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Abstract

Excess synapses formed during early postnatal development are pruned over an extended period, 

while the remaining synapses mature. Synapse pruning is critical for activity-dependent 

refinement of neuronal connections and its dysregulation has been found in neurodevelopmental 

disorders such as autism spectrum disorders; however, the mechanism underlying synapse pruning 

remains largely unknown. As dendritic spines are the postsynaptic sites for the vast majority of 

excitatory synapses, spine maturation and pruning are indicators for maturation and elimination of 

these synapses. Our previous studies have found that dendritically localized mRNA for brain-

derived neurotrophic factor (BDNF) regulates spine maturation and pruning. Here we investigated 

the mechanism by which dendritic Bdnf mRNA, but not somatically restricted Bdnf mRNA, 

promotes spine maturation and pruning. We found that neuronal activity stimulates both 

translation of dendritic Bdnf mRNA and secretion of its translation product mainly as proBDNF. 

The secreted proBDNF promotes spine maturation and pruning, and its effect on spine pruning is 

in part mediated by the p75NTR receptor via RhoA activation. Furthermore, some proBDNF is 

extracellularly converted to mature BDNF and then promotes maturation of stimulated spines by 

activating Rac1 through the TrkB receptor. In contrast, translation of somatic Bdnf mRNA and the 

release of its translation product mainly as mature BDNF are independent of action potentials. 

These results not only reveal a biochemical pathway regulating synapse pruning, but also suggest 

that BDNF synthesized in the soma and dendrites is released through distinct secretory pathways.
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Introduction

Dendritic spines are the postsynaptic sites for the vast majority of excitatory synapses 

(Harris, 1999). In many cortical areas of humans and other mammals, spine density 

increases over a short period in early postnatal life, followed by an extended period when 

spine numbers are reduced to reach mature levels. During this pruning phase, up to 40% of 

spines are selectively eliminated while the remaining spines mature and change in 

morphology from long and thin to short and stubby (Grutzendler et al., 2002; Huttenlocher, 

1979; Marin-Padilla, 1967; Rakic et al., 1986; Zuo et al., 2005). Spine maturation and spine 

pruning are dependent upon neuronal activity and are required for the refinement of 

neuronal connections in the developing brain (Churchill et al., 2002; Ethell and Pasquale, 

2005; Mataga et al., 2004; Zuo et al., 2005). However, the mechanism governing spine 

maturation is not completely understood and very little is known about the molecular 

mechanism underlying spine pruning.

One protein known to be important for the control of spine maturation and pruning is fragile 

X mental retardation protein (FMRP). Its loss, due to transcriptional silencing, results from 

the expansion of CGG repeats in the 5′ untranslated region (UTR) of the FMR1 gene. This 

expansion causes fragile X syndrome, the most common form of inherited mental 

retardation (Bagni and Greenough, 2005). Neurons in patients with fragile X syndrome have 

a higher density of dendritic spines and their dendritic spines are often longer and thinner, 

compared to neurons in control subjects (Hinton et al., 1991; Irwin et al., 2001). The same 

spine dysmorphogenesis has been observed in Fmr1 knockout mice (Comery et al., 1997; 

Grossman et al., 2006; McKinney et al., 2005). Since FMRP is localized to synapses and is 

associated with numerous mRNAs, it is thought that FMRP affects the structure and 

function of postsynaptic sites by regulating dendritic protein synthesis (Weiler et al., 1997; 

Zalfa et al., 2003).

We have found that brain-derived neurotrophic factor (BDNF) synthesized in dendrites is a 

key regulator of spine pruning and maturation (An et al., 2008; Kaneko et al., 2012; Orefice 

et al., 2013). BDNF is synthesized as a precursor (proBDNF), which is cleaved to yield 

mature BDNF (mBDNF). Cleavage occurs either intracellularly by proconvertases such as 

furin or extracellularly by the serine protease plasmin and specific matrix metalloproteinases 

(Lee et al., 2001; Pang et al., 2004). Neurons release both mBDNF and proBDNF 

(Nagappan et al., 2009; Yang et al., 2009), which interact with the TrkB receptor and the 

sortilin-p75NTR receptor complex, respectively (Reichardt, 2006; Teng et al., 2005). The 

rodent and human Bdnf genes produce two populations of mRNA species, one with a short 

3′ UTR (~0.35 kb) and the other with a long 3′ UTR (~2.85 kb) (Timmusk et al., 1993). Our 

previous studies have showed that short 3′ UTR Bdnf mRNA is restricted to cell bodies in 

cortical and hippocampal neurons, whereas long 3′ UTR Bdnf mRNA is also transported to 

dendrites for local translation (An et al., 2008). Mice lacking long 3′ UTR Bdnf mRNA 

display thinner and denser spines on dendrites of CA1 pyramidal neurons in the 

hippocampus and L2/3 pyramidal neurons in the visual cortex (An et al., 2008; Kaneko et 

al., 2012). Furthermore, knocking down long 3′ UTR Bdnf mRNA or blocking transport of 

long 3′ UTR Bdnf mRNA to dendrites inhibits spine maturation and pruning, whereas 

overexpressing long 3′ UTR Bdnf mRNA enhances spine maturation and pruning in cultured 
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hippocampal neurons (Orefice et al., 2013). Here, we investigated the molecular 

mechanisms by which dendritically synthesized BDNF regulates pruning and maturation of 

dendritic spines.

Materials and Methods

Animals and DNA constructs

Pregnant female Sprague Dawley rats were purchased from the Charles River Laboratories. 

The p75NTR +/− mouse strain was obtained from the Jackson Laboratory (stock #: 002213) 

and maintained in the C57BL6/J genetic background. Both genders of mice were used in 

these experiments. The animal care and use committees at the Scripps Research Institute 

Florida and Georgetown University approved all animal procedures used in this study.

The pActin-GFP construct was previously described (Fischer et al., 1998). The pRK5-myc-

Rac1-T17N plasmid (Rac1 dominant-negative construct) was produced by Gary Bokoch and 

purchased from Addgene (plasmid #12984). The mouse full-length TrkB plasmid was 

previously described (Fu et al., 2010). The human p75NTR construct was a gift from Dr. 

Sung Ok Yoon at Ohio State University and was previously described (Yoon et al., 1996). 

The constructs, pBDNF-A and pBDNF-A*B, were previously described (Orefice et al., 

2013). In pBDNF-A*B, the first polyadenylation site is mutated such that this construct only 

produces long 3′ UTR Bdnf mRNA. To generate the pBDNFAAA-A*B construct, three 

arginine residues at the proBDNF cleavage site were mutated to three alanine residues in 

pBDNF-A*B, using the Quickchange Site Directed Mutagenesis Kit (Stratagene).

To generate a construct expressing either shRNA or a scrambled derivative of the shRNA 

(control shRNA), two pairs of oligonucleotides were designed to produce DNA duplexes 

and subsequently cloned into the vector pSUPER (Brummelkamp et al., 2002). The 

following oligonucleotides were used to generate shRNAs.

p75NTR shRNA:

5′-gatccccctcctgccaggacaaacagttcaagagactgtttgtcctggcaggagtttttggaaa-3′

5′-agcttttccaaaaactcctgccaggacaaacagtctcttgaactgtttgtcctggcaggagggg-3′

tPA shRNA:

5′-cgcgtccccctggatccaagacaacatgttcaagagacatgttgtcttggatccagtttttggaaat-3′

5′-cgatttccaaaaactggatccaagacaacatgtctcttgaacatgttgtcttggatccaggggga-3′

TrkB shRNA:

5′-gatcccccggcaacctgcggcacatcttcaagagagatgtgccgcaggttgccgtttttggaaa-3′

5′-agcttttccaaaaacggcaacctgcggcacatctctcttgaagatgtgccgcaggttgccgggg-3′ Scrambled 

shRNA #1:

5′-gatccccgccggacgcaccaggtagattcaagagatctacctggtgcgtccggctttttggaaa-3′

5′ agcttttccaaaaagccggacgcaccaggtagatctcttgaatctacctggtgcgtccggcggg-3′ Scrambled 

shRNA #2:
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5′-gatccccgaccgccaccggctcatgattcaagagatcatgagccggtggcggtctttttggaaa-3′

5′-agcttttccaaaaagaccgccaccggctcatgatctcttgaatcatgagccggtggcggtcggg-3′

Culture and transfection of primary neurons

Rat hippocampal neurons were cultured and transfected as previously described (Orefice et 

al., 2013). For the experiments involving the TrkB shRNA, a caspase inhibitor (Boc-

Asp(OMe)-fluoromethyl ketone, Sigma Aldrich) was added to cultures every 2–3 days at a 

final concentration of 25 μM. TrkB-Fc chimera (Sigma Aldrich) was used at a final 

concentration of 2.5 μg/ml. Fourteen days after transfection (DIV21), TrkB-Fc or vehicle 

was added to 200 μl of media and applied to cultured neurons in a drop-wise manner. At 

DIV25 the procedure was repeated. Following 7 days of treatment, cultures were fixed and 

stained.

