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BRAIN-DERIVED NEUROTROPHIC FACTOR:
THREE LIGANDS, MANY ACTIONS

BARBARA L. HEMPSTEAD, MD, PHD
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ABSTRACT

Brain-derived neurotrophic factor (BDNF) is a member of a family of
neurotrophins which include nerve growth factor, neurotrophin 3, and
neurotrophin 4. Studies over the last three decades have identified mature
BDNF as a key regulator of neuronal differentiation, structure, and func-
tion; actions mediated by the TrkB receptor. More recently identified
isoforms which are translated from the bdnf gene, including the uncleaved
precursor, pro-BDNF, and the cleaved prodomain, have been found to elicit
opposing functions in neurons through the activation of distinct receptors.
This work emphasizes the critical roles for all three isoforms of BDNF in
modulating neuronal activity that impact complex human behaviors in-
cluding memory, anxiety, depression, and hyperphagia.

DISCOVERY OF BRAIN-DERIVED NEUROTROPHIC
FACTOR AND IDENTIFICATION OF MATURE BDNF

ACTIVITIES

Brain-derived neurotrophic factor (BDNF) was first isolated in the
1980s (1), nearly three decades after the identification of the related
factor, nerve growth factor (NGF). NGF, identified by Rita Levi-Montal-
cini, Victor Hamberger, and Stanley Cohen (2�4) was recognized to
support the survival of subpopulations of peripheral neurons, prompting
Yves-Alain Barde and Hans Thoenen to search for a growth factor that
exhibited similar properties for other populations of neurons. BDNF was
initially purified from pig brain (1), and was found to be expressed at low
concentrations; 1.5 kg of starting material was required to purify 1 �g of
BDNF. Similar to many other growth factors, BDNF is highly charged
(pI [isoelectric point] � ~9–10), stable during biochemical purification,
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and supports the survival and differentiation of distinct populations of
neurons (1). Once the amino acid sequence of BDNF was deduced (5), it
was recognized that BDNF and NGF were highly related, and two
additional family members, neurotrophin 3 and neurotrophin 4, were
identified by molecular cloning. These four related growth factors com-
prise the highly conserved neurotrophin family.

Similar to all neurotrophins, BDNF is initially synthesized as a
precursor form (pro-BDNF), consisting of a prodomain of 129 amino
acids and a mature domain of 118 amino acids. The mature domain
forms a cysteine knot structure, leading to non-covalent dimerization
of the mature domains (6). When the prodomain is cleaved from intact
pro-BDNF, through the actions of proconvertase at a conserved RVRR
sequence, the dimeric mature domains are released, and are called
mature BDNF, or simply BDNF.

Thousands of publications during the past 25 years have character-
ized the biological actions of mature BDNF and have been well sum-
marized (7�10). It has been established that BDNF mediates survival
and differentiative activities on neurons by binding and activating the
tropomycin receptor kinase B or TrkB, a member of the larger family
of Trk receptors (reviewed in [10]). Although BDNF promotes survival
of subclasses of neurons in vitro, genetic loss of BDNF in the central
nervous system does not cause a significant reduction in neuronal cell
number, but rather leads to a reduction in spine density and dendritic
complexity (11,12). These results suggest that BDNF acts primarily as
a differentiation factor rather than a survival factor in vivo.

BDNF also plays a critical role in modulating the synaptic function
of neurons. Following biosynthesis, BDNF is axonally transported in
dense core vesicles to axon terminals, and is secreted into the synaptic
cleft following membrane depolarization (13,14). Delivery of recombi-
nant BDNF to hippocampal slices enhances the efficacy of excitatory
synapses (15,16) but depresses the firing of inhibitory synapses of
GABAergic neurons (17). These effects are mediated presynaptically
by altering the efficacy of presynaptic neurotransmitter release (18), or
post-synaptically by enhancing the magnitude of neurotransmitter
effects, primarily through alterations in NMDA receptor function (re-
viewed in [9]). Both mechanisms require the binding of BDNF to TrkB,
which is present both on the presynaptic and post-synaptic mem-
branes. In addition to these effects on basal synaptic transmission,
BDNF facilitates long-term potentiation (19�21), and can promote the
structural enlargement of dendritic spines (22) to regulate the function
of mature neural circuits. In the periphery, BDNF promotes the de-
velopment of neuromuscular synapses (23). As such, even moderate
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changes in BDNF levels in rodents results in significant alterations in
hippocampal function in rodents, including impaired memory, anxiety,
aggression, and hyperphagia (24) (reviewed in [25]). Some of these
behavioral characteristics are phenocopied in humans with genetic
abnormalities leading to impaired BDNF-TrkB function (25).

