
This Review is dedicated to Hans Thoenen 
(1928–2012), who pioneered and inspired much of the 
neurotrophin research over the past three decades.

The first member of the neurotrophin family, nerve 
growth factor (NGF)1,2, was discovered in the early 
1950s as a target-derived protein that promotes the 
survival and growth of sympathetic and sensory neu-
rons during development. The establishment of the 
neurotrophin family came with the purification and 
characterization of brain-derived neurotrophic factor 
(BDNF) from the pig brain by Thoenen and colleagues3. 
They showed that BDNF has a similar neurotrophic 
effect on cultured sensory neurons3, and its amino 
acid sequence is highly homologous to NGF4. Since 
then, two other neurotrophins have been identified 
in the mammalian brain: neurotrophin 3 (NT3) and 
NT4 (REF. 5). Neurotrophins bind to a receptor called 
p75NTR (also known as TNFRSF16) and to one of the 
three tropomyosin-related kinase (TRK; also known as 
NTRK) receptors — NGF binds to TRKA, BDNF and 
NT4 bind to TRKB, and NT3 binds to TRKC6. Through 
the differential expression and cellular localization of 
their receptors, neurotrophins can elicit diverse cellular 
functions in different types of neurons and at different 
cellular loci (for reviews, see REFS 6,7).

A major advance in our understanding of neuro-
trophin function came with the discovery that the 
synthesis of neurotrophins in the brain is increased 
by both seizure activity and sensory stimulation8. This 
discovery inspired later studies on the involvement of 

neurotrophins in activity-dependent synaptic plasticity. 
Indeed, active research over the past two decades has 
shown that neurotrophins regulate nearly all aspects 
of neural circuit development and function, including 
cell proliferation and differentiation, axon and dendrite 
growth, synaptogenesis, and synaptic function and 
plasticity7,9,10. Here, we summarize some of the recent 
developments in our understanding of the role of neu-
rotrophins in these diverse processes, with a specific 
focus on BDNF.

Synthesis, processing and secretion
Knowledge of the synthesis, cellular processing and 
transport, and the spatiotemporal control of secretion 
of neurotrophins, as well as the dependence of all these 
processes on neuronal activity, is crucial for understand-
ing the wide-ranging regulatory functions of neurotro-
phins in the brain.

Transcriptional regulation. In the mammalian brain, 
the mRNA levels of both NGF and BDNF are tightly 
regulated by neural activity8. Membrane depolariza-
tion initiates Ca2+ influx through voltage-gated Ca2+ 
channels (VGCCs) and Ca2+-permeable glutamate 
receptors, notably NMDA-type glutamate recep-
tors (NMDARs), which then triggers the binding of 
transcription factors such as Ca2+-response factor 
(CaRF; also known as ALS2CR8) and cyclic AMP 
(cAMP) response element (CRE)-binding protein 
(CREB) to the corresponding regulatory elements of 
Bdnf11,12. Initially, four promoters upstream of the 5ʹ 
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untranslated region (UTR) of Bdnf were described 
in rodents (termed I, II, III and IV)13, but further 
genomic analyses have identified a total of nine pro-
moters in human and rodent BDNF, leading to the new 
nomenclature of BDNF 5ʹ UTR promoters (termed I–
IX)14,15. Among them, promoter IV (previously known 
as promoter III) is highly responsive to neuronal 
activity. Indeed, promoter IV is regulated by various 
patterns of stimuli encoded by Ca2+ and/or cAMP sig-
nals12,16–18, because it contains multiple Ca2+-responsive 
sequences and CREs to which CaRF and CREB bind, 
respectively, and initiate transcription. In mice, a 
specific knock‑in mutation in promoter IV disrupts 
sensory experience-induced expression of Bdnf and 
causes defective development of cortical inhibitory 
circuits17, highlighting the physiological importance 
of Bdnf promoter IV‑dependent transcription.

The complex structure of the Bdnf promoter region 
is intriguing because it may explain how BDNF can have 
multiple roles in diverse brain functions. It is possible 
that differential activation of alternative Bdnf promoters 
in different cell types and under different physiological 
conditions may induce alternative splicing and polyade-
nylation. This would lead to the production of multiple 
Bdnf transcripts, each of which could have a distinct 
profile of stability and cellular localization, allowing 
BDNF expression with precise spatiotemporal patterns. 
This assertion is supported by semi-quantitative analy-
ses of BDNF transcripts from human and rodent organs, 
which showed that numerous alternatively spliced BDNF 
mRNAs are differentially expressed in the brain and 
peripheral tissues14,15,19, suggesting that these tissues use 
different promoters to ensure correct BDNF levels for 
normal development. Moreover, different spatiotempo-
ral patterns of cytoplasmic Ca2+ increases, arising, for 
example, from Ca2+ influx via activated VGCCs versus 
NMDARs20,21, may activate specific sets of downstream 
effectors that initiate Bdnf transcription through differ-
ent promoters.

Epigenetic regulation of chromatin structure may 
alter the efficacy of activity-dependent Bdnf tran-
scription. In vitro studies showed that depolariza-
tion-activated Ca2+/calmodulin kinase II (CaMKII) 
phosphorylates methyl-CpG-binding protein 2 
(MECP2) — a transcriptional repressor that binds to 
methylated DNA in the Bdnf promoter region22. This 
phosphorylation causes the release of MECP2 and its 
interacting proteins histone deacetylase 1 (HDAC1) 
and SIN3 transcription regulator homolog A (SIN3A) 
from promoter IV (previously termed promoter III) 
and, consequently, an increase in Bdnf transcrip-
tion23,24. However, Mecp2‑null mice (which are a model 
of Rett syndrome) showed a reduced level of Bdnf 
expression (interestingly, additional deletion of Bdnf in 
these mice resulted in an earlier onset of the disease)25, 
suggesting that a mechanism besides transcriptional 
suppression may be involved in determining BDNF 
levels (for example, MECP2‑dependent post-tran-
scriptional regulation of BDNF expression). Another 
example of epigenetic regulation of Bdnf expression 
is the finding that chronic social defeat stress in mice 

increases histone methylation at Bdnf promoters IV 
and VI (previously termed promoters III and IV) and 
suppresses the transcriptional activity at these sites26. 
However, it seems that epigenetic regulation modifies 
the permissive state of the genome for activity-depend-
ent Bdnf transcription rather than mediating the activ-
ity-dependent process itself. For example, in mice, 
strong neuronal activity that is induced by electro-
convulsive treatment can induce DNA demethylation 
through activation of the immediate early gene Gadd45 
(growth arrest and DNA damage-inducible 45), allow-
ing the transcription of Bdnf and adult neurogenesis27. 
Whether epigenetic modifications that are induced by 
physiological neural activity, such as that involved in 
memory formation, could trigger activity-dependent 
transcription of specific neurotrophin genes remains 
to be examined.

Post-transcriptional regulation. During neurotrophin 
transcription, multiple differentially spliced transcripts 
are produced, which share a common coding region 
but have different segments of the 5ʹ and 3ʹ UTRs14,28,29. 
The functional significance of having these multiple 
variants is only beginning to be explored. Rat neurons 
generate Bdnf transcripts with either a short or a long 3ʹ 
UTR, but only transcripts containing the long 3ʹ UTR 
seem to be directed to dendrites, where local BDNF 
synthesis may occur 30,31. Selective genetic deletion 
of the long 3ʹ UTR transcript results in an increased 
number of dendritic spines with a smaller spine head 
size in hippocampal and cortical neurons30,32, as well 
as a reduction in GABAergic innervation of visual cor-
tical neurons32. Together, these findings suggest that 
BDNF is synthesized in dendrites and has an impor-
tant function at this location. However, as is the case 
for activity-regulated cytoskeleton-associated protein 
(ARC/ARG3.1), which seems to undergo synaptic 
activity-induced dendritic synthesis33, direct evidence 
of local dendritic translation of Bdnf mRNAs is yet to 
be demonstrated. It has also been reported that Bdnf 
transcripts with different 5ʹ UTR splice variants are 
segregated to distinct cellular compartments — for 
example, somal and proximal dendrites versus dis-
tal dendrites — before being locally translated and 
secreted34. Dendritic accumulation of Bdnf transcripts 
may be promoted by neuronal activity through the Ca2+ 
influx mediated by VGCCs and NMDARs35. As mRNA 
complexes in dendrites interact with motor protein 
kinesins (for example, kinesin superfamily protein 5 
(KIF5)), Ca2+-dependent phosphorylation of kinesins 
could regulate cargo–motor interactions36 and there-
fore the dendritic targeting of Bdnf mRNA.

Two lines of evidence gave credence to the idea 
that synaptic activity can induce local translation of 
dendritic mRNAs. First, synaptic activity drives the 
movement of Golgi structures and ribosomes from the 
dendrite towards the spine35. Second, translation ini-
tiation factors, such as eukaryotic translation initiation 
factor 4 (EIF4), elongation factors, such as eukaryotic 
elongation factor 2 kinase (EEF2) and S6 kinase, and 
cytoplasmic polyadenylation element-binding protein 
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Late-phase long-term 
potentiation
(L-LTP). Transcription- and 
translation-dependent synaptic 
potentiation that persists for 
more than 3 hours, and is 
typically induced by multiple 
trains of high-frequency 
stimulation spaced at intervals 
of a few minutes.