Time-lapse imaging of dendritic spines

Cultured rat hippocampal neurons were transfected with pActin-GFP at DIV7 and imaged at 

DIV17 and DIV23. Z-series time-lapse imaging was performed on a Nikon C2+ confocal 

microscope (Nikon Instruments Inc.) equipped with a stage-top incubator (INUG2A-TIZ, 

Tokai Hit Co., LTD, Japan). The chamber was humidified and maintained at 37 ºC with 5% 

CO2. Images were acquired using a 60X oil immersion objective (NA = 1.4, CFI Plan Apo, 

Nikon) with Nikon Type A immersion oil under 488 nm of excitation laser and a 525/50 nm 

emission filter. We applied Nyquist resolution to all time-lapse images, taken at 512 x 512 

image size, 0.5 μm step at Z axis, and under a 40-μm pinhole size. Images were collected at 

30-minute intervals for ten hours. Each imaged dendritic segment was 50 to 100 μm away 

from the soma. Z-series images was deconvoluted in DeconvolutionLab (Vonesch and 

Unser, 2008), an ImageJ plugin, with Tikhonov-Miller algorithm and a Born & Wolf point 

spread function (PSF) model generated by PSF Generator (Kirshner et al., 2013). Events of 

spine formation and spine elimination were identified manually.

Local protein synthesis assay

Local protein synthesis constructs were previously described (Liao et al., 2012). A sequence 

encoding the Src myristoylation peptide (MGSSKSKPK) and a sequence encoding the SV40 

large T antigen nuclear localization sequence (PKKKRKV) were added to the 5′ and 3′ ends 

of a PCR-amplified d1EGFP insert from plasmid pd1EGFP-N1, respectively. The PCR 

product was inserted into a plasmid downstream of the human synapsin promoter, 

generating phSYN-myr-d1GFP. The mouse sequences for the Bdnf short (A) and long (A*B) 

(where the first polyadenylation signal AATAAA was mutated to TTTTTT) 3’ UTRs were 

cloned into phSYN-myr-d1GFP, generating phSYN-myr-d1GFP-A (myr-d1GFP-A) and 

phSYN-myr-d1GFP-A*B (myr-d1GFP-A*B). These two constructs were transfected into 

cultured rat hippocampal neurons at DIV14. One day after transfection, the cultured neurons 

were treated with 50 μM NMDA or vehicle for 1 hr and then fixed. The longest dendrites of 

transfected neurons were analyzed by quantification of the fluorescent intensity of a line 

drawn through the center of the dendrite using NIH ImageJ software, and mean intensity 

values for each condition were calculated in 50 μm bins.
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Production of adeno-associated virus (AAV)

To generate BDNF-expressing AAV constructs, we digested the pAAV-MCS vector 

(Stratagene) with NotI to remove the 1.7-kb fragment containing the CMV promoter, the β-

globin intron, the multiple cloning sites (MCS), and the human growth hormone 

polyadenylation signal between the two AAV2 inverted terminal repeats. We then subcloned 

the NotI fragments from pBDNF-A, pBDNF-A*B and pBDNFAAAA*B into the NotI-

digested pAAV-MCS vector, generating pAAV-BDNF-A, pAAV-BDNF-A*B and pAAV-

BDNFAAA-A*B, respectively. HEK-293T cells were cultured in DMEM growth media 

(containing 4.5 g/L glucose, 110 mg/L sodium pyruvate, and 4 mM L-glutamine; Life 

Technologies) supplemented with 10% (v/v) heat-inactivated fetal bovine serum. Plasmid 

pAAV-BDNF-A or pAAV-BDNF-A*B was co-transfected with helper plasmid pDC2 into 

HEK-293T cells at >90% confluence. Media were refreshed 24 h post transfection. Cells and 

media were harvested 48 h post transfection. Viral particles were then purified through 4 

consecutive freeze/thaw cycles, followed by centrifugation. For all Western blot 

experiments, cultures were infected with viral particles at DIV21; cell lysates and/or media 

were harvested and analyzed at DIV35.

KCl treatment of cultured hippocampal neurons

Fourteen days post AAV infection (DIV35), KCl or vehicle was added to 200 μl of media in 

the presence of a protease inhibitor cocktail for use in tissue culture media (Sigma Aldrich). 

This solution was added to cultured neurons in a drop-wise manner, and cultures were 

incubated in this solution for 30 minutes at 37 °C. Following treatment, media and cell 

lysates from each well were collected and stored at −80 °C for Western blotting.

Immunocytochemistry

Immunocytochemistry of cultured neurons was performed as previously described (An et al., 

2008). The following primary antibodies were used: rabbit anti-GFP (Clontech 

Laboratories), 1:5,000 dilution; mouse anti-GFP (BD Bioscience), 1:1000 dilution; mouse 

anti-Myc (Sigma Aldrich), 1:5000 dilution; rabbit anti-Myc (Cell Signaling Technology) 

1:1,000 dilution; mouse anti-Flag (Sigma Aldrich); mouse anti-p75 (R&D Systems) 1:1,000 

dilution. For protein distribution, fluorescent immunocytochemistry was performed. 

Appropriate DyLight-conjugated secondary antibodies were purchased from Jackson 

ImmunoResearch Laboratories (West Grove) and used at a dilution of 1:500. For spine 

density and morphology analyses, immunocytochemistry was performed using a 

biotinylated secondary antibody and an avidin-biotin complex solution (Vector Labs). 

Immunoreactivity was visualized using a solution containing 0.05% DAB and 0.003% H2O2 

in 100 mM Tris pH7.5. After colorimetric reaction was complete, cells were rinsed with 100 

mM Tris and dehydrated, then coverslips were mounted onto glass slides using DPX 

mounting medium.

Spine analysis

Density and head width of dendritic spines on cultured hippocampal neurons were analyzed 

as previously described (Orefice et al., 2013). In brief, treatment groups were assigned in a 

pseudo-random order, such that at least one well for each condition was represented per 
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culture plate. Spine densities of at least 10 neurons from multiple coverslips were analyzed 

for each experimental condition, with at least 200 μm of continuous dendrite analyzed per 

neuron. The majority of analyzed neurons were CA1 pyramidal neurons, as pyramidal 

neurons with 3–5 main dendritic branch points were selected for analysis. To analyze the 

morphology of spines, multiple high-magnification images using an oil-immersion lens 

(60X, NA1.40) were taken along a segment of one main dendrite that is 50–100 μm away 

from the soma for each neuron. Spine head width was measured using NIH ImageJ software. 

Spine head width was defined as the maximum width of the spine head. At least 10 neurons 

from multiple coverslips and approximately 50 spines per neuron were analyzed for each 

experimental condition. Analyses of spine density and spine head width were performed 

blindly.

Western blotting

Western blots of the media and cell lysates from cultured neurons were performed using the 

Odyssey Infrared Imaging System (LI-COR Biosciences). Cell lysates were collected using 

a lysis buffer containing protease inhibitors for mammalian cell/tissue extracts (Sigma 

Aldrich). Media samples were immunoprecipitated with Myc antibodies bound to protein G 

Sepharose beads (Thermo Scientific). The following primary antibodies were used: mouse 

anti-Myc (Sigma Aldrich), 1:500 dilution; rabbit anti-Myc (Cell Signaling Technology), 

1:1,000 dilution; mouse anti-Flag (Sigma Aldrich), 1:1,000 dilution; mouse anti-alpha 

tubulin (Sigma Aldrich), 1:1,000 dilution; chicken anti-TrkB (Abcam) 1:15,000 dilution; 

rabbit anti-TrkB (Cell Signaling Technology) 1:1,000 dilution; rabbit anti-phospho TrkB 

(Cell Signaling Technology) 1:1,000 dilution. Appropriate IRDYE infrared secondary 

antibodies (LI-COR Biosciences) or biotinylated secondary antibodies (Jackson 

ImmunoResearch Laboratories, Inc.) were purchased and used at a dilution of 1:10,000.

Golgi impregnation

Golgi staining was performed using the FD Rapid GolgiStain Kit (FD NeuroTechnologies) 

according to the manufacturer’s protocol. Sections (180 μm thick) were taken throughout the 

hippocampus of each animal. For spine density, we used Neurolucida software to trace 

spines along dendrites of granule cells in the anterior hippocampus at 60X magnification and 

calculated spine density as described above. Spine density for each animal was obtained 

from at least five neurons in multiple sections, with a total length of 1000 2000 μm. To 

measure spine morphology, we took images of distal dendrites with similar widths in the 

anterior hippocampus at 60X magnification, and measured the length and width of dendritic 

spines located at 50–100 μm away from the soma, as described above using NIH ImageJ 

Software. At least 10 neurons from multiple sections and approximately 50 spines per 

neuron were analyzed for each animal.