REGULATION OF BDNF EXPRESSION

Because BDNF plays such a crucial role in the maintenance and
refinement of neural circuits and behaviors, multiple mechanisms are
used to tightly regulate BDNF levels. Although the bdnf gene comprises
nine exons, the coding sequence resides in exon nine, with eight up-
stream exons that encode promoters that regulate regional and cell type
specific expression (reviewed in [26]). Among these, exon IV has been
most extensively characterized, as this exon, containing promotor ele-
ments, regulates activity-dependent bdnf expression. Specifically, in-
duced mutations in this promoter affect the function of inhibitory circuits
in the hippocampus and prefrontal cortex (27,28). The bdnf gene also
encodes two different 3’UTRs, which may facilitate localization to axons
or dendrites, although the function of dendritically targeted BDNF has
not been examined in detail (29). Epigenetic regulation of chromatin
structure may also play an important role in altering the efficacy of
activity-dependent BDNF transcription. For example, electroconvulsive
treatment or chronic social defeat stress in mice can alter histone meth-
ylation and promoter IV activity (30,31). However, it is unclear whether
normal physiologic neuronal activity is sufficient to induce epigenetic
changes that regulate BDNF levels in vivo.

ACTIONS of Pro-BDNF

As noted above, BDNF is initially synthesized as a precursor, pro-
BDNF in the endoplasmic reticulum, and the N-terminal prodomain can
be cleaved from the C-terminal mature domain by the actions of furin or
proconvertases in the trans-Golgi network or in secretory granules. The
efficiency of cleavage, and hence the ratio of pro-BDNF to mature BDNF,
is different at distinct developmental stages and during postnatal life;
specifically, in the neonatal and adolescent stages in mice, both pro-
BDNF and mature BDNF are detectable, whereas in adulthood, mature
BDNF predominates (32). The precursor forms or proneurotrophins,
including pro-BDNF, were initially thought to be inactive precursors;
however, studies in 2001 described proneurotrophins as independent
ligands that activate the p75 receptor, rather than TrkB that is activated
by mature BDNF (33). The p75 receptor is a member of the tumor
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necrosis factor family of receptors that encode a cytoplasmic death do-
main and can initiate apoptosis following ligand binding. The p75 recep-
tor binds to the mature domain region of pro-BDNF, whereas the prodo-
main region binds to sortilin (a Vps10p-domain sorting receptor) or
SorCS2, a related sortilin family member (34,35). Indeed, treatment of
neurons that express p75 with recombinant pro-BDNF induces cell death
(34). Additional activities of recombinant pro-BDNF were rapidly uncov-
ered, and include retraction of growth cones (35), similar to that observed
with pro-NGF (36) pruning of axonal processes (37), facilitation of long-
term depression at mature hippocampal synapses (32,38,39), and synap-
tic elimination of the neuromuscular junction (40). These effects are often
opposite of those elicited by mature BDNF (i.e., enhancement of out-
growth of growth cones or mature spine, and long-term potentiation),
leading to the “yin-yang” hypothesis of neurotrophin action in which
mature BDNF and pro-BDNF exhibit opposing functions (7).