(CPEB) can all be found within the polyribosome 
complexes in dendrites. These factors could initiate 
local translation of proteins, including BDNF, upon 
phosphorylation by metabotropic glutamate receptor- 
or NMDAR-dependent activation of kinases, such as 
mitogen-activated protein kinase (MAPK), mamma-
lian target of rapamycin (mTOR) and CaMKII37. It is 
of interest to note that MAPK- and mTOR-depend-
ent mechanisms are also potential targets of BDNF 
secreted by presynaptic nerve terminals38. Thus, 
activity-driven secretion of BDNF could induce 
synapse-specific synthesis of other proteins that are 
necessary for stable synaptic modifications, such as 
those associated with late-phase long-term potentiation 
(L‑LTP). This idea is supported by the finding that 
both protein synthesis and BDNF–TRKB signalling 
are necessary for the stable spine enlargement that is 
associated with the induction of LTP39. However, at 
the moment, there is no direct evidence demonstrat-
ing that synaptic activity induces local BDNF syn-
thesis in dendrites or that locally synthesized BDNF 
is required for synapse-specific long-term plasticity. 
Interestingly, a recent study found that granules con-
taining BDNF exist in Schaffer collateral axons but 
not in CA1 pyramidal cell dendrites38, suggesting that 
the source of locally secreted BDNF in the CA1 region 
is presynaptic.

Post-translational processing. BDNF mRNA and pro-
teins levels are present at extremely low levels in the 
brain. Indeed, a 106-fold purification was required 
to identify BDNF from the pig brain3, and quanti-
tative determination of BDNF mRNA levels in the 
developing visual system showed that there is only, 
on average, 1.2 copies of BDNF mRNA in the devel-
oping retina40. It is important to keep the low levels 
of BDNF in mind when considering how BDNF is 
normally processed in the neuron, because the pro-
cessing mechanism may be quite different when the 
BDNF level is artificially raised. Furthermore, accu-
rate determination of the mRNA and protein levels 
of BDNF in the brain is difficult and prone to errors. 
These problems may be the cause of conflicting results 
reported in the literature.

Like many other secreted proteins, BDNF is ini-
tially synthesized in the endoplasmic reticulum as a 
precursor protein, pre-pro-BDNF, which is then con-
verted to pro-BDNF by removal of the signal peptide. 
Pro-BDNF is then cleaved to generate BDNF, but 
exactly where this cleavage takes place and the nature 
of the protease (or proteases) involved remains con-
troversial. A study involving immunohistochemistry 
and immunogold electron microscopy with specific 
antibodies to the pro- and mature domains of BDNF 
showed that the pro-peptide is colocalized with mature 
BDNF in secretory granules in the presynaptic axon 
terminals38, suggesting that the cleavage may occur in 
the secretory granule. Under some experimental con-
ditions, however, the processing of pro-BDNF into 
mature BDNF was found to occur extracellularly via 
the actions of metalloproteinases and the extracellular 

protease plasmin41,42. The initial evidence for the pres-
ence of extracellular pro-BDNF came from studies 
involving overexpression of epitope-tagged BDNF 
in cells in which the levels of tagged pro-BDNF may 
have saturated the limited intracellular processing 
capacity. In a later study involving knock‑in mice in 
which Bdnf was replaced with Bdnf–Myc — leading 
to physiological levels of the MYC-tagged protein — 
pro-BDNF–MYC was found to be rapidly converted 
intracellularly to BDNF–MYC before activity-induced 
secretion43. However, in another study using BDNF–
haemagglutinin knock‑in mice, a substantial amount 
of endogenous pro-BDNF was found in neonatal mice 
and in the supernatant of glia-free hippocampal neu-
ronal cultures that were supplemented with plasmin 
inhibitor44. Whether results obtained in cell cultures 
reflect physiologically relevant conditions remains to 
be clarified.

Resolving the controversial issue of the primary 
site of pro-BDNF processing is important because 
recombinant pro-BDNF does not activate TRK but 
instead activates p75NTR to promote cell apopto-
sis45. Thus, the level of extracellular pro-BDNF, if it 
is indeed secreted by neurons, must be under strict 
spatiotemporal control, as must be the secretion and 
action of the proteases in the synaptic cleft that cleave 
it. Interestingly, several studies41,46 demonstrated that 
the binding of pro-BDNF to p75NTR is necessary for 
long-term depression (LTD) induction at CA3–CA1 
hippocampal synapses. By contrast, a different study 
found that LTD induction at these synapses was nor-
mal in conditional Bdnf-knockout mice, suggesting 
that neither pro-BDNF nor mature BDNF is involved 
in LTD43, although compensatory effects caused by 
the expression of other neurotrophic factors in these 
knockout mice cannot be excluded. Given these con-
flicting findings, both the processing and extracellu-
lar function of pro-neurotrophins remain uncertain. 
However, there is consensus that the release of pro-
NGF under pathological conditions — such as after 
brain injury in rodents — does occur 47 and prob-
ably causes neuronal apoptosis via the activation 
of p75NTR.

The recent identification of a single-nucleotide 
polymorphism (SNP) in human BDNF — resulting 
in a methionine substitution for valine at residue 66 
(Val66Met)48 — has revealed the importance of the 
pro-domain for normal processing of newly synthesized 
BDNF. Mice expressing Val66Met BDNF displayed 
impaired sorting of BDNF into secretory granules as 
well as defective synaptic localization and activity-
regulated secretion of BDNF-containing granules. 
These deficits all contributed to a low level of extra-
cellular BDNF despite the normal level of total BDNF 
expression and constitutive secretion of BDNF48,49. 
Interestingly, human Val66Met carriers showed smaller 
volumes of multiple brain regions and impaired epi-
sodic memory function48–50, although the precise neural 
circuits affected by this polymorphism remain largely 
unclear. It is plausible that these effects could be due to 
the reduced levels of BDNF secretion.
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Activity-induced secretion. Neurotrophin secretion is 
normally triggered by membrane depolarization51,52 — 
although it can also be triggered by extracellular fac-
tors, including neurotrophins themselves53 — through 
a process that is mediated by an increase in cytoplasmic 
Ca2+ and cAMP levels52,54. Secretion of neurotrophins 
has been monitored mostly by ELISA-mediated detec-
tion of neurotrophins from the extracellular medium 
of cultured neurons or by visualizing changes in fluo-
rescence intensity in cultured neurons transfected 
with cDNAs that express neurotrophins tagged with 
a fluorescent protein (for example, green fluorescent 
protein)55,56. Neuronal secretion of BDNF is most pro-
nounced under high-frequency stimulation (HFS; 
~100 Hz) or theta-burst stimulation (TBS)55–58. These 
stimuli are capable of inducing LTP at excitatory syn-
apses, which is consistent with the fact that BDNF is 
required for LTP induction59. Moreover, synaptic acti-
vation of glutamate receptors (particularly NMDARs) 
provides additional Ca2+ influx that facilitates neurotro-
phin exocytosis. Despite the caveat that some of these 
studies were performed on neurons with a high level 
of exogenous BDNF, these results have contributed to 
our understanding of the activity pattern and signalling 
events that are required for triggering BDNF secretion.

During axon–dendrite differentiation, BDNF 
secretion becomes more localized to the distal end 
of the putative axon, where secreted BDNF may act 
in a self-amplifying autocrine manner to stabilize 
cAMP-dependent axon initiation and growth54. After 
synaptogenesis, neurotrophin secretion seems to be 
localized mainly to the pre- and postsynaptic regions, 
where secreted neurotrophins exert their synaptic 
actions (FIG. 1). In hippocampal organotypic cultures, 
spontaneous synaptically localized Ca2+ transients are 
observed at postsynapitc sites (as revealed by the punc-
tate immunostaining of postsynaptic density protein 95 
(PSD95)) in the presence of tetrodotoxin (a neurotoxin 
that blocks action potentials), and their frequency can 
be reduced by blocking BDNF signalling with BDNF-
specific antibodies or with the kinase inhibitor K252a60. 
Together, these results suggest that spontaneous BDNF 
secretion can take place at the synapse. Secretion of 
neurotrophins from presynaptic nerve terminals also 
occurs, as indicated by the anterograde transport and 
axodendritic transfer of neurotrophins that occurs 
in vivo61–63 and in cultured cortical neurons64. Recent 
studies in cultured hippocampal neurons expressing 
pH‑sensitive fluorescent protein-tagged BDNF, how-
ever, showed that axonal secretion of BDNF requires 
much higher levels of neuronal spiking than dendritic 
secretion58. As discussed below, HFS (>100 Hz) is nec-
essary to trigger BDNF secretion from presynaptic 
axons that is responsible for inducing a form of hip-
pocampal CA3–CA1 LTP that involves an enhanced 
presynaptic release mechanism65. By contrast, low-fre-
quency stimulation (1–10 Hz) of cultured hippocampal 
neurons is sufficient to trigger dendritic secretion of 
BDNF58. This asymmetry in the spiking requirement 
for pre- versus postsynaptic neurotrophin secretion 
may be attributed to the postsynaptic NMDARs — the 

source of additional Ca2+ — which are more readily 
activated by neuronal activity than presynaptic ones. 
Alternatively, or in addition, differences in synaptotag-
min isoforms that are associated with axonal versus 
dendritic neurotrophin-containing granules66 may 
confer differential requirements for local Ca2+ to trig-
ger exocytotic secretion of neurotrophins.