Active Rho GTPase pull down assays

Active Cdc42, Rac1 and RhoA pull down experiments were performed using the 

ThermoScientific Active GTPase Pull Down and Detection Kits, according to the 

manufacturer’s protocol. Cultured hippocampal neurons were lysed and harvested in Lysis/

Binding/Wash Buffer. A specific GST-fusion protein that contains a binding domain from a 

downstream effector protein of each GTPase, along with glutathione agarose resin, was used 
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to specifically pull down active Cdc42, Rac1, and RhoA. Following pull-down assays, 

Western blotting was performed and samples were probed using an antibody to each GTPase 

for detection (anti-Cdc42, 1:167 dilution; anti-Rac1, 1:1,000 dilution; anti-RhoA, 1:666 

dilution). For each experiment, samples were separated into two aliquots: 100 μg of each 

sample was used for the pull down assay and 20 μg of each sample was used directly for 

Western blotting, to determine total levels (active plus non-active) of each GTPase.

Surface biotinylation assay

Surface TrkB experiments were performed using DIV35 hippocampal cultures that had been 

treated with 50 μM APV for 48 hours, according to a previously described protocol (Elia, 

2012). Briefly, on the day of harvest, cells were washed and surface proteins were labeled 

with Sulfo-NHS-SS-Biotin at 500 μg/ml PBS (Thermo Scientific) on ice with gentle rocking 

for 10 minutes. After quenching, cells were lysed and centrifuged for 2 minutes to collect 

proteins. To isolate biotin-labeled (surface) proteins, lysate was added to pre-washed 

Streptavidin SepharoseTM High Performance resin (GE Healthcare) and incubated for 2 

hours at room temperature with occasional mixing. Resin was washed and then incubated 

with elution buffer at 96 °C for 15 minutes with occasional agitation. Eluted proteins were 

analyzed for TrkB by Western blotting. Prior to isolation of biotin-labeled proteins, 20 μg of 

each sample was saved to determine total levels of TrkB using immunoblotting analyses.

Statistical analysis

All data are expressed as mean ± SEM. The significance of differences was tested using 

unpaired Student’s t test, one-way or two-way ANOVA with post-hoc Bonferroni test. 

Differences are considered significant for p values <0.05. One or two-way ANOVAs were 

performed using GraphPad Prism (GraphPad Software).

Results

Activity-dependent maturation and pruning of dendritic spines in vitro

We previously showed that in dissociated rat embryonic hippocampal cultures dendritic 

spines mature during the 3rd and 4th weeks in vitro, as evidenced by an increase in spine 

head width and a reduction in spine length. Furthermore, these cultured neurons exhibit a 

reduction in spine density during the 4th week in vitro (Orefice et al., 2013). To confirm that 

the reduction in spine density reflects a pruning process, we monitored GFP-labeled 

dendritic spines via time-lapse imaging at the 17th or 23rd day in vitro (DIV17 or DIV23) 

(Figures 1A and 1B). Over a 6-hour period, the spine elimination rate was not significantly 

different from the spine formation rate at DIV17 (Figure 1C), but was higher than the spine 

formation rate at DIV23 (Figure 1D), indicating that the density reduction observed during 

the 4th week in this culture system is a result of spine pruning.

Neuronal activity plays a key role in maturation and pruning of dendritic spines in the brain 

(Ethell and Pasquale, 2005; Zuo et al., 2005). To determine whether in vitro development of 

dendritic spines is also dependent on neuronal activity, we transfected hippocampal neurons 

at DIV7 with an empty vector (pBK) and a construct expressing actin-GFP to label dendritic 

spines. We applied 1 μM tetrodotoxin (TTX, an action potential blocker) to cultures at 
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DIV21 and then fixed and analyzed the number and morphology of dendritic spines at 

DIV28 (Figure 1E). TTX prevented spine head enlargement and spine pruning that normally 

occurs from DIV21 to DIV28 (Figures 1H and 1I). Thus, cultured hippocampal neurons 

could be used to study activity-dependent maturation and pruning of dendritic spines.

Our previous work shows that BDNF translated from long 3′ UTR Bdnf mRNA stimulates 

maturation and pruning of dendritic spines (Orefice et al., 2013). We asked whether this 

stimulation was also dependent upon neuronal activity, by transfecting neurons at DIV7 with 

a construct expressing long 3′ UTR Bdnf mRNA (pBDNF-A*B) and treating neurons with 

TTX from DIV21 to DIV28 (Figure 1G). In agreement with our previous observation 

(Orefice et al., 2013), neurons overexpressing long 3′ UTR Bdnf mRNA had larger spine 

heads at DIV21 and DIV28 (Figure 1H) and greater spine pruning from DIV21 to DIV28 

(Figure 1I), compared with pBK-transfected neurons. TTX blocked both head enlargement 

and pruning of dendritic spines from DIV21 to DIV28 in these neurons (Figures 1G–I). In 

contrast, TTX did not affect the size or density of dendritic spines in pBDNF-A-transfected 

neurons that overexpress short 3′ UTR Bdnf mRNA (Figures 1F, 1H, and 1I), which impairs 

trafficking of long 3′ UTR Bdnf mRNA to dendrites and therefore blocks maturation and 

pruning of dendritic spines (Orefice et al., 2013). In excitatory hippocampal neurons, action 

potentials are initiated through activation of the NMDA receptor (NMDAR). As expected, 

the selective NMDAR antagonist APV had the same effect as TTX on maturation and 

pruning of dendritic spines in both control neurons and BDNF-overexpressing neurons 

(Figure S1). These results, along with our previous observation that long 3′ UTR Bdnf 

mRNA is essential for head enlargement and pruning of dendritic spines in vivo and in vitro 

(An et al., 2008; Kaneko et al., 2012; Orefice et al., 2013), suggest that BDNF translated 

from the long form of Bdnf mRNA regulates maturation and pruning of dendritic spines in 

an NMDAR-dependent manner.

NMDAR-dependent synthesis and release of BDNF in neurons

We hypothesized that NMDAR activation might regulate spine maturation and pruning by 

stimulating translation of long 3′ UTR Bdnf mRNA in dendrites and then secretion of its 

translation product. To test this, we utilized an in vitro local protein synthesis reporter assay 

based on GFP expression. Myr-d1GFP-nls reporter constructs used in this study contain four 

key elements: (1) a sequence encoding a myristoylation peptide (myr) that brings the GFP 

fusion protein to the plasma membrane; (2) a nuclear localization signal (nls) at the C-

terminus that further restricts protein diffusion; (3) a sequence encoding a destabilized GFP 

with a half life of 1 hour; and, (4) a genomic sequence encoding either the Bdnf long 3′ UTR 

(myr-d1GFP-A*B) or short 3′ UTR (myr-d1GFP-A). Once this construct is expressed, GFP 

will attach to the membrane or move into the nucleus to restrict movement, while 

destabilized GFP will be degraded quickly, thus reporting the site at which mRNA from the 

construct is translated. This strategy has been successfully employed to examine local 

synthesis of CaMKIIα and LIMK1 in dendrites (Aakalu et al., 2001; Schratt et al., 2006). 

Cultured hippocampal neurons at DIV14 were transfected with either myr-d1GFP-A*B or 

myr-d1GFP-A. One day later, neurons were treated with either vehicle or 50 μM NMDA for 

1 hour before fixation, and then analyzed for GFP signal intensity along a main dendrite. We 

had previously established that long 3′ UTR Bdnf mRNA is trafficked to the dendrites and 
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short 3′ UTR Bdnf mRNA is restricted to the soma (An et al., 2008), and thus we expected 

to see dendritic changes in local synthesis only in neurons transfected with the long 3′ UTR 

construct. We found that NMDA significantly increased GFP signal intensity along the 

dendrites of neurons transfected with myr-d1GFP-A*B, but not myr-d1GFP-A (Figures 2A 

and 2B). Thus, NMDA stimulates dendritic synthesis of BDNF in hippocampal neurons.

We further confirmed that NMDA receptor activation is required for local synthesis of 

BDNF in dendrites using BDNF-expressing constructs. We transfected hippocampal 

neurons at DIV7 with pBK, pBDNF-A or pBDNF-A*B, in combination with pActin-GFP. 

At DIV26, cultures were treated with either 50 μM APV or vehicle for 48 hours and then 

immediately fixed and stained with antibodies to GFP (to mark transfected neurons) and 

Myc (for exogenous BDNF expression) (Figure 2C). APV treatment significantly reduced 

dendritic levels of BDNF in neurons transfected with pBDNF-A*B, but not neurons 

transfected with pBDNF-A (Figures 2C and 2D). APV treatment did not significantly 

change levels of Myc-tagged BDNF in the cell bodies of neurons transfected with either 

pBDNF-A (217 ± 9 with vehicle vs. 211 ± 6 with APV in arbitrary units, p = 0.5678) or 

pBDNF-A*B (172 ± 12 with vehicle vs.164 ± 9 with APV in arbitrary units, p = 0.5966). 