In studies using cultured neurons, some investigators detect secretion
of both pro-BDNF and mature BDNF upon depolarization (40�42)
whereas other investigators detect predominantly mature BDNF (43). To
clarify these results and to identify the biological actions of pro-BDNF in
vivo, a proBDNF knockin mouse was generated to examine the effects of
pro-BDNF under the control of its endogenous promoter and other reg-
ulatory elements (32). In this in vivo model, pro-BDNF expression neg-
atively regulates hippocampal dendritic complexity and spine density,
effects that are mediated by the p75 receptor. Most importantly, hip-
pocampal slices from these pro-BDNF�expressing mice exhibit de-
pressed synaptic activity and enhanced long-term depression (32). These
finding suggest that pro-BDNF acts in vivo as a biologically active factor
that regulates hippocampal structure, synaptic transmission, and syn-
aptic plasticity, effects that are distinctive from mature BDNF. These
results, coupled with the higher levels of expression of pro-BDNF in the
developing post-natal brain, suggest that this ligand may be a key reg-
ulator in shaping neural circuitry and synaptic plasticity in adolescence,
effects that may be maintained through adulthood (32). Indeed, abnor-
malities in pro-BDNF/mature BDNF levels are observed in the brains of
individuals with autism, as well as in individuals with HIV-associated
cognitive impairment, suggesting that the balance of these two BDNF
isoforms may be dysregulated in disease states (44,45).

THE PRODOMAIN OF BDNF

For several decades after the identification of BDNF, the fate of the
cleaved prodomain region has been unknown. Based on predictions that
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the prodomain was an intrinsically disordered protein, similar to the
prodomain region of pro-NGF (46), most investigators believed that it
was subject to rapid proteolytic degradation after cleavage from pro-
BDNF. However, two recent studies (14,35) describe the detection of the
prodomain in the hippocampus and other brain regions upon fixation of
protein from hippocampal lysates to western blot membranes that tether
the prodomain and permit detection. Indeed, the levels of the prodo-
main are very low in the neonatal rodent brain, but rapidly rise during
adolescence and adulthood, paralleling the increase in mature BDNF
at these same times. In addition, the prodomain is released from
neurons upon depolarization, suggesting that it may act as an inde-
pendent ligand.

THE Val66Met BDNF POLYMORPHISM AND
IDENTIFICATION OF THE Met PRODOMAIN AS AN

INDEPENDENT LIGAND

Clues to potential functions of the prodomain arose from the recently
recognized single nucleotide polymorphism (SNP) within the bdnf
gene, at position 66, near the middle of the prodomain (47). In humans,
but not in any of the other 70 species studied to date, a methionine
(Met) to valine (Val) substitution at position 66 has been identified in
approximately 20% of the Caucasion population, and at varying per-
centages in individuals of other ethnicities. This polymorphism is
associated with numerous human phenotypes, including alterations in
episodic memory and with enhanced risk to develop depression and
anxiety disorders in humans (47�52). More detailed study of the
function of this Val66Met SNP was facilitated by the development of a
murine model, which demonstrates reduced hippocampal size and an
anxiety phenotype (53). The prevailing hypothesis regarding the mo-
lecular mechanism by which the Met66 allele contributed to these
phenotypes was that the Met66 prodomain region of intact pro-BDNF
exhibited impaired interaction with sortilin, resulting in diminished
sorting of pro-BDNF to the axon and impaired release of mature BDNF
upon neuronal depolarization (53,54). Thus the proposed mechanism
was indirect, with the Met substitution resulting in altered intracel-
lular trafficking, and diminished levels of BDNF in the synaptic cleft,
leading to impaired synaptic plasticity and synaptic structure.

However, the high sequence conservation in the prodomain and
the recent evolutionary emergence of the Val66Met polymorphism
prompted inquiry as to whether the prodomain might function as an
independent ligand (35). Indeed, structural studies using nuclear
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magnetic resonance spectroscopy to elucidate the disordered struc-
ture of the prodomain demonstrated that the Met and Val prodo-
mains adopt distinct conformations, leading to a differential inter-
action with the SorCS2 receptor. Neither the Val nor the Met
prodomain interact directly with the p75 receptor. However, appli-
cation of the Val or Met prodomains to cultured neurons that ex-
pressed both p75 and SorCS2 resulted in differential responses.
Application of the Val prodomain induced no acute structural
changes to neuronal growth cones, whereas treatment with the Met
prodomain led to acute growth cone retraction which was dependent
upon the expression of both SorCS2 and p75. These results sug-
gested that the Met prodomain can function as a third BDNF ligand
to promote acute negative remodeling of neuronal architecture using
the p75 and SorCS2 receptors (35) (Figure 1).