As all neurotrophins are positively charged at physi-
ological pH and readily bind to cell surfaces and the 
extracellular matrix, extracellular diffusional spread of 
secreted neurotrophins is limited. However, secreted 
neurotrophins that are bound to their surface receptors 
could be taken up by neurons via receptor-mediated 
endocytosis. Endosomes containing these neurotro-
phin–TRK complexes are biochemically active67 and 

Figure 1 | Local BDNF effects on synaptogenesis.  Local 
brain-derived neurotrophic factor (BDNF)–tropomyosin-
related kinase B (TRKB) signalling enhances the presynaptic 
release of neurotransmitter through the following actions: 
activation of a RAS–mitogen-activated protein kinase 
(MAPK)-dependent and a phospholipase Cγ (PLCγ)–
inositol trisphosphate (IP

3
)-dependent signalling 

mechanism; increased postsynaptic AMPA-type glutamate 
receptor (AMPAR) insertion by Ca2+-dependent activation 
of Ca2+/calmodulin kinase II (CaMKII)–protein kinase C 
(PKC) pathways via PLCγ–IP

3
 signalling; and maturation of 

spine structures and increased expression of synaptic 
proteins (this is mediated by phosphoinositide 3‑kinase 
(PI3K)–AKT and RAS–MAPK signalling pathways). Secretion 
of BDNF from post-Golgi BDNF-containing granules may 
occur either constitutively or in response to electrical 
activity. NMDAR, NMDA-type glutamate receptor.
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are actively transported to other regions of the neu-
ron. Retrograde axonal transport of these signalling 
endosomes to the soma allows the neurotrophins to exert 
their transcriptional regulation of activity-dependent 
genes such as Arc in the nucleus68. Moreover, neurotro-
phins that are taken into signalling endosomes could 
also be secreted in response to neuronal activity. This is 
suggested by the finding that neuronal depolarization 
could induce the re‑release of false transmitter (acetyl-
choline)69, glutamate70 and the lipid dye FM1‑43 (REF. 71) 
after their endocytic uptake. Neurotrophin secretion via 
endosomal exocytosis probably differs from that associ-
ated with exocytosis of neurotrophin-containing secre-
tory granules, both in its dependence on activity (that 
is, its Ca2+ dependence) and in the cellular functions of 
the secreted neurotrophins.

In summary, BDNF secretion from both axons and 
dendrites has been readily demonstrated by the use of 
cultured hippocampal neurons overexpressing BDNF. 
In vivo, BDNF-containing granules have not been found 
in the postsynaptic dendrites of hippocampal pyramidal 
cells38. However, it is possible that dendrites may secrete 
BDNF contained in the endosomes that are formed 
locally at the dendrite or transcellularly transported 
from the nerve terminals.

Regulation of neural circuit development
The development of neural circuits involves many stages, 
including neural stem cell survival and differentiation, 
axon–dendrite differentiation, axonal growth and guid-
ance, synapse formation and maturation, and refinement 
of developing circuits. Neurotrophins have pivotal roles 
in nearly all of these stages of circuit development.

Neural stem cell survival and differentiation. Before 
neuronal differentiation, neurotrophins may already 
serve a function in regulating the survival and differen-
tiation of neural stem cells, as embryonic neural stem 
cells express TRKs and p75NTR72,73. Indeed, treatment 
of cultured cortical and hippocampal neural stem cells 
from mouse embryos with recombinant BDNF and 
NGF during the first 3 days in vitro (DIV) promoted 
the cells’ survival and differentiation into neurons by 
10–14 DIV. By contrast, NT3 exerted no such effect72,74. 
After neuronal differentiation (~21 DIV), however, 
BDNF was found to be unnecessary for neuronal sur-
vival, but it was needed for neurite outgrowth72. Further 
supporting a role for BDNF in neuronal differentiation, 
deletion of Bdnf in mice inhibits the differentiation of 
interneurons75. Taken together, these results suggest that 
neurotrophins serve regulatory functions from the ear-
liest developmental stages of neuronal differentiation in 
the developing brain.

Neurotrophins also regulate the survival and dif-
ferentiation of adult neural stem cells in the dentate 
gyrus of the hippocampus and in the subventricular 
zone (SVZ). In rats, direct infusion of BDNF into the 
dentate gyrus or SVZ or adenoviral expression of Bdnf 
in these areas increased the number of adult-born 
neurons76,77. By contrast, BDNF- or TRKB-deficient 
mice showed reduced survival of newly generated 

hippocampal granule cells78,79. In line with this find-
ing, adult mice with impaired activity-dependent 
BDNF secretion (which was due to the Val66Met poly-
morphism in Bdnf) showed reduced survival of newly 
generated neurons in the SVZ80. This beneficial effect 
of neurotrophins on adult neural stem cells seems to 
be mediated by TRKs, because reduced Trkb expres-
sion in these stem cells impaired their proliferation and 
neurogenesis in adult mice80,81.

Survival of differentiated neurons. NGF was first identi-
fied as the target-derived factor that is required for the 
survival of developing sympathetic and sensory neurons2, 
and BDNF and NT3 were later shown to promote the 
survival of some subpopulations of cultured sensory and 
CNS neurons82. It has generally been thought that these 
survival effects are mediated by the binding of neurotro-
phins to TRKs and subsequent activation of downstream 
pathways that upregulate pro-survival gene expression6,7. 
By contrast, a negative signal for cell survival could be 
induced through neurotrophin-mediated p75NTR sig-
nalling83, which activates caspase-dependent apoptotic 
pathways6,7.

The notion that each neurotrophin promotes the 
survival of specific populations of CNS neurons had 
largely been based on findings from cell culture stud-
ies84 and from experiments involving axotomy of retinal 
ganglion cells (RGCs) and motor neurons85. Later stud-
ies involving conditional Bdnf-knockout mice86 showed 
that the absence of BNDF did not cause a significant 
reduction in neuronal cell number but did lead to a 
region-specific reduction in dendritic complexity and 
spine density. These findings suggest that BDNF is not 
a survival factor but a differentiation factor for most 
CNS neurons.

A recent study87 further supports this suggestion 
and has provided important new insights into the 
mechanism by which neurotrophins regulate neuronal 
survival. Through the use of embryonic stem cells that 
express only one type of TRK, this study demonstrated 
that cells expressing TRKA or TRKC readily die in the 
absence of the neurotrophin-binding partner of the 
TRK, whereas the survival of TRKB-expressing cells 
is not affected by the absence of BDNF87. These results 
imply that in developing parasympathetic nervous sys-
tem (PNS) neurons, TRKA itself can trigger cell death 
when NGF is not available, as was observed in earlier 
studies2. However, BDNF — the most widely expressed 
neurotrophin in the CNS — does not seem to be essen-
tial for the survival of CNS neurons because TRKB 
does not have a death-activating capability87.

Axon–dendrite differentiation, growth and guid-
ance. During axon–dendrite polarization of cultured 
hippocampal neurons, exposure of an undifferenti-
ated neurite to extracellular BDNF promotes its dif-
ferentiation into an axon88. This effect is mediated by 
a TRKB-dependent increase of cAMP and protein 
kinase A (PKA) activity, which activates downstream 
enzymes — including liver kinase B1 (LKB1; also 
known as STK11) and SAD (also known as BRSK)89,90 
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Biolostic transfection
A gene transfection technique 
for injecting DNA-coated 
subcellular-sized metal 
particles at high velocity into 
target cells using an apparatus 
known as a gene gun.

Ocular dominance plasticity
The relative efficacy of visual 
inputs from the left and right 
eye in eliciting responses in the 
visual cortical neurons can be 
affected permanently by a 
brief period of unbalanced 
visual inputs from the two eyes 
during postnatal brain 
development.

— that drive the cytoskeletal changes that are associ-
ated with axon formation. Interestingly, endogenous 
BDNF secreted by the neuron itself contributes to axon 
initiation; among cultured hippocampal neurons, those 
transfected with specific short hairpin RNAs (shRNAs), 
which downregulated BDNF synthesis, showed mark-
edly impaired axon initiation, whereas neighbouring 
neurons that were untransfected showed normal axon 
initiation54. Because an increase in cAMP and Ca2+ lev-
els induced by TRKB activation can promote neuro-
trophin secretion53,54, a local self-amplifying autocrine 
loop could be established via neurotrophin-induced 
neurotrophin secretion, resulting in a persistent local 
rise in cAMP and PKA activity that is sufficient for 
axon initiation54. Such local autocatalytic production 
of second messengers could be a general mechanism 
for other cellular polarization processes. In sympathetic 
neurons, TRKA that is expressed on the neuronal soma 
surface is endocytosed and anterogradely transported 
into and exocytosed at axon growth cones, a process 
that is enhanced by locally applied NGF at distal 
axons91. Thus, transcytosis could rapidly transport 
available TRK molecules to the growth cone, facilitat-
ing a positive-feedback mechanism for neurotrophin 
action at this site.