These results suggest that NMDAR activation is necessary for synthesis of BDNF in 

dendrites, but not in cell bodies of hippocampal neurons.

We then asked whether BDNF translated from long 3′ UTR Bdnf mRNA is released in an 

activity-dependent manner. A high KCl concentration in the culture medium induces 

membrane depolarization of cultured neurons, leading to NMDAR activation (Ghosh et al., 

1994). Treatment with 50 mM KCl has been shown to induce nerve growth factor release 

from cultured hippocampal neurons, which is dependent on action potentials (Blochl and 

Thoenen, 1995). Thus, we employed the KCl treatment to examine activity-dependent 

BDNF release from cultured hippocampal neurons. We infected cultured hippocampal 

neurons at DIV21 with AAV-BDNF-A expressing short 3′ UTR Bdnf mRNA or AAV-

BDNF-A*B expressing long 3′ UTR Bdnf mRNA. At DIV35, we collected media (termed 

“conditioned media”) and added neurobasal media with or without 50 mM KCl to the 

cultures for 30 minutes at 37 °C, in the presence of protease inhibitors. Following the KCl 

treatment, media (termed “after-stimulation media”) were collected and cell lysates were 

prepared from the cultures. BDNF in the media was immunoprecipitated with a mouse anti-

Myc antibody. We employed immunoblotting to detect BDNF in the cell lysates (Figure 2E) 

and immunoprecipitates, using a rabbit anti-Myc antibody. Analyses revealed that without 

stimulation, cell lysates of neurons infected with AAV-BDNF-A contained similar amounts 

of mBDNF to, but significantly less proBDNF than, neurons infected with AAV-BDNF-

A*B (Figures 2F, 2H, and 2I). KCl treatment significantly reduced the amount of proBDNF 

in cell lysates of neurons infected with AAV-BDNF-A*B, while increasing the amount of 

proBDNF in the after-stimulation media, compared to unstimulated neurons infected with 

AAV-BDNF-A*B (Figures 2F, 2G, and 2I). This treatment, however, did not affect levels of 

mBDNF in lysates from neurons infected with either virus (Figures 2F and 2H). We were 

unable to detect mBDNF in the media following the 30-min KCl stimulation, likely due to 

binding of released mBDNF to the cultured neurons (Balkowiec and Katz, 2000). KCl 

stimulation did not alter levels of proBDNF in either the cell lysates or after-stimulation 
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media from neurons infected with AAV-BDNF-A (Figures 2F, 2G, and 2I). These results 

indicate that the translation product of long 3′ UTR Bdnf mRNA remains in the proBDNF 

form inside neurons and its release is dependent upon action potentials.

We previously reported that conditioned media from neurons infected with AAV-BDNF-A 

had greater amounts of mBDNF than media from neurons infected with AAV-BDNF-A*B 

(Orefice et al., 2013). To determine whether any synaptic activity is involved in secretion of 

mBDNF, we treated hippocampal neuron cultures infected with AAV-BDNF-A with TTX 

or TTX + APV + CNQX (an AMPA/kainate receptor antagonist) for 2 days and then 

measured the amount of mBDNF in the conditioned media. The released mBDNF 

accumulated over 2 days to reach a detectable level (Figure S2A). We found that TTX had 

no effect on secretion of mBDNF (Figure S2); however, blockade of both action potentials 

and miniature excitatory postsynaptic potentials (mEPSPs) using TTX + APV + CNQX 

significantly reduced the amount of mBDNF in the conditioned media (Figure S2). This 

observation indicates that mEPSPs are critical for secretion of mBDNF.

In summary, our results indicate that NMDAR activation is essential for translation of long 

3′ UTR Bdnf mRNA in dendrites and release of the translation product in the proBDNF 

form. In contrast, somatic short 3′ UTR Bdnf mRNA is translated independent of action 

potentials, and the translation product is mainly released in the form of mature BDNF in a 

mEPSP-dependent manner. These findings indicate that BDNF translated in dendrites and 

cell bodies is released from neurons via distinct secretory pathways.

Promotion of spine pruning and maturation by proBDNF via p75NTR

As p75NTR is a component of the high affinity receptor complex for proBDNF (Teng et al., 

2005), we reasoned that dendritically synthesized and released proBDNF might interact with 

p75NTR to mediate spine pruning. We mutated the pBDNF-A*B construct to produce a 

protease-resistant proBDNF, in which the 3 arginine residues at the cleavage site between 

the BDNF propeptide and mBDNF were mutated to 3 alanine residues (termed pBDNFAAA-

A*B). Therefore, the cleavage site is not recognized by proteases and only proBDNF is 

produced from this construct (Figure 3A). Indeed, we detected proBDNF, but no mature 

BDNF, in the cell lysates of HEK293T cells transfected with pBDNFAAA-A*B (Figure 3B).

We transfected cultured hippocampal neurons at DIV7 with either pBK, pBDNF-A, 

pBDNFAAA-A*B, or pBDNF-A plus pBDNFAAA-A*B, in combination with pActin-GFP. 

Overexpression of proBDNF from long 3′ UTR Bdnf mRNA (pBDNFAAA-A*B) decreased 

spine density at both DIV21 and DIV28, compared to control neurons transfected with pBK 

(Figures 3C and 3D). Co-transfection of pBDNFAAA-A*B with pBDNF-A was able to 

correct the increased spine density phenotype observed in neurons transfected with pBDNF-

A alone (Figures 3C and 3D). Interestingly, overexpression of dendritic proBDNF alone or 

dendritic proBDNF plus short 3′ UTR Bdnf mRNA (pBDNF-A) caused a small but 

significant increase in spine head width, compared to control neurons at both DIV21 and 

DIV28 (Figure 3E). These results suggest that proBDNF plays key roles in spine pruning as 

well as spine head enlargement.
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We further examined the role of proBDNF in spine pruning and maturation by knocking 

down the expression of its receptor, p75NTR, using shRNA (Figure S3). Expressing p75NTR 

shRNA, starting at DIV7, increased spine density at DIV28 and decreased spine head width 

at both DIV21 and DIV28, compared to neurons expressing a scrambled shRNA (Figures 3F 

and 3G). These effects were reversed by co-expression of human p75NTR that is resistant to 

p75NTR shRNA (Figures 3F and 3G), indicating that the shRNA specifically targets p75NTR. 

In the presence of p75NTR shRNA, proBDNF lost its stimulatory effect on spine pruning and 

spine head enlargement, such that neurons transfected with p75NTR shRNA and 

pBDNFAAA-A*B had a higher spine density and smaller spine heads at DIV28, compared to 

neurons transfected with the scrambled shRNA construct or pBDNFAAA-A*B alone 

(Figures 3F and 3G). These results further support the view that proBDNF stimulates spine 

pruning and maturation via the p75NTR receptor.

To corroborate our in vitro evidence that proBDNF binds to p75NTR to mediate spine 

pruning and spine maturation, we performed Golgi staining on brains from wild-type (WT) 

and p75NTR knockout (KO) mice at postnatal day 21 (PND21) and 28 (PND28) (Figure 3H). 

At PND21, hippocampal granule cells from WT and p75NTR KO mice did not differ in spine 

density (Figure 3I), suggesting that spine formation is normal in p75NTR KO mice. From 

PND21 to PND28, spine density of WT granule cells was significantly reduced, indicating 

that spine pruning occurs from PND21 to PND28. However, the spine density of p75NTR 

KO granule cells remained largely unchanged, thus leading to a significantly higher spine 

density in p75NTR KO granule cells at PND28, compared to WT granule cells (Figure 3I). 

Granule cells in p75NTR KO mice had significantly smaller spine heads at both PND21 and 

PND28, compared to WT mice (Figure 3J). These data indicate that p75NTR plays key roles 

in spine pruning and spine maturation in vivo.

