among many other important signaling func-
tions, it modulates the activity of Rho GTPases, which (for
example) impacts the elongation of neuronal processes
(see below and FIGURE 11). NGF, most likely in the form of
pro-NGF (222), can actually cause cell death through
p75NTR (223, 224). Related experiments later performed
with p75NTR-expressing sympathetic ganglia revealed that
BDNF can also cause the death of cultured sympathetic
neurons by p75NTR-dependent mechanisms (225). In line
with this, the number of sympathetic neurons is higher in
early postnatal Bdnf- as well as Ngfr-null mutants (225),
and there are various potential sources of BDNF during
the formation of the sympathetic chain (226). The death of
cultured sympathetic neurons promoted by pro-BDNF
was later shown to also depend on the expression of sorti-
lin, in addition to p75NTR (208), and sortilin can bind pro-
BDNF as well as pro-NGF (227). Although the source of
pro-BDNF in vivo remains uncertain (see sect. 3), it is pos-
sible that the nonneuronal cells expressing the Bdnf gene
detected in the vicinity of the nascent sympathetic chain
contribute to the adjustment of neuronal numbers during
development by releasing pro-BDNF (226). This appears
likely given that sympathetic neurons also express TrkB
and that (mature) BDNF would be expected to counteract
the effects of p75NTR/sortilin signaling. p75NTR-mediated
effects of BDNF have also been noted in the development
of the myelin sheath of the sciatic nerve (228) and to mod-
estly contribute to the survival of sensory neurons. This
mechanism involves the regulation of cholesterol metabo-
lism in Schwann cells and the association of p75NTR with
ErbB2 (229). In myelinating Schwann cells, p75NTR recruits
and activates ErbB2 in response to BDNF, independently
of ErbB3, thereby stimulating sterol regulatory element
binding protein 2 (SREBP2) (229). BDNF and p75NTR also
play a role in postnatal neurogenesis, and p75NTR-
expressing cells have been identified within the stem cell
niche of the rat subventricular zone and shown to gener-
ate neurons, in both newborn and adult animals, and this

FIGURE 10. The neurotrophin receptor p75 monomer and 2 of its
most discussed interactors, including the death domain itself. Four
cysteine-rich repeats (green) form the neurotrophin binding site, and
as is the case for the Trk receptors, p75NTR is heavily glycosylated. It
is thought to exist at the cell surface as a covalently linked dimer, a
linkage involving a conserved cysteine residue in the transmem-
brane domain (198). Chopper designates a 60-amino acid-long
unstructured sequence generated by proteolysis of the receptor
and causing cell death (199). p75NTR is surprisingly promiscuous,
and beside the 4 neurotrophins it also binds the beta-amyloid pep-
tide Ab and viral capsid proteins including a glycoprotein of the
rabies virus (200). The receptor also interacts with a number of other
membrane proteins including the 3 Trk tyrosine kinase receptors,
receptors for myelin-derived components such as the Nogo and
lingo receptors, and members of the sortilin family (for review, see
Refs. 201–206). Neurotrophin binding causes structural changes
including a weakening of the interaction between the death
domains of the p75NTR dimer, displacement of the Rho GDP-dissoci-
ation inhibitor RhoGDI, and interaction with RIP2 leading to NF-κB
activation (207). The interaction with sortilin and related family mem-
bers is also noticeable as it leads to the formation of a receptor com-
plex transducing the death-promoting effects of pro-brain-derived
neurotrophic factor (BDNF) (208). Furthermore, the BDNF Met pro-
peptide has been reported to transduces its activity through the sor-
tilin-related molecule Sorcs2 in a complex with p75NTR (154). Nuclear
magnetic resonance-based experiments revealed that the 145-
amino acid-long sequence referred to as death domain (DD) con-
sists of 2 perpendicular sets of 3 alpha helices packed into a globu-
lar structure (209). DD dimerization regulates the access to
cytoplasmic interactors such as the receptor-interacting-serine/thre-
onine-protein kinase 2 (RIP2) involved in NF-κB activation. NF-κB
regulates gene expression and promotes cell survival (210, 211). The
binding site of RhoGDI on DD partially overlaps with RIP2 epitopes,
and the binding affinity RhoGDI and RIP2 for DD differs by>100-fold
(212). Neurotrophin binding causes a conformational change leading
to the release of RhoGDI, thereby deactivating RhoA and allowing
axon elongation (207).
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process is enhanced by the addition of BDNF or of NGF
(230). Accordingly, precursor cells isolated from Ngfr-null
mutants show a 70% reduction in their neurogenic poten-
tial in vitro and fail to respond to BDNF treatment (230).
These observations are reminiscent of previous findings
indicating that BDNF added to explant cultures of adult rat
forebrain ependymal/subependymal zone allows the long
terms of survival of newly generated neurons (231), an
important observation that was later confirmed in vivo
(232).
With regard to neurotransmission, p75NTR has been

shown to modulate long-term depression (LTD) in
the hippocampus and to regulate the expression of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor subunits (233). In addition, exogene-
ous recombinant pro-BDNF facilitates LTD (234), but
whether or not this reflects a physiological process is
unclear. As discussed in sect. 3, the conditions lead-
ing to the release of pro-BDNF are unclear and subse-
quent work revealed that the induction of LTD is not
affected in Bdnf�/� null mutants (130).
A neurotrophin/p75NTR pathway that has been investi-

gated in considerable detail involves RhoGDI and RhoA,
a well-known regulator of cytoskeleton dynamics (235).
By virtue of its binding to the cytoplasmic domain of
p75NTR, RhoA was thought to be inactivated and to
favor the formation/stabilization of actin filament (236).
However, this association was later shown to be indirect
and mediated by the binding of RhoGDI to p75NTR (237).
In p75NTR-expressing chick ciliary neurons that do not
express Trk receptors and were reported early on to
respond to NGF in vitro by a rapid outgrowth response
(238), the binding of all neurotrophins enhances neurite
elongation without promoting the survival of these
neurons by virtue of RhoA inactivation following

neurotrophin binding (236). Meanwhile, structural stud-
ies have detailed not only how RhoGDI interacts with
the death domain of p75NTR (212) but also how this inter-
action competes with other effectors involved in NF-κB
activation such as TRADD and RIP (207). In particular,
RIP2 recruitment and RhoGDI release are linked, indicat-
ing that competition for DD binding underlies cross talk
between NF-κB (239) and RhoA pathways in p75NTR sig-
naling (207, 240).
It is conceivable that the physiological role of p75NTR

in neurotrophin signaling has been underestimated thus
far, especially in the adult nervous system as the expres-
sion of the receptor dramatically decreases during post-
natal development. However, as more sensitive and
specific methods are becoming more widely used,
including fluorescence in situ hybridization and duo-link-
related techniques, new roles may become apparent.
For example, p75NTR expression has been convincingly
documented in parvalbumin neurons in the postnatal
mouse cerebral cortex (221). Its elimination increases peri-
somatic innervation (see FIGURE 11), in line with the
notion that p75NTR may constitutively limit axonal branch-
ing through RhoA activation as discussed above (221).
Although the addition of (cleavage resistant) pro-BDNF
decreases perisomatic innervation in a p75NTR-depend-
ent manner, the same study also notes that endogenous
pro-BDNF could not be detected by three commercially
available antisera when staining specificity was assessed
by Western blot (221). Still, it is conceivable that the pre-
synaptic release of BDNF together with its associated
pro-peptide may activate p75NTR, thus mimicking the
pharmacological observation that exogenous pro-BDNF
decreases the perisomatic innervation of parvalbumin
neurons in the postnatal cortex. As p75NTR has recently
been suggested to be involved in the activity of some

FIGURE 11. p75
NTR

and neuronal morphology. p75
NTR

expression is widespread early in development and readily detectable in many cells and tis-
sues (A). It decreases postnatally in the central nervous system (CNS), correlating with increasing dendritic length and branching. Activation of p75

NTR

by neurotrophins typically increases branching, but so does its deletion (B) because of the inhibition of RhoA activation following the release of Rho-
GDI from the death domain of p75

NTR
(see text). Using slices of the visual cortex, Baho and colleagues (221) examined p75

NTR
expression in inhibitory,

parvalbumin-positive neurons and observed that its downregulation in the postnatal CNS correlates with increased branching and innervation of target
neurons. This study also showed that the addition of recombinant pro-brain-derived neurotrophic factor (BDNF) caused the death of p75

NTR
-expressing

neurons (C).
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widely used antidepressants, the topic of postnatal
expression of p75NTR may gain further significance in the
future, also because of its role in Ab-mediated cell death
(see sect. 11.3).
On the whole, it remains exceedingly difficult to fully

understand and predict the role p75NTR may play in vivo.
This is unlike with the Trk receptors, where in general the
phenotype of animals lacking a Trk receptor and the
related neurotrophin show noticeable similarities. With
regard to the role of p75NTR in humans, the few genome-
wide association studies (GWASs) that have been con-
ducted have not been particularly productive thus far.
Among 11 common NGFR single-nucleotide polymor-
phisms (SNPs) available at the time in the International
HapMap Project, 5 were selected (rs2072445, rs2072446,
rs734194, rs741072, and rs741073) and failed to reveal a
significant association with AD (241). However, an associa-
tion was later found between sporadic AD and polymor-
phism rs2072446 (see sect. 11.3).

4.3. The Tyrosine Kinase Receptor TrkB

TrkB was discovered by using a human protooncogene
trk probe to screen a mouse brain cDNA library under
low-stringency hybridization conditions (242). TrkB
was then found to bind BDNF as well as NT4 with
nanomolar affinities (for review, see Ref. 243). TrkB is
encoded by the Ntrk2 locus, and the corresponding
null mutants show striking similarities with Bdnf-null
mutants with regard to the loss of specific subpopula-
tions of sensory neurons including those comprising
the nodose and vestibular ganglia (244). Though not
much work has been performed with Ntrk2 hemizy-
gotes (see example in sect. 6.2), their phenotype is
typically significantly milder than Bdnf hemizygotes, in
line with the general notion of the much higher
expression levels of TrkB compared with BDNF. The
reported loss of spinal cord and facial motoneurons
indicated in the initial report (244), not seen with Bdnf-
null or even in Bdnf/Ntf4 double mutants (42), could
not be confirmed in subsequent experiments (245).
The NTRK2 gene encodes three main splice variants,

with the longest including a tyrosine kinase domain
showing a high degree of sequence identity (>80%)
with TrkA and TrkC (243) and two variants with much
shorter cytoplasmic domains designated TrkB.T1 and
TrkB-Shc, the latter still containing a Y532 Shc binding
site found in full-length TrkB. The ligand-mediated dime-
rization of TrkB causes a large number of transcriptional
changes through well-delineated pathways (48, 246,
247), and some of the key intermediates are indicated in
FIGURE 12. Detailed comparisons using cultured human
neurons indicate that activations of TrkB by BDNF, NT4,
and the TrkB activating antibody ZEB84 cause very

similar transcriptional changes (250). Many of the tran-
scriptional changes caused by TrkB activation involve
genes known to activate BDNF transcription, explaining
the positive feedback following TrkB activation in excita-
tory neurons (61). The mechanisms underlying this loop
have been examined in detail with rat cortical neurons,
and CREB family transcription factors were found to be
required for the induction of all Bdnf transcripts (17).
Reporter assays further showed that these mechanisms
are conserved between rat and human (17).
The catalytic form of TrkB is primarily expressed by

neurons, and, as is the case with BDNF, its expression
markedly increases after birth in a number of species
including humans (252). TrkB is transcribed from the
NTRK2 locus that spans �400 kb in humans and is
split into 24 exons potentially generating hundreds of
mRNA isoforms. Estimates vary between 10 (253) and
36 (254) with regard to the number of different pro-
teins likely to be encoded by these transcripts (for
review, see Ref. 255). The main isoforms are full-
length TrkB and TrkB.T1 depicted in FIGURE 12, with
exon 16 spliced in instead of exon 17, the first exon of
full-length TrkB. Exon 16 encodes an 11-amino acid pep-
tide with identical sequences in human, rodents, and
chicken (255). The generation of a mouse specifically
lacking this truncated form of TrkB led to important func-
tional insights as these mice are viable, unlike those lack-
ing catalytic TrkB. Hippocampus-related functions seem
to be unchanged, but an anxiety phenotype associated
with morphological changes in the amygdala has been
noted (256). In the brain, TrkB.T1 is mostly expressed by
glial cells and especially by astrocytes (182), and the func-
tional significance of this expression has been high-
lighted in the context of the regulation of energy and
glucose homeostasis (Ref. 257; see sect. 9). TrkB.T1
expression is also widespread outside the nervous sys-
tem including cardiomyocytes and pancreatic b cells (for
review, see Ref. 255). In cardiomyocytes, BDNF binding
to TrkB.T1 regulates the strength of contraction, an effect
that is independent of the heart innervation. The selective
removal of TrkB.T1 impairs calcium signaling and causes
cardiomyopathy (258). The source of BDNF is the cardio-
myocytes themselves, indicating an autocrine or para-
crine function of BDNF, and the possibility that sensory
endings may release BDNF remains to be investigated.
Given recent evidence that there are also measurable
levels of BDNF in mouse blood (see sect. 10), it is conceiv-
able that TrkB.T1 may also be activated by BDNF originat-
ing from other sources including skeletal muscle as has
been shown for the activation of TrkB.T1 expressed by
pancreatic b-cells leading to the release of insulin (259).
Beyond these few examples, the function of BDNF/TrkB
signaling outside the nervous system has not received
much attention. However, this may become a more
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prominent topic in the future given current interests in
neuropeptides controlling insulin secretion, the regulation
of food intake (260), and, more generally, the role of the
nervous system in tissue repair and its interaction with
the immune system (261).
As can be expected given their sequence related-

ness, Trk receptors share many features. In particular,
binding of the four neurotrophin dimers causes dimeri-
zation of TrkA, B, and C, thus facilitating transphosphory-
lation following activation of the kinase domains after
ligand binding (for review, see Ref. 262). With immunoe-
lectron microscopy and specific TrkB antibodies raised
against its cytoplasmic domain coupled to horseradish
peroxidase or decorated with gold particles, TrkB could
be localized in the adult rat hippocampus to the sites of
synaptic contacts of both excitatory and inhibitory neu-
rons (263). Strikingly dense labeling in axon initial
segments was also noted (263), and a number of obser-
vations indicate that the bulk of TrkB may not be
exposed to the cell surface and requires activation of
other receptors for the transport to occur (for review,
see Ref. 264). A recent publication also indicates that
calnexin, a lectin with a chaperone function, targets
TrkB either to the cell surface or to autophagosomes for

degradation (265). This does not seem to be the case to
the same extent for TrkA and TrkC. Also, TrkB-mediated
signaling is rapidly downregulated, compared with TrkA
(210, 266), and TrkB and TrkA are differentially regulated
by ubiquitination (267). This downregulation involves the
cytoplasmic domain of TrkB and is not observed with
TrkB.T1 (266). Downregulation was reported early on in
cultured rat hippocampal neurons and found to be
accompanied by a reduction of Ntrk2 mRNA (268).
These observations were complemented by similar in
vivo observations (268). As discussed in sect. 10, the lev-
els of TrkB, but not TrkB.T1 levels, have been reported
to be decreased after exposure to Ab (269).
Despite the functional and structural similarities

between the Trk receptors, there are also differences
beyond the mechanisms involved in their downregula-
tion mentioned above. Perhaps the most surprising dif-
ference is that TrkB does not cause the death of
neurons in the absence of ligands, whereas both TrkA
and TrkC do (270). This difference has been observed in
neurons derived from embryonic stem cells allowing
expression of each of the three receptors under the
exact same conditions from a neuron-specific promoter
(270). The death induced by TrkA and TrkC expression

FIGURE 12. The tyrosine kinase receptor TrkB and its main splice variant T1. The full-length human TrkB receptor (left) is 822 amino acids long
(https://www.uniprot.org/uniprotkb/Q16620/entry#sequences), and the positions of the tyrosine residues refer to the sequence of the human NTRK2
gene. This gene is expressed by most central nervous system (CNS) neurons, both inhibitory and excitatory. Its splice variant T1 (right) lacking the
kinase domain is mostly expressed by nonneuronal cells throughout the CNS, particularly on astrocytes, as well as on a number of cells outside the
CNS (see text). Interestingly, TrkB.T1 also associates with RhoGDI like p75

NTR
, an association impacting the morphology of cultured astrocytes in a

brain-derived neurotrophic factor (BDNF)-dependent fashion (248). The extracellular domain of TrkB receptors consists of 2 cysteine-rich domains (pur-
ple) flanking 3 leucin-rich motifs (orange) and 2 immunoglobulin-like domains (blue), with the domain closer to the membrane thought to account for
the binding of BDNF and NT4. High-resolution structural data are still lacking. As is the case with p75

NTR
, the TrkB extracellular domain is heavily glyco-

sylated and its apparent molecular mass on SDS gel is ⁓145 kDa compared with ⁓90 kDa predicted from the amino acid sequence. TrkB exposed at
the surface of neuronal processes is part of a large group of proteins that are core glycosylated, i.e., carrying a pattern of immature sugar residues typi-
cally found in the Golgi apparatus (249). Activation of the kinase domain of Trk receptors is caused by ligand-induced dimerization. The figure also indi-
cates critical tyrosine residues involved in the kinase activity, with some becoming docking sites for intracellular interactors after their phosphorylation.
A cascade of protein interactions initiated by phosphorylation of some of the tyrosine residues ultimately leads to increased gene transcription (for
review, see Refs. 48, 246, 247). As dimerization is the key feature triggering TrkB activation, antibody-mediated activation of TrkB is an attractive option
also because of its selectivity, given that BDNF also activates the p75

NTR
pathway. A number of such reagents have been developed, with some repli-

cating in human neurons the complex pattern of transcriptional changes caused by both BDNF and NT4 (250). Activation of TrkC also expressed by
human neurons leads to similar changes when activated by NT3 (251).
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could be prevented by the addition of their respective
ligands, just as has been observed with a number of pre-
viously identified dependence receptors (271). The use
of the tetraploid complementation system allowed the
generation of mouse embryos expressing each of the
three Trk receptors from the same neuron-specific locus.
Examination of these embryos revealed that at midgesta-
tion the entire nervous system of embryos expressing
either TrkA or TrkC had disappeared, whereas the nerv-
ous system of TrkB-expressing embryos remained indis-
tinguishable from controls (270). The mechanisms
involving TrkA- and TrkC-induced neuronal death involve
the proteolysis of p75NTR and can be prevented with a
selective gamma secretase inhibitor (270). This TrkA- and
TrkC-mediated death has also been observed in vivo,
and neuronal death is reduced in the DRG of animals
lacking both TrkC and NT3, compared with those lacking
just NT3 (272).