In cultured neurons, an extracellular gradient of 
neurotrophins can cause chemotropic turning of axonal 
growth cones92,93. This guidance function might also 
occur in vivo, as in developing mouse limb buds, sen-
sory axons can be directed towards beads containing 
NGF, BDNF, NT3 or NT4 (REF. 94). As secreted neuro-
trophins readily bind to cell surfaces and the extracel-
lular matrix, they are more suited to being local rather 
than long-range guidance cues. Dendrites may locally 
secret neurotrophins to attract axons with appropri-
ate TRK molecules. Indeed, the local effect of secreted 
neurotrophin was demonstrated in ferret brain slices95, 
in which local secretion of BDNF by the cell body or 
single dendrites of BDNF-overexpressing neurons 
could elicit increased growth and branching of nearby 
dendrites (located within ~4.5 μm of the site of BDNF 
secretion). In vivo infusion of BDNF into the optic 
tectum of Xenopus laevis tadpoles also promoted the 
branching of and complexity in RGC axons, whereas 
infusion of BDNF-specific antibodies had the opposite 
effects, implicating a role for the endogenous BDNF 
in regulating axonal growth96. However, mice lacking 
or showing reduced expression of Bdnf or Trkb had no 
gross morphological alterations in axon projections97,98, 
presumably because of the compensatory effects of other 
neurotrophins or guidance factors.

In more mature pyramidal cells of developing corti-
cal slices, dendritic growth is increased by treatment with 
recombinant BDNF but inhibited by NT3 in layer 4. By 
contrast, in layer 6, the effects of these two neurotro-
phins are reversed99. Interestingly, neuronal activity 
helps to promote the BDNF effect on dendritic arbo-
rization in developing cortical slices100, which is similar 
to the effect of neuronal depolarization in facilitating 
BDNF-induced potentiation of neurotransmitter release 
at neuromuscular synapses in culture101. Electrical 

stimulation of cultured hippocampal neurons in the 
presence of BDNF also potentiates TRKB activity and 
enhances the endocytic internalization of BDNF–TRKB 
complexes102. As biolistic transfection of cortical pyramidal 
cells and interneurons in organotypic slice cultures with 
BDNF and NT4 can accelerate dendrite development 
in the transfected neurons themselves, these neurotro-
phins may act as autocrine factors to promote dendrite 
growth103, which is reminiscent of the autocrine pro-
motion of axon growth during neuronal polarization 
described above54. Finally, exocytic secretion of various 
neurotrophins and membrane recruitment of TRKs 
are all regulated by similar cAMP- and Ca2+-mediated 
mechanisms104. Thus, the presence of one type of neu-
rotrophin may trigger the secretion of multiple endog-
enous neurotrophins and the surface expression of their 
receptors that are stored in the cell53, thereby allow-
ing synergistic autocrine actions on the neuron. The 
synergistic effect of depolarization on BDNF–TRKB 
signalling described above could also be attributed to 
the contribution of depolarization-induced Ca2+ influx 
to neurotrophin secretion and TRKB insertion that 
amplify the autocrine action of neurotrophins. In view 
of the recent advance in our understanding of cellular 
processing of pro-neurotrophins, some of the previous 
findings based on tranfection of neurons with neuro-
trophin cDNA may need to be re‑evaluated, because 
a high level of expression of exogenous neurotrophins 
may result in the release of unprocessed neurotrophins 
at physiologically irrelevant subcellular compartments.

Apart from their local actions on axon and dendrite 
growth, endocytosed neurotrophin–TRK complexes 
may be transported within neurons to affect growth at a 
long distance from their original site of endocytosis. For 
example, infusion of BDNF into the X. laevis optic tec-
tum not only promoted local RGC axon growth but also 
increased dendritic arborization of RGCs in the retina105. 
Interestingly, BDNF applied directly to RGC dendrites in 
the retina inhibited their growth105. This surprising dif-
ference between the local and distant effects of BDNF 
signalling suggests that signalling of neurotrophin–TRK 
complexes at the plasma membrane differs from that of 
neurotrophin–TRK signalling endosomes. Similar long-
range modulatory effects of neurotrophin signalling have 
been reported in the rat visual system: BDNF injected into 
the eye could travel along the optic nerve and regulate the 
survival of neurons in the superior colliculus and lateral 
geniculate nucleus106 as well as ocular dominance plasticity 
in the visual cortex107.

In addition to full-length TRKB, mammalian brains 
express a C‑terminal-truncated TRKB gene product 
(TRKB-T1; also known as glycoprotein 95) at a high 
level108. By forming a nonfunctional heterodimer with 
TRKB109 and binding to BDNF with an affinity that 
is similar to the full-length protein110, TRKB‑T1 can 
interfere with BDNF–TRKB signalling by sequester-
ing extracellular BDNF without transducing TRKB 
signals. The endogenous function of TRKB‑T1 in neu-
rons remains to be clarified. There is evidence that it 
may regulate TRKB signalling during development. 
In TRKB‑T1-selective knockout (Trkb-t1−/−) mice, 
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dendritic growth is defective in some brain areas (such 
as the amygdala)111, possibly resulting from abnormal 
TRKB signalling. Given that TRKB‑T1 can transduce 
phospholipase Cγ (PLCγ)-dependent Ca2+ transients112 
and Rho GTPase signalling-dependent morphological 
changes113 in glial cells, its TRKB-independent func-
tion in neurons needs to be further explored.

Together, these observations indicate that spatio- 
temporal-specific expression and trafficking of neuro-
trophins and their receptors in different neurons, along 
with differential neurotrophin actions on dendrite mor-
phogenesis, may contribute to the patterning of neural 
connections.

Synapse formation and maturation. In the developing 
optic tectum of X. laevis tadpoles, infusion of exogenous 
BDNF increases the density of immunostained puncta of 
synaptic proteins, suggesting that BDNF promotes synap-
togenesis114. This BDNF-induced synaptogenesis may be 
attributed in part to the BDNF-induced increases in axon 
and dendrite arborization96,100,115, which raise the probabil-
ity of physical encounters between axons and dendrites. 
In addition, neurotrophins also regulate both functional 
and morphological maturation of synapses. Functional 
transmission can be established before morphological 
maturation of synaptic specializations116. The synaptic 
modulatory effect of neurotrophins was first discovered in 
cultures of dissociated X. laevis spinal neurons and myo-
cytes117, in which application of recombinant BDNF or 
NT3 markedly increased the synaptic activity within a few 
minutes. This rapid action of neurotrophins was caused 
by a greater probability of exocytosis of synaptic vesicles 
at presynaptic nerve terminals rather than by enhanced 
postsynaptic responses, because spontaneous excitatory 
postsynaptic currents (EPSCs) increased in frequency but 
not in amplitude. Prolonged exposure of immature neuro-
muscular synapses to exogenous BDNF and NT3 for a few 
days also led to accelerated maturation of these synapses, 
which exhibited increases in the amplitudes of sponta-
neous EPSCs and the clustering of the synaptic vesicle 
proteins synaptophysin and synapsin‑1 (REF. 118). In the 
absence of exogenously applied neurotrophins, activity-
dependent secretion of endogenous NT3 from the muscle 
cells seems to have a role in synapse maturation119. Thus, 
BDNF and NT3 may be involved in both functional and 
morphological maturation of neuromuscular synapses.

In cultures of hippocampal neurons, exogenous BDNF 
promotes the formation of both excitatory and inhibitory 
synapses, whereas exogenous NT3 only promotes the for-
mation of excitatory synapses120. These effects on synap-
togenesis and maturation are consistent with the action 
of neurotrophins in promoting the expression of many 
synaptic proteins, including enzymes for neurotransmit-
ter synthesis, synaptic vesicle proteins and subunits of 
postsynaptic neurotransmitter receptors (for a review, 
see REF. 121). Interestingly, a brief train of presynaptic 
action potentials rapidly converts nonfunctional contacts 
between cultured hippocampal neurons into functional 
synapses, an effect that can be mimicked by applying 
exogenous BDNF and that can be impeded by interfer-
ing with presynaptic BDNF signalling122. A similar effect 

of endogenous BDNF signalling on synapse maturation 
was also observed in developing hippocampal synapses 
— blocking BDNF signalling increases activity-depend-
ent presynaptic release probability by downregulating 
tonic activation of presynaptic kainate receptors123. Thus, 
activity-induced secretion of endogenous BDNF at the 
contact site could facilitate synapse maturation.

