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Deconstructing brain-derived neurotrophic factor 
actions in adult brain circuits to bridge an existing 
informational gap in neuro-cell biology

Introduction
Brain-derived neurotrophic factor (BDNF) was first puri-
fied by Barde et al. (1982) and was quickly established as 
a key factor in neurodevelopment that influences the sur-
vival of cultured embryonic chick spinal sensory neurons. 
Subsequently, BDNF was shown to have important roles in 
learning and memory and synaptic plasticity. Specifically, 
BDNF is involved in the conversion of short-term memories 
to long-term memories in inhibitory avoidance training, 
reconsolidation of fear extinction (Alonso et al., 2002; Lu et 
al., 2011; Radiske et al., 2015) and the facilitation of long-
term potentiation (LTP), a well-described electrophysiologi-
cal correlate of learning and memory (Patterson et al., 1996; 
Lu et al, 2011). Preincubation of hippocampal slices from 
juvenile rats with BDNF led to LTP following theta-burst 
stimulation, suggesting that BDNF alters synaptic release 
properties (Figurov et al., 1996). BDNF treatment for 24 
hours also increased the frequency of release in slice cultures 
from young rats, further suggesting changes in synaptic 
transmission following treatment with BDNF (Tyler and 

Pozzo-Miller, 2001). In parallel BDNF was shown to induce 
structural changes in neurons by increasing synapto- and 
dendridogenesis (Yoshii et al., 2007; Bednarek and Caroni 
2011) which again correspond to changes in plasticity in re-
sponse to various stimuli. Finally, via its protective influence 
on neural progenitors and promoting neuronal differentia-
tion, BDNF is thought to be a major mediator of neurogene-
sis and cognition (Bath et al., 2012). 

Conversely, dysregulated BDNF secretion and/or signaling 
have been shown to be awry in a plethora of disease condi-
tions ranging from schizophrenia, depression, and anorexia 
to autism. The known human Val to Met single nucleotide 
polymorphism alters plasticity in a mouse compared to 
wild-type littermates. This polymorphism occurs at nucle-
otide 196, resulting in a valine to methionine substitution 
(Val66Met) and is associated with reduced episodic memory 
and reduced hippocampal fMRI response in humans (Egan 
et al., 2003). BDNFMet/Met  mice that model this mutation 
have reduced NMDA-dependent EPSP amplitude and im-
paired LTP (Ninan et al., 2010). Taken together, these studies 
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strongly implicate that BDNF facilitates LTP and alters syn-
aptic release as part of its mechanism of action and thus, 
that these functions of BDNF may be critical for healthy 
cognitive function.  

Much work has also been performed on understanding 
the molecular consequences of BDNF exposure, such as the 
pro-translation action of BDNF, i.e., in how it regulates the 
process and how it mediates local translation. BDNF binding 
to its cognate Tropomyosin-receptor kinase B (TrkB) or p75 
neurotrophin receptor (p75NTR) usually activates canonical 
receptor tyrosine kinase cascade signaling to Ras-MEK-
ERK1/2 pathways. It induces the Akt-mTORC1 and PLC 
gamma pathways all of which either individually or in con-
cert mediate the multiple cellular effects of BDNF including 
transcription, translation, degradation and trafficking (Chao, 
2003). 