5. SYNAPTIC TRANSMISSION

5.1. Introduction

BDNF accumulates in the presynaptic vesicles of excita-
tory neurons, and its neurotransmitter-like properties
have attracted a great deal of attention. BDNF is
regarded as a major effector of synaptic plasticity in the
CNS, and, like many low-molecular-weight neurotrans-
mitters, it also acts on presynaptic receptors, explaining
its autocrine/paracrine trophic effects that have been
reported both in vitro and in vivo.

5.2. Electrophysiology of Synaptic Transmission

The first report of a fast action of BDNF on synaptic
transmission was at the developing neuromuscular junc-
tion (273). These initial observations were made in vitro
with neural tubes and myocytes dissociated from
Xenopus laevis embryos. They generated a great deal
of interest as they indicated that neurotrophins may be
involved in rapid, physiologically relevant phenomena,
beyond traditional trophic activities such as the promo-
tion of neuronal survival and of axon elongation. These
observations were later extended to the mammalian
CNS, and perfusion of slices of young adult rat hippo-
campus with BDNF or NT3 was found to enhance synap-
tic transmission within minutes at the Schaffer collateral-
CA1 synapses (274). These effects were later found to
critically depend on parameters such as the speed of
perfusion of the slices (275), a complication possibly
related to the rapid desensitization of TrkB and/or its dis-
appearance from the cell surface following BDNF expo-
sure (210). This may explain why others initially found

the effects of BDNF on excitatory transmission in the
hippocampus difficult to reproduce (276). With the use
of slices of the hippocampus and double-barreled pip-
ettes filled with either BDNF or glutamate, BDNF was
later reported to cause depolarization of the neurons
within the same milliseconds time frame as glutamate
(277). Heterologous systems were then used to demon-
strate that these very rapid effects could be recapitu-
lated by the coexpression in HEK293 cells of TrkB and
the sodium channel NaV1.9 (278). Perhaps even more
surprising at the time, binding of BDNF to truncated
TrkB expressed by astrocytes was shown to trigger
within a few seconds the release of calcium from intra-
cellular stores (279). Unfortunately, the significance of
these observations, i.e., the neurotrophin-induced depo-
larization of TrkB-expressing cells within milliseconds, is
still difficult to evaluate. As pointed out by some of the
initial contributors, these observations all originated
from one group of investigators (see corresponding
comment in Ref. 280) and there have been no convinc-
ing explanations yet as to why they could not be repli-
cated and extended by others. Still, rapid or very rapid
actions of BDNF remain a possibility of great potential
significance, given the well-documented presence of
full-length TrkB not only on postsynaptic sites but also
on presynaptic nerve terminals in the CNS (281). More
recently, the activation of truncated TrkB by BDNF has
also been reported to cause within seconds rapid cal-
cium transients both in cardiomyocytes (258) and in pan-
creatic b-cells (259). In this latter case, BDNF derived
from the skeletal musculature was also shown to trigger
insulin release, pointing to a novel and potentially signifi-
cant role of BDNF in glucose homeostasis (259).
With regard to the role of BDNF in the physiology of

synaptic transmission, a large number of experiments
have been performed, initially mostly with neurons dis-
sociated from the hippocampus. Although there is little
doubt that the addition of BDNF or its elimination with
scavenging agents impacts neurotransmission, it does
so in so many different ways that it is difficult to distill a
consistent picture (see for example Ref. 282). Part of the
complexity stems from the fact that BDNF impacts both
excitatory as well as inhibitory neurotransmission (282)
and that the degree of maturation of the culture also
plays a role. Perhaps the most widely recognized role of
BDNF is its requirement for the long-term potentiation
(LTP) of synaptic transmission, first recorded in postnatal
hippocampal slices at CA1 synapses following high-fre-
quency stimulation of hippocampal Schaffer collateral
(283). Crucially in the context of the central notion of
BDNF’s limited availability, this requirement was also
noted in slices prepared from mice lacking just one
allele of Bdnf (283). These results were replicated and
extended in a number of subsequent studies (284, 285),

BARDE

2094 Physiol Rev �VOL 105 � OCTOBER 2025 � www.prv.org

Downloaded from journals.physiology.org/journal/physrev at Cardiff University Libraries (131.251.000.015) on September 12, 2025.

http://www.prv.org


including in the intact adult hippocampus (286) and in
brain areas other than the hippocampus including the
visual cortex (287). An immediate requirement for BDNF
after stimulation of the Schaffer collateral was suggested
by the uncaging of a BDNF blocking antibody during the
process of LTP induction (288). A correlative study later
suggested that mice lacking tissue plasminogen activa-
tor (TPA) show defects in LTP and that the addition of
the protease plasmin restores LTP (289). However, the
interpretation that LTP is restored because of the cleav-
age of pro-BDNF released from neurons triggered by
repeated bursts of presynaptic stimulation critically
depends on the assumption that pro-BDNF is released
in the first place (289). As discussed in sect. 3, the notion
of a physiological release of pro-BDNF from neurons is
controversial, and the four publications cited by Pang
et al. (289) in support of this view are all based on over-
expression paradigms. With regard to the important
question of the site of release of BDNF, the results of
selective genetic deletion studies suggest a presynap-
tic, as opposed to postsynaptic, requirement for BDNF
(290). By contrast, subsequent studies suggested a
postsynaptic requirement of newly synthesized (291) or
released BDNF (177). However, the study by Tanaka and
colleagues (291) does not explicitly show that it is BDNF
that is translated in postsynaptic dendrites, and the
study by Harward and colleagues (177) suffers from the
limitations of overexpression paradigms and the use of
a BDNF probe directly coupled to a fluorescent reporter
(see sect. 3). In a similar vein, the notion that BdnfmRNA
may be localized in, and even translated in, dendrites is
based on studies using overexpressed reporter con-
structs and/or on staining methods based on enzymatic
reactions, with the problem inherent to such methods of
the diffusion of the reaction product from the neuronal
cell bodies into dendrites (292). High-resolution, fluores-
cence-based in situ hybridization revealed instead that
both the short and the long Bdnf transcripts are primarily
localized to the cell bodies, not in distal dendrites, unlike
the case for the CAMKII mRNA, long established to local-
ize to dendrites (92). Furthermore, detailed studies
based on the differential localization of actively translat-
ing mRNA in CA1, the most-studied brain region with
regard to the physiology of BDNF, localized the corre-
sponding ribosomes to the cell bodies, not to the den-
drites (179). This key publication also contains an
informative map indicating that Bdnf is among the tran-
scripts translated at comparatively low levels and in the
cell bodies of CA1 neurons, not in dendrites (see https://
public.brain.mpg.de/dashapps/localseq/).
With regard to long-term depression (LTD), a role has

been proposed for pro-BDNF mediated by p75NTR (234).
However, this notion has been challenged, with subse-
quent studies failing to detect the release of pro-BDNF

by cultured hippocampal neurons (see sect. 3), also
showing that LTD is unimpaired in neurons lacking
BDNF (130). In addition, the induction of LTD has been
shown to be counteracted by BDNF through the activa-
tion of TrkB and the PLCc pathway (293). The notion
that BDNF is involved in NMDA receptor-dependent hip-
pocampal LTD was reactivated a decade later after the
unexpected observation that the addition of the BDNF
pro-peptide to hippocampal slices prepared from wild
type or from Bdnf-null mutants facilitates LTD in a
p75NTR-dependent manner (294). The same study also
indicated that the BDNF pro-peptide can be detected in
the culture medium of hippocampal neurons, confirming
previous results (153). Remarkably, the Met version of
the BDNF pro-peptide was shown instead to prevent the
induction of LTD (294). This is surprising in view of the
stronger and less pH-sensitive association between
BDNF and the Met pro-peptide compared with the Val
pro-peptide (131). Meanwhile, other activities have been
proposed for the Met pro-peptide (see sect. 6), including
a disassembly of dendritic spines (153).

5.3. BDNF Release from Neurons

Given the technical challenges involved, the important
question of the release of endogenous BDNF from neu-
rons has only been addressed by a small number of stud-
ies. Using rat neurons dissociated from the nodose
ganglia, Balkowiec and Katz (295) managed to quantify
the release of endogenous BDNF by ELISA by plating dis-
sociated neurons onto microwells precoated with BDNF
antibodies. They found that high- as opposed to low-fre-
quency bursts of stimulation were effective in triggering
BDNF release. Specifically, short pulses of depolarizing
stimuli delivered at 50 Hz every 18 s over a period of
60 min were effective, whereas the same number of stim-
uli delivered at 20 Hz over the same period of time did
not trigger any BDNF release (295). Similar studies were
later conducted with neurons dissociated from the new-
born rat hippocampus. The results confirmed that high-
frequency patterns of stimulation known to induce hippo-
campal LTP were significantly more effective at releasing
BDNF from hippocampal neurons than low-frequency
stimulation (296). BDNF release was observed in the
presence of the glutamate receptor antagonists CNQX
and APV but not of tetrodotoxin or conotoxin or in the
absence of external calcium (296). The conditions leading
to the release of BDNF from presynaptic terminals have
also been examined in sections of the rat spinal cord with
dorsal roots attached (297). This landmark study revealed
that activating C fibers with short bursts of high-frequency
stimulation, as opposed to continuous or even tetanic
high-frequency stimulation, led to the release of BDNF as
well as of substance P (297). Remarkably, the NMDA
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antagonist D-AP-5 inhibited electrically evoked BDNF
release that was also increased after NGF administra-
tion (298). Similarly, presynaptic NMDA receptors were
later shown to be involved in the release of endoge-
nous BDNF from cortical afferents to the striatum (299).
Using slices of rat perirhinal cortex under conditions
also allowing LTP induction to be monitored, Aicardi
and colleagues (300) managed to demonstrate that
measurable levels of BDNF were released for short
periods of time (5–12 min), after afferent stimulation by
theta burst inducing long-lasting LTP, in a BDNF-
dependent manner. Although the processing of pro-
BDNF has not been specifically studied in DRG, it
appears likely that BDNF is processed and cleaved in
the neuronal cell bodies as is the case in CNS neurons
and that both BDNF and its pro-peptide are coreleased
in the spinal cord, presumably by peripheral sensory
endings as well. How long BDNF remains associated
with its pro-peptide after their corelease from presyn-
aptic vesicles is unclear yet likely to be functionally
relevant. The affinity of this association has been
determined by plasmon surface resonance using
solid-phase bound pro-peptide and soluble BDNF,
with the dissociation constant determined to be ⁓40
nM and barely measurable when NGF, NT3, or NT4
were used in the mobile phase instead of BDNF (131).
This affinity was found to be sufficient to allow the
precipitation of the soluble moiety with the solid-
phase bound partner (131). Remarkably, the solid-
phase bound Met pro-BDNF peptide was determined
to have higher affinity for BDNF, a result of a slower
rate of dissociation, and its association with BDNF to
be less pH sensitive than the Val pro-peptide. It is
conceivable then that the association of BDNF with its
pro-peptide impacts BDNF’s ability to activate its
receptors, potentially more so in the case of the Met
pro-peptide (131). Although it will be technically
challenging to further explore the duration of the
postrelease association of BDNF with its pro-peptide,
a better understanding of this question may shed new
light on the physiopathology of BDNF. Specifically, it is
conceivable that BDNF associated with its cleaved
Met pro-peptide may have a reduced ability to activate
TrkB.
With regard to the physiological impact of BDNF

release in the spinal cord, a study using a preparation
allowing measurements of monosynaptic and polysy-
naptic reflexes evoked by primary afferents revealed
that Bdnf- unlike Ntf4-null mutants showed selective def-
icits in ventral root potentials evoked by stimulating noci-
ceptive primary afferents (301). These results indicate an
important role for the presynaptic release of BDNF in
the spinal cord in modulating synaptic transmission and
the modulation of pain-related mechanisms (see sect. 7).

5.4. Postsynaptic Changes Involving Translational
Regulation

BDNF-mediated enhancement of synaptic transmission
was recognized early on to require local protein synthe-
sis (302). Synaptic transmission was recorded in CA1
with the cell bodies separated from the dendritic arbor
where postsynaptic responses were recorded after stim-
ulation of the Schaffer collaterals (302). CA3 afferents
were also severed from their cell bodies, and after a 30-
min bath application of BDNF synaptic transmission
reached twice the initial level within �10 min and lasted
for the whole 200-min recording period (302). Similar
results were obtained after bath application of NT3. This
potentiation of synaptic transmission was blocked by
the prior addition of anisomycin or cycloheximide, indi-
cating a requirement for protein translation for the
potentiation of synaptic transmission by BDNF and NT3
(302). BDNF was later shown to stimulate mRNA transla-
tion in dendrites by mechanisms involving the mamma-
lian target of rapamycin (mTOR) pathway downstream of
TrkB activation (303). This pathway included the initia-
tion factor 4E binding protein 1 (4EBP1) and p70S6
kinase (p70S6K) (303).
In cultured hippocampal neurons, the addition of