The role of BDNF in regulating the maturation of 
GABAergic synapses has attracted much attention. In 
the developing visual cortex, transgenic mice over-
expressing BDNF showed accelerated maturation of 
GABAergic innervation and inhibition, and earlier ter-
mination of critical-period plasticity124,125. Deprivation 
of visual experience-associated activity by dark-rearing 
prolonged the critical period for ocular dominance plas-
ticity and retarded the maturation of GABAergic inhibi-
tion in wild-type mice, but these effects were absent in 
BDNF-overexpressing transgenic mice107,126. In addi-
tion, pro-BDNF may be required for the development 
of GABAergic synapses; a recent study showed that 
GABAergic synaptic activity could be bidirectionally 
regulated by pro-BDNF–p75NTR signalling through an 
NMDAR-dependent manner127.

The balanced development of excitatory and 
inhibitory synapses is crucial during neural circuit 
formation128. As BDNF can promote maturation of 
both excitatory and inhibitory synapses, and secreted 
BDNF probably acts only locally on nearby synapses, 
activity-induced BDNF secretion at excitatory syn-
apses may exert a facilitatory effect on the matura-
tion of nearby synapses on the same postsynaptic 
dendrite. Indeed, in the CA3 area of the postnatal 
hippocampus, glutamatergic activity caused Ca2+-
dependent release of BDNF from postsynaptic den-
drites in CA3 neurons, and this secreted BDNF was 
responsible for a persistent potentiation of type A 
GABA receptor (GABAAR)-mediated synaptic cur-
rents129. Furthermore, GABAergic synaptic activity 
in the developing hippocampus also induces BDNF 
secretion through activation of type B GABA receptors 
(GABABRs), and could promote maturation of periso-
matic GABAergic synapses130. The action of GABABRs 
may be mediated through increasing CaMKII activ-
ity131, which could trigger postsynaptic secretion of 
BDNF and NT3 (REF. 132). Thus, the BDNF secre-
tion that is associated with developing GABAergic 
synapses might also promote maturation of nearby 
excitatory synapses, leading to bidirectional BDNF-
mediated crosstalk that coordinates the maturation of 
adjacent excitatory and inhibitory synapses. Cell-type 
specificity in the BDNF regulation of synapse develop-
ment may also be important for homeostatic scaling 
of synapses. Secreted BDNF seems to be responsible 
for upregulating and downregulating the quantal size 
of miniature excitatory synaptic currents of cultured 
glutamatergic and GABAergic neurons, respectively, 
when the activity of these cultured neurons is blocked 
by prolonged treatment with tetrodotoxin133.

Despite the well-established role of BDNF in devel-
oping circuits, it remains unclear whether the main 
source of BDNF is the pre- or postsynaptic cell, or 
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Neurotrophic factor 
hypothesis
Axon terminals from different 
presynaptic neurons 
co‑innervating the same target 
cell undergo 
activity-dependent synaptic 
competition by competing for 
a limited supply of a 
neurotrophic factor secreted 
by the target cell; terminals 
that acquire sufficient trophic 
factor become stabilized, 
whereas those failing to do so 
become eliminated. 
Presumably, axonal activity 
confers an advantage in the 
competition.

both. The idea that BDNF acts as a retrograde fac-
tor secreted by the target cells in the CNS, similar to 
that found for NGF in developing peripheral systems, 
requires further study.

Refinement of developing circuits. Early functional neu-
ral circuits are refined by electrical activity that either 
spontaneously occurs in the brain or is evoked by sen-
sory or motor activity134 through selective stabilization 
of some connections and elimination of others. The 
involvement of neurotrophins in this refinement pro-
cess was first shown in the development of the ocular 
dominance column in the primary visual cortex, where 
thalamocortical projections to layer 4 cortical neurons 
undergo segregation into eye-specific patches as a result 
of non-coincident activities in the inputs representing 
the two eyes135. Increasing neurotrophin signalling, by 
infusion of exogenous BDNF or NT4 or by interrupt-
ing endogenous TRKB signalling with an infusion of 
TRKB-immunoglobulin G (IgG), impairs the ocular 
dominance formation in the visual cortex of cats136,137. 
Activity-dependent refinement of the initial rough syn-
aptic connections has been widely found in the devel-
oping brain, and the neurotrophic factor hypothesis138 has 
long been postulated to account for activity-dependent 
refinement of developing connections. Neurotrophins 
fit the bill for the activity-dependent trophic factors: 
the synthesis, secretion and endocytic uptake of neu-
rotrophins, as well as the neurotrophin-triggered cyto-
plasmic signalling, can all be activity-dependent139. 
Furthermore, the developmental refinement of syn-
apses was found to depend on NMDARs140 in a man-
ner similar to activity-induced LTP and LTD, which 
are linked to structural modifications of synapses that 
might account for the stabilization and elimination of 
connections. Given the ubiquitous synaptic modulatory 
effects of neurotrophins (see below), the neurotrophin 
hypothesis135,139 of circuit refinement is probably widely 
applicable throughout all brain areas.

The original neurotrophic hypothesis116,138 for activity-
dependent refinement of synaptic connections was based 
on the findings in sympathetic ganglia and neuromuscu-
lar junctions, where competition among co‑innervating 
nerve terminals for a limited amount of target-derived 
factor (that is, NGF) could account for the stabilization of 
active terminals and the elimination of the inactive ones. 
In generalizing this hypothesis to the CNS, where presyn-
aptically derived neurotrophin may provide the source of 
the secreted factor at the synapse38, a modified version 
of the hypothesis could include the presynaptic secretion 
of neurotrophins. In this modified hypothesis, co‑active 
nerve terminals may promote the stabilization of their 
synaptic contacts via local presynaptic secretion of neu-
rotrophins that is facilitated by an NMDAR-dependent 
mechanism, involving, for example, retrograde signalling 
factors that are activated via postsynaptic NMDAR activ-
ity. Inactive terminals become weakened because of the 
low-level presynaptic neurotrophin secretion, resulting 
from the absence of NMDAR activation and the defi-
cient postsynaptic retrograde factor. When two spinal 
neurons innervate one myocyte in X. laevis nerve muscle 

co‑cultures, repetitive activation of one neuron results in 
heterosynaptic suppression of synapses made by the other 
neuron141. A study found that pro-BDNF secreted by the 
activated myocyte could induce synaptic depression and 
retraction at nerve terminals142, whereas neuronal stimu-
lation induces local proteolytic conversion of pro-BDNF 
to mature BDNF that potentiates and stabilizes active 
synapses143. That BDNF is involved in the refinement of 
synaptic connections is further supported by the finding 
that the restoration of normal visual acuity and ocular 
dominance in amblyopic rats by environmental enrich-
ment was accompanied by increased BDNF expression144. 
It is also supported by the fact that the BDNF mediates 
a fluoxetine-induced increase in synaptic plasticity and 
conversion of amygdala fear memory circuits to a more 
immature state145.

In addition to the local modulation of synapse matu-
ration by secreted neurotrophins, synaptically released 
neurotrophins may be taken up via endocytosis by the 
innervating axonal terminals and retrogradely trans-
ported to the soma to regulate gene expression, thus 
affecting the pattern of all synaptic connections made 
by the entire neuron. Skin-derived NGF activates TRKA 
receptors on the peripheral axon terminals of nociceptive 
sensory neurons. Endocytic uptake of NGF–TRKA and 
the transport of NGF–TRKA complexes to the cell body 
of nociceptive sensory neurons are required to induce the 
expression of the transcription factor RUNX1, which is 
essential for the lamina-specific targeting of the central 
afferents of the nociceptive sensory neurons in the dor-
sal horn146. Similarly, NT3–TRKC signals derived from 
the muscle are necessary for inducing the expression of 
the transcription factor ER81 in proprioceptive sensory 
neurons, which is essential for their central afferents to 
establish synapses with motor neurons in the ventral 
horn147,148. These afferent terminals themselves also seem 
to be the source of BDNF that is required for the develop-
ment or maturation of axo-axonal synapses, which are 
made by GABAergic interneurons onto these afferent 
terminals149.

Regulation of mature neural circuits
In addition to their roles in neural circuit develop-
ment, neurotrophins serve many regulatory functions 
in mature circuits (FIG. 2; TABLE1). Neurotrophins that 
are secreted at the synapse can rapidly alter the efficacy 
of synaptic transmission and the capacity of activity-
induced LTP and LTD. Furthermore, besides the well-
known synaptic modulatory effects, equally important 
changes may occur in intrinsic neuronal excitability 
owing to neurotrophin-induced changes in the expres-
sion and function of voltage-gated ion channels. Much 
progress has been made in understanding the signal-
ling cascade underlying these synaptic and neuronal 
actions of neurotrophins in mature circuits (TABLE 1). 
Here, we focus on recent findings as well as issues that 
remain to be clarified, including the relative contribu-
tion of neurotrophin–TRK signalling in pre- versus 
postsynaptic neurons, the role of BDNF as a modulator 
or mediator of LTP, the source of synaptically secreted 
BDNF and the mechanisms regulating its secretion.
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Modulation of synaptic efficacy. In brain slices and in 
cultures of dissociated neurons, exposure to recombi-
nant neurotrophins enhances the efficacy of excitatory 
synapses150–153 but depresses the efficacy of GABAergic 
synapses153,154. These modulatory effects are medi-
ated by changing either the efficacy of activity-induced 
presynaptic transmitter release101,155 or the magnitude 
of postsynaptic neurotransmitter-induced responses150, 

mostly through TRK signalling (TABLE 1). For exam-
ple, BDNF-induced potentiation of glutamate neuro-
transmitter release is mediated by TRKB-dependent 
increases in MAPK phosphorylation of synapsin156 and 
RAB3A expression157,158. Postsynaptic enhancement of 
postsynaptic excitatory responses could be caused by 
increased NMDAR conductance via TRKB-dependent 
tyrosine phosphorylation of NMDAR subunits150,158–160. 