Stimulatory effects of TrkB on spine formation

We previously reported that somatically synthesized BDNF promotes spine formation 

(Orefice et al., 2013). To determine whether this effect is mediated by the TrkB receptor, we 

generated an shRNA construct directed at TrkB. The TrkB shRNA reduced endogenous 

TrkB levels by more than 50% in somata and 70% in dendrites of cultured hippocampal 

neurons (Figure S4). Because TrkB is important for cell survival, a pan caspase inhibitor 

was added to cultures every 2–3 days for the duration of these experiments. Expressing 

TrkB shRNA in cultured hippocampal neurons, beginning at DIV7, decreased spine density 

at DIV28, compared to expressing a scrambled shRNA (Figure 4A). Co-expressing mouse 

TrkB that is resistant to the shRNA reversed this effect on spine density (Figure 4A). This 

reduction in spine density is probably a result of impaired spine formation, because 

expressing TrkB shRNA, starting at DIV14 when spine density reaches a plateau, did not 

affect spine density of hippocampal neurons at DIV28, even with overexpression of short or 

long 3′ UTR Bdnf mRNA (Figure 4C). In support of this view, neurons expressing TrkB 

shRNA beginning at DIV7 showed a significant reduction in spine density at DIV21, 

compared to neurons expressing a scrambled control (Figure 4E). Because at DIV21 the 

majority of spines have not yet been pruned, this result indicates that the decreased spine 

density of neurons expressing TrkB shRNA is indeed due to deficits in spine formation 

rather than enhanced spine pruning. Furthermore, expressing TrkB shRNA beginning at 
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DIV7 also significantly reduced spine density of neurons overexpressing long 3′ UTR Bdnf 

mRNA at DIV21 (Figure 4E). These results indicate that TrkB mediates the stimulatory 

effect of somatically synthesized BDNF on spine formation.

Two lines of evidence indicate that TrkB is not essential for dendritically synthesized 

proBDNF to mediate spine pruning that occurs after DIV21 in our culture system. First, 

neurons co-transfected with pBDNFAAA-A*B and TrkB shRNA had significantly lower 

spine density than neurons expressing TrkB shRNA alone at DIV28 (Figure 4A). This 

indicates that proBDNF mediates spine pruning in the absence of TrkB receptors. Second, 

expression of TrkB shRNA, starting at DIV14, did not affect spine density of hippocampal 

neurons at DIV28 (Figure 4C), indicating that pruning occurs normally in the absence of 

TrkB. Because TrkB and p75NTR have distinct roles in spine formation and spine pruning, 

expression of both TrkB shRNA and p75NTR shRNA likely cancelled out the opposing 

effects of each receptor on spine density, leading to a normal spine density in neurons at 

DIV28 (Figure 4A).

Stimulatory effects of TrkB on spine maturation

Hippocampal neurons transfected with pBDNF-A*B had larger spine heads than neurons 

transfected with pBDNFAAA-A*B (Figures 1H and 3E; 0.895 ± 0.030 μm for pBDNF-A*B 

vs. 0.649 ± 0.045 μm for pBDNFAAA-A*B at DIV28, p < 0.001), suggesting that 

dendritically synthesized BDNF also stimulates spine maturation through TrkB, in addition 

to p75NTR. Indeed, hippocampal neurons transfected with TrkB shRNA at DIV7 exhibited 

decreased spine head width in hippocampal neurons at DIV28, as compared to neurons 

transfected with a scrambled shRNA (Figure 4B). This effect from knocking down TrkB 

could be reversed with mouse TrkB overexpression (Figure 4B). Knocking down TrkB after 

DIV14 still produced a similar effect on spine head width (Figure 4D), which is in 

agreement with the observation that spine heads grow during the 3rd and 4th weeks in our 

culture system (Orefice et al., 2013). Notably, hippocampal neurons overexpressing BDNF 

from either pBDNF-A*B or pBDNFAAA-A*B, but not pBDNF-A, in the presence of TrkB 

shRNA had significantly larger spine heads than control neurons expressing the scrambled 

shRNA alone (Figure 4B). However, the spine heads of these neurons were still much 

smaller than those of neurons overexpressing BDNF from pBDNF-A*B in the presence of 

the scrambled shRNA (Figure 4B). These results indicate that TrkB and p75NTR have non-

redundant and additive roles in mediating the effect of dendritically synthesized BDNF on 

spine head enlargement.

Our results indicate that the translation product of long 3′ UTR Bdnf mRNA is mostly 

secreted in the form of proBDNF (Figures 2F-I). In order for proBDNF to interact with 

TrkB to promote spine maturation, it has to be converted to mature BDNF by the 

extracellular protease plasmin, which is derived from inactive plasminogen. If this 

hypothesis is true, knocking down tissue plasminogen activator (tPA), which converts 

plasminogen to plasmin, should increase proBDNF levels and decrease mBDNF levels, 

leading to fewer and less mature dendritic spines due to increased spine pruning and 

impaired spine maturation. Indeed, hippocampal neurons expressing a tPA shRNA, which 

was reported to knock down endogenous tPA by 80% (Wang et al., 2009), had fewer and 
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thinner dendritic spines at DIV21 and DIV28 than neurons expressing a scrambled shRNA 

(Figures 4F and 4G). To further demonstrate that extracellular mBDNF activates TrkB on 

the cell surface to promote spine maturation, we added the TrkB-Fc chimera protein to 

neuronal cultures to remove extracellular mBDNF. Addition of the protein from DIV21 to 

DIV28 inhibited spine head enlargement in control neurons and neurons overexpressing 

long 3′ UTR Bdnf mRNA (Figure 4H), indicating that BDNF must be secreted from cells to 

regulate spine maturation. Taken together, these experiments indicate that the translation 

product of long 3′ UTR Bdnf mRNA is secreted as proBDNF and extracellularly converted 

to mBDNF, which binds to the surface TrkB receptors to promote spine maturation.

Activation of Cdc43, RhoA, and Rac1 by BDNF

Three small Rho GTPases (Cdc42, Rac1 and RhoA) have previously been shown to regulate 

spine morphology and are expressed at high levels in the developing hippocampus 

(Nakayama et al., 2000). A loss of function mutation in Cdc42 lead to a significant reduction 

in spine density (Scott et al., 2003); inhibition of Rac1 signaling prevented spine head 

growth and increased the proportion of long, thin spines (Tashiro and Yuste, 2004); 

overexpression of RhoA caused a reduction in spine density (Nakayama et al., 2000). We 

therefore investigated the possibility that TrkB and p75NTR regulate spine formation, spine 

maturation, and spine pruning by activating these GTPases.

We infected cultured hippocampal neurons at DIV21 with AAV-BDNF-A or AAV-BDNF-

A*B and harvested cell lysates at DIV35 to probe for levels of activated Cdc42, RhoA, and 

Rac1 using pull-down assays. Analyses revealed that Cdc42 was similarly activated in the 

two BDNF-expressing cultures, compared to a control culture (Figures 5A, 5B, S5A, and 

S5B). Because overexpressing either short or long 3′ UTR Bdnf mRNA increases spine 

formation (Orefice et al., 2013), this observation suggests that somatically synthesized 

BDNF promotes spine formation in part by activating Cdc42. To further support this view, 

we found that activated Cdc42 was at a high level at DIV14 and decreased significantly by 

DIV28 and DIV35 in cultured hippocampal neurons (Figures S5E and S5F), which is in 

accordance with our finding that spine density reaches a plateaus at DIV14.

In contrast to Cdc42 activation, overexpressing long 3′ UTR Bdnf mRNA activated Rac1 

much more strongly than overexpressing short 3′ UTR Bdnf mRNA in cultured hippocampal 

neurons (Figures 5C and 5D). This was due to a combination of an inhibitory effect of short 

3′ UTR Bdnf mRNA and a stimulatory effect of long 3′ UTR Bdnf mRNA on Rac1 

activation (Figures S5C and S5D). Similarly, overexpressing long 3′ UTR Bdnf mRNA 

activated RhoA much more strongly than overexpressing short 3′ UTR Bdnf mRNA in 

cultured hippocampal neurons (Figures 5E and 5F). As overexpressing long 3′ UTR Bdnf 

mRNA promotes spine maturation and pruning while overexpressing short 3′ UTR Bdnf 

mRNA does the opposite (Figure 1), these results suggest that the translation product of long 

3′ UTR Bdnf mRNA exerts this effect by activating Rac1 and RhoA.

An essential role of activated RhoA in proBDNF-dependent spine pruning

It has been shown that p75NTR activates RhoA by interacting with Kalirin 9, a guanidine 

nucleotide exchange factor (Harrington et al., 2008). Furthermore, overexpression of RhoA 
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causes a reduction in spine density (Nakayama et al., 2000). We have shown that the 

translation product of long 3′ UTR Bdnf mRNA is largely secreted as proBDNF (Figure 

2G), a high-affinity ligand for p75NTR. These observations raised the possibility that 

proBDNF derived from long 3′ UTR Bdnf mRNA mediates spine pruning by activating 

RhoA through p75NTR.