Identification of proteins that are induced upon BDNF 
stimulation has been of particular interest, as they may 
lead to an understanding of the specificity of trophic fac-
tors that use similar signaling pathways and how they are 
altered in disease. It is here that one finds a rather large 
disconnect in the experimental systems that have been used 
to investigate the phenomenon. An overwhelming number 
of BDNF molecular studies have been performed in neu-
ronal culture systems (Liao et al., 2007; Genheden et al., 
2015). In contrast, the majority of the information on how 
BDNF modulates the synapse stems from experiments in 
slice electrophysiology where neurons have developed to-
gether in a spatially, temporally and molecularly restricted 
fashion (Kang et al., 1995; Scharfman et al., 1999). To name 
some of the difference between these two systems: 1) cul-
tures form a single layer of largely homogenous cells that 
are separated from their developmental environment and 
re-plated as individual neurons that form random connec-
tions, while slices contain multiple layers that develop in a 
genetically-encoded spatial pattern. 2) Neurons in culture 
and mature brain slices are derived at dissimilar develop-
mental time points (embryonic compared to adult). 3) 
Brain slices contain multiple cell-types, including neurons, 
glia, and endothelial cells, whereas neuronal cultures are 
largely made up of neurons. To date, over 15,000 studies 
have been performed on BDNF, and while these have in-
creased knowledge on its role in development, learning and 
memory, and signaling cascades, the mechanism by which 
it modifies circuits to induce changes in plasticity and 
learning and memory in a mature circuit remains unclear. 
Hence there is a pressing need to investigate whether the 
BDNF translational response in a slice is identical or equiv-
alent to that in a dish. Since BDNF is a large, very basic 
protein that does not readily penetrate tissues, the applica-
tion of BDNF was problematic in clinical trials (Thoenen 
and Sendtner 2002).

In Bowling-Bhattacharya et al., 2016, we adapted existing 
technique for measuring global translation rates (BONCAT/
FUNCAT) and proteomic dynamics (SILAC) to ask how does 
an adult hippocampal slice as whole respond to BDNF and 
which proteins were newly synthesized following 1 hour of 

BDNF treatment. This adaptation of the two techniques was 
needed since they were both tailored to and heretofore used 
in culture systems. BONLAC (BioOrthogonal Non-canoni-
cal Labeling of Amino acids in Circuits or Culture) allowed 
for the isolation of the de novo proteome (BONCAT) and 
the direct quantitation and comparison between the BDNF 
and control treated groups (SILAC). The most apparent 
and initial observation from just measuring the translation 
response in slices was that there was a gradation in response 
of the slice from the outside to inside layers. The BDNF- 
induced uptick in translation was previous noted in studies 
that used radioactive methionine labeling and BONCAT 
in cultured neurons and cortical homogenates (Takei et al., 
2004; Dieterich et al., 2010). The application of FUNCAT 
allowed for the visualization of translation throughout lay-
ers of the slice, as well as soma and dendrites. Compared to 
CA1, the dentate gyrus (DG) showed a higher response to 
BDNF-mediated protein synthesis. Whether this response 
might be enhanced in newly generated neurons in the DG 
remains to be explored. Not shown in the paper was the 
observation we made that incubating slices for shorter 
times, caused a partial wave of protein synthesis to propa-
gate in the cell layers which did not reach the center. Also, 
the way BDNF is applied to cell cultures and slices (slow 
or fast) has been found to influence downstream signal 
transduction differently (Ji et al., 2010). This has import-
ant consequence in interpreting the electrophysiological 
data gleaned from slices. Typically in an LTP experiment, 
BDNF is applied for 10–15 minutes and the cell populations 
responding in evoked field EPSC or miniature EPSPs are 
thought to be the layers immediately beneath the exterior 
of the slice and not the mid most layer. This is empirically 
measured at the response in mV that is considered accept-
able for a given baseline. The fact that this correlates well 
with the cell layers where we see maximal BDNF evoked 
response is a cell biological correlate that is not possible 
when the experimental system is a monolayer of neurons. 
A noteworthy fact is that the high affinity of BDNF to 
existing TrkB and p75NTR on the hippocampal slice (Rodri-
guez-Tebar and Barde, 1988) precludes actual penetration 
of the ligand past the first 2–3 cell layers. As a result the 
response seen in the mid-most part of the slice is likely due 
to evoked signaling cascades or BDNF-induced BDNF re-
lease. The proteomic analyses in Bowling-Bhattacharya et 
al. (2016) does detect BDNF synthesis in slices within the 
time period of the experiment, which lends support to the 
notion.