Figure 2 | Modulation of synaptic functions by neurotrophins.  Neurotrophins (NTs) have diverse pre- and postsynaptic 
modulatory effects on mature glutamatergic synapses. On the presynaptic side, tropomyosin-related kinase (TRK) 
signalling could activate the phospholipase Cγ (PLCγ) pathway to increase the intracellular Ca2+ concentration ([Ca2+]

i
) (1), 

mitogen-activated protein kinase (MAPK) phosphorylation of synapsin (2), and RAB3 expression (3), leading to increased 
presynaptic neurotransmitter release. TRKB-mediated activation of the motor myosin VI (MYO6)–adaptor protein GIPC1 
complex also contributes to the increased presynaptic release (4). On the postsynaptic side, TRK signalling causes tyrosine 
phosphorylation of voltage-gated Na+ (Na

V
) and voltage-gated K+ (K

V
) channels and NMDA-type glutamate receptor 

(NMDAR) subunits, modifying the conductance of all these channels (5). TRK signalling also induces activation of Ca2+/
calmodulin-dependent kinase II (CaMKII) and protein kinase C (PKC), which phosphorylate AMPA-type glutamate receptor 
(AMPAR) subunits and increase their synaptic delivery (6). BDNF-induced store-operated activation of transient receptor 
potential cation channel subfamily C (TRPC) leads to local [Ca2+]

i
 increase, promoting dendritic growth and spine 

maturation (7). TRK signalling also activates small Rho GTPases that modulate actin cytoskeleton (8). Postsynaptic 
GABAergic synapses are suppressed by TRK-dependent activation of protein phosphatase 2A (PP2A) that reduces the 
surface expression of type A GABA receptors (GABA

A
Rs) in the dendrite (9). TRK-induced phosphoinositide 3‑kinase  

(PI3K)–AKT signalling enhances both local and global mRNA translation (10). Binding of secreted NTs to their appropriate 
TRKs leads to endocytic uptake of NT–TRK complexes into ‘signalling endosomes’, which might be transported 
retrogradely to the soma of both pre- and postsynaptic neurons, triggering MAPK-dependent transcription of 
activity-related genes such as C-FOS (also known as FOS) and activity-regulated cytoskeleton-associated protein (ARC), 
and genes required for the establishment of long-term synaptic plasticity (11). Long-range transport of signalling 
endosomes from the axon terminal to the dendrite could potentiate upstream synapses by increasing postsynaptic AMPAR 
density and conductance (12). Note that secretion of NT-containing post-Golgi granules is shown only at the presynaptic 
nerve terminal, although release of NTs from NT–TRK endosomes from either pre- or postsynaptic cells may also occur, 
especially at developing synapses. Dashed arrows indicate pathways that remain to be confirmed. cAMP, cyclic AMP.
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Alternatively, TRKB-mediated CaMKII- or protein kinase 
C (PKC)-dependent phosphorylation of the subunit glu-
tamate receptor 1 (GluR1) could also enhance postsynap-
tic responses by inducing membrane insertion of GluR1 
subunits161. Interestingly, a recent study demonstrated 
that acute and gradual increases in BDNF concentration 
could produce opposing effects on the efficacy of excita-
tory synapses owing to the differential kinetics of TRKB 
activation and downstream signalling162, suggesting that 
temporal aspects of TRKB-mediated signalling is crucial 
for regulating synaptic efficacy.

In contrast to their facilitatory effect on excitatory 
synapses, BDNF–TRKB signals suppress the amplitude of 
inhibitory postsynaptic currents (IPSCs) via acute down-
regulation of K+/Cl− co‑transport activity in postsynaptic 
cells163 or phosphatase-dependent downregulation of the 
surface expression of GABAAR subunits164,165. Moreover, 

some of the actions of neurotrophins can also be mediated 
indirectly via trans-synaptic factors. For example, post-
synaptic BDNF–TRKB signalling could trigger the release 
of endocannabinoids, which could act as retrograde fac-
tors to reduce the frequency of spontaneous presynaptic 
GABA release166.

Modulation of LTP and LTD. Extracellular neurotrophins 
can also modify the capacity of the synapse to undergo 
activity-induced LTP or LTD, even in the absence of any 
effect on basal synaptic transmission at some synapses. In 
neonatal rat hippocampal slices, application of recombi-
nant BDNF facilitated the induction of LTP at CA3–CA1 
synapses by enhancing the efficacy of presynaptic trans-
mitter secretion during HFS167. By contrast, facilitation of 
LTP induction by BDNF in dentate granule cells is medi-
ated by a postsynaptic mechanism involving enhanced 

Table 1 | Synaptic and neuronal actions of neurotrophins in mature neural circuits

Target Neurotrophin Cellular actions Suggested mechanisms

Presynaptic 
neurotransmitter release

BDNF, NT3, NT4 Increased neurotransmitter release •	RAS–MAPK mediated phosphorylation of synapsin156

•	PLCγ-dependent increase of Ca2+ (REF. 206)
•	Increased release sites via the myosin VI–adapter protein 

GIPC complex206

•	Increased expression of RAB3A157

•	CDC42‑dependent increase in actin polymerization122

Neurotransmitter 
receptors

BDNF Increased postsynaptic response Postsynaptic tyrosine kinase-dependent mechanism150

Increased NMDA receptor 
conductance

Tyrosine kinase-mediated phosphorylation of NR1 (REF. 159) 
and NR2B160

Increased surface expression of AMPA 
receptors

•	CaMKII and PKC phosphorylation at Ser831 in GluR1 
(REF. 161) 

•	PKC-mediated interaction between GluR2 and NSF207

Increased synthesis of AMPA receptor 
subunit

TRKB-dependent protein synthesis161

Decreased surface expression of 
GABA

A
R

Reduced phosphorylation of GABA
A
R subunit by 

phosphatase164

Ion channels BDNF Increased TRPC channel activity Activation via PLCγ–IP
3
 pathway-dependent Ca2+ mobilization 

from the store208

NGF, BDNF, NT4 Increased Na
V
 channel conductance Increased MAPK activation and CREB phosphorylation209,210

BDNF Decreased Na
V
1.2 channel 

conductance
FYN tyrosine kinase-mediated phosphorylation211

BDNF •	Decreased K
V
1.3 channel current 

(acute)
•	Increased K

V
1.3 channel current and 

accelerated inactivation kinetics 
(chronic)

TRKB-mediated tyrosine phosphorylation of K
V
1.3 channel 

(REF. 212) 

NGF, BDNF, NT4 Increased VGCC conductance Increased phosphorylation of MAPK and CREB209,210,213

Gene expression BDNF, NT3, NGF Increased transcription Increased CREB phosphorylation via CaMKIV and MAPK 
pathways177,214–216

BDNF Increased translation PI3K–AKT–mTOR-mediated phosphorylation of translation-
regulating factors217

Morphology BDNF •	Increased dendritic growth and 
spine density

•	Altered spine morphology

•	Activation of RAS–MAPK pathway193

•	Increased in Ca2+ via TRPC activation194

•	Activation of PI3K–AKT–mTOR pathway195

•	Increased actin polymerization196

•	Increased tubulin polymerization199

BDNF, brain-derived neurotrophic factor; CaMK, Ca2+/calmodulin kinase; CDC42, cell division cycle 42 (GTP-binding protein, 25kDa); CREB, cyclic AMP response element 
(CRE)-binding protein; GABA

A
R, type A GABA receptor; GluR, glutamate receptor (subunit of AMPA receptors); IP

3
, inositol trisphosphate; K

V
, voltage-gated K+ channel; 

MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; Na
V
, voltage-gated Na+ channel; NGF, nerve growth factor; NR, NMDA receptor 

subunit; NSF, N‑ethylmaleimide-sensitive fusion protein; NT, neurotrophin; PI3K, phosphoinositide 3‑kinase; PKC, protein kinase C; PLCγ, phospholipase Cγ; TRKB, 
tropomyosin-related kinase B; TRPC, transient receptor-potential cation channel subfamily C; VGCC, voltage-gated Ca2+ channel.
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Early-phase LTP
(E‑LTP). A transcription- and 
translation-independent 
synaptic potentiation that lasts 
for 1–3 hours, typically 
induced by a single train of 
high-frequency stimulation.

Ca2+ influx through activated NMDARs and VGCCs168. 
Exogenous BDNF also enhanced tetanus-induced LTP 
and blocked LTD that was induced by low-frequency 
stimulation in slices of visual cortex without affecting 
basal synaptic transmission169–171.