BDNF increases the levels for GluR1 and GluR2 subunits
and cell surface expression of GluR1 within 30min by
mechanisms involving both increased transcription and
translation (304). Conversely, the neutralization of
extracellular BDNF with TrkB-IgG selectively decreased
GluR1 (304). Importantly, positive allosteric modulators
of AMPA receptors designated ampakines (for a recent
review, see Ref. 305) can pharmacologically activate
this pathway by mechanisms involving the activation of
TrkB as a result of increased BDNF secretion caused by
the drug (306).
BDNF-induced translation in dendrites necessitates

mRNA transport into dendrites driven by kinesin motors
and microtubules (for reviews, see Refs. 307–310).
Obviously, transport of mRNAs also occurs in axons (for
review, see Ref. 311), in RNA granules with the transcripts
interacting with specific proteins that help stabilizing
mRNAs encoding proteins typically present in den-
drites such as CAMKII and Arc (312) as well as NMDA
receptor subunits and the scaffolding protein Homer2
(313). The RNA-binding protein hnRNP K (for heteroge-
neous nuclear ribonucleoprotein K) has been identi-
fied as one of several components of RNA transport
granules in neurons (314), and although the speed of the
granules remained unchanged by activity or by the appli-
cation of BDNF, the latter, but not activity, was found
to increase the proportion of moving granules (314).
Interestingly, hnRNP K interacts with Abelson-interacting
protein 1 (Abi1) at postsynaptic densities of hippocampal
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neurons. Abi1 has been proposed to play a role in cytos-
keletal organization and synaptic maturation and in the
regulation of cytoskeleton reorganization and synaptic
maturation (315). Given this context, it is interesting to note
that hnRNP K has been identified as a mediator of the
effects of BDNF in RNA metabolism in the dendritic com-
partment of hippocampal neurons (316). Specifically, the
punctate accumulation of hnRNP K in dendrites caused by
neuronal activity was found to involve a BDNF-dependent
mechanism, including a reduction of the interaction of
hnRNP K with transcripts encoding synaptic proteins,
including glutamate receptor subunits (316).
Given the later realization that BDNF also activates the

translation of mRNAs not only in postsynaptic structures
but also, to a lesser extent, in excitatory and inhibitory
presynaptic terminals (317), the BDNF-mediated potentia-
tion of synaptic transmission is likely to be caused by
increased translation in both pre- as well as postsynaptic
mRNAs. In particular, high-resolution microscopy has
revealed that the addition of BDNF to cultured motoneur-
ons triggers the translocation of ribosomes to ER-like
structures (318). The potentiation of synaptic transmission
has been typically recorded after the application of BDNF
to the rat dentate gyrus (286, 319), and although these
results make a compelling case for a postsynaptic activa-
tion of TrkB by exogenous BDNF, there is also a strong
possibility that presynaptic TrkB may also be required to
trigger functionally relevant presynaptic changes leading
to an enhancement of synaptic transmission. In line with
this, the use of mice expressing reduced levels of presyn-
aptic TrkB revealed a decreased ability of tetanic stimula-
tion to induce LTP (320).
The consolidation of long-term potentiation (LTP) in

the dentate gyrus of live rodents requires sustained
BDNF/TrkB signaling, a result achieved by maintaining
an initially labile signaling pathway from TrkB to the
MAP kinase-interacting kinase (MNK) promoting the
formation of an eukaryotic initiation factor 4F (eIF4F)
translation initiation complex, a highly regulated step in
protein synthesis in eukaryotes (321). Early in the pro-
cess of mRNA translation, MNK triggers the release of
the cytoplasmic fragile-X mental retardation protein
(FMRP)-interacting protein CYFIP1/FMRP repressor
complex from the 5 0-mRNA cap (321), whereas later in
the cascade MNK regulates the canonical translational
repressor 4E-BP2 in a synapse compartment-specific
manner. This later stage is coupled to MNK-dependent
enhanced dendritic mRNA translation (321). A remark-
able aspect of these biochemical studies is that they
have been conducted with the tissue used for electro-
physiological experiments, with synaptoneurosomes
isolated from the dentate gyrus (321). With regard to
the nature of the protein translated in dendrites after
BDNF treatment, much attention has focused on the

activity-regulated cytoskeleton-associated protein Arc
that is translated from a short-lived mRNA (for review,
see Ref. 322). Briefly, this intriguing gene product (also
designated Arg3.1) is thought to be critical for both
long-term potentiation and long-term depression of
synaptic transmission as well as for homeostatic synap-
tic scaling and for complex adaptive functions including
long-term memory formation (322). It is not only rapidly
induced in structures such as the hippocampus during
learning paradigms but also is rapidly transported to
dendrites (323, 324). The selective localization of Arc
mRNA at active synapses in dendrites was later found
to be in part due to localized mechanisms of RNA deg-
radation, also found to be activity dependent (325).
ARC is among the genes most rapidly induced after
TrkB activation by BDNF and other TrkB agonists in cul-
tured human neurons (250) and of TrkC by NT3 (251).
Among the reasons why Arc is a protein of such inter-
est in the context of synaptic plasticity is that it interacts
with components of the clathrin-mediated endocytosis
machinery, thus promoting postsynaptic internalization
of AMPA-type glutamate receptors and recruitment to
recycling endosomes (reviewed in Ref. 322) as well as
with actin-binding proteins, underlying its role in mor-
phological aspects of synaptic plasticity known to
involve changes in the structure of spines (see sect.
5.6). Arc has been described as a repurposed retro-
transposon gag protein (326), and it can readily form
polymers. It is also the target of various posttransla-
tional modifications, explaining its short half-life (322).
With regard to the pathways of translational control
involving BDNF, increased translation of a protein des-
ignated GADD34 has been shown to facilitate eukaryo-
tic initiation factor 2a (eIF2a) dephosphorylation and
subsequent de novo protein synthesis (327). GADD34
is also of special interest with regard to cytoskeletal
changes as it requires G-actin generated by cofilin to
dephosphorylate eIF2a to enhance protein synthesis
(327).

5.5. The Potassium/Chloride Exchanger KCC2 as
a Major Target of TrkB Activation

During the development of the nervous system, the
upregulation of KCC2 explains the switch of the GABA
receptor from a depolarizing to the familiar hyperpolariz-
ing response seen in the mature nervous system (328).
KCC2 is also a remarkable gene product interacting with
a number of different proteins and is a potential drug tar-
get (329). Its developmental upregulation is mediated by
early growth factor response 4 (Egr4), a DNA binding
protein that is strongly and rapidly induced downstream
of TrkB activation in immature neurons (330). A massive
but transient increase in the levels of EGR4 has also
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been observed in subsequent studies with cultured
human neurons downstream of TrkB and TrkC activation
(250, 251). The mechanisms underlying the transcrip-
tional upregulation of the major transcript Kcc2b in cul-
tured cortical neurons involve two distinct RE-1
sequences, the target of REST, identified as the critical
elements regulating Kcc2b transcription (331). BDNF
potentiates the developmental upregulation of Kcc2b in
this culture system (331). By contrast, TrkB activation in
mature neurons leads to the opposite result, namely a
rapid downregulation of KCC2 (332). Membrane-inserted
KCC2 intrinsically turns over rapidly, and its downregula-
tion decreases, suppresses, or even inverts the inhibitory
responses normally mediated by GABA receptors (332)
because of the decreased ability of neurons to extrude
chloride ions (333). This property of KCC2 is of special
relevance to pathological conditions linked with hyperex-
citability of neuronal circuits in neuropathic pain (see
below) and in epilepsy (334). A brain-specific serine/thre-
onine kinase designated LMTK3 targets KCC2 and
decreases chloride extrusion (335). KCC2 also interacts
with cytoskeletal proteins to promote spine development.
This latter function seems to be independent of its func-
tion as ion transporter (336), and in the absence of KCC2
spine maturation is prevented in immature neurons (336).

5.6. Cell Biology of Synaptic Plasticity

Spines are the main sites of contact between excitatory
nerve terminals and postsynaptic structures and have
long been recognized as “the locus of structural and func-
tional plasticity” (for review, see Ref. 337). Spine growth
during LTP has been well documented (338, 339), and
multiple biochemical mechanisms have been described
underlying the local effects of BDNF on spine and dendri-
tic growth. BDNF has been shown to enhance the num-
ber of densely phalloidin-labeled spines caused by theta
burst stimulation (340). Conversely, scavenging BDNF
with TrkB-Fc constructs blocked the increase in F-actin
typically seen after theta burst stimulation (340). The actin
regulatory proteins p21 activated kinase and cofilin are
involved in the BDNF-mediated effects on the state of
actin polymerization (340). With a method allowing the
local uncaging of glutamate, the gradual spine enlarge-
ment of CA1 pyramidal neurons has been shown to be
dependent both on protein synthesis and on BDNF (291).
Some of the mechanisms involved in the regulation of
spine morphology are mediated by microRNAs such as
miR-134. It is localized in dendrites and has been shown
to negatively regulate the size of dendritic spines by
inhibiting the translation of Limk1, a kinase involved in reg-
ulating actin filament dynamics (341). MicroRNAs are gen-
erated by the sequential processing of precursors, with
the last processing step involving the endonuclease

Dicer as part of a protein complex redistributed after
exposure to BDNF (342). The release of Dicer from this
complex prevents the generation of microRNAs, thus
inhibiting dendritic growth. It is conceivable that the redis-
tribution of Dicer after TrkB activation following the pre-
synaptic release of BDNF may increase translation of
Limk1 and contribute to the dendritic growth and the gen-
eration of new spines (342). However, the role of BDNF/
TrkB signaling in the biochemistry and cell biology of
microRNA distribution and generation is complex and
somewhat controversial (343). Refined imaging techniques
allowing localization of the protein complex involved in the
maturation of microRNAs will greatly help progress in the
critical area of local control of spine growth (344). This area
is likely to develop further given intriguing recent findings
suggesting that microRNAsmight be contained in extracel-
lular vesicles transferred from postsynaptic neurons to
their presynaptic partners (345), with BDNF reported to
mediate the sorting of three different microRNAs that
increase the formation of excitatory synapses (345). To
study a possible morphogenetic role of BDNF in the brain
of early adult mice once its expression has reached its
peak, viable mice were generated with a Cre driver,Mapt,
allowing the deletion of Bdnf in all neurons, as opposed to
the nonneuronal cells (41). When examined postnatally at 2
mo, a dramatic reduction of spine numbers was found on
the dendrites of medium spiny neurons in the striatum as
well as shorter and less branched dendrites, replicating
previous results obtained with a Cre driver line, Emx2,
deleting Bdnf just in the cerebral cortex (40), further
emphasizing the significance of anterogradely transported
BDNF. An important related study also revealed that the
transport of TrkB at the cell surface of striatal neurons is
facilitated by dopamine through the activation of DRD1
receptors (346). This result is relevant to the physiopathol-
ogy of Parkinson’s disease (see sect. 11), as increased num-
bers of intracellular aggregates of TrkB were found in
postmortem samples (346).
With regard to spine growth induced by BDNF, intrigu-

ing differences have been noted between excitatory
and inhibitory neurons. In general, it seems that spine
shape and/or numbers and dendritic length and branch-
ing are more affected in GABAergic neurons compared
with excitatory neurons (see in particular Ref. 41). This is
line with previous observations using mixed cultures of
Bdnf1/1 and Bdnf�/� neurons distinguished on the
basis of GFP expression or lack thereof in neurons from
Bdnfmutant animals (347). A possible contributing factor
is a chronic desensitization of TrkB in BDNF-expressing
excitatory as opposed to inhibitory neurons that do not
express BDNF at significant levels. In general, the mor-
phological effects of BDNF added to cultures of excita-
tory neurons are quite modest and variable (348). But
however modest, these effects are clearly measurable,
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and the notion of autocrine or paracrine effects of BDNF
on neuronal morphology is supported by the results of
elegant in vivo experiments using a sparse Bdnf deletion
approach (84). This finding also has important implica-
tions for the interpretation of results involving Cre-medi-
ated deletion of Bdnf in slices for example, as this
maneuver is likely to alter the postsynaptic structure of
the contacts being investigated (177). BDNF has also
been uncovered as a regulator of autophagy, a process
involving the degradation of synaptic proteins (349).
Specifically, the activation of TrkB suppresses autophagy
in the hippocampus, and this suppression is essential for
BDNF-induced synaptic plasticity in the hippocampus of
adult mice (349). Increased autophagy is thus part of the
explanation as to why LTP is compromised in the
absence of BDNF and, accordingly, it can be rescued by
pharmacologically blocking autophagy (349). In a follow-
up study, hippocampal LTD was also shown to involve
autophagy and the resulting degradation of postsynaptic
components (350).

6. LEARNING AND MEMORY

6.1. Introduction

A one-page contribution published as “Scientific corre-
spondence” first reported increased levels of BdnfmRNA
in the brain of adult rats voluntarily using running wheels
(351). The same year, a publication came out indicating
that hippocampal LTP is compromised in mice lacking
one Bdnf allele (Ref. 283; see sect. 5). Subsequently, the
role of BDNF in memory-related processes became a
major area of investigation, further enhanced 8 years later
with the discovery of a human polymorphism associated
with a somewhat compromised memory performance
(352).

6.2. Learning: Rodent Models

Given the notion that BDNF levels are regulated by the
activity of excitatory neurons, increased transcription of
the BDNF gene can be expected in the circuits that are
active during learning processes. This notion has been
experimentally verified in rodents in the well-established
paradigm of the hidden platform that the animal learns
to localize using visual cues (353). With this paradigm,
BdnfmRNA levels were shown to increase in the hippo-
campus after 3 and 6 days of spatial memory training
but not after 1 day (354). Interestingly, the control group
of rats swimming in the absence of platform showed a
smaller increase in the hippocampus, with Bdnf levels
remaining essentially unchanged in other brain areas
(354). With regard to the important notion that exercise

may help decreasing the impact of depressive episodes
(see sect. 8), a study using rats and a combination of
physical activity and antidepressant treatment reported
additive effects on the levels of BdnfmRNA in the hippo-
campal formation (355). Related results were reported in
an important follow-up study centered on contextual
learning, a well-established paradigm in which rats are
exposed to an environment where they have previously
received a foot shock (356). This study revealed a
marked increase in the levels of Bdnf mRNA in the hip-
pocampus, above and beyond the increase normally
seen by just exposing rats to a novel environment with-
out foot shock (356). This latter type of maneuver is suffi-
cient to increase the expression of genes just reflecting
increased neuronal activity such as for example Zif268
(356). With regard to the use of mouse mutants in classi-
cal learning paradigms, Bdnf hemizygotes were used
early on to explore their ability to locate a platform in the
Morris water maze test (357). Although the observed defi-
cits compared with control mice were not overwhelming
and not replicated in a related study (358), the study by
Linnarsson and colleagues (357) is also interesting as it
reported a marked decrease of Bdnf expression with age
throughout the cortex including the hippocampal forma-
tion, to the extent that even wild-type animals were
unable to learn the location of the platform. Specifically,
brain levels of BdnfmRNA at 10 wk of age were reduced
compared with those determined in 7-wk-old animals, to
the levels typically measured in mice lacking one Bdnf
allele (357). Subsequent studies using a conditional dele-
tion of TrkB in the forebrain revealed massive deficits in
the same Morris water maze paradigm, while the behav-
ior of these animals was otherwise normal (359). Whether
or not the discrepancies observed in related behavioral
tests betweenmice lacking one Bdnf allele and those car-
rying a forebrain-specific deletion of TrkB may be due to
unchanged levels of NT4 potentially activating TrkB is
unclear. A further interesting aspect of the study by
Minichiello and colleagues (359) is that mice lacking just
one allele ofNtrk2 did not show any deficits in their ability
to locate the platform, suggesting that the levels of TrkB
are not limiting, unlike those of Bdnf. In a similar vein, LTP
induced by either theta burst or tetanic stimulation of the
Schaffer collateral was less compromised in hemizygote
Ntrk2 mice compared with conditional Ntrk2 animals, in
which TrkB levels are reduced to almost background lev-
els in the forebrain (359). The lack of significant abnormal-
ities in hemizygote Ntrk2 animals is thus in marked
contrast with those obtained with Bdnf hemizygotes,
despite the continued expression of NT4 in the latter ani-
mals. These results fit with the general notion that TrkB
levels are not limiting. Subsequent studies showed that
exercise prevents the decrease of BDNF levels observed
following a 2-h period of immobilization stress, with the
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level of stress monitored by measuring the levels of circu-
lating corticosteroids (360). Measurements of BDNF lev-
els by ELISA in hippocampal extracts indicated a marked
decrease after 5 and 10 h followed by a recovery after
24 h. Interestingly, voluntary access to a running wheel
before immobilization stress not only increased the levels
of BDNF but also prevented the decrease normally seen
10 h after stress (360). The timing of the benefits of exer-
cise on memory has been further explored in mice after
periods of voluntary exercise (361). After a 3-wk period of
exercise, mice were either assessed immediately or after
a 1- or 2-wk delay for their performance in a radial water
maze. The fewest errors and shortest latency occurred in
animals trained after a 1-wk delay, whereas the best mem-
ory performance was observed in those trained immedi-
ately after exercise (361). Injections of BDNF into the rat
hippocampus were later shown to improve performance
in spatial memory tests (362), thus confirming previous
results indicating that the delivery of anti-BDNF antibod-
ies into the lateral ventricles impairs spatial learning and
memory in adult rats (363).
Although the main focus of memory-related investiga-

tions has been on the hippocampus, the role of BDNF
and TrkB has also been studied in the amygdala (364).
Bdnf levels were examined by in situ hybridization in
the basolateral amygdala and found to increase dur-
ing the course of the Pavlovian fear conditioning para-
digm used, whereas the levels of Ngf, Ntf3, Ntf4, Fgf1,
and Fgf2 remained unchanged. The activation of TrkB
monitored by Western blot was shown to be required
for the acquisition of conditioned fear, as this acquisi-
tion was blocked by the lentivirus-mediated expres-
sion of TrkB.T1 (364).