A compelling finding of the work was for the first time 
visualizing components other than neurons responding to 
BDNF stimulation. While we did not use cell-type specific 
markers to isolate neuronal vs. glial cells (which can be per-
formed in future studies using a new BONCAT techniques 
tom Dieck et al., 2015) we saw consistently structures that 
were either blood vessels or capillaries that were responding 
to BDNF in the hippocampal slice. The notion that BDNF 
impacts non-neuronal cells is not new, but work supporting 
this has been done in pure cultures of glia or pericytes. BDNF, 
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a pro-angiogenic factor has been established by studies like 
Kermani and Hempstead (2007) and Kermani et al. (2005). 
However candidate proteins that are upregulated due to 
BDNF in an endothelial population in a slice were unknown.

BONLAC is a combination of BONCAT and SILAC pro-
teomic techniques that enriches for candidates that are syn-
thesized within a specific time window in response to a stim-
ulus. In this paper, Bowling-Bhattacharya et al. (2016) have 
adapted it to the intact slice. This powerful technique identi-
fied over 200 protein candidates altered with BDNF treatment 
out of over 2,000 measured proteins, a feat that would have 
been prohibitively difficult without this combinatorial tech-
nique, as other techniques either do not allow for direct quan-
titation or for the isolation and live labeling of de novo protein 
synthesis. The most prominent gene ontology classes involved 
calcium signaling, neurotransmission and secretion with the 

Figure 1 Schematic of proposed pre-synapse before and after brain-derived neurotrophic factor (BDNF) treatment. 
Before BDNF treatment, Synaptotagmin-7 (Syt7), Voltage-Gated Calcium Channel Subunit Alpha-2/Delta-1 (Cacna2d1) and Sortilin-1 (Sort1) are 
expressed at normal levels. Following one hour of BDNF treatment, Syt7 and Cacna2d1 are upregulated and Sort1 is downregulated suggesting a 
potential shift in synaptic release.

Table 1 Proteins listed in blood-related Gene Ontology categories 

Protein name Gene name

Hemoglobin alpha, adult chain 1 Hba-A1, Hba1

Peroxiredoxin 1 Prdx1, Prx1

Ribosomal protein S6 RpS6

Ribosomal protein S19 RpS19

ATPase, H+ transporting, lysosomal V0 subunit A1 Atp6voa1

Cysteine rich protein 2 Crip2

Protein phosphatase 3, catalytic subunit, beta isoform Ppp3cb

Misshapen-like kinase 1 Mink1

Superoxide dismutase 2, mitochondrial Sod2

Proteins identified as potential candidates from the BDNF BONLAC 
screen in Bowling et al. (2016) underwent Gene Ontology Analysis 
in DAVID. The following list indicates proteins that were altered with 
BDNF treatment that correspond to blood related processes (Methods 
discussed in Bowling et al., 2016). BNDF: Brain-derived neurotrophic 
factor; BONLAC: BioOrthogonal Non-canonical Labeling of Amino 
acids in Circuits or Culture; DAVID: The Database for Annotation, 
Visualization and Integrated Discovery.

validated candidates Synaptotagmin-7 (Syt7), Voltage-Gated 
Calcium Channel Subunit Alpha-2/Delta-1 (Cacna2d1), and 
Sortilin-1 (Sort1), featuring prominently in these categories. 
These three candidates had not been previously shown to be 
directly regulated by acute BDNF exposure, and were there-
fore, novel. Syt7 and Cacna2d1 are strongly associated with 
alterations in synaptic release, while Sort1 is associated with 
secretion across different cell types. Together, they may indi-
cate a shift in synaptic release in the hippocampus following 
acute BDNF treatment (Figure 1). Genetic ablation studies 
have detailed a role for Syt7 in clamping synchronous release, 
vesicle replenishment and asynchronous release (Bacaj et al., 
2013; Liu et al., 2014; Weber et al., 2014; Luo et al., 2015). Its 
upregulation following BDNF suggests a change in synaptic 
release properties may play a role in the mechanism of action 
of BDNF. 

