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Abstract

Neurotrophins perform essential processes throughout neural development. They signal through 

Trk receptor proteins, typically in association with a “low affinity” p75NTR pan-neurotrophin co-

receptor. Neurotrophins are synthesized as proproteins; the pro domains are removed 

proteolytically to yield the mature, presumably functional forms of the neurotrophins. Recent 

findings, however, have revealed a positive role for the proneurotrophins themselves. The 

proproteins bind with high affinity to the p75NTR pan-neurotrophin receptor in the absence of Trks 

to initiate a separate set of signaling cascades that actively oppose the effects of the mature growth 

factors. These experiments suggest that the balance between pro- and mature neurotrophin plays a 

critical role in tuning downstream signaling. This view changes the neurotrophin field 

substantially, and also points to the broader idea that the potential activities of precursor proteins 

deserve a closer look.

The neurotrophin family of growth factors, comprising nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4), 

regulate various processes during development of the central nervous system and peripheral 

nervous system, notably neuronal survival, but also synaptogenesis, axon and dendrite 

outgrowth, and activity-dependent plasticity (1). Neurotrophins are synthesized as larger 

proproteins that are cleaved to yield the mature growth factors and a short N-terminal 

propeptide. Neurotrophins bind to high-affinity receptors of the Trk (tropomyosin receptor 

kinase) family, stimulating the tyrosine kinase activity of the receptor to activate downstream 

signaling pathways, including mitogen-activated protein kinase, phosphoinositide 3-kinase, 

and phospholipase C– γ (2). Trks also enlist a co-receptor, called the pan-neurotrophin 

receptor or p75NTR, which can bind the neurotrophins on its own, albeit with rather lower 

affinity than do the Trks (3). p75NTR contains a “death domain” in its cytoplasmic portion, 

but the role of the p75NTR subunit in neurotrophin signaling has been enigmatic.

Two curious observations suggested that the old view of neurotrophins acting solely through 

Trk signaling required rethinking. First, p75NTR-null mice exhibited reduced, rather than 

increased, neuronal cell death in some contexts (4), and second, high concentrations of 

mature NGF caused cell death in p75NTR-expressing oligodendrocytes that lack Trk proteins 

(5). Building off these findings, Lee et al. made the seminal discovery that the uncleaved 
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proNGF protein binds to the p75NTR receptor with high affinity to promote apoptosis (6). 

This was in stark contrast to mature NGF, which binds to the TrkA receptor to promote 

survival. These discoveries were followed quickly by new findings of proneurotrophins 

having roles in neuronal degeneration, pruning, axon injury, and long-term depression (LTD) 

of synaptic transmission (7, 8). The complementarity of these activities to the familiar 

effects of mature neurotrophins led Lu and colleagues to suggest a “yin and yang” model of 

neurotrophin action, whereby the pro- versus mature forms of neurotrophins were 

hypothesized to have opposing effects, perhaps arising from engagement of different 

receptors (8).

The interplay of pro- and mature neurotrophins has now been clearly demonstrated in 

“synaptic matching” at the Xenopus neuromuscular junction (NMJ). In vertebrate muscle 

development, several incoming motor axons initially form synapses to each muscle fiber. 

Over time, however, innervating axons are “matched” one-to-one to the available muscle 

fibers by strengthening a single synapse and eliminating the rest (9). In an elegant study, Je 

and colleagues show that the mature and precursor forms of BDNF provide, respectively, the 

“strengthening” and the “elimination” signals at the NMJ (10).

Je et al. prepared Xenopus nerve-muscle cocultures that included a mixture of neurons 

labeled with two different-color dyes, which identified axons coming from different neurons 

at a doubly innervated muscle fiber (Fig. 1). They then stimulated just one of the neurons by 

local photolysis of caged glutamate at the neuronal cell body. Time-lapse confocal imaging 

consistently showed stabilization or elongation of the stimulated axon, and simultaneous 

retraction of the unstimulated axon. The authors next modulated signaling in the cultures by 

adding either mature BDNF (m-BDNF) or pro-BDNF, and compared the effects each 

produced on the pattern of innervation. Upon decreasing m-BDNF action (by morpholino-

oligonucleotide–mediated knockdown of its receptor, TrkB), both terminals retracted, 

whereas adding m-BDNF to the culture prevented retraction of both the unstimulated and 

the stimulated axons. In contrast, addition of pro-BDNF promoted withdrawal of inactive 

terminals, and blocking this signaling pathway with small interfering RNA against the 

p75NTR receptor led to reduced or no retraction of unstimulated terminals. This suggested a 

specific requirement for m-BDNF signaling to strengthen active terminals and for pro-

BDNF signaling to eliminate inactive terminals.