6.3. Memory and the BDNF Val/Met
Polymorphism

The accidental but critical discovery of the association
between a frequent polymorphism in the protein-coding
region of BDNF and memory performance in humans
(352) generated an extraordinary volume of follow-up
research. This missense mutation, designated rs6265,
causes a replacement of valine (Val) by methionine (Met)
in position 66 in the BDNF precursor human pro-BDNF
(see FIGURE 2). Although it was found not to be associ-
ated with schizophrenia as initially speculated, mild
memory impairments were detected in the assembled
cohort (352). Using functional (f)MRI, this key initial study
also reported abnormal hippocampal activation in Met
carriers (352). The association with modest impairments
of episodic memory was later independently confirmed
(365) and further extended in a number of studies,
including one reporting a 11% reduction in the volume of
the hippocampus in Met carriers in a study involving 36

male and female volunteers and 15 Val/Met heterozy-
gotes (366). A crucial next step was to establish causal-
ity with animal models. This was important not least
because the frequency of the Met66 allele in humans
varies considerably across populations, from 0 to 72%
(367). The Met allele is virtually absent in sub-Saharan
African and some American indigenous populations but
dominant in various Asian ethnic groups (367). In addi-
tion, there are three additional protein-encoding genes,
designated LIN7C, LGR4, and CCDC34, within the 500-
kb region on chromosome 11 that include the BDNF
gene (367), itself spanning ⁓70 kb (see sect. 2). By and
large the work with animal models supports the notion
that the polymorphism may be symptomatic and associ-
ated with functional changes in the human brain.
The first mouse model that was generated was

reported to display an anxiety type of phenotype rather
than overt memory deficits, a phenotype that could not be
ameliorated by the administration of the antidepressant
fluoxetine (368). As the extinction of conditioned fear is
known to depend on the formation of new memory in the
prefrontal cortex (369), it was then of interest to test
whether BDNF may be involved in this specific form of
memory. This turned out to be the case, as revealed in a
gain-of-function approach: the infusion of BDNF in the
medial prefrontal cortex of rats subjected to fear condi-
tioning markedly reduces the duration of conditioned fear
and substitutes for behavioral extinction (370). In line with
this, the subpopulation of rats unable to learn extinction
turned out to have reduced levels of BDNF in the hippo-
campus, but not in the prefrontal cortex or the amygdala
(370). Strikingly, the mouse model of the rs6265 polymor-
phism reveals similarities with what was later observed in
human Met carriers (371). Although the Met allele does not
affect the process of fear conditioning in either mice or
humans, both show an impairment in extinguishing the
conditioned fear response and an atypical fronto-amyg-
dala activity (371). These results suggest then that BDNF
also plays a role in anxiety disorders, a notion supported
by subsequent findings indicating that in individuals suffer-
ing from posttraumatic stress disorder (PTSD) the fre-
quency of the Met/Met genotype is three times higher
than in a control group with a similar history of stress
exposure (372). A study focused on PTSD also revealed
that the presence of a Met allele (25 patients) led to a
poorer response to therapy compared with patients also
suffering from PTSD carrying the Val alleles (30 patients)
(373).
A number of different explanations have been put for-

ward to account for the biochemical impact of the
Val/Met substitution, including different subcellular dis-
tribution of BDNF and/or of its mRNA within neurons,
reduced secretion, or decreased steady-state levels of
BDNF in the hippocampus with no overall changes in
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the brain (352, 368, 374, 375). None of these explana-
tions is fully convincing, and most suffer from the familiar
shortcomings resulting from the low abundance of
BDNF and especially from the extensive use of overex-
pression and transfection paradigms discussed in sect.
3. Still, reduced availability of BDNF, however it comes
about, is a common thread as also suggested by find-
ings indicating that Met-BDNF mice gain weight abnor-
mally when placed on a high-fat diet (376). Subsequent
to the initial mouse model still used in most experiments
(368), additional rodent models have been generated in
both mice (377) and rats (378), the latter showing a
selective impairment of fear memory. Measurements
of BDNF levels in hippocampal lysates of these rats
indicate no differences between Val/Val and Met/Met
homozygote animals, in males or in females (378).
In sum then, the biochemical and cell biological con-

sequences of the rs6265 polymorphism remain largely
unclear and likely to be subtle and/or brain area specific.
Part of the explanation may include a signaling function
of the Met pro-peptide coreleased with BDNF as dis-
cussed in sect. 3. The Met pro-peptide causes growth
cone collapse (153) and retraction of dendritic spines by
mechanisms involving Sorcs2 and p75NTR (154). The
tighter binding of the Met pro-peptide to BDNF may also
play a role (131), and it is conceivable that this tighter
association may impair TrkB activation.
Beyond the association between the rs6265 polymor-

phism and specific aspects of memory, another stunning
finding related to this human polymorphism helps to
highlight less well-known aspects of BDNF’s biology,
namely its role in CNS myelination (see sect. 6.4). A lon-
gitudinal study involving >300 amateur soccer players
who self-reported how frequently they had hit the ball
with their heads during the preceding 12-mo period
showed signs of delayed remyelination by diffusion ten-
sor imaging compared with Val/Val carriers (379). The
association between “habitual” physical activity and
brain volume has also been compared in 114 cognitively
healthy women and men aged 60 yr and older and com-
pared in Val/Val versus Val/Met polymorphism carriers
(380). In Val/Val homozygotes, but not in Met carriers,
higher levels of physical activity were associated with
larger hippocampal and temporal lobes.

6.4. BDNF and CNSMyelination

Early studies aimed at understanding role of BDNF in
the development of retinal ganglion cells in vivo, known
by then to be supported by BDNF in cell culture (46),
unexpectedly revealed a strong deficit in the postnatal
myelination of the optic nerve (381). Whereas the num-
ber of axons was unchanged compared to wild-type ani-
mals, their diameter was significantly reduced when

examined at 3 wk (381). As recently reviewed (162), it
took a comparatively long time to understand the role of
BDNF in myelination, especially in the CNS. This is in part
because of the technical challenges linked with in vitro
studies of CNS myelination but also because of a later
publication indicating that myelination of the optic nerve
was unaffected at 2 mo in mice engineered to lack Bdnf
in neurons (41). However, myelination is a dynamic pro-
cess, and parallel studies published at the same time
(382) revealed that mice lacking one Bdnf allele had
reduced levels of myelin basic protein, myelin-associated
glycoprotein, and proteolipid protein (383) and that BDNF
promotes myelination by a direct action on oligodendro-
cytes involving TrkB and not p75NTR as is the case in the
PNS (see sect. 4). Hemizygous Bdnf animals do show
transient defects in the development of the myelin sheath
surrounding CNS axons that are no longer apparent in
the adult (382). Oligodendrocyte precursors express cata-
lytically active TrkB, and its activation by axon-derived
BDNF is then likely to play a significant role in activity-
dependent myelination (183, 384).

7. PAIN

7.1. Introduction

NGF-responsive DRG neurons have long been known to
be involved in pain-related mechanisms (for review, see
Ref. 385). NGF neutralizing antibodies are being trialed
to treat chronic conditions such as back pain where pro-
longed treatment with opioids is problematic. As dis-
cussed in this section, BDNF is also involved in multiple
ways in pain-related mechanisms and has been recently
shown to play a key role in the analgesic action of mor-
phine (386).

7.2. Physiopathology of BDNF-Dependent
Sensory Afferents

Bdnf-null mutants die because of the loss of cranial sen-
sory neurons derived from epidermal placodes, not
because of the loss of CNS neurons (see sect. 1). Bdnf
expression has been documented in the target struc-
tures of BDNF-dependent sensory neurons, including in
particular in tissues innervated by the nodose and the
vestibular ganglia, such as the baroreceptors in the aor-
tic arch and the inner ear, respectively (387, 388). The
loss of these neurons causes severe balance deficits
and feeding and breathing abnormalities incompatible
with an extended postnatal life (38, 39, 195, 387, 388).
More generally, the sensory neurons comprising the
nodose ganglion play an important role in the physiol-
ogy of BDNF, including in the regulation of food intake
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as discussed in sect. 9. The delineation of this role is
likely to become an important topic given increasing
interest in the nodose ganglion as the key relay station
between a number of internal organs (see FIGURE 13 in
sect. 9) and the brain stem (recently reviewed in Refs.
390–392). As noted in sect. 3, a large number of cells in
epithelia lining the gut and the airways express BDNF,
and so do essentially all nodose neurons (393). Beyond
neuronal survival, an in vivo role for BDNF in sensory
physiology was established early on with the demon-
stration in Bdnf mouse mutants that slowly adapting
mechanoreceptors (SAMs), but not other types of cuta-
neous afferents, require BDNF for the development of
normal mechanotransduction (394). These SAM neurons
showed a profound and specific reduction of mechanical
sensitivity (394), quantitatively similar in young hetero-
and homozygote mutants, as is the case when long-term
potentiation (LTP) is recorded in the hippocampus (see
sect. 5). Postnatal treatment of Bdnf heterozygote animals
with recombinant BDNF rescued the mechanical sensitiv-
ity deficits, suggesting a role for BDNF independent of its
survival-promoting activity (394). The comparatively high
levels of Bdnf expression in sensory ganglia (see sect.
3) allowed an early and reliable demonstration of its
presence in sensory neurons and of its anterograde
transport as discussed in sect. 3. Indeed, the specificity
of the polyclonal anti-BDNF antibodies used in these
early studies could be convincingly validated with anti-
bodies purified over a BDNF affinity column and some
of the results verified using brain sections prepared
from Bdnf-null mutants (395, 185). Specifically, endoge-
nous BDNF was shown to localize to small-diameter
DRG neurons and to be transported anterogradely to
dorsal laminae of the spinal cord (185). The same study
also showed that BDNF is transported down the
peripheral branch of DRG neurons and that it accumu-
lates proximally to the ligated sciatic nerve (185).
Surprisingly, the functional implications of BDNF released
from peripheral sensory endings in tissues such as the
skin, heart, lung, pancreas, and gut do not seem to have
been investigated thus far. Yet a role would appear likely
given the expression of TrkB.T1 by various nonneuronal
cells including those of the cardiovascular system (396)
and pancreatic b-cells (259). As there is increasing inter-
est in the possible function of neurotransmitters and pep-
tides released by the peripheral branch of sensory
nerves, it can be expected that BDNF and its pro-peptide
could join the list in the future. For example, it has been
shown recently that the calcitonin gene-related peptide
(CGRP) released by nociceptors plays an important role
in tissue healing (397). Similarly, there is accumulating evi-
dence for the role of other peptides including VIP and
substance P also released by nerve terminals on cells of
the immune system (for review, see Ref. 261). Recent

data also document the role of peptides released by
nerve terminals in tumor growth (398).
In mammals, most DRG neurons express TrkA and

are NGF dependent, while the proportion of neurons
expressing TrkB is comparatively small (399). In adult rat
DRG, whereas BDNF protein and mRNA are both mainly
found in a subpopulation of TrkA-positive neurons also
containing calcitonin gene-related peptide (CGRP), intra-
thecal administration of NGF increases BDNF expres-
sion in most TrkA-positive neurons (171), presumably by
mechanisms similar to those involved in TrkB-mediated
upregulation of BDNF transcription (see sect. 3). The
study by Michael and colleagues (171) also includes an
immunoelectron microscopic analysis revealing the
presence of BDNF in finely myelinated and unmyeli-
nated axon terminals in the spinal cord with immunore-
activity concentrated over large dense-core vesicles. A
remarkable follow-up ultrastructural study by Salio and
colleagues (170) using gold particles of different sizes to
decorate antibodies revealed that BDNF colocalizes
with CGRP and substance P, in both rats and mice, in the
terminals of sensory afferents in the spinal cord as well
as in the parabrachial nucleus of the amygdala.

7.3. BDNF and Pain-Related Mechanisms in the
Spinal Cord

The presence of BDNF in the C-fiber terminals in the spi-
nal cord has long intrigued scientists working in the pain
field. As such it is not surprising to find BDNF stored in
glutamatergic nerve terminals (see sect. 3), but this fea-
ture also suggests that BDNF may be involved in pain-
related mechanisms (reviewed in Refs. 298, 400). As
summarized below, this role is quite complex and not fully
understood. Yet a better understanding of this role is
important if only because it may complicate the outcome
of clinical trials based on the activation of the BDNF/TrkB
pathway, should sensory discomfort become apparent in
volunteers. Early results indicated that injections of BDNF
directly into the rat midbrain exerted clear, rapid, and pro-
longed analgesic effects that can be reversed by the
administration of naloxone (401, 402). This early observa-
tion is possibly related to the recent finding (see below)
that the analgesic effects of morphine depend on BDNF
and TrkB expression by a group of supraspinal neurons
(386). Thesemorphinelike effects of midbrain BDNF injec-
tions were also observed with NT3, either because it acti-
vated TrkB at the concentrations used or else because of
the extensive overlap between TrkB and TrkC expression
throughout the CNS (see Ref. 251 for discussion and illus-
tration). By contrast, these effects were not observed with
NGF in the same experimental setting (401). After these
initial experiments, attention progressively shifted to the
spinal cord following reports that BDNF is transported
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from DRG cell bodies to the presynaptic terminals of noci-
ceptive afferents (185) and that its levels massively
increase after NGF administration (171). Also, peripheral
inflammation caused by intraplantar injection of complete
Freund’s adjuvant upregulates the levels of BDNF mRNA
and protein in the spinal cord and in DRG, an increase
that is prevented by the administration of NGF antibodies
(403). This type of inflammation was also shown to
increase the expression of TrkB in the dorsal horn (403).
As sequestration of endogenous BDNF by TrkB-Fc
fusion constructs injected in the spinal cord blocked
the progressive hypersensitivity elicited by low-inten-
sity tactile stimulation of inflamed tissue, it is difficult
to escape the conclusion that at least this form of
hyperalgesia depends on the release of BDNF in the
spinal cord (403). The role of BDNF in synaptic trans-
mission in the spinal cord has been firmly established
with Bdnf-null mutants in experiments involving
repetitive stimulation of C fibers (301). These investi-
gations revealed selective deficits in the ventral root
potential, a polysynaptic response evoked by stimu-
lating nociceptive afferents. By contrast, the non-
nociceptive portion of the ventral root potential remained
unaltered (301). In addition, activity-dependent plasticity
evoked by repetitive, low-frequency stimulation of noci-
ceptive primary afferents, termed windup, was substan-
tially reduced in Bdnf-mutant mice, indicating a role
for presynaptic BDNF release from sensory neurons
in the modulation of pain-related neurotransmission
(301). Still, the role played by BDNF in neuropathic
pain remains one of the most complex topics of the
physiopathology of BDNF (400), not least because of
the suggestion that there are additional sources of
BDNF in the spinal cord, including in particular micro-
glial cells (189). Spinal microglial cells stimulated by
exposure to ATP and brought into contact with the
lumbar spinal cord of naive rats caused a progressive
decrease in the threshold of paw withdrawal (189).
Recording from L1 dorsal root neurons revealed a
progressive shift in the anion reversal potential
caused by activated microglial cells, an effect that
was mimicked by the application of BDNF and
blocked by the addition of a BDNF scavenger (189).
The shift in the anion reversal potential is presumably
caused by the downregulation of KCC2 in L1 neurons fol-
lowing TrkB activation by BDNF. Subsequent work using
a model of neuropathic pain induced by chronic
nerve construction indicated a role for decreased
presynaptic inhibition also caused by a shift in the
EGABA reverse potential that could also be prevented
by the same TrkB-Fc scavenger reagent (404). This
study also used a genetic model involving the selective
deletion of a GABA receptor subunit in DRG neurons
and showed that the mice display hypersensitivity to

noxious heat and mechanical stimuli (404). As these
experiments point to a role for DRG-derived BDNF in
neuropathic pain, it is interesting to note that in the
corresponding experimental models of unilateral
constriction of the sciatic nerve or spinal nerve liga-
tion, increased ipsilateral BDNF immunoreactivity
was observed in axons projecting to the dorsal horn
and to deeper dorsal layers than on the contralateral
side (405). Importantly, a massive increase in BDNF
immunoreactive profiles was also observed in the
ipsilateral gracile nucleus, a major proprioceptive
relay in the medulla oblongata (405). In sum then, it
seems that multiple sources of BDNF and targets
may contribute to the development of neuropathic
pain, with NGF being just one among several media-
tors explaining BDNF increases in DRG neurons, as
not all DRG neurons express the NGF receptor TrkA.
The notion that there are other sources of BDNF in
the PNS than NGF-dependent neurons is also sup-
ported by the unexpected observation that in embry-
onic DRG the BDNF content of mouse Ngf�/�
mutants lacking detectable expression of TrkA is not
significantly different from that of control animals
(see Fig. 6 in Ref. 406).
A further complication in evaluating the role of BDNF

in pain is that this role may vary over time. As such, this
notion is not particularly surprising given that synaptic
plasticity and its modulation are at the core of BDNF’s
physiology in the nervous system. With the use of Avil-
CreERT2 mice to delete Bdnf from all adult peripheral
sensory neurons, spinal excitability was found to be nor-
mal in control animals but BDNF to play a critical role in
mediating the transition from acute to chronic pain (407).
Currently, NGF remains the most directly relevant neu-

rotrophin with regard to the development of pain treat-
ment in humans (for a recent review, see Ref. 408), a
notion strongly supported by human genetics. Mutations
in the NGF gene have long been linked with congenital
insensitivity to pain (409) and loss of pain sensation by
mutations in NTK1, the gene encoding TrkA (410, 411).
These crucial findings spurred the development of anti-
NGF antibodies to treat chronic pain in conditions such as
back pain (408, 412). Whether the neutralization of endog-
enous NGFmay decrease the expression of BDNF in noci-
ceptive afferents and contribute to the success of the anti-
NGF treatment is a possibility worth considering (R.
M. Lindsay, personal communication). Beyond NGF and
ATP-activated microglial cells there is little doubt that other
mediators play a role in pain transduction mechanisms
including for example GDNF and substance P (for review,
see Ref. 413) and neurotensin (414).
Given this complexity, novel approaches to chronic

pain treatment may involve the targeting of common
downstream effectors including chloride transporters
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such as KCC2, the short-lived ion exchanger now at the
center of some of the current efforts to treat pain (415).