To examine the activity of dendritically synthesized proBDNF in activating RhoA, we 

infected cultured hippocampal neurons at DIV21 with AAV-BDNFAAA-A*B and harvested 

cell lysates at DIV35 to probe for levels of activated RhoA. Compared to non-infected 

control neurons, neurons infected with AAV-BDNFAAA-A*B showed significantly 

increased levels of activated RhoA (Figures 6A and 6B). As shown earlier, overexpressing 

long 3′ UTR Bdnf mRNA was much more potent in activating RhoA than overexpressing 

short 3′ UTR Bdnf mRNA (Figures 6C and 6D). We found that addition of the NMDAR 

antagonist, APV, completely abolished RhoA activation in neurons overexpressing long 3′ 

UTR Bdnf mRNA (Figures 6C and 6D). Application of mature BDNF had no effect on 

RhoA activation in neuronal cultures, either in the absence or in the presence of APV 

(Figures 6C and 6D). These results indicate that proBDNF translated from long 3′ UTR Bdnf 

mRNA activates RhoA in an NMDAR-dependent manner.

To determine the role of activated RhoA in spine pruning, we added a RhoA inhibitor, 

CGG-1423 to hippocampal neuron cultures from DIV21 to DIV28. CGG-1423 completely 

blocked spine pruning from DIV21 to DIV28 in control neurons (pBK) and neurons 

overexpressing long 3′ UTR Bdnf mRNA (pBDNF-A*B) without affecting spine density in 

neurons overexpressing short 3′ UTR Bdnf mRNA (pBDNF-A) (Figures 6E and 6F). These 

results indicate that active RhoA is required for spine pruning in cultured hippocampal 

neurons. In support of this claim, we found that levels of activated RhoA were increased at 

DIV28 and DIV35 when rates of spine pruning are highest (Figures S6A and S6B).

Requirement of activated Rac1 for mBDNF-dependent spine maturation

There are two proteins, proBDNF and mBDNF, derived from the translation product of long 

3′ UTR Bdnf mRNA. We found that overexpressing proBDNF from long 3′ UTR Bdnf 

mRNA did not activate Rac1 in neurons (Figures 7A and 7B), although it did activate RhoA 

(Figures 6A and 6B). Furthermore, addition of TrkB-Fc to neuronal cultures to scavenge 

extracellular mBDNF blocked Rac1 activation (Figures 7C and 7D). These results indicate 

that mBDNF derived from long 3′ UTR Bdnf mRNA mediates Rac1 activation through 

TrkB.

We next determined whether activation of Rac1 is required for long 3′ UTR Bdnf mRNA to 

stimulate spine head enlargement. We employed a Rac1 dominant-negative mutant (Rac1 

D/N) to block Rac1 activity. Expression of Rac1 D/N abolished spine head growth from 

DIV21 to DIV28 in control neurons and neurons overexpressing long 3′ UTR Bdnf mRNA, 

without affecting spine head width in neurons overexpressing short 3′ UTR Bdnf mRNA 

(Figure 7E). Control neurons are dependent upon endogenous long 3′ UTR Bdnf mRNA for 

spine head growth, and overexpressing short 3′ UTR Bdnf mRNA inhibits spine head growth 

by blocking trafficking of long 3′ UTR Bdnf mRNA to dendrites (Orefice et al., 2013). 

Therefore, these results indicate that dendritically synthesized BDNF mediates spine head 
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growth through a pathway that requires activation of Rac1. In support of this claim, we 

found that the level of activated Rac1 was increased from DIV21-DIV35, when spine heads 

are growing in cultured hippocampal neurons (Figures S7A and S7B).

Finally, we investigated why mBDNF derived from short 3′ UTR Bdnf mRNA does not 

promote spine maturation, and hypothesized that it could be related to neuronal activity. To 

this end, we examined the ability of BDNF derived from overexpressed Bdnf mRNA, as 

well as recombinant mBDNF, to activate Rac1 in the absence or presence of APV. As 

shown above, levels of activated Rac1 were much higher in neurons overexpressing long 3′ 

UTR Bdnf mRNA than in neurons overexpressing short 3′ UTR Bdnf mRNA (Figures 7F 

and 7G). Addition of recombinant mBDNF further increased levels of activated Rac1 in 

neurons overexpressing either short or long 3′ UTR Bdnf mRNA. Blockade of NMDAR 

activity with APV abolished the ability of recombinant mBDNF to activate Rac1 (Figures 

7F and 7G). This abolishment was correlated with the inability of recombinant mBDNF to 

activate TrkB (Figures 7I and 7J), due to the failure in transport of TrkB to the cell surface 

(Figures 7K, 7L, and S7C), in the presence of APV. In agreement with the Rac1 activation 

data, application of APV also blocked the stimulatory effect of recombinant mBDNF on 

spine head growth (Figure 7H). These observations suggest that activation of the NMDAR 

induces coupling of mBDNF production and secretion with TrkB responsiveness, so that 

local mBDNF concentration at stimulated synapses is high enough to activate TrkB and 

promote spine maturation. In contrast, mBDNF derived from short 3′ UTR Bdnf mRNA is 

released independent of action potentials (Figure S2), and its concentration may not be high 

enough to activate TrkB when it diffuses to stimulated synapses.

Discussion

Our previous studies indicate that long 3′ UTR Bdnf mRNA, but not short 3′ UTR Bdnf 

mRNA, promotes spine maturation and pruning, although the two forms of transcripts 

encode the same protein (An et al., 2008; Kaneko et al., 2012; Orefice et al., 2013). In this 

study we uncovered that the reason for distinct roles of the two forms of Bdnf mRNA in 

spine development is due to release of their translation products through different secretory 

pathways. Our results indicate that the translation product of long 3′ UTR Bdnf mRNA is 

released as proBDNF and converted to mBDNF at a stimulated synapse, which then 

activates TrkB to promote spine head growth of the same synapse. NMDAR activation is 

key to this process, by inducing release of proBDNF and by priming the same synapse to 

respond to mBDNF via insertion of TrkB onto the plasma membrane. Furthermore, the non-

converted proBDNF will bind to p75NTR, likely at nearby silent synapses to induce spine 

pruning. In contrast, the translation product of short 3′ UTR Bdnf mRNA is mainly released 

as mBDNF independent of action potentials. When the released mBDNF reaches TrkB at a 

stimulated synapse through diffusion, its concentration would be too low to activate TrkB to 

stimulate spine growth. In addition, the affinity of mBDNF for p75NTR is low; mBDNF 

would not be able to activate p75NTR to induce spine pruning.
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Secretory pathway of dendritically synthesized BDNF

Most of studies on BDNF secretion have been done in cultured neurons that overexpress a 

BDNF-GFP fusion protein from a mammalian expression vector containing a 3′ UTR that 

restricts transcripts to cell bodies (Egan et al., 2003; Hartmann et al., 2001; Kojima et al., 

2001; Matsuda et al., 2009). Similar to short 3′ UTR Bdnf mRNA (Orefice et al., 2013), the 

majority of the translation products from these somatically-restricted Bdnf transcripts are 

present as mBDNF inside neurons (Egan et al., 2003). KCl-induced depolarization 

stimulates release of mBDNF from cultured neurons infected with BDNF-expressing sindbis 

virus (Egan et al., 2003). We were not able to detect mBDNF in the media of cultured 

neurons infected with BDNF-expressing AAV after 30-min KCl treatment, likely due to the 

fact that secreted BDNF tends to stick to cultured cells and that sindbis virus expresses 

protein at a much higher level than AAV does. Microscope imaging detected release of 

BDNF-GFP from dendrites in response to KCl treatment or electrical stimulation (Hartmann 

et al., 2001; Kojima et al., 2001; Matsuda et al., 2009). We found that 30-min KCl treatment 

did not significantly alter levels of intracellular mBDNF in neurons infected with either 

AAV-BDNF-A or AAV-BDNF-A*B. This observation suggests that action-potential-

dependent mBDNF release may only account for a small fraction of BDNF secretion.

We have found that mEPSPs play an important role in release of mBDNF from neurons. 

Blockade of mEPSPs significantly reduced the amount of mBDNF secreted from neurons 

over a 2-day period. This result indicates that mBDNF is released from neurons in a 

mEPSP-dependent manner, in addition to the well-documented constitutive and action-

potential-dependent pathways.

We previously reported that the translation product of long 3′ UTR Bdnf mRNA largely 

remains as proBDNF in neurons (Orefice et al., 2013). In this study, we found that addition 

of KCl to neuronal cultures induced release of approximately 50% of proBDNF from 

neurons infected with AAV-BDNF-A*B. This is in sharp contrast with the observation that 

KCl treatment did not significantly reduce levels of proBDNF in neurons overexpressing 

short 3′ UTR Bdnf mRNA or levels of mBDNF in neurons overexpressing either short or 

long 3′ UTR Bdnf mRNA. We believe that these results indicate that dendritically 

synthesized BDNF is packaged into vesicles that are highly sensitive to action potentials and 

that activity-dependent release of endogenous BDNF is mainly from local translation of long 

3′ UTR Bdnf mRNA and is in the form of proBDNF, which is then extracellularly converted 

to mBDNF. Thus, we speculate that somatically and dendritically synthesized BDNF may 

be sorted into different types of vesicles. In agreement with this view, the typical Golgi 

complex, which is required for processing of precursor proteins in the cytoplasm, is sparse 

in dendrites (Horton et al., 2005). Further studies are needed to determine how dendritically 

synthesized BDNF is packaged into vesicles and released.