Collectively, the phenotypes exhibited by humans related to neuro-
psychiatric disorders associated with the Val66Met polymorphism
have been linked to impaired sorting and secretion of BDNF, leading to
impaired neuronal differentiation and plasticity due to reduced TrkB
activation. These more recent studies, however, suggest that the
Met66 prodomain is a newly identified ligand that can selectively
activate SorCS2 to alter neuronal morphology, actions that are similar
to those of pro-BDNF (Figure 2). Whereas expression of pro-BDNF is
largely restricted to the early post-natal brain, the prodomain and
SorCS2 are highly expressed in adulthood. Thus, these studies suggest
that the Met prodomain may continue to mediate modulate the yin-

FIG. 1. Proposed mechanisms that contribute to the differential actions of
Val66BDNF and Met66BDNF are shown. In addition to the well described function of
the Met66 allele, to decrease the amount of BDNF that is delivered to synapses, the
Met66 prodomain exhibits independent activities utilizing p75/SorCS2 receptors to
negatively regulate neuronal morphology.
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yang effects of mature BDNF, and may contribute to the altered neural
plasticity in humans with this SNP.
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DISCUSSION
Tweardy, Houston: I enjoyed your presentation and was curious to know if any

members of the BNDF family of ligands are upregulated in neurodegenerative diseases.
As you indicated, the portion of pro-BNDF that is cleaved off to form BNDF is very
unstable; therefore, either pro-BNDF or the portion cleaved off might accumulate in
diseases characterized by impaired proteostasis such as neurodegenerative diseases.

Hempstead, New York: We don’t know all of the mechanisms by which these
proteins are induced following injury or even during neurodegeneration. We know that
BDNF isoforms are transcriptionally regulated. They do have hypoxia response elements
in some of the promoter regions. Also, in some very interesting recent work, we and
others have found that BDNF is regulated by micro-RNAs. I think that as we begin to dig
deeper, we will see that nature is re-expressing some of these proteins that normally
prune circuits, as it establishes appropriate neuron targeting during development, and
reutilizes those same types of strategies in a not particularly good fashion to re-sculpt
and actually damage the CNS following injury or in neurodegenerative disease.
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Hochberg, Baltimore: Does BDNF or the prodomain have any effect on pain sen-
sation in your preclinical studies?

Hempstead, New York: Of the neurotrophins, the pain molecule is NGF. As a
clinician, you could inject NGF into a human once. It activates pain fibers and they’ll
probably never let you do it again. NGF is the moiety that really regulates pain, via TrkA
expressing neurons. BDNF has modest effects in that regard. Probably if you give high
doses, there could be cross-talk with the TrkA receptor. But it doesn’t activate pain fibers
directly.

Fagin, New York: We are now identifying mutations, particularly fusion mutations
in various cancers that activate NTRK 1, NTRK3, etcetera, in thyroid cancers and in
others. So there is a lot of interest in developing compounds that block the activity of
these receptor tyrosine kinases. Could you predict what type of theoretical consequences
we might expect if it would cross the blood brain barrier?

Hempstead, New York: I think the companies that are really involved in this are
well aware that they are going to need to identify molecules that do not cross the blood
brain barrier, or, if so, do so in such a way that these effects can be modulated. There are
many tumors that take advantage of Trk receptor tyrosine kinase survival signaling and
hence upregulate the Trk receptors. They are an attractive target. But one of the major
limitations to date has been CNS effects. There are new generation molecules that cross
the blood brain barrier poorly. Some of them are actually in phase 1 trials.

Castle, Ann Arbor: Have you had a chance to look at the expression of these moieties
during early neonatal development with modeling of the neuro circuitry?

Hempstead, New York: Pro-BDNF is expressed at the highest level, in the perinatal
period, really at about P0 in a mouse, which is comparable to the third trimester of
humans, and it rapidly decreases during adolescence. We know that one of the things it
is doing is remodeling circuits. Neurons have to figure out where to go, and they are
pruned away when they are projecting to the wrong area. An attractive hypothesis is
that pro-BDNF may be one of a whole host of factors that is important in mediating this
process.
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