7.4. Pain and Supraspinal Mechanisms

Beyond peripheral sensory inputs, pain perception has
long been known to be regulated by supraspinal mecha-
nisms that are also involved in morphine-mediated anal-
gesia (416–418). In the hindbrain, one of the relevant
areas involved in these supraspinal mechanisms is the
rostral ventromedial medulla (RVM). This is the last relay
nucleus collecting information from various brain areas
and also the origin of a descending pathway terminating
in the dorsal spinal cord on galanin-expressing inhibitory
neurons (386). It turned out that a subpopulation of
glutamatergic neurons in the RVM express Bdnf and
that decreasing Bdnf levels in these neurons by
shRNA prevents the analgesic action that morphine
normally exerts after noxious mechanical stimulation
(386). Remarkably, similar results were obtained after
the downregulation of Ntrk2 (TrkB) in these same neu-
rons. Beyond the stunning demonstration that BDNF
mediates the analgesic effects of morphine in this
experimental paradigm, these results also further
emphasize the role of TrkB expressed by the very
neurons secreting BDNF, i.e., the functional signifi-
cance of autocrine/paracrine mechanisms.

8. MOOD DISORDERS

8.1. Introduction

A major development in the field is the recent sugges-
tion that antidepressants and psychoactive drugs facili-
tate BDNF signaling by virtue of their binding to TrkB.
Although structural work is still lacking to explain these
extraordinary findings, they were preceded by over two
decades of work indicating that altered synaptic plastic-
ity and BDNF/TrkB signaling are implicated in major
depressive disorders (MDDs).

8.2. Work with Rodents

At an observational level, it has long been appreciated
that stressful life events are associated with major
depressive episodes (for review, see for example Ref.
419). Also, the dysregulation of the hypothalamus-pitui-
tary-adrenocortical system has been thoroughly investi-
gated for its involvement in depression (420). With
regard to the role of neurotrophin signaling in MDDs, an
early contribution revealed that in a rat model, stress
caused by a 2-h period of forced immobilization in the

morning was accompanied by a dramatic reduction of
Bdnf mRNA levels throughout the rat hippocampus
(421). This reduction was particularly severe in the den-
tate gyrus, an area of adult neurogenesis in rodents
much discussed in the context of the mode of action of
antidepressants (422). Remarkably, parallel in situ hybrid-
ization experiments with Ntf3 probes revealed if anything
an increase in mRNA levels in the dentate gyrus after
repeated episodes of immobilization (421). These obser-
vations on the levels of neurotrophin mRNAs could be
replicated by the administration of corticosterone. These
important findings were supported by the observation
that the effects of immobilization stress on Bdnf mRNA
levels were largely prevented when performed on rats
after bilateral removal of the adrenal medulla (421).
However, this only applied to the levels of BdnfmRNA in
CA3 and CA1, not in the dentate gyrus, where a marked
decrease was still observed in the absence of both adre-
nal glands (421). This seminal study also mentions that no
changes were observed in the levels of Ntf4 expression.
With regard to the levels of Ntf3, adrenalectomy
decreased them in the dentate gyrus as well as in CA1
and CA2. These results not only revealed a correlation
between a recognized aggravating factor of MDD,
namely stress, but also they indicated that BDNF and
NT3 behave differently. This is all the more remarkable
given that NT3 and BDNF share important features with
regard to the pattern of expression in their respective
receptors TrkB and TrkC throughout the brain. However,
the organization of the respective genes differs substan-
tially (59), and so do the mechanisms regulating their
expression. In particular, the expression of Ntf3 is not
induced by the traditional stimuli increasing neural activity
in the CNS (59). The role of corticosteroids in the regula-
tion of BdnfmRNA levels is also important to consider as
steroids have long been known to alter dendritic mor-
phology of pyramidal neurons in the hippocampus (423).
Contrasting with stress-related effects, electroconvulsive
therapies and chronic administration of antidepressants
have been shown to increase BDNF levels in the rat pre-
frontal cortex and hippocampus (424).
As detailed in sect. 10, there is ample evidence that

physical exercise increases BDNF levels in the cerebral
cortex and in the hippocampus, and this is relevant
given the recognized beneficial effects of physical exer-
cise in MDD (for review, see Ref. 425). Additional early
key findings relevant to rodent models of depression
include the discovery of a link between BDNF and the
serotoninergic system (426) and the observation that
BDNF injections into the rat midbrain exert antidepres-
sant-like effects in the learned helplessness and swim
tests (427). The case for the involvement of BDNF signal-
ing in rodent models of depression was subsequently
further strengthened by the demonstration that TrkB
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activation is necessary for imipramine and fluoxetine to
deploy their beneficial effects in the forced swim test
(428). The same publication also indicated that the effi-
cacy of imipramine was blunted in mice lacking one
Bdnf allele and that both fluoxetine and imipramine
cause the phosphorylation of TrkB in the cerebral cortex
and the hippocampus (428). These observations were
later extended to inhibitors of monoamine transporters
and metabolism that were also shown to rapidly activate
TrkB in the rodent anterior cingulate cortex and the hippo-
campus (429). In a further extraordinary development, the
suggestion was then made that many, if not all, antide-
pressants directly bind to TrkB and potentiate BDNF sig-
naling through its receptor (430), a finding later extended
to the psychoactive drugs lysergic acid diethylamide (LSD)
and psilocin (431). These experiments involve binding
assays using TrkB expressed in HEK293 cells and a TrkB
mutant lacking a tyrosine residue located in the trans-
membrane domain thought to be a point of contact with
membrane cholesterol. This TrkB mutant showed a much
reduced binding affinity for antidepressants. Crucially,
mice expressing this TrkB receptor mutant show a
decreased response to antidepressants (430). The overall
idea emerging from this set of data is that TrkB embedded
in cholesterol-rich patches of membrane potentiates sig-
nal transduction initiated by BDNF by favoring the forma-
tion of TrkB dimers (430). A striking aspect of these
observations is that none of the antidepressants and psy-
choactive drugs has been developed on the basis of its
ability to bind to TrkB and yet they apparently all do,
despite their structural diversity (430, 431). Yet not all pre-
viously published data support this notion, and, for exam-
ple, the antidepressant imipramine has been found by
others not to activate TrkB (432). The same also applies to
a group of substances named flavonoids (432) previously
reported to activate TrkB in the case of 7,8-dihydroxyfla-
vone (433). This latter observation is potentially very signif-
icant given that 7,8-dihydroxyflavone diffuses into the
brain. Although there is ongoing skepticism for the notion
that TrkB may be a docking site for so many different
ligands, it is important to note that, as recapitulated above,
the involvement of BDNF and TrkB in the action of antide-
pressants has been independently documented in a large
number of observations by several groups over a long
period of time using different experimental approaches.
What is lacking at this juncture is structural data, and it is
conceivable that several TrkB molecules may come
together to form a multibundle of alpha helices able to
accommodate different ligands at different positions as
recently shown for the dopamine transporter (434–436).
Also, some of these substances may bind to BDNF and
increase its binding affinity for TrkB, as recently suggested
for one such flavonoid derivative designated apigenin, a
common flavone found in vegetables (437). Indeed, the

affinity of BDNF for aromatic residues has been noted and
used in the initial purification scheme of BDNF from brain
extracts (see FIGURE 1). Remarkably, the other compo-
nent of the neurotrophin signaling pathway, namely
p75NTR, has also been shown to bind ketamine and
fluoxetine with an affinity comparable to what had
been previously reported for TrkB and to trigger the
proteolysis of p75NTR expressed in HEK293 cells (438).
Furthermore, related in vivo experiments indicated that
the ability of both antidepressants to shift ocular domi-
nance, previously used as evidence of enhanced CNS
plasticity caused by antidepressants (for review, see
Ref. 439), is lost in Ngfr hemizygote animals (438). The
ameliorating effects of ketamine and fluoxetine in a
paradigm of fear extinction were also prevented after
treatment with a JNK inhibitor, one of many down-
stream effectors of p75NTR, and with LM11-31A, a small
molecule preventing the binding of pro-neurotrophins
to p75NTR (440), further discussed in sect. 11. It is thus
conceivable that the effects of ketamine and fluoxetine
reported to trigger p75NTR proteolysis may impair a
ligand-independent function of p75NTR known to acti-
vate RhoA, thereby limiting axonal elongation and
branching by virtue of its interaction with RhoGDI as
discussed in sect. 4.

8.3. Depression and Human Genetics

In a postmortem study involving 27 suicide subjects and
21 nonpsychiatric control subjects, mRNA as well as pro-
tein levels of BDNF and of TrkB were found to be signifi-
cantly reduced, both in the prefrontal cortex and in the
hippocampus (441). By contrast, the levels of the trun-
cated form of TrkB remained unchanged. These results
were then independently confirmed in a follow-up study
conducted with brain tissue dissected from patients who
also committed suicide. Compared with nonsuicide sub-
jects, a significant decrease in BDNF levels was found in
all 15 cases examined, both in the hippocampus and in the
ventral prefrontal cortex, but not in entorhinal cortex (442).
This decrease was only found in untreated patients, not in
seven individuals with symptoms of major depression who
were drug treated (442). NT3 levels were also decreased
in the hippocampus of drug-free patients. In a study com-
prising a cohort involving 87 BDNF and NTRK2 single-
nucleotide variants established on the basis of DNA
extracted from blood samples and hundreds of patients
suffering from major depressive disorders (MDDs), poly-
morphisms associated with NTRK2, but not BDNF, were
found in the cohort that included patients who had com-
mitted suicide attempts (443). With regard to plausible
mechanisms explaining reduced levels of BDNF and TrkB,
several promoter methylation studies have been con-
ducted on various patient samples (for review, see Ref.
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444). For example, postmortem brain samples from suicide
subjects showed a significant increase of DNAmethylation
at specific CpG sites in the BDNF exon IV promoter, com-
pared with control subjects (445).
With regard to therapies not involving pharmacologi-

cal approaches and antidepressants, the benefits of
physical exercise have long been recognized (446).
Based on extensive work in rodents, it would seem very
likely that physical exercise also increases BDNF levels
in the human brain (see sect. 10 for additional details). As
physical exercise is often not a realistic option for patients
suffering fromMDD, there is a great deal of interest in the
use of noninvasive brain stimulation techniques (for a
recent review, see Ref. 447). These techniques include
transcranial magnetic stimulation (TMS) and especially
transcranial direct current stimulation (tDCS), a compara-
tively simple technique that can be self-administered at
home. Also, there is no shortage of positive reports sug-
gesting efficacy (for a recent example, see Ref. 448).
Although such noninvasive approaches are a priori attrac-
tive and a theoretical framework has been proposed
detailing how tDCS may affect motor learning (449), it is
exceedingly difficult to firmly establish in humans whether
tDCS is truly useful to treat depression and other condi-
tions likely to benefit from increased BDNF levels in rele-
vant brain areas. There are problems at essentially all
levels including anatomical variability of the skull between
different subjects, the near impossibility of verifying the
impact of tDCS by fMRI when different subjects are
compared, and the known placebo effects that are
particularly difficult to rule out in the context of
depression and its treatment (for a recent critical of
the use of tDCS in humans, see Ref. 450). Other nonin-
vasive approaches are being developed including
transcranial alternating current stimulation (tACS),
transcranial ultrasound stimulation (TUS), and more
recently temporal interference (TI) brain stimulation
(451). TI is of special interest as it aims at targeting
deep brain structures including the hippocampus,
obviously a major issue in humans with the noninva-
sive techniques used thus far. In a mouse model TI allows
the stimulation of the hippocampus without recruiting
neurons in more superficial brain areas (451). Yet whether
or not it can be applied safely and with efficacy to humans
remains to be determined, and a set of recommendations
has just been published (452).

9. BODY WEIGHT REGULATION

9.1. Introduction

Experiments performed with adult rats soon after recombi-
nant BDNF became available fortuitously revealed that

repetitive intraventricular injections of BDNF markedly
reduced food intake (453). Meanwhile, the regulation of
food intake and of energy expenditure by BDNF/TrkB sig-
naling has become an important focus of research
increasingly driven by the association of human polymor-
phisms with obesity.

9.2. Regulation of Food Intake

A physiological role for BDNF as a body weight regulator
became apparent upon examination of adult mice lack-
ing one Bdnf allele (454). These mutant animals were
found to progressively become hyperphagic and to
abnormally gain weight starting at �2 mo. Increased
intermale aggressivity was also noted, a phenotype
ameliorated by the administration of the serotonin reup-
take inhibitor fluoxetine (454). The finding of abnormal
weight gain in Bdnf hemizygotes was confirmed in a
related study that also reported Bdnf expression in
hypothalamic nuclei known to be involved in the regula-
tion of food intake (FIGURE 13), including the ventrome-
dial hypothalamic (VMH) nuclei (455). Subsequently,
Bdnf expression in the VMH was shown to be regulated
by melanocortin-4 receptor (MC4R) signaling and to be
markedly and selectively decreased after food depriva-
tion (456). Glucose administration rapidly increases
exon 1 transcripts in the VMH, whereas virus-mediated
excision of Bdnf in the VMH in adult animals causes
hyperphagic behavior and obesity, without altering
energy expenditure (457). Notably, the nucleus-specific
deletion of Bdnf did not affect other behavioral parame-
ters including locomotor, aggressive, or depressive-like
behaviors (457). In a recent, remarkable development,
BDNF-expressing neurons in the VMH were shown to
control food consumption and jaw movements by a sur-
prisingly simple, subcortical circuitry (181). VMH neurons
are connected to leptin-sensing neurons in the arcuate
nucleus (ARH) and project to the premotor area of the tri-
geminal nucleus (pMe5) onto neurons likely to include
muscle spindle afferents (see FIGURE 13). The activity of
these neurons decreases during food consumption and
increases when food is in proximity (181). Unlike VMH
neurons, ARH neurons do not express the Bdnf gene,
with some secreting the neuropeptide a-melanocyte
stimulating hormone (a-MSH), a ligand of the melanocor-
tin receptor 4 (MC4R) generated by cleavage from proo-
piomelanocortin (POMC). The ARH nucleus is located
outside the blood-brain barrier and is a key structure in
the response to circulating levels of leptin (458). As very
little work has been done thus far in this area at the
BDNF protein level, it is worth noting that activation of
MC4R by the agonist MK1 does trigger the release of
BDNF from hypothalamic explants (459) and that the
injection of a BDNF monoclonal antibody blocking its
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biological activity (406) into the third ventricle before the
administration of the MK1 agonist completely blocks its
antiorexic effect (459). These observations support a
previous conclusion that TrkB activation is downstream
of MCR activation (456). In addition to the role of BDNF
in the VMH, its role in the paraventricular hypothalamic
nucleus (PVH) has also received a great deal of attention
because of its involvement in leptin signaling (see
below). The connectivity of PVH neurons has been
explored in considerable detail with Bdnf-Ires-Cre ani-
mals, rabies virus-based retrograde transsynaptic label-
ing, and adeno-associated virus anterograde tracing
techniques (460). The results indicate that several brain
regions provide a dense input to, and receive a dense
input from, PVN BDNF neurons (460). Many neurons in
the PVH express MC4R, and restoring MC4R expression
in the PVH in transgenic mice reduces obesity by sup-
pressing the increased food intake typically seen in ani-
mals lacking MC4R, whereas reduced energy expenditure
was unaffected (461).