Molecular control of spine pruning

Protein synthesis regulators such as FMRP, TSC2, and mGluR5, are needed for spine 

pruning (Comery et al., 1997; Grossman et al., 2006; Hinton et al., 1991; Irwin et al., 2001; 

McKinney et al., 2005; Tang et al., 2014; Wilkerson et al., 2014). Furthermore, our previous 

studies have shown that translation of long 3′ UTR Bdnf mRNA in dendrites is essential for 
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spine pruning (An et al., 2008; Kaneko et al., 2012; Orefice et al., 2013). These findings 

indicate that some proteins synthesized in dendrites control spine pruning and that one of the 

proteins is BDNF. Because the current study shows that both translation of dendritic long 3′ 

UTR Bdnf mRNA and release of the translation product are NMDAR-dependent, it may 

explain the reason why spine pruning is activity-dependent. It remains to be determined if 

FMRP, TSC2 and mGluR5 regulate local BDNF synthesis in dendrites.

In this study we were able to employ cultured hippocampal neurons and p75NTR knockout 

mice to demonstrate that proBDNF derived from long 3′ UTR Bdnf mRNA in dendrites 

controls spine pruning by activating RhoA through the p75NTR receptor. In support of this 

finding, increasing levels of endogenous proBDNF has been found to decrease spine density 

of hippocampal neurons in mice (Yang et al., 2014). It has been shown that proBDNF can 

induce neuronal apoptosis through the p75NTR-sortilin receptor complex (Teng et al., 2005), 

likely by activating proapoptotic caspases. Interestingly, a recent study found that caspase-3 

played an active role in spine pruning (Erturk et al., 2014). It would be intriguing to test 

whether dendritically synthesized proBDNF promotes spine pruning by activating caspase-3 

in addition to RhoA.

Spine maturation

Because somatically and dendritically synthesized BDNF have opposing effects on spine 

density by stimulating spine formation and spine pruning, respectively, hippocampal 

neurons may have a normal number of spines when the Bdnf gene is deleted. However, these 

spines do not go through the enlargement and pruning process mediated by BDNF derived 

from long 3′ UTR Bdnf mRNA and would not function properly. Indeed, we found that 

neurons expressing both TrkB shRNA and p75NTR shRNA exhibited normal spine density at 

DIV28, but decreased spine head width, compared to control neurons. This might explain 

the observation that while hippocampal neurons of Bdnf knockout mice display a normal 

number of spines, these spines are thinner (Rauskolb et al., 2010) and exhibit impaired long-

term potentiation (Korte et al., 1995; Korte et al., 1996; Patterson et al., 1996).

This study uncovers a biochemical pathway underlying the role of BDNF in spine 

maturation. Our results suggest that proBDNF translated from long 3′ UTR Bdnf mRNA in 

dendrites is extracellularly converted to mature BDNF by the tPA/plasmin system, which 

activates Rac1 through TrkB to promote spine maturation. We found that dendritically 

synthesized BDNF also stimulated spine maturation through p75NTR, as overexpressing 

proBDNF from long 3′ UTR Bdnf mRNA promoted spine head enlargement and knocking 

down p75NTR inhibited spine head enlargement. Of note, the effect of p75NTR on spine 

enlargement is much smaller than that of TrkB. It is possible that materials from eliminated 

spines are recycled to activated spines and thus facilitate their growth. However, this view 

does not explain our observation that granule cells in p75NTR KO mice had smaller spine 

heads than WT mice at PND21 when significant spine loss has not occurred, suggesting that 

a distinct signaling cascade downstream of p75NTR may also stimulate spine maturation. If 

this speculation were true, it would be interesting to understand how proBDNF can 

coincidently mediate spine pruning and spine maturation.
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HIGHLIGHTS

• The translation product of dendritic Bdnf mRNA is largely released as proBDNF

• NMDA receptor activation stimulates dendritic BDNF synthesis and proBDNF 

release

• ProBDNF promotes spine pruning by activating RhoA through the p75NTR 

receptor

• Mature BDNF stimulates spine growth at active synapses by activating Rac1 via 

TrkB
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Figure 1. Activity-dependent maturation and elimination of dendritic spines in neuronal culture
(A and B) Time-lapse imaging of dendritic spines at DIV23. Neurons were transfected at 

DIV7 with pActin-GFP. The arrows denote one new spine in (A) and one eliminated spine 

in (B). Scale bars represent 5 μm.

(C and D) The number of spine formation and spine pruning events over a 6-hour period in 

cultured rat hippocampal neurons at DIV17 and DIV23. Student’s t test: *p < 0.05; n.s., not 

significant.

(E G) Representative images of dendrites, showing morphology of dendritic spines at DIV21 

and DIV28. Neurons were transfected at DIV7 with pActin-GFP and either pBK (empty 

vector), pBDNF-A or pBDNF-A*B, following one week of 1 μM TTX treatment from 

DIV21 to 28. Scale bar, 25 μm.

(H and I) Average head width and density of dendritic spines in neurons treated with 1 μM 

TTX from DIV21 to DIV28 (n=10 neurons/condition). Two-way ANOVA with post-hoc 

Bonferroni test: **p < 0.01 when compared to DIV21 neurons transfected with the same 

constructs; ##p < 0.01 when compared to pBK-transfected neurons at the same time point.

Data are reported as mean ± SEM. See also Figure S1.
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Figure 2. Activity-dependent translation of Bdnf mRNA and release of proBDNF
(A) Representative whole cell images of cultured rat hippocampal neurons expressing either 

myr-d1GFP-A or myr-d1GFP-A*B. Neurons were transfected at DIV14 and treated with 

either vehicle (control) or 50 μm NMDA (NMDA) at DIV15 for one hour and then fixed for 

analysis. Scale bar, 50 μm.

(B) Quantification of myr-d1GFP fluorescence in dendrites. Fluorescence intensities on 

distal dendrites (100–150 μm and 150–200 μm away from somata) were measured and 

normalized to control levels (n=22–25).

(C) Representative whole cell images of cultured rat hippocampal neurons transfected at 

DIV7 with pActin-GFP and either pBDNF-A or pBDNF-A*B, and treated with either 

vehicle (− APV) or 50 μm APV (+ APV) from DIV26 to 28. Scale bar, 50 μm.

(D) Quantification of Myc immunoreactivity as an indicator of BDNF levels in dendrites 

(n=23–29).

(E) Immunoblot analysis of Myc-tagged BDNF in cell lysates from neurons infected with 

AAV-BDNF-A*B. The Myc tag is at the C-terminus of BDNF. The lysate of un-transduced 

neurons was used as a negative control (Ctrl).

(F and G) Western blot analysis of Myc-tagged BDNF in cell lysates or media from DIV35 

neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-A*B (A*B), that were 

either unstimulated (−) or stimulated with 50 mM KCl (+) for 30 minutes at 37°C.

(H and I) Quantification of mBDNF and proBDNF levels from Western blots represented in 

F and G (n=8 for cell lysate and n=3 for after-stimulation media).

Data are reported as mean ± SEM. ANOVA with post-hoc Bonferroni test: *p < 0.05, **p < 

0.01 and ***p < 0.001 when compared to control; $p < 0.05 and ##p < 0.01 when 

comparisons were done as indicated. See also Figure S2.
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Figure 3. proBDNF derived from long 3′ UTR Bdnf mRNA mediates pruning and maturation of 
dendritic spines through the p75NTR receptor
(A) Diagram of the pBDNFAAA-A*B construct. Three arginine residues at the proBDNF 

cleavage site were changed to three alanine residues.

(B) Western blot analysis of lysates from non-transfected HEK293T cells (-) and HEK293T 

cells transfected with either pBDNF-A*B (A*B) or pBDNFAAA-A*B (Pro), indicating that 

the three Arg→Ala changes prevent cleavage of proBDNF (~36 kDa) into mBDNF (~15 

kDa).

(C) Representative images of dendrites, showing morphology of dendritic spines at DIV28. 

Neurons were transfected at DIV7 with pActin-GFP and either pBK (empty vector), 

pBDNF-A, pBDNFAAA-A*B, or pBDNF-A plus pBDNFAAA-A*B at DIV7. Scale bar, 20 

μm.
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(D and E) Overexpressing proBDNF promotes pruning and maturation of dendritic spines in 

cultured hippocampal neurons. Neurons were transfected at DIV7, and their dendritic spines 

were analyzed at DIV21 and DIV28 (n=10 neurons/condition).