But how is the m-BDNF signal limited to the neighborhood of active terminals? Je and 

colleagues hypothesized that pro-BDNF processing was spatially localized. They 

constructed a bioprobe in which a pro-BDNF cleavage sequence lies between a fluorophore 

and a quencher, such that fluorescence emission is stimulated by proteolytic cleavage. Upon 

neuronal stimulation, increased fluorescence was seen at the muscle cell surface selectively 

along stimulated axons and not near unstimulated neurons or the rest of the muscle cell 

surface. Moreover, immunostaining showed that general electrical activation of the muscle 

(with K+ in the medium) caused the muscle to secrete pro-BDNF and that stimulation of 

innervating neurons (with glutamate) caused the secreted pro-BDNF near the axon to be 

transformed into m-BDNF, presumably by proteolytic cleavage. Consistent with this, 

application of inhibitors of matrix metalloproteases (MMPs) blocked the conversion of pro-

BDNF to m-BDNF and resulted in retraction of both stimulated and unstimulated axons.
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Therefore, the authors concluded that, at the NMJ, the postsynaptic muscle cell releases pro-

BDNF that serves as a universal synapse elimination (“punishment”) signal to all innervating 

axons, but that an electrically active axon releases proteases—probably MMPs—that locally 

convert pro-BDNF to m-BDNF, thus creating a “reward” signal that stabilizes only that 

terminal. This is an elegant solution to the problem of ensuring mono-innervation of muscle 

fibers with 100% fidelity. Analog solutions, such as competition for a limiting trophic factor, 

would be expected to yield a distribution of innervation patterns, peaked at mono-

innervation but also including di-, tri-, and noninnervated fibers. In contrast, the activity-

dependent cleavage model results in a bistable switch, built around a single component with 

two mutually incompatible states, that allows the system to achieve mono-innervation with 

high fidelity.

One possible caveat to these results is that there is some disagreement as to whether “pro-

BDNF–specific” antibodies recognize only the unprocessed proneurotrophin or whether, 

after processing, the antibody still labels the isolated N-terminal “propeptide” that has been 

cleaved off by the processing event, and which can be stabilized in vivo in some contexts 

(11). In Je et al., this concern is mitigated by the use of a reporter for processing activity and 

the modulatory effect of MMP inhibition, but additional experiments to rule out this critique 

would undoubtedly be worthwhile.

It is attractive to speculate that opposition between pro- and mature neurotrophins might be 

used in synaptic refinement elsewhere in the nervous system. For example, BDNF and NT-3 

regulate dendrite growth in the developing cortex (12). Could their interaction be overlayed 

on regulation by the pro-proteins for these two neurotrophins? Similarly, given the opposing 

effects of pro- and mature neurotrophins on LTD versus LTP (long-term potentiation) (13, 

14), it seems likely that the switch between these forms of plasticity is regulated in part by 

the processing state of the neurotrophins. From a different perspective, it may be that some 

of the conflicting data on effects of neurotrophins in vivo—discrepancies, for example, 

between overexpression, knockout phenotypes, and protein-blocking experiments—arise 

from the different degrees to which these various approaches alter the balance of pro- to 

mature neurotrophin. Reconsideration of these experiments may well be in order.

How might the forms of a single neurotrophin produce such diametrically opposing effects? 

Much is known about how mature neurotrophins promote axon growth and attraction by 

binding to Trk receptors. Far less is known about how proneurotrophins cause axon 

retraction. Deinhardt and colleagues began to redress this imbalance by defining signaling 

mechanisms downstream of pro-NGF that induce growth cone collapse in murine 

hippocampal neurons (15).

Upon adding pro-NGF to primary hippocampal cultures, Deinhardt et al. saw rapid cessation 

of growth cone movement and subsequent collapse of actin structures in a fraction of 

neurons in the culture (Fig. 2). Pro-NGF had previously been shown to signal through a 

complex of p75NTR together with a transmembrane protein called sortilin (16), and indeed, 

the pro-NGF–sensitive population of hippocampal cells were positive for p75NTR and a 

sortilin family member called SorCS2. The authors used coimmunoprecipitation to 

document a complex including pro-NGF, p75NTR, and SorCS2, and blocking SorCS2 with 
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antibodies prevented growth cone collapse, showing that this complex mediates the response 

to pro-NGF.