9.3. Energy Expenditure

The connection between BDNF and energy expenditure
was recognized early on, during the course of experi-
ments performed with leptin mutant db/db mice aimed

at understanding the role of BDNF on glucose metabo-
lism (462–464). Remarkably, treatment of the mutant
mice with intraventricular injections of BDNF enhanced
norepinephrine turnover and increased the levels of
uncoupling protein-1 (UNC1) in the interscapular brown
adipose tissue (462). Fat tissue including in particular
the brown fat adipose tissue (BAT) is innervated by the
sympathetic system. Its activation massively increases
energy dissipation through the oxidative degradation of
the lipids accumulated in this tissue, an important com-
ponent of nonshivering thermogenesis (465). The depo-
larization of sympathetic terminals contained in explants
of rat BAT triggers within minutes a large increase in oxy-
gen consumption caused by the release of norepineph-
rine (466). In BAT, mitochondria are uncoupled from ATP
generation by virtue of the expression of UNC1 (for
review, see Ref. 467). In an extraordinary further devel-
opment, the delineation of the circuitry explaining the
role of BDNF in the PVN and energy dissipation uncov-
ered a link with the mode of action of leptin (468). Leptin,
initially discovered using an unbiased genetic approach
(for review, see Ref. 469), is the best-known hormonal
regulator of body weight, and its null mutation causes
obesity as a result of defective thermogenesis and lipol-
ysis. These defects can be reversed by the chronic,
but not acute, administration of recombinant leptin

FIGURE 13. Overview of some of the circuitry regulating food intake and energy expenditure. The nodose ganglion (NG) is a key relay station, and
sensory afferents innervate most internal organs as well as specialized structures such as the baroreceptors of the aortic arch. Brain-derived neurotro-
phic factor (BDNF; yellow dots) is expressed in epithelial cells lining the gut and other organs as well as by the baroreceptors. The hypothalamic nuclei
most discussed in the context of BDNF and the regulation of food intake are indicated, and those expressing the Bdnf gene are indicated in yellow (for
review, see Ref. 389). Major outputs include axons innervating the trigeminal mesencephalic nucleus (pMe5) and the preganglionic column of Terni in
the spinal cord (SC) innervating brown adipose tissue (BAT) through a relay in the stellate ganglion (SG). AP, area postrema; ARC, arcuate nucleus;
NTS, nucleus tractus solitarii; PVH, paraventricular nucleus of the hypothalamus; VMH, ventromedial nucleus of the hypothalamus. Figure created with
a licensed version of BioRender.com.
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that restores the innervation of the adipose tissue by
the sympathetic system through the activation of neu-
rons located in the arcuate nucleus (468). These neu-
rons express the leptin receptor and are connected to
Bdnf-expressing neurons in the PVH (see FIGURE 13)
via agouti-related peptide and proopiomelanocortin
neurons (468). Deletion of the leptin receptor gene in
ARC, but not in other hypothalamic nuclei, causes a
marked decrease in the density of innervation by the
sympathetic nervous system of both white and brown
adipose tissue. Behaviorally, this is accompanied by a
reduced thermogenic response upon exposure of the
animals to cold. The selective knockdown of Bdnf in the
PVH decreases innervation of thermogenic inguinal white
and brown adipose tissues, and in mice lacking leptin this
selective Bdnf reduction blunts the effects of exogenous
leptin treatment toward increasing the sympathetic inner-
vation of inguinal fat and brown adipose tissue (468).
Animal lacking leptin and BDNF in the PVH show a signifi-
cant decrease in the ability of recombinant leptin to
induce weight loss, reduce food intake, and restore BAT
temperature compared with animals only lacking leptin
(468). Given subsequent work on the innervation of the
bonemarrow and the demonstration that cells expressing
the leptin receptor express theNgf gene, thereby regulat-
ing sympathetic innervation (470), similar mechanisms
may operate in ob/obmice chronically treated with leptin.
BDNF is transported anterogradely from the PVH and
increases the size of preganglionic sympathetic neurons
located in the intermediolateral column (IMLC) of the spi-
nal cord (471). This in turn may increase the ability of nor-
adrenergic nerve terminals to capture the presumed
limiting amounts of NGF produced by fat tissue. The use
of a mouse line expressing lacZ under the control of the
endogenous Bdnf promoters allowed detailed mapping
of BDNF neurons in the PVH and revealed that BDNF-
expressing neurons in the medial and posterior PVH par-
ticipate in energy dissipation through a circuit regulating
sympathetic outflow and thermogenesis in fat tissue (471).
By contrast, BDNF-expressing neurons in the PVH were
found to be involved in suppressing feeding (471). The
suggestion was then put forward that BDNF transported
anterogradely from the PVH toward cholinergic, TrkB-
expressing neurons located in the intermediolateral col-
umn (IMLC) regulates the presynaptic to sympathetic gan-
glia innervating brown fat and white adipose tissue (471).
This feedforward mechanism positively regulates the size
of the cholinergic neurons presynaptic to the stellate gan-
glion innervation of brown fat tissue (471). Related mecha-
nisms have also been proposed to explain how chronic
leptin treatment regulates fat tissue innervation by the
sympathetic system (468). Using an elegant approach
allowing the unbiased identification of warm-sensitive
neurons, later investigations uncovered an increased

translation of Bdnf mRNA in the preoptic area of the
hypothalamus in response to heat (169). Conversely,
optogenetic activation of these neurons triggered hypo-
thermia and a cold-seeking behavior (169). In the VMH,
BDNF secretion has been shown to activate TrkB.T1
expressed by some of the surrounding astrocytes (257).
Interestingly, the depletion of TrkB.T1 in VMH astrocytes
enhances glutamate reuptake caused by a change in
the morphology of astrocytes, thus decreasing neuronal
activity that would normally accompany the antiorexic
effects of BDNF (257).

9.4. Peripheral Sensory Input

Whereas the role of BDNF as an antiorexic and energy-
dissipating agent in the hypothalamus is nowwell under-
stood, a possible role of BDNF in sensory afferents in
mediating the regulation of food intake and energy
expenditure is still not entirely clear. As mentioned in
sect. 3, BDNF is expressed in the epithelium lining as
well as in other layers of the digestive tract innervated
by nodose ganglion neuron afferents (195). These neu-
rons represent an important relay between the gut and
the brain (see sect. 7 and FIGURE 13). It has been
recently shown that meal-related signals modulate neu-
ronal activity in the caudal nucleus of the tractus solitar-
ius (cNTS), where these signals are integrated (472). The
cNTS represents the area of projection of the nodose
ganglion, and neurons expressing the glucagon gene
Gcg in cNTS are activated by mechanical feedback from
the gut (472). Previous single-cell RNAseq experiments
have revealed that most neurons in the mouse nodose
ganglion express the Bdnf gene, including those
expressing mechanoreceptors (393). This is significant
as hunger-promoting signals are potently suppressed
by the activation of intestinal mechanoreceptors that
have their cell bodies in the nodose ganglion (473).
Nodose ganglion neurons are also likely to upregulate
BDNF levels as a function of gut signals, given the
results of c-fos monitoring in this ganglion in response to
gut luminal stimulation (474). As BDNF levels increase in
nodose ganglion neurons when bursts of high-fre-
quency stimuli are applied (475), it seems likely that gut-
derived signal may increase BDNF levels in nodose
neurons and trigger its release in the cNTS. This inter-
pretation is suggested by previous observations on the
role of nodose neuron in the regulation of respiratory
input (476) and the activity-dependent BDNF release
from these neurons (295). In a recent, highly significant
study, BDNF-expressing neurons have been identified
in the medial NTS (mNTS) (477). These neurons are
required for the weight-reducing actions of both growth
differentiation factor 15 (GDF15) and the glucagon-like
peptide-1 (GLP-1) receptor agonist exendin-4 (477).
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Activation of BDNF-expressing mNTS neurons reduces
food intake and drives fatty acid oxidation (477).
With regard to patterns of food intake, intermittent fast-

ing has been hypothesized to be potentially beneficial and
to retard cognitive decline during aging (478). Kumar and
colleagues (479) attempted to replicate aspects of intermit-
tent fasting by feeding cultured mouse neurons with the
glucose analog 2-deoxyglucose. The resulting endoplas-
mic reticulum stress caused levels of the transcription fac-
tor ATF4 to increase Bdnf transcription as a result of ATF4
binding to a Bdnf enhancer region (479). In an AD model
consisting of the overexpression of amyloid precursor pro-
tein (APP) and presenilin mutant constructs, the administra-
tion of 2-deoxyglucose has been shown to improve LTP
deficits observed in hippocampal slices prepared from
these animals. Modest improvements were also observed
in a behavioral task testing spatial memory and in func-
tional recovery in an ischemic strokemodel (479).

9.5. Human Genetics

Mutations in the BDNF as well as NTRK2 genes have
been associated with severe obesity in humans (480). A
NTRK2 mutation discovered in an 8-yr-old male has
been associated with a syndrome including hyperphagic
obesity as well as learning and memory impairment
(481). The cause of this dramatic phenotype was attrib-
uted to a heterozygous de novo missense mutation
resulting in a Y722C substitution in TrkB. This mutation
was found to markedly impair receptor autophosphoryl-
ation and MAP kinase signaling, suggesting that this
mutation acts like a dominant-negative impairing signal-
ing through TrkB encoded by the intact allele. The loss
of one functional BDNF allele discovered in an 8-yr-old
girl has been associated with hyperphagia and severe
obesity (482) as well as with impaired cognitive function
(482). Together with the wealth of data accumulated
with mouse models, these human genetic data further
add to the notion that BDNF/TrkB signaling is essential
for normal development, including the regulation of food
intake and memory (482). The WAGR syndrome is also
important to consider in this context. WAGR stands for
Wilms tumor, aniridia, genitourinary anomalies, and men-
tal retardation and is caused by 11p13 deletions of vari-
able size. These deletions may in some cases include
the BDNF locus. Two other genes are in its vicinity,
namely WT1 encoding the Wilms tumor protein and
PAX6, a homeobox gene of critical significance in neuro-
development. The BDNF locus is located �4 Mb from
the PAX6 gene. In an initial study with 33 WAGR
patients, 19 had a BDNF deletion and all had a body
mass index higher than the patients without BDNF dele-
tion (483). Interestingly, this is also an ultrarare case
where BDNF measurements in the serum of the

corresponding patients are informative, with the meas-
urements indicating a reduction by �50% in the 19
patients versus 14 control subjects without BDNF dele-
tion (483). In a related study, 15 WAGR patients with a
BDNF deletion had lower adaptive behavior, reduced
cognitive functioning, and higher levels of social impair-
ment, with some meeting the criteria of autism (484).
In Prader–Willi syndrome (PWS), a condition char-

acterized by severe hyperphagia, a transcriptome
analysis performed on the hypothalamus of affected
individuals revealed an overlap with the transcrip-
tome of mouse hypothalamic neurons signaling hun-
ger, whereas downregulated genes overlapped with
those activated by feeding (485). The levels of
BDNF and NTRK2 transcripts were found to be
markedly decreased in the VMH of PWS patients
(485), suggesting that decreased BDNF/TrkB signal-
ing may underly the hyperphagic behavior of PWS
patients.
As obesity is a readily quantifiable phenotype, it can

be predicted that the number of associations between
BDNF polymorphisms and human conditions will con-
tinue to increase (486, 487). For example, a study that
examined the expression levels of BDNF transcripts in
the human hypothalamus and possible associations
with 44 single-nucleotide polymorphisms reported
that the minor C allele rs12291063 is associated with
lower expression of BDNF in the human VMH and
greater adiposity, in both adult and pediatric cohorts
(488). The study also revealed that the major T allele,
unlike the C allele, binds a transcriptional regulator
designated D0B (488). In addition, a recent study that
focused on a regulatory region selected on the basis
of its high degree of conservation between species led
to the discovery of a sequence (designated BE5.1) that
functions as an enhancer, with obesity associated with
the A, as opposed to T, allele of this polymorphism (16).
A GWAS cohort analysis in humans also demonstrated
a significant association between rs10767664 and anx-
iousness. Interrogation of the human GTEx expression
quantitative trait locus (eQTL) database revealed a
highly significant effect on the levels of BDNF-antisense
(BDNF-AS) transcripts, with the deletion of BE5.1 signifi-
cantly reducing BDNF-AS expression in mice. This
remarkable set of results underscores the power of
GWAS studies in humans in helping the discovery of
new regulatory mechanisms that had thus far escaped
detection in rodents (16). However, the impact of the
rs10767664 polymorphism on the BDNF protein level in
human cells is unknown at this point and the relevance
of the results obtained in mouse models unclear given
differences in the organization of the gene encoding
BDNF antisense transcripts between mice and humans
(see sect. 2).
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Contrasting with overwhelming evidence for the anti-
orexic effects of BDNF in humans and rodents, it turned
out that intravenous administration of the agonistic TrkB
antibody or of NT4 caused increased appetite, body
weight, and fat deposits when administered peripherally
to rhesus and cynomolgus monkeys (489). By contrast,
the intraventricular injections of this agonistic antibody
exerted the expected antiorexic effects (489). A follow-
up study indicated that peripheral injections of the TrkB
activating antibody decreased food intake and/or body
weight in mice, rats, hamsters, and dogs but increased
food intake and body weight in monkeys (490). Based
on these results with nonhuman primates, a clinical trial
was initiated with indications related to the dysregula-
tion of food intake as observed in cachexia and ano-
rexia. However, the trial was halted early for reasons
that are unclear.

10. PHYSICAL EXERCISE AND BDNF
MEASUREMENTS

10.1. Introduction

As discussed in sect. 6, physical activity has long been
known to increase BDNF levels in the brain of rodents.
This is unlikely not to be the case in humans but cannot
be readily documented at present. Although BDNF lev-
els are readily measurable in human blood, they do not
reflect the levels of the nervous system, as explained in
this section. There are major differences between prima-
tes and mice with regard to the presence and the levels
of BDNF in blood, an important limitation when using
mouse models to understand the pathophysiology of
BDNF in humans.

10.2. Physical Exercise

It is widely appreciated that physical exercise helps in
retarding cognitive decline during aging even if the defi-
nition of exercise in humans often lacks specificity with
regard to frequency, duration, and intensity (for review,
see Ref. 491). Accordingly, there is a great deal of inter-
est in better understanding the mechanisms underpin-
ning the multiple benefits of physical exercise and in
using biomarkers (492). Although the impact of physical
exercise on BDNF levels in the human brain cannot be
quantified in living individuals, there is no reason to
hypothesize that exercise would not increase BDNF lev-
els in areas such the cerebral cortex and the hippocam-
pus. Briefly, what has been learned with cultured
neurons in particular suggests that the regulation of
BDNF expression shows striking similarities between
rodents and humans (see for example Refs. 52, 250,

493). In the rat brain, BDNF protein levels are elevated
in the hippocampus immediately after exercise and only
return to preexercise levels after 3–4 wk (361). The
potential benefits of physical exercise have also been
examined in the context of aging. Rats of �2 yr of age
show a marked deficit in their ability to locate a sub-
merged platform compared with younger rats (494). This
deficit is largely compensated in older rats by voluntary
running, but not the decrease in object recognition also
observed during aging (494). Voluntary exercise also
increases presynaptic density in the hippocampus of
aged rats compared with sedentary rats (494). With
regard to possible molecular mechanisms, the cognitive
benefits of exercise have also been examined in mice
and compared with the effects of sodium butyrate, a his-
tone deacetylase (HDAC) inhibitor previously shown to
increase the effects on subthreshold learning (495). The
effects of both exercise and sodium butyrate are
thought to involve BDNF as both are blocked after the
infusion of BDNF short interfering RNA into the hippo-
campus (495). Both exercise and sodium butyrate
increase the levels of Bdnf transcripts I and IV that are
associated with promoter acetylation on H4K8 but not
H4K12 (495). With regard to BDNF levels during aging in
nonhuman primate models, a pronounced decrease in
BDNF staining intensity has been noted in the hippo-
campus and entorhinal cortex of macaque monkeys
between 10 and 30 yr (496).
Increasing brain levels of BDNF levels in the human

brain by physical exercise is most likely to be beneficial
not only with regard to memory-related processes but
also in retarding cognitive decline during aging (see also
the 2024 report of the Lancet standing commission on
dementia prevention, Ref. 497). Among a range of spe-
cific recommendations, the report underlines thebenefits
of sensory inputs, including the correction of hearing and
visual deficits (497). This notion is also directly supported
by postmortem measurements of BDNFmRNA levels in
the prefrontal cortex (see sect. 11) that have established
an inverted correlation between these levels and the rate
of cognitive decline (498). The benefits of various forms
of activity, including straightforward descriptions of how
to increase the strength of various sensory inputs,
referred to as “neurobic exercises,” have been usefully
advertised in a booklet destined for the general public
entitled Keep Your Brain Alive, written by Larry Katz and
Manning Rubin (499). As discussed in sect. 8.3, noninva-
sive techniques involving extracranial stimulation are
being developed, and it appears likely that some may
eventually be used in humans to help increasing neuro-
nal activity in functionally relevant pathwayswhen physi-
cal exercise is not anoption.
In rodent models, the crucial but technically challeng-

ing question of quantifying BDNF at the protein and
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single-cell levels has been addressed (149). This key
study quantifies and compares BDNF levels in relevant
brain areas during the course of learning tasks and
aging (149). It also deals with the all-important question
of causality between the levels of BDNF in the cerebral
cortex and the ability of mice to learn specific motor
tasks. Its focus is on the connectivity between the motor
cortex and the striatum, the brain areas long known to
be at the center of motor learning (500). Presynaptic
cortical neurons were identified by retrograde labeling
and subsequently stained with validated anti-BDNF
monoclonal antibodies that identified BDNF-positive
neurons in layers II, III, and V (149). The number of such
neurons was found to be highest in 3-wk-old mice and
to be significantly reduced already by 12 wk. Free
access to running wheels for 3 days not only signifi-
cantly increased the number and, to a lesser extent, the
staining intensity of BDNF-positive neurons in layers II
and III of the motor cortex in juvenile mice but also
restored the number of BDNF-positive neurons to juve-
nile levels in 12-wk-old mice with access to running
wheels. Similarly, somewhat less pronounced changes
were observed in layer V. The study also identifies
BDNF-positive neurons in layer IV of the somatosensory
cortex, and in contrast to the motor cortex their numbers
and staining intensity did not change much between 3
and 12 wk, nor did it change after use of the running
wheel. Most important in the context of the role of BDNF
in exercise and motor learning, the study also shows
that even a modest reduction of BDNF levels in the cere-
bral cortex in genetically engineered animals causes a
selective impairment of motor leaning skills (149).