BDNF as a mediator of LTP. The synaptic modula-
tory functions of neurotrophins, as described above, 
are not unique among many neuromodulators that 
affect synaptic function and plasticity. Neurotrophins, 
specifically BDNF, are of particular interest to synap-
tic plasticity because of the possibility that BDNF may 
serve as a mediator rather than simply as a modulator 
of activity-induced LTP. Although numerous molecules 
are involved in LTP172, few are likely to be true mediators 
of LTP. Mediators differ from modulators in that their 
function is directly influenced by the electrical activity 
that induces LTP, whereas modulators could regulate the 
processes and mediators of LTP but their level or func-
tion is not necessarily regulated by the LTP-inducing 
activity (FIG. 3). The finding that electrical activity may 
trigger the secretion of neurotrophins suggests that there 
is a possibility that neurotrophins may indeed mediate 
the downstream synaptic changes associated with LTP. 
However, it is possible that BDNF is not in the pathway 
that leads to LTP but acts as an activity-dependent mod-
ulator of the processes and molecules that mediate LTP 
(FIG. 3). These two possibilities are difficult to distinguish 
experimentally.

The excitement surrounding the role of neurotro-
phins in synaptic plasticity began with the finding that 
endogenous BDNF is required for LTP induction in hip-
pocampal CA1 pyramidal cells. Deletion of Bdnf and 
Trkb59,173 or functional blockade of BDNF signalling with 
BDNF-specific antibodies or TRKB-IgG174 impairs LTP, 
and this impairment can be rescued by applying exog-
enous BDNF175 or by virus-mediated transfer of Bdnf 176. 
Genetic dissection analysis using specific knock‑in mice 
containing a point mutation in Trkb demonstrated that 
BDNF–TRKB-mediated hippocampal LTP is dependent 
on PLCγ-dependent induction of CREB and CaMKIV 
phosphorylation177. Moreover, BDNF–TRKB signalling, 
serving as a synaptic tag, is required for the induction 
of L‑LTP by weak TBS stimulation that is just enough 
for early-phase LTP (E‑LTP)178, implying that there is an 
E‑LTP-independent pathway to induce L‑LTP through 
BDNF–TRKB signalling. Importantly, LTP-inducing 
stimulation elicited BDNF secretion that persisted for 
5–12 min after the end of the stimulation period179, and 
secreted BDNF must be present extracellulary for at 
least 1 hour after LTP-inducing stimulation for stable 
LTP to develop180. As discussed later, secreted BDNF 
is required for the structural change (that is, increased 
volume) in dendritic spines following LTP induction39. 
Thus, existing evidence suggests that activity-triggered 
secretion of BDNF either modulates the processes that 
stabilize E‑LTP to allow L‑LTP or mediates the induc-
tion of L‑LTP, which involves processes distinct from 
E‑LTP (for example, protein synthesis-dependent syn-
aptic changes). However, to definitively demonstrate 
the mediator role of BDNF in L‑LTP, one needs to show 

that LTP-inducing activity can trigger localized synaptic 
release of BDNF at a time and of an amount that allows 
BDNF to induce L‑LTP when applied without activity. 
Such an experiment has yet to be accomplished.

Pre- and postsynaptic requirement of BDNF action. 
For the induction of full LTP by the tetanus stimulation 
paradigm, secreted BDNF must activate TRKB on both 
pre- and postsynaptic neurons. Illustrating this point, 
PLCγ, a downstream target of TRKB, had to be inhibited 
(by overexpressing the pleckstrin homology domain of 
PLCγ) in both pre- and postsynaptic neurons in order 
to reduce hippocampal CA3–CA1 LTP to a level com-
parable to that found in Trkb- or Bdnf-knockout mice181. 
Similarly, inhibition of both pre- and postsynaptic TRKB 
activity is required to abolish LTP at X. laevis retinotectal 
synapses that is induced by the application of TBS to the 
optic nerve182. However, depending on the LTP-inducing 
protocols and the type of synapses, the requirement of 
pre- or postsynaptic BDNF–TRKB signalling may dif-
fer, which is reminiscent of the differences found for the 
expression mechanisms of LTP183,184.

At hippocampal CA3–CA1 synapses, tetanic stimula-
tion of Schaffer collaterals at 50 Hz resulted in LTP that 
expressed only enhancement of postsynaptic responses, 
whereas tetanus at 200 Hz or TBS induced LTP that 
expressed both the postsynaptic effect and presyn-
aptic enhancement of neurotransmitter release183–185. 
Interestingly, only the latter induction (200 Hz tetanus 
or TBS) required BDNF signalling65,180. In addition, 
a general reduction of TRKB expression in the hip-
pocampus affected presynaptic function and reduced 
the ability of tetanic stimulation to induce LTP but had 
no effect on LTP induction by low-frequency pairing of 
presynaptic stimuli with postsynaptic depolarizations186. 
Furthermore, the requirement for pre- versus postsyn-
aptic BDNF–TRKB signalling may differ among various 
synapse types. In the rodent mesolimbic circuit, BDNF 
expression levels in the ventral tegmental area (VTA), 
nucleus accumbens and medial prefrontal cortex (mPFC) 
are all increased during the withdrawal period following 
chronic cocaine exposure. However, raised BDNF levels 
result in the facilitation of LTP induction at excitatory 
synapses on both VTA dopamine neurons and mPFC 
layer 5 pyramidal cells via different mechanisms — 
BDNF enhances presynaptic neurotransmitter secretion 
at VTA synapses187 but downregulates surface expression 
of postsynaptic GABAARs at mPFC synapses165. Thus, 
depending on the stimulation pattern and the synapse 
type, LTP could involve neurotrophin–TRK signalling in 
pre- or postsynaptic neurons, or both.

The source of synaptic BDNF. Whether the BDNF that is 
responsible for modulating or mediating LTP is released 
from the presynaptic or postsynaptic neuron remains 
an unresolved issue. Evidence exists that, at least in hip-
pocampal Schaffer collateral–CA1 pyramidal cell syn-
apses, presynaptic BDNF secretion is required for LTP 
induction. A comparison of LTP induction (with 200Hz 
HFS or TBS) in mice with Bdnf deleted in the whole 
forebrain (including both CA1 and CA3) with that in 
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mice with Bdnf selectively deleted in CA1 showed that 
the source of the BDNF required for LTP is located in 
presynaptic CA3 neurons65. This result is supported by 
a recent report on the localization of endogenous BDNF 
protein in adult hippocampal synapses, using electron 
microscopy and immunohistochemical analysis of Bdnf–
Myc knock‑in mice. The mature BDNF was found to be 
exclusively stored in presynaptic secretory granules in 
both mossy fibres and Schaffer collaterals38, suggesting 
that presynaptic secretory granules that store BDNF are 
the main source of secreted BDNF required for regu-
lating LTP in the hippocampus. As discussed above, 
axonal secretion of neurotrophins requires a pattern of 
stimulation that is effective in creating a sufficiently high 
axonal Ca2+ increase, as is provided by 100–200 Hz HFS 
or TBS. More recent studies on LTP induced by HFS at 
corticostriatal synapses also implicate a dependence on 
presynaptic BDNF secretion, because postsynaptic stri-
atal neurons show negligible endogenous BDNF expres-
sion188. Together, these studies imply that BDNF stored 
in presynaptic sites is probably released by LTP-inducing 
HFS. As BDNF secretion 30–60 min after stimulation 
is crucial for the development of L‑LTP180, and HFS or 
contextual conditioning selectively increases postsynap-
tic expression of Bdnf mRNA at hippocampal CA3–CA1 
synapses189,190, it is possible that stabilization of L‑LTP 
requires the continuous expression and release of BDNF 
from the postsynaptic dendrites. Nevertheless, the tim-
ing and relative contribution of BDNF secretion from 
the pre- versus postsynaptic neuron remains unclear.

Studies in cultured hippocampal neurons have shown 
robust Ca2+-dependent BDNF secretion from both syn-
aptic and extra-synaptic sites along the dendrite132. Under 

low-frequency synaptic activity, BDNF is probably secreted 
by dendrites rather than by axons58. However, in vivo 
presynaptic axon terminals are exposed to substantial 
neurotransmitter crosstalk owing to limited extracellular 
diffusion space. Under repetitive burst spiking of axons 
that is associated with 200 Hz HFS or TBS, secreted 
glutamate may trigger additional Ca2+ influx through 
presynaptic NMDARs in the adjacent co‑activated axon 
terminals, thereby facilitating the presynaptic BDNF 
secretion required for LTP induction65. Dendritic release 
of neurotrophins was demonstrated mostly in cultures 
of dissociated developing neurons. Although prestored 
BDNF has been identified only at the presynaptic site 
in the hippocampus of mature mice38, it is possible that 
BDNF secretion from postsynaptic dendrites may also 
occur at developing synapses. Furthermore, the existence 
of TRKB in both pre- and postsynaptic cells suggests, 
even in the absence of postsynaptic synthesis of BDNF, 
that presynaptically released (either constitutive or activ-
ity-induced) BDNF may be acquired by postsynaptic 
dendrites via the formation of endocytic BDNF–TRKB-
containing signalling endosomes, which may become an 
additional source of synaptic BDNF that can be released 
in response to activity. Indeed, activity-induced secretion 
of endocytosed recombinant BDNF could be used for the 
maintenance of L‑LTP in the absence of protein synthesis 
at Schaffer collateral–CA1 synapses191.