The authors next used mass spectrometry to identify signaling proteins associated with the 

p75NTR and sortilin complex and identified Trio, a guanine nucleotide exchange factor 

(GEF) for the small guanosine triphosphatase (GTPase) Rac. Treatment with pro-NGF 

reduced the interaction of Trio with the receptor complex and caused loss of Trio from the 

tips of neurites, leading to the model that pro-NGF–dependent displacement of Trio from the 

p75NTR-sortilin complex, with consequent reduction of local Rac activity, was responsible 

for growth cone collapse. Indeed, the amount of active Rac was reduced in cultures exposed 

to pro-NGF, and blocking Rac activity pharmacologically caused growth cone collapse, 

much like pro-NGF treatment. Finally, to address how the effects of pro-NGF signaling are 

transmitted to the actin cytoskeleton, the authors showed that pro-NGF induces 

phosphorylation of the actin-bundling protein, fascin, by protein kinase C (PKC). This 

resulted in destabilization of actin bundles, with consequent collapse of the growth cone 

cortex. Whether PKC-dependent signaling to fascin is somehow linked to Trio and Rac or 

acts strictly in parallel is not yet clear.

Competition between opposing activities is a universal theme in biological regulation, and 

there are many ways in which neurotrophin action is switched between attractive and 

repulsive effects. For example, m-BDNF can repel sympathetic axons, acting through a 

complex of p75NTR with the receptor plexin A3, if m-BDNF is coadministered with the 

plexin ligand Sema3, or acting through a complex of p75NTR with the receptor EphB, if 

coadministered with ephrin B2 (17). In both of these cases, the repulsive activity is mediated 

through a pathway involving Rho GTPase and the kinase ROCK. Alternatively, the effect of 

NGF can be switched between attractive and repulsive by the interaction of 14-3-3 proteins 

and PKA (18). However, linking the switch in the sign of neurotrophin signaling to the 

irreversible proteolytic transformation of proprotein to mature protein provides unique 

opportunities for regulation.

Most transmembrane and secreted proteins undergo propeptide removal, so other pro-

proteins usually thought of as silent precursors may also have unique functional properties 

that have been overlooked. For example, in Drosophila, the transforming growth factor–β 

(TGF-β) proteins Decapentaplegic (Dpp) and Screw (Scw) specify dorsal versus ventral cell 

identities in the embryo by forming a steep concentration gradient (19). Gradient formation, 

however, involves dorso-ventral transport of the unprocessed pro–TGF-βs, through their 

incorporation in a complex that includes the Drosophila Chordin ortholog Short Gastrulation 

(Sog) (20) and the Twisted Gastrulation protein (Tsg) (21). Transport of mature Dpp is 

quantitatively different, at least partly due to trapping by receptors on the embryo surface. In 

mammals, another TGF-β family member, Nodal, also has roles for both its processed and 

unprocessed forms. Although Nodal is cleaved by Furin and PACE4 to activate the growth of 

the mouse endoderm and other tissues in early development, uncleaved Nodal also binds to 

activin receptors to induce a feedback loop that increases Nodal expression and further 

cleavage in the extraembryonic ectoderm (22). It is evident that pro-forms of ligands may 

play a variety of signaling roles that have yet to be explored.
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Fig. 1. 
Antagonistic effects of pro-BDNF and mature BDNF (m-BDNF) in synaptic competition. 

Muscle fiber (pink) releases pro-BDNF (purple and magenta circles), which binds p75NTR 

receptor complex on an innervating motor axon (yellow neuron) and causes it to retract. 

Electrical stimulation of a motoneuron (green neuron) causes it to release matrix 

metalloproteases (MMPs) that process pro-BDNF to mature BDNF (blue symbols), which 

binds to TrkB and promotes selective extension of that motor axon and stabilization of its 

synapse.
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Fig. 2. 
Signaling mechanisms downstream of pro-NGF that induce growth cone collapse. Pro-NGF 

binds to a receptor complex containing p75NTR and SorCS2 on cultured hippocampal 

neurons. This causes Trio, a guanine exchange factor for Rac GTPase, to be released from 

the receptor complex. Consequent reduction of Rac activity, together with protein kinase C 

(PKC)–dependent phosphorylation and inactivation of the actin-bundling protein fascin, 

leads to actin disassembly and growth cone collapse.
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