10.3. BDNFMeasurements in Blood

A very large number of studies have reported BDNF lev-
els in human serum or plasma after physical exercise as
well as in a number of conditions such as depression.
BDNF levels in human blood are readily measurable
with standard BDNF ELISAs, even if the reported levels
vary significantly depending on which ELISA kit is used
(501). Besides technical issues, there is overwhelming
evidence that BDNF levels in human blood do not reflect
levels in the brain, despite an intriguing study involving
eight volunteers that reported increased BDNF levels
after exercise in venous compared with arterial blood
(502). Not only is there is no clear evidence for the diffu-
sion of BDNF across the blood-brain barrier (503) but
also brain levels of BDNF are quite similar in a wide range
of mammals including humans and mice. Yet the differ-
ence in blood levels of BDNF between these two species
differs by orders of magnitude and can be accounted for
by a straightforward explanation (see FIGURE 14): human
blood contains significant levels of BDNF derived from
platelets (504), and this turned out not to be the case in
the mouse (505). Blood platelets are short-lived cellular
fragments derived from megakaryocytes residing in the
bone marrow and are best known for their central role in
blood coagulation. However, platelets also contain a
number of cytokines and growth factors such as plate-
let factor 4 (PF4) packed in secretory vesicles desig-
nated a-granules that release their content during the
process of blood coagulation. Although the functional
significance of most of these growth factors in plate-
lets is uncertain, it is widely hypothesized that some
may play a role in blood vessel and tissue repair. The

FIGURE 14. Brain-derived neurotrophic factor (BDNF) in primate and mouse blood. Primate but not mouse platelets store large amounts of BDNF
(green) in secretory granules together with other secretory proteins such as platelet factor 4 (PF4, blue). BDNF in human serum derives from platelets
that release their content during the process of blood coagulation. BDNF levels are ⁓3 orders of magnitude higher than in mouse blood, serum, or
plasma. BDNF stored in human platelets originates from megakaryocytes, the progenitors of platelets. During the course of their maturation in the
bone marrow, megakaryocytes express the BDNF gene at high levels in humans. This is not the case in mice (193). Figure created with a licensed ver-
sion of BioRender.com.
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platelet proteomes of mice and humans largely over-
lap, but they are not identical, and BDNF is absent in
mouse platelets (506). As a result, BDNF levels are
readily measurable in human serum by conventional
BDNF ELISAs but not in mouse serum (505). The dif-
ferences in BDNF levels in serum between human, rat,
and mouse can be readily accounted for by comparing
mRNAs extracted from the corresponding megakaryo-
cytes (193). Whereas human and rat megakaryocytes
actively transcribe the BDNF gene by the time these
cells stop dividing and generate platelets, this is not
the case with mouse megakaryocytes (193).
BDNF measurements in human blood are quite vari-

able, even when samples are collected under rigor-
ously controlled conditions. Specifically, a study
involving >200 volunteers retested within a period of
12 mo under the exact same conditions to minimize
variability indicated that group sizes of at least 60 indi-
viduals are required to detect a 20% change with con-
fidence (507).
A similar point had been made previously cautioning

the use of BDNF levels in blood as a potential marker in
Huntington’s disease (508). One of the reasons for this
variability is that the release of BDNF from platelets dur-
ing the process of blood clotting is quite incomplete and
variable (509). However, when the differences are
expected to be large as in the case of the loss of one
functional BDNF allele, measuring BDNF levels in serum
and especially in plasma could be useful and meaning-
ful. One such rare case has been documented with
blood fromWAGR patients (Ref. 483; see sect. 9.5).
Whether or not the ratio of pro-BDNF to mature BDNF

in human blood can be used to help the diagnosis of
autism spectrum disorder (ASD) as recently suggested
(156) also needs to be cautioned. The human polymor-
phism rs1048220 and rs104822 involving amino acids
substitutions in the pro-BDNF cleavage site (see sect. 3,
TABLE 1) has been used as a basis to generate a mouse
model and the behavioral phenotype of these animals
recently interpreted as being evocative of ASD in
humans (156). As expected, this mutation altered the
ratio pro-BDNF/mature BDNF in mouse tissues (but see
comment in sect. 3), a finding that prompted the authors
to compare BDNF levels in the plasma of a control group
with a group of individuals diagnosed with ASD (156).
Although the difference in BDNF levels between these
two groups is among the largest ever reported between
two human cohorts, the levels of mature BDNF reported
in the plasma of the control group are also among the
highest ever reported, at the high end of what is typically
measured in human serum (156). It is the difference
between the levels of mature BDNF in the plasma of the
control group and the ASD cohort that contributes to the
altered ratio pro-BDNF/BDNF in plasma. The origin of

pro-BDNF in human blood (plasma or serum) is also
unclear, and its presence would need to be independ-
ently validated given that pro-BDNF is virtually undetect-
able in human platelets (193). In sum, it is doubtful that
the ratio pro-BDNF/BDNF can be used to help the diag-
nosis of human conditions. Unfortunately, no information
is available yet on the molecular characteristics of BDNF
in the blood of rs1048220 and/or rs104822 carriers, and
it would be interesting to investigate its molecular
weight and glycosylation status (see sect. 3.2.4).
Recently, a much more sensitive BDNF ELISA became

available that does allow BDNF measurements in mouse
blood (510). It is also sensitive enough to measure BDNF
levels in human samples that can be collected noninva-
sively such as human saliva (511). The levels of BDNF in
mouse serum or plasma turned out to be �1,000-fold
lower than in human serum (510). In line with the notion
that the bulk of BDNF measured by conventional
ELISA in human and rat serum originates from plate-
lets, no difference was found between mouse serum
and plasma (510). One source of BDNF in mouse
blood is the skeletal musculature (259). The results of
this study also indicate that other sources are likely,
as the skeletal muscle-specific deletion of Bdnf gene
reduced, but did not completely eliminate, the levels
of BDNF from mouse blood (259). There are multiple
possible alternatives as a number of tissues express
the Bdnf gene (195), including peripheral sensory end-
ings given the comparatively robust expression of the
Bdnf gene by many sensory neurons in the PNS (see
sect. 3). Given that it is now possible to measure
BDNF levels in mouse blood in the absence of any
contributions from platelets, it would be interesting to
explore whether BDNF levels in mouse blood corre-
late with any of the many conditions affecting the func-
tion of the nervous system using relevant mouse
models. Also, whether motor activity in the mouse
measurably changes the levels of BDNF in blood can
now be tested. The skeletal musculature does contrib-
ute to blood levels of BDNF in the mouse, and the
Bdnf gene is expressed in some types of skeletal mus-
cle (259), where it has been reported to play a role in
the composition of muscle fibers (512). Such measure-
ments could be informative, for example in the context
of the regulation of insulin secretion or heart contrac-
tion given the presence of truncated BDNF receptors
in these tissues (255).
Regarding the role of platelet BDNF in humans and

other primates, it is conceivable that BDNF may con-
tribute to peripheral nerve regeneration following
traumatic injuries (513), a possible reason as to why
this system evolved in long-lived species. As platelets
are a major source of blood microvesicles and as
these have been shown to contain BDNF in humans
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(514), it is also theoretically possible that BDNF may
find its way into the nervous tissue when carried by
microvesicles. The possible physiopathological rele-
vance of this hypothetical traffic has been recently
suggested with a mouse model in which the expression
of BDNF has been engineered to take place specifically
in platelets (515). After optic nerve lesion in these animals,
the retraction of dendrites of retinal ganglion cells was
found to be significantly reduced compared with control
animals (516). Also, there is experimental support for the
notion that platelet-derived proteins may reach the CNS
areas following the observation that PF4 enhances neu-
rogenesis in the mouse hippocampus (517). This is also
interesting in the context of physical exercise that been
shown to “activate,” i.e., cause the release of some of the
platelet content (518).

11. NEURODEGENERATION

11.1. Introduction

Animal models and human genetic data both suggest
that increasing BDNF signaling is a desirable objective
in a number of conditions associated with dysfunction
of the human nervous system. Although the few early
clinical trials with recombinant BDNF have not been
successful, it appears likely that the knowledge accu-
mulated in the meantime will lead to more favorable
outcomes in the future.

11.2. Amyotrophic Lateral Sclerosis

Following the demonstration that the administration of
BDNF prevents the death of axotomized motoneurons
(43, 44) and ameliorates motor functions of Wobbler
mice (519), a large multicenter trial was initiated over two
decades ago (520). It involved >1,000 randomized
patients suffering from amyotrophic lateral sclerosis
(ALS) who received subcutaneous placebo injections or
injections of 25 or 100 lg/kg BDNF over a period of 9
mo. Survival in patients treated with 25 lg/kg BDNF was
identical to placebo, and there was a trend toward
increased survival in the 100 lg/kg group (520). As the
analysis of the primary end point failed to demonstrate a
statistically significant survival effect of BDNF, the study
was discontinued (520). Post hoc analyses showed that
ALS patients with early respiratory impairment and those
developing altered bowel function showed statistically
significant benefit. A clinical trial was also initiated in par-
allel with 25 patients with probable or definite ALS
treated with BDNF delivered intrathecally (521). Doses of
up to 150 lg per day were found to be well tolerated,
but within days of treatment the majority of treated

patients reported mild sensory symptoms, including par-
esthesia or a sense of warmth, usually confined to the
lower limbs (521). Sleep disturbance, dry mouth, agita-
tion, and other behavioral effects were encountered
at higher doses (521). It thus seems that neither subcu-
taneous nor intrathecal administration of BDNF
caused significant sensory symptoms of the type that
may have been later observed in volunteers after
peripheral administration of TrkB activating antibodies
and that may have contributed to the early discontinu-
ation of this trial (see sect. 7). Whereas these early
ALS trials failed to show significant clinical benefits
during the time frame of the studies, effects were
noted on gastrointestinal motility (520). Among the
reasons discussed for the failures of these early ALS
trials was a long-lasting downregulation of TrkB
caused by chronic exposure to BDNF (522). Recent
findings with cultured human neurons support this
view: the exposure of neurons to saturating concen-
trations of BDNF does trigger a profound and long-
lasting downregulation of TrkB (251), in line with previ-
ous observations with rodent neurons (266, 268, 523,
524). Interestingly, the use of much lower concentra-
tions of BDNF than those typically used in preclinical
studies, i.e., in the picomolar rather than nanomolar
range, is sufficient not only to massively activate TrkB
in human neurons but also to allow its reactivation 24
h later (FIGURE 15), unlike the case when higher
BDNF concentrations are used (251).

11.3. Alzheimer’s Disease

Efforts to explore a possible link between BDNF and
AD were initiated soon after the publication of the
nucleotide sequence encoding BDNF (22). In situ
hybridization studies with BDNF probes performed on
postmortem sections of the hippocampus of nine AD
patients and six control subjects revealed a marked
decrease of BDNF mRNA levels in AD patients,
whereas those of NGF and NTF3 were not different
from control subjects (525). The negative result with
the NGF probe is in line with the outcome of a previ-
ous study indicating unchanged NGF levels in the cer-
ebral cortex of AD patients compared with control
subjects (526). RNase protection assays confirmed a
roughly 50% decrease in BDNF mRNA levels in the
hippocampus of AD patients compared with control
subjects, though it was also noted that these control
subjects were somewhat younger, with an average
age of �67 yr compared with 75 yr for AD donors
(525). The initial focus on NGF and a possible link with
AD was driven by the early realization that the dys-
function of CNS cholinergic neurons may be a major
cause of memory deficits in the disease (527). Basal
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forebrain cholinergic neurons were already known at
the time to be among the comparatively small number
of CNS neurons responding to NGF (528). The
restricted response of CNS neurons to NGF was later
explained by the finding that TrkA expression is limited

to small populations of cholinergic neurons in the CNS
(529), later found to also respond to BDNF (166).
The progressive cognitive decline and the shrinking

or loss of CNS neurons characterizing AD both suggest
that this condition would benefit from enhanced BDNF/
TrkB signaling. This view is supported by findings
reported in an impressive postmortem study indicating
that the levels of BDNF mRNA inversely correlate with
the rate of cognitive decline (498). In this study, RNA
was extracted from the prefrontal cortex from >500
elderly patients and their rate of cognitive decline had
been monitored over an average period of >6 yr pre-
ceding death (498). Higher levels of brain BDNF expres-
sion were associated with slower cognitive decline (P <
0.001). Cognitive decline was �50% slower in the 90th
percentile BDNF expression compared with the 10th
percentile (498). The study also included histological
examination of the tissue, and BDNF expression was
found to be lower in individuals with typical AD fea-
tures, with no association with macroscopic infarcts,
Lewy body disease, or hippocampal sclerosis (498).
An association between AD and BDNF was also
uncovered in a bioinformatic analysis correlating dif-
ferentially expressed genes with Braak stages, Ab lev-
els, and beta secretase activity (530). Also, the levels
of TrkB have been repeatedly reported to be
decreased in postmortem analyses of human brain
and correlated with AD. Specifically, Ab has been pro-
posed to cause the cleavage of TrkB through a mech-
anism dependent on N-methyl-D-aspartate (NMDA)
receptors and calcium influx, leading to calpain over-
activation and TrkB cleavage (531). A number of
human genetic analyses have also been conducted
attempting to correlate neurotrophin signaling with
either sporadic or inherited forms of AD. In one such
study conducted in Italy including 151 sporadic AD
patients, 100 familial AD patients and 97 healthy sub-
jects, an association was found with the polymorphism
rs1048218. This polymorphism causes a glutamine
replacement by histidine at position 77 in the BDNF
prodomain and the study revealed an allele-wise
association with late-onset sporadic AD (158). So did
the rs1047856 NTRK2 polymorphism (leading to an
asparagine replacement by tyrosine at position
338 in the second Ig-like domain) with sporadic AD in
the same study. NGFR was also investigated and
rs2072446 (causing a serine replacement by leucin
in the extracellular domain) and an association found
with familial AD (158). An association of the same
rs2072446 polymorphism with sporadic AD and
Abeta deposit was later found in a Chinese Han pop-
ulation (532).
The situation with the Val/Met polymorphism (rs6265)

remained unclear for a long time, with most initial studies

FIGURE 15. Activation and reactivation of TrkB by low concentra-
tions of brain-derived neurotrophic factor (BDNF) in cultured human
neurons. Lysates of GABAergic neurons differentiated from human
embryonic stem cells and either left untreated (first 2 lanes) or
treated with 40 pM BDNF for either 60 min (lanes 3 and 4) or 24 h
before lysis (lanes 5 and 6). Activation of TrkB was assessed with a
monoclonal antibody recognizing adjacent phosphorylated tyrosine
residues 706 and 707 (FIGURE 12). Note the absence of any TrkB
activation in the first 2 lanes. These GABAergic neurons are cultured
in the absence of BDNF and do not secrete BDNF as expected (see
FIGURE 8). Note also the complete loss of phospho-TrkB signal
after a 24-h exposure to BDNF and its reappearance when the neu-
rons are reexposed to 40 pM BDNF after initial exposure of the neu-
rons to 40 pM (lanes 7 and 8). By contrast, when TrkB is initially
activated with 1 nM BDNF, a saturating concentration in the range
typically used in preclinical experiments, TrkB cannot be reactivated
for prolonged periods of time (see Ref. 251 for additional details).
The lower part of the transfer membrane was incubated with synap-
tophysin antibodies. MW, molecular mass markers in kilodaltons.
Figure from Ateaque et al. (251), used with permission under CCBY-
NC-ND license.
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failing to document a clear association (533). However, in
healthy individuals followed over a period of 36 mo, Met
carriers did show a significant decline in episodic mem-
ory, executive function, and language and greater hippo-
campal atrophy compared with Val/Val homozygotes, but
only in the subpopulation with high Ab accumulation
(534). Irrespective of whether Val/Val BDNF carriers are
able to prevent the accumulation of Ab or are better pro-
tected against detrimental effects of Ab accumulation,
these results suggest a link between BDNF signaling
and AD. In subsequent studies focused on dominantly
inherited forms of AD consisting of individuals carry-
ing mutations either in presenilin genes (PSN1 or
PSN2) or in APP, Met-BDNF carriers showed a faster
memory decline, greater loss of hippocampal volume,
and higher levels of tau and P181 phosphorylated tau
in the cerebrospinal fluid (CSF) (535). These changes
were not observed in the group without mutations in
PSN1, PSN2, and APP (535). A follow-up study with
374 individuals further refined these findings and
revealed that presymptomatic PSN1, PSN2, APP muta-
tion carriers who also carry the BDNF Met66 allele
showed significantly poorer episodic memory, smaller
hippocampal volume, and higher p-tau217, p-tau181,
and total tau, compared with BDNF Val66 homozy-
gotes (536). In symptomatic mutation carriers, BDNF Met
66 carriers showed poorer cognition and higher levels of
p-tau217, total tau, and p-tau205, compared with BDNF
Val66 homozygotes (536). These results suggest then
that increasing BDNF signaling during aging is likely to
be beneficial. However, the question remains of how this
could be achieved over prolonged periods of time. As
discussed in previous sections, physical exercise would
appear to be the best way to prevent neurodegenera-
tion during aging. Obviously this is not a realistic option
for many, given frequent associations with other pathol-
ogies restricting mobility. Promising alternatives would
consist in the development of drugs improving BDNF/
TrkB signaling over prolonged periods of time with mini-
mal side effects as well as further development of tech-
niques allowing noninvasive extracranial stimulation.
The notion that increased levels of BDNF may help in
improving brain function during aging is also supported
by observations made with aging rhesus monkeys (age
range: 21–27 yr) injected with lentivirus delivering BDNF
in the entorhinal cortex and tested with visual discrimina-
tion tasks (537). BDNF-injected monkeys showed a clear
improvement over GFP-lentivirus treatment when reas-
sessed after 1 mo (537). This is all the more remarkable
given that, as discussed in sect. 3, viral delivery of BDNF
includes the complication of the codelivery of pro-BDNF.
This is likely to be problematic given the notion that the
p75NTR receptor binds and seems to be activated by Ab
causing the death of neurons (538–541).