(F and G) p75NTR is required for proBDNF to mediate pruning of dendritic spines. Neurons 

were transfected at DIV7, and their dendritic spines were analyzed at DIV21 and DIV28 

(n=10 neurons/condition).

(H) Representative dendrites of Golgi-stained hippocampal granule cells from WT and 

p75NTR KO mice at PND21 and PND28. Scale bar, 25 μm.

(I and J) Spine density and spine head width of Golgi-stained hippocampal granule cells 

from WT or p75NTR KO mice at PND21 and PND28 (n=4 WT and 2 KO animals at PND21; 

n=4 WT and 3 KO animals at PND28).

Data are reported as mean ± SEM. Two-way ANOVA with post-hoc Bonferroni test: *p < 

0.05 and **p < 0.01 when compared to control neurons at the same time point; #p < 0.05 

and ##p < 0.01 when compared to an earlier time point with the same treatment or genotype. 

See also Figure S3.
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Figure 4. BDNF promotes spine head enlargement through TrkB
(A and B) TrkB knockdown at DIV7 reduces density and head width of dendritic spines. 

Neurons were transfected at DIV7, and their dendritic spines were analyzed at DIV28 (n=10 

neurons/condition). One-way ANOVA with post-hoc Bonferroni test: *p < 0.05 and **p < 

0.01 when compared to neurons expressing scrambled shRNA; ††p < 0.01 when two 

indicated groups were compared.

(C and D) TrkB knockdown at DIV14 reduces head width of dendritic spines without 

affecting spine density. Neurons were transfected at DIV14, and their dendritic spines were 

analyzed at DIV28 (n=10 neurons/condition). One-way ANOVA with post-hoc Bonferroni 

test: **p < 0.01 when compared to neurons expressing scrambled shRNA.

(E) TrkB knockdown at DIV7 reduces density of dendritic spines at DIV21. Neurons were 

transfected at DIV7, and their dendritic spines were analyzed at DIV21 (n=10 neurons/

condition). One-way ANOVA with post-hoc Bonferroni test: *p < 0.05 and **p < 0.01 when 

compared to neurons expressing scrambled shRNA; ††p < 0.01 when two indicated groups 

were compared.

(F and G) Knockdown of tPA with shRNA reduces density and head width of dendritic 

spines. Neurons were transfected at DIV7, and their dendritic spines were analyzed at 

DIV21 and 28 (n=10 neurons/condition). Two-way ANOVA with post-hoc Bonferroni test: 

*p < 0.05 and **p < 0.01 when compared to neurons expressing scrambled shRNA; #p < 

0.05 and ##p < 0.01 when compared to DIV21 neurons in same condition.

(H) Removal of extracellular BDNF with TrkB-Fc inhibits spine head enlargement. Neurons 

were treated with either vehicle or TrkB-Fc (2.5 μg/ml) from DIV21 to 28, and their 

dendritic spines were analyzed at DIV28 (n=10 neurons/condition). One-way ANOVA with 

post-hoc Bonferroni test: **p < 0.01 when compared to the non-treated control within the 

same condition; ††p < 0.01 when indicated groups are compared.

Data are reported as mean ± SEM. See also Figure S4.
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Figure 5. BDNF-mediated activation of Cdc42, RhoA, and Rac1
(A and B) Western blot analysis and quantification of activated Cdc42 and total Cdc42 in 

cell lysates from DIV35 neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-

A*B (A*B) (n=6 samples/condition). Negative (-) and positive (+) Cdc42-GTP controls 

were included.

(C and D) Western blot analysis and quantification of activated Rac1 and total Rac1 in cell 

lysates from DIV35 neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-A*B 

(A*B) (n=6 samples/condition). Negative (−) and positive (+) Rac1-GTP controls were 

included.

(E and F) Western blot analysis and quantification of activated RhoA and total RhoA in cell 

lysates from DIV35 neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-A*B 

(A*B) (n=6 samples/condition). Negative (−) and positive (+) RhoA-GTP controls were 

included.

Data are reported as mean ± SEM. Student’s t test: **p < 0.01 and ***p < 0.001. See also 

Figure S5.
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Figure 6. The proBDNF derived from long 3′ UTR Bdnf mRNA promotes spine pruning by 
activating RhoA
(A and B) Representative images and quantification of RhoA Western blots of cell lysates 

from non-infected neurons (control) or neurons infected with AAV-BDNFAAA-A*B 

(proBDNF) at DIV35 (n=4 samples/condition). Student’s t-test: *p < 0.05.

(C and D) Representative images and quantification of RhoA Western blots of cell lysates 

from DIV35 neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-A*B (A*B), 

and treated with either vehicle, 50 μM APV, 100 ng/ml BDNF, or both APV and BDNF for 

48 hours (n=3 samples/condition). One-way ANOVA with post-hoc Bonferroni test: **p < 

0.01 when compared to the AAV-BDNF-A cultures without APV and BDNF treatments; ns, 

not significant; P > 0.05 when a comparison was made between A+APV and A+APV

+BDNF or between A*B+APV and A*B+APV+BDNF.

(E) Representative images of dendrites, showing morphology of dendritic spines at DIV28. 

Neurons were transfected at DIV7 with pBK, pBDNF-A or pBDNF-A*B, in combination 

with pActin-GFP. Vehicle or 1 μM CGG-1423 was applied to neuronal cultures from DIV21 

to DIV28. Scale bar, 20 μm.

(F) Average spine density of neurons described in (E). Two-way ANOVA with post-hoc 

Bonferroni test (n=10 neurons/condition): ***p < 0.001 when compared to DIV21 neurons 

transfected with the same constructs; ##p < 0.01 and ###p < 0.001 when compared to pBK-

transfected neurons at the same time point; †††p < 0.001 when indicated groups are 

compared.

Data are reported as mean ± SEM. See also Figure S6.
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Figure 7. Dendritically synthesized BDNF promotes spine maturation by activating Rac1 
through TrkB
(A and B) Representative images and quantification of Rac1 Western blots of cell lysates 

from non-infected neurons (control) or neurons infected with AAV-BDNFAAA-A*B 

(proBDNF) at DIV35 (n=4 samples/condition). Student’s t test: p > 0.05.

(C and D) Representative images and quantification of Western blots of activated Rac1 and 

total Rac1 in cell lysates from DIV35 neurons treated with either vehicle or TrkB-Fc (2.5 

μg/ml) from DIV33 to DIV35 (n=4 samples/condition). Student’s t-test: ***p < 0.001.

(E) Average spine head width of neurons transfected at DIV7 with pBK, pBDNF-A or 

pBDNF-A*B in combination with either empty vector control or a Rac1 dominant/negative 

construct (Rac1 D/N). Two-way ANOVA with post-hoc Bonferroni test (n=10 neurons/

condition): ***p < 0.001 when compared to DIV21 neurons transfected with the same 

constructs; ###p < 0.001 when compared to pBK-transfected neurons at the same time point.

(F and G) Representative images and quantification of Rac1 Western blots of cell lysates 

from DIV35 neurons infected with either AAV-BDNF-A (A) or AAV-BDNF-A*B (A*B), 

and treated with either vehicle, 50 μM APV, 100 ng/ml BDNF, or both APV and BDNF for 

48 hours (n=3 samples/condition). One-way ANOVA with post-hoc Bonferroni test: *p < 

0.05, **p < 0.01 and ***p < 0.001 when compared to the non-treated control neurons 

overexpressing the same Bdnf mRNA; ###p < 0.001 when indicated groups are compared.

(H) Average spine head width of neurons transfected at DIV7 with pBK or pBDNF-A*B 

and treated with either vehicle, 50 μM APV, 100 ng/ml BDNF, or both APV and BDNF 

from DIV26 to DIV28. One-way ANOVA with post-hoc Bonferroni test (n=10 neurons/

condition): *p < 0.05, **p < 0.01 and ***p < 0.001 when compared to the non-treated 
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control neurons transfected with the same constructs; ###p < 0.001 when indicated groups 

are compared.

(I) Western blot analyses of phosphorylated TrkB (p-TrkB), total full length TrkB (TrkB), 

and total truncated TrkB (TrkB-T) in lysates from cultured DIV33-35 neurons treated with 

BDNF, APV, and/or PTX.

(J) Quantification of p-TrkB and total TrkB levels from Western blots represented in panel I. 

One-way ANOVA with post-hoc Bonferroni test (n=3): *p < 0.05, **p < 0.01 and ***p < 

0.001 when compared to the non-treated control neurons.

(K) Western blot analysis of surface TrkB and total TrkB in lysates from cultured DIV33-35 

neurons treated with APV. Surface TrkB was labeled with biotin and pull-downed with 

streptavidin agarose beads.

(L) Quantification of surface full-length TrkB/total TrkB ratios from Western blots 

represented in panel K (n=4). *p < 0.05 by Student’s t test.

Data are reported as mean ± SEM. See also Figure S7.
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