Modulation of synaptic structures. Activity-induced LTP 
at mature excitatory synapses is also accompanied by 
persistent postsynaptic structural changes, including an 
increased number and volume of dendritic spines (for a 
review, see REF. 192). The role of neurotrophin signalling 
in dendritic structural changes has been well character-
ized in hippocampal neurons, in which the applica-
tion of recombinant BDNF induces structural changes 
via TRKB-dependent activation of the RAS–MAPK 
pathway193, transient receptor-potential cation chan-
nel subfamily C (TRPC)194 and the phosphoinositide 
3‑kinase (PI3K)–AKT–mTOR pathway195. Structural 
modification of dendritic spines depends on persistent 
changes in the cytoskeleton. In the adult hippocam-
pus, TBS-induced BDNF–TRKB signalling stimulates 
small GTPase-dependent actin polymerization via a 
p21‑activated kinase (PAK)–cofilin pathway, resulting 
in increased actin polymerization in dendritic spines196, 
which is required for the development of L‑LTP197. 
Increased microtubule stabilization is also required 
for HFS-induced LTP198 and promotes BDNF-induced 
changes in spine morphology199 and accumulation of the 
postsynaptic protein PSD95 (REF. 200).

At hippocampal CA3–CA1 synapses, the persistent 
enlargement of the spine by LTP-inducing synaptic activ-
ity depended on the secretion of endogenous BDNF and 
protein synthesis39. Thus, secreted BDNF may act as an 
autocrine or a paracrine signal to induce protein synthe-
sis-dependent spine morphological changes. Moreover, 
locally synthesized BDNF in dendrites may also partici-
pate in the structural plasticity. In cultured hippocampal 
neurons, EEF2 phosphorylation-dependent local transla-
tion of BDNF in the dendrites could increase both spine 

Figure 3 | Two models of BDNF actions in LTP of central excitatory synapses.  These 
two models are largely based on studies of Schaffer collateral–CA1 synapses in the 
hippocampus. a | Brain-derived neurotrophic factor (BDNF) as a modulator of long-term 
potentiation (LTP). Action of a certain level of extracellular BDNF, which is either 
constitutively released or induced by activity, is required to permit normal cellular 
events that mediate either early-phase LTP (E‑LTP) or late-phase LTP (L‑LTP). b | BDNF as 
a mediator of LTP. For activities that are capable of inducing L‑LTP, E‑LTP could be 
mediated by the activation of NMDA-type glutamate receptor (NMDAR) and 
subsequent downstream pathways depending on Ca2+ and Ca2+/calmodulin kinase II 
(CaMKII) signalling, whereas activity-triggered release of BDNF directly mediates the 
events that lead to L‑LTP through, for example, triggering local protein synthesis that is 
required for structural modification of the synapse. Dashed lines indicate pathways that 
remain to be demonstrated.
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maturation and density201, although no direct evidence 
exists to show that LTP-inducing activity is capable of 
triggering local BDNF synthesis in vivo.

Long-range retrograde synaptic potentiation. Within 
minutes after BDNF was infused into the optic tectum of 
X. laevis tadpoles, retinotectal synapses became highly 
potentiated202. With a delay of ~15 min, light-induced 
responses recorded in RGCs became enhanced, as a 
result of the potentiation of the synapses made by bipolar 
cells onto RGCs. This spread of BDNF’s effect from the 
tectum to the retina is mediated by retrograde signalling 
through the optic nerve, because no synaptic potentiation 
was found in the retina when the nerve was transected 
or when axon transport was inhibited by colchicine202. 
Furthermore, LTP induction at these retinotectal syn-
apses, which requires secretion of endogenous BDNF203, 
was also accompanied by a retrograde spread of poten-
tiation to the bipolar cell–RGC synapses, a process that 
required TRKB signalling in the RGC182. This retrograde 
BDNF effect, which is presumably mediated by signal-
ling endosomes, allows rapid information flow from 
the output synapses to the input synapses of a neuron. 
Interestingly, whereas locally applied BDNF in the tectum 
potentiated neurotransmitter secretion at retinotectal 
synapses, the long-range retrograde effect at RGC den-
drites involved an increase in the density of postsynaptic 
AMPA-type glutamate receptors182,202. Induction of LTD 
at retinotectal synapses also led to depression of bipolar 
cell–RGC synapses in the retina via a retrograde signal 
mediated by nitric oxide182. Such transcellular commu-
nication of activity-induced synaptic modifications from 
downstream to upstream synapses is a useful mechanism 
for the coordinated refinement of developing circuits and 
for learning and memory processes in mature circuits. 
Whether endocytic neurotrophin uptake at postsynaptic 
dendrites can also cause long-range modulation of synap-
tic efficacy at the axonal terminals is unknown.

Concluding remarks
The past two decades have witnessed a remarkable expan-
sion in our knowledge of the diverse functions of neuro-
trophins in the nervous system — from the initial focus on 
neuronal survival and growth to nearly all aspects of neu-
ral circuit function in the developing and mature brain. 
This functional diversity stems from two important fea-
tures of neurotrophins. First, the expression, secretion and 
cellular actions of neurotrophins all depend on neuronal 
activity, thus linking their functions to neuronal signalling 
in the brain. Second, as secreted extracellular factors, their 
actions span wide spatial and temporal scales.

Spatially, neurotrophins not only act locally as auto-
crine or paracrine factors after secretion but also act over 
long distances throughout neural circuits via transcy-
tosis between axonal and dendritic compartments and 
trans-synaptic transfer between connected neurons in 
a neural circuit. Temporally, neurotrophins act within 
seconds after secretion to modulate synaptic functions, 
over tens of minutes to modify synaptic structure and 
axonal or dendritic arbors and over hours and days to 
alter gene expression and protein synthesis. How these 

neurotrophin-dependent events, which occur over such 
wide spatial and temporal scales, are coordinated in neural 
circuits and how they become integrated into behaviour-
ally relevant circuit regulation remain challenging prob-
lems for future studies. Recent advances in optical imaging 
and optogenetic manipulation of neuronal activity have 
now made in vivo studies of neurotrophin signalling at a 
subcellular resolution possible. For example, experiments 
combining two-photon imaging of neuronal activity (via 
fluorescent Ca2+ dye signals) and neurotrophin secretion 
(via fluorescence protein-tagged neurotrophins), together 
with optogenetic control of spiking of selective popula-
tion of neurons, will provide direct information on the 
spatiotemporal dynamics of neurotrophin signalling in 
circuit functions and animal behaviours. In view of the 
importance of physiologically relevant BDNF secretion, 
future work in elucidating the secretory pathway that is 
used by endogenous BDNF in vivo is essential. We need 
to know more about the characteristics of the secretory 
vesicles storing and releasing BDNF in various brain areas. 
The possibility that biosynthesis of these storage compart-
ments and intracellular transport of BDNF are also activ-
ity-dependent needs to be investigated, and the regulatory 
components responsible for sensing the stimuli that trig-
ger the neurotrophin release need to be further clarified. 
Some of these issues were raised by Thoenen more than 
two decades ago8 but remain outstanding today.

The existence of transcytosis of neurotrophin-contain-
ing signalling endosomes and trans-synaptic transfer of 
neurotrophins in both anterograde and retrograde direc-
tions61,64 also raises several immediate questions. How do 
neurons control the trafficking of neurotrophin signal-
ling endosomes so that local and global neurotrophin 
signalling can be properly regulated? Are transcytosis 
and trans-synaptic transfer of neurotrophins bidirec-
tional and symmetrical? Are neurotrophin-containing 
endosomes processed differently in neurons to other 
endosomes derived from receptor-mediated endocytosis? 
These questions need to be addressed by future subcel-
lular studies on the mechanism of endosome trafficking 
in axons and dendrites, the role of neuronal activity in 
regulating both the trafficking and secretion of neuro-
trophin-containing endosomes, and the cellular process-
ing of neurotrophin-containing endosomes in the nerve 
terminals and postsynaptic dendrites.

On the basis of genetic association studies in human 
populations and experimental findings in rodent models 
of human diseases, there is now accumulating evidence 
suggesting that defective neurotrophin functions in the 
brain may underlie many neurological and psychiatric 
diseases, including severe obesity and eating disor-
ders204,205. It is likely that a combination of genetic and 
environment factors are responsible for the defective 
expression and cellular processing of neurotrophins 
and their receptors, as well as activity-dependent 
secretion of neurotrophins in various brain regions. 
Further understanding of the dynamics of neurotro-
phins signalling and their regulatory actions on neural 
circuits will offer insights into the pathology of many 
neurotrophin-related brain disorders and potential 
therapeutic approaches.

Colchicine
A compound isolated from 
Colchicum autumnale (autumn 
crocus) that disrupts 
microtubule polymerization by 
binding to tubulin.
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