In a recent phase 2a trial with a drug designated
LM11A-31A known to prevent the binding of pro-NGF and
of Ab to p75NTR (542), twice daily oral administration to a
cohort of patients presenting signs of early stages of AD
revealed significant drug-to-placebo differences in struc-
tural magnetic resonance imaging, positron emission
tomography, and CSF markers (543). However, no effects
were observed in cognitive tests in this 26-mo-long trial
(543). TrkB levels have been reported to be decreased in
AD autopsy material, with Western blot experiments
revealing a selective decrease of the catalytic form of
TrkB compared with TrkB.T1 (269). This decrease was
also observed when compared with the levels of TrkB in
brain lysates of age-matched control subjects (269).
Subsequently, TrkB was reported to be cleaved by Ab by
a calpain-dependent mechanism (531), a finding that led
to the development of a cell-permeant compound pre-
venting the cleavage of TrkB by calpain (544).

11.4. Huntington’s Disease

Huntington’s disease is a condition of special relevance
with regard to BDNF/TrkB signaling. The pathology
resulting from CAG triplet repeats is primarily caused by
dysfunctional medium spiny neurons thought to result
from an impaired or decreased supply of anterogradely
transported BDNF from the cerebral cortex (40, 152,
545, 546). Early Western blot and immunohistochemical
data generated with a polyclonal anti-BDNF serum and
autopsy material suggested reduced BDNF levels in the
caudate and putamen but normal levels in the parietal
and temporal cortex and the hippocampus (547). Follow-
up studies indicated that the wild-type product of the
gene encoding Huntingtin is a positive regulator of the
mouse Bdnf gene but not in its mutated form (548).
Huntingtin has been suggested to interact with the tran-
scription inhibitor REST and to keep it in the cytoplasm
(62, 549). An additional physiopathological mechanism
has been proposed for the mutant form of Huntingtin,
namely interference with the anterograde transport of
BDNF vesicles from the cortex with the wild-type protein
thought to be part of the motor machinery driving vesi-
cle transport (545). With regard to the relevance of ani-
mal models, the interesting observation has been made
that cerebral cortex-specific excision of Bdnf causes
transcriptional changes in the striatum more closely
related to the changes observed in the human striatum
of Huntington disease patients than those observed in
the widely used R6/2 model of overexpression of the
huntingtin gene (550). The R6/2 model refers to the
insertion in the mouse genome of the promoter and
exon 1 fragment of human gene with 150 CAG repeats.
Molecular analyses of the changes caused by the CAG
repeats in Huntington’s disease revealed an overactivity
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of a repressor complex consisting of REST-mSIN3a-
mSIN3b-CoREST-HDAC. This complex silences tran-
scription through REST binding to the RE1/NRSE silencer
within the BDNF locus, normally prevented by wild-type
Huntingtin (62, 551). In a small-molecule screen the
REST complex formation was used to target the PAH1
domain of mSIN3b (112), but activating the BDNF/TrkB
pathway in humans with drugs does not seem to have
been successful thus far despite promising results in
mouse models. Specifically, the upregulation of the lev-
els of BDNF levels with the ampakine designated
CX929, a positive allosteric regulator of AMPA-type
receptors injected twice daily, rescued CA1 LTP in slices
prepared from young mutant animals carrying 140 CAG
repeats in the Huntingtin gene but did not improve loco-
motor deficits (552). Further emphasizing the role of
physical exercise in increasing BDNF levels in the CNS
(see sect. 10), detailed guidelines and recommendations
have been published to help patients suffering from
Huntington’s disease underlining the benefits of specific
types of physical exercise (553).

11.5. Parkinson’s Disease

Dopaminergic neurons were recognized early on to
respond to BDNF: its addition to neurons dissociated
from the embryonic rat mesencephalon increased the
survival of these neurons (554). Since then, numerous
studies in rodent models have confirmed that BDNF can
prevent the death of dopaminergic neurons. However,
with regard to the use of growth factors in Parkinson’s
disease patients it is GDNF that has dominated the field.
As indicated in sect. 2, GDNF was discovered with an
approach focused on the monitoring of dopamine
uptake by mesencephalic neurons (20). This may
explain why a first clinical trial could be initiated only
3 years after the first publication of the GDNF sequence
(26). The trials involved both injections of the protein
into the striatum and viral delivery using adenoviruses
(26). As the success of growth factor treatment depends
on the presence of the receptor at the cell surface, it is
important to consider the impact of existing therapies on
the TrkB pathway. In the case of Parkinson’s disease,
patients will have typically been treated with L-DOPA, as
this therapy offers considerable, albeit temporary bene-
fits. A well-known side effect of long-term L-DOPA treat-
ment is dyskinesia, and the role played by TrkB in this
context has been recently investigated in a hemipar-
kinsonism mouse model consisting of a unilateral
6-hydroxydopamine injection into the right medial
forebrain bundle (555). This study involved >350 ani-
mals, and chronic L-DOPA treatment was found to
increase protein and mRNA levels of TrkB compared
to the contralateral side or to sham-operated animals.

These increases were shown to be mediated by the
dopamine receptor D1 (555). It turned out that the
selective deletion of TrkB in neurons expressing D1 as
opposed to D2 receptor aggravated L-DOPA-induced
dyskinesia, suggesting a protective role of BDNF/
TrkB signaling in L-DOPA-induced dyskinesia (555).
Interestingly, a related study emphasized the role of
dopamine in facilitating the cell surface exposure of
TrkB through activation of dopamine receptor D1
(346). Activation of this receptor subtype was found to
enhance the translocation of TrkB to the cell surface,
whereas, conversely, intracellular clusters of TrkB
were observed in the striatum not only of rats treated
with 6-hydroxydopamine but also in postmortem sam-
ples of Parkinson’s patients (346).

11.6. Glaucoma

Glaucoma is a widespread eye condition affecting tens
of millions worldwide (556). It is characterized by a grad-
ual increase of intraocular pressure and the progressive
degeneration of retinal ganglion cells accompanied by a
decrease of the visual field. Beyond attempts to
decrease intraocular pressure in affected individuals,
therapeutic options are currently limited. Retinal gan-
glion cells have long been recognized to respond to
BDNF, with initial studies indicating that BDNF increased
the survival of these cells dissociated from perinatal rat
(46) and embryonic chick (557) retinas. A growth-pro-
moting effect of BDNF was also noted in explants of
adult rat retinas (558). Later studies centered on the
dendrites of retinal ganglion cells indicated that BDNF
can delay the progressive retraction of retinal ganglion
cell dendrites, even when BDNF was added 3 days after
explantation of adult mouse retina (559). Beyond in vitro
effects, BDNF has also long been shown to promote the
survival and axonal elongation of retinal ganglion cells in
vivo after lesions of the optic nerve (45, 560) or after
ischemic injury (561). TrkB is known to be expressed by
neonatal and adult rat retinal ganglion cells (562), and in
Bdnf-null mutants the diameter of retinal ganglion cell
axons is decreased (381). Given this background and the
critical notion that that the dendrites of retinal ganglion
cells undergo a prolonged period of atrophy preceding
cell death (563), a desirable objective is to activate TrkB
early in the disease to delay the progressive deteriora-
tion of vision. Given that VEGF signaling antagonists are
now routinely injected into patients’ eyes to combat
age-related macular degeneration caused by the prolif-
eration of blood vessels (564), injection of TrkB agonists
into the eye of glaucoma patients seems to be a realistic
prospect. TrkB agonists including antibodies would
seem preferable to BDNF itself given their selectivity
toward TrkB activation as opposed to p75NTR, whose
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activation may be undesirable as noted in previous sec-
tions. A number of TrkB-activating antibodies have been
developed (250, 565–568), and the effects of one of
them, designated 1D7, examined after injection into the
eye of rats subjected to unilateral section of the optic
nerve or cauterization of three scleral veins causing sus-
tained increased intraocular pressure (568). When the
survival of retinal ganglion cells was assessed 2 wk after
axotomy and 42 days in the glaucoma model, significant
differences were observed in the 1D7-injected animals
compared not only with a control antibody but also with
BDNF-injected animals (568). Detailed comparative
analyses later performed with human neurons incubated
with a TrkB activating antibody designated ZEB85
raised against human TrkB revealed that it mimics the
transcriptional changes caused by BDNF or NT4 activa-
tion of TrkB, with regard to both the multiple targets that
are up- and downregulated after TrkB activation as well
as the time course of the changes (250).

12. CANCER

12.1. Introduction

As recapitulated in sect. 1, tumor biology played an
important role in the history of the neurotrophin field. As
tyrosine kinase receptors transduce some of the key
biological activities of neurotrophins, it is not surprising
that TrkB has been implicated in malignancies given the
involvement of tyrosine kinases in multiple forms of can-
cer (for review, see Ref. 569).

12.2. Trk Receptors in Tumors outside the Nervous
System

The three Trk receptors have been systematically exam-
ined for their oncogenic potential as fusion proteins and
found to account for �1% of solid tumors (570, 571).
These include secretory carcinoma of the salivary gland,
infantile fibrosarcoma, thyroid, colon, lung, and gastroin-
testinal tumors, as well as melanoma (571). A significant
number of patients benefited from the Breakthrough
Therapy FDA approval for the Trk inhibitor larotrectinib
for adult and pediatric patients with solid tumors (572). A
study including>7,300 patients with hematologic malig-
nancies uncovered TRK fusions in 0.1% of patients with
either acute lymphoblastic leukemia (ALL), acute mye-
loid leukemia (AML), histiocytosis, multiple myeloma, or
dendritic cell neoplasms (572). Responsiveness to Trk
inhibition by larotrectinib could be detected both in vitro
and in vivo (570). A potential difficulty in the field may
result from the extensive use of mouse models to try
and analyze the significance and relevance of the

BDNF/TrkB pathway in tumors. As discussed in sect. 9,
the blood levels of BDNF levels in mice versus humans
differ by �1,000-fold (510). Although in humans plasma
levels of BDNF are sufficient to activate TrkB, this is
unlikely to be the case in the mouse.

12.3. Neuroblastoma and Medulloblastoma

There has been considerable interest in the role of the
Trk receptors in neuroblastoma, one of the most com-
mon pediatric tumors (573, 574). Neuroblastoma cells
derive from the neural crest, and the spontaneous
regression of neuroblastoma resembles the develop-
mentally regulated programmed cell death of PNS neu-
rons (575). In these tumor cells the Netrin-1 receptor
UNC5D was found to be highly expressed in neuroblas-
toma with a favorable outcome. UNC5D is cleaved by
caspases 2/3 in the absence of Netrin-1 and the
released intracellular fragment translocated into the
nucleus to selectively transactivate proapoptotic target
genes (575). Remarkably, mice lacking Unc5d have
increased numbers of DRG neurons, and their sympa-
thetic neurons are less dependent on NGF for their sur-
vival (575). The majority of favorable neuroblastomas
express high levels of TrkA, an observation in line with the
serendipitous discovery that TrkA causes the death of
neurons expressing this receptor in the absence of NGF
(see sect. 4). The same observation was also made with
developing neurons expressing TrkC in the PNS, in line
with the previous discovery that TrkC is a dependence
receptor (576), i.e., a receptor that causes the death of the
cells expressing it in the absence of ligands as described
for UNC5D (577). As noted in sect. 4, subsequent experi-
ments revealed that in mice lacking both NT3 and TrkC
cell death is decreased in the DRG compared with mice
lacking just NT3 (272). Importantly, tumor cells expressing
TrkB have also been noted to express the BDNF gene at
a significant level (573, 574) and TrkB-expressing neuro-
blastomas are associated with a worse prognosis com-
pared with those expressing TrkA or TrkC (574). This is in
line with the finding that TrkB does not cause cell death in
the absence of ligand (Ref. 270; see sect. 4).

12.4. Glioma

Even if this specific type of brain tumor was recognized
very early on (578), glioma remains a condition that is
exceedingly difficult to treat. Recently, some of the rea-
sons why this is so have begun to emerge and may
relate to the deep integration of glioma cells within brain
tissue. Patient-derived tumor cells grown in culture for
extended periods of time and subsequently trans-
planted into the mouse brain were found to extend
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lengthy membrane protrusions designated microtubes
interconnecting cells over long distances through gap
junctions (579). These microtubes were also observed in
glioma resected from patients (579). Neurons were then
found to even form chemical synapses along these micro-
tubes and to generate postsynaptic currents mediated by
AMPA receptors that contribute to tumor growth and inva-
siveness (580). Optogenetic control of cortical neuronal
activity in mice transplanted with patient-derived pediatric
glioblastoma cells had previously revealed that neuronal
activity promotes cell proliferation (581). Remarkably, cul-
ture medium from active cortical slices was found to pro-
mote the growth of cultured tumor cells, with a soluble
form of Neuroligin-3 identified as one of the mitogenic
components (581). Subsequent work by the same group
implicated BDNF as a promoter of plasticity in these malig-
nant synapses, with TrkB activation enhancing AMPA
receptor trafficking (582). Crucially, TrkB inactivation with
entrectinib, an alternative to larotrectinib as Trk inhibitor,
prolonged the survival of mouse recipients in the xeno-
graft model (582).

13. CONCLUSION AND PERSPECTIVE

This review emphasizes throughout the limited availabil-
ity of BDNF in the nervous system as the central feature
of its physiopathology. As BDNF is a key mediator of
activity-dependent synaptic plasticity, any decrease of
its levels can be predicted to be detrimental, as exempli-
fied by decreased memory performance and cognitive
decline during aging in humans. The tyrosine kinase
receptor TrkB transduces the bulk of the trophic effects
of BDNF following its temporary activation by BDNF
released from presynaptic nerve terminals. The failures
of the small number of BDNF clinical trials may have
been caused by the continuous delivery of large quanti-
ties of BDNF, resulting in the prolonged downregulation
of TrkB. Local applications of minimal amounts of selec-
tive TrkB agonists avoiding activation of the p75NTR

pathway are thus worth considering in future trials.
These may include indications such as glaucoma since
repeated, local delivery is an option as illustrated by
work with anti-VEGF reagents in neovascular glaucoma
(583). The role of physical activity toward increasing
BDNF levels in functionally relevant brain areas has
been thoroughly documented in animal experiments,
and there is no reason to hypothesize that the situation
may be different in humans. Unfortunately, physical
activity is often not an option in some of the conditions
where maintaining BDNF levels in the CNS would be
particularly desirable including depression and old age.
It is conceivable that in the future further developments
of noninvasive brain stimulation methods may represent

a useful alternative to physical exercise. With regard to
more traditional, pharmacological approaches, success
with positive allosteric modulators of AMPA receptors
has been limited thus far (for review, see Ref. 584).
However, excitatory neurotransmission can be modu-
lated in multiple ways in the CNS, and, as discussed in
sect. 8, most antidepressants seem to act by potentiat-
ing the TrkB/BDNF pathway. There is renewed hope
then that traditional pharmacological approaches target-
ing endogenous receptors may be used to increase
BDNF levels and/or enhance BDNF/TrkB signaling.
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