Changes in the abundance of Cacna2d1 also suggest chang-
es in synaptic transmission. Because voltage-gated calcium 
channels reside in the active zone of the pre-synapse and 
regulate Calcium (Ca2+) influx, it has long been hypothesized 
that they are involved in synaptic release. Cacna2d1 is a volt-
age-gated calcium channel subunit, and has been previously 
been shown to increase the probability of neurotransmitter 
release and to prevent negative regulation of this release by 
chelating Ca2+ (Arikkath and Campbell, 2003; Hoppa et al., 
2012). In addition, mutations in the CACNA2D1 gene in 
humans is associated with epilepsy and intellectual disability, 
further implicating Cacna2d1 as having an important role 
in regulating synaptic function. Together, these data strongly 
implicate that BDNF treatment-induced changes in Cacna2d1 
may result in increased synaptic release and changes in Ca2+ 
dynamics.

Although the validation of candidates focused on those 
involved in synaptic release, we also obtained a highly en-
riched gene ontology class which included KEGG pathways 
for cardiac muscle contraction, hypertrophic cardiomyopathy, 

Pre-BDNF treatment Post-BDNF treatment

BDNF

BDNF BDNF

Sortilin Sortilin

Synchronous release
Cacna2d1 Cacna2d1

Asynchronous release
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dilated cardiomyopathy and arrythmogenic right ventricular 
cardiomyopathy (Supplementary Table S2 of Bowling and 
Bhattacharya et al., 2016) with an enrichment score of 4.32, 
which is higher than the regulation of actin cytoskeleton and 
calcium binding group at 3.95 and 3.87 respectively. Of the 
top 10 most regulated candidates from the screen only 3 are 
known to be expressed in neurons only. Interestingly pro-
teins like CACNAG, Necab1/2, Mien1, Me1 are known to be 
highly expressed in the heart and muscles with protein forms 
known to express in the brain. Of the 3 validated candidates, 
Sortilin 1 is a known mediator of endocytosis in endothelial 
cells (Jin et al., 2008; Prabhakaran et al., 2012). Sort1 also 
indicates changes in neuronal secretion and synaptic plas-
ticity, as it has been previously shown to control both BDNF 
trafficking throughout the cell and its activity-dependent 
secretion (Chen et al., 2005). However it is also of interest 
as it is an important protein in lysosomal degradation, and 
trafficking of receptors to the synapse, including Trks (re-
viewed in Lane et al., 2012). Although Sort1 has been heavily 
implicated in BDNF secretion and in response to synaptic 
actions, this is the first known demonstration of BDNF 
regulating Sort1 expression. Because Sort1 regulates activi-
ty-dependent BDNF secretion, its downregulation following 
BDNF treatment may indicate negative feedback of further 
BDNF release and alterations in Trk trafficking, however it 
bears further investigation. 

In addition to proteins with synaptic plasticity and mus-
cle associations, the gene ontology analysis indicated pro-
teins associate with blood cell signaling and development 
(Table 1), consistent with the previously stated observation 
of increased FUNCAT in blood vessels. These data are in-
teresting as the bulk of the studies of synaptic plasticity in 
the brain have centered on the effects of neurons in synap-
tic plasticity, very little attention has been paid to other cell 
types in the brain such as the different forms of glia and the 
blood vessels. For instance, it is well established that chang-
es in blood flow and oxygen highly correlated to brain 
activity, as this is the basis of functional magnetic resonant 
imaging (fMRI) (reviewed in Logothetis, 2003). Therefore, 
despite the neuronal focus of synaptic plasticity, there do 
appear to be changes in blood that correspond to neuronal 
activity in the brain. 

There are additional data suggesting a more direct re-
lationship between the blood and synaptic plasticity in 
addition to a correlation between changes in the blood 
and neuronal activity in the brain. Blood and plasma from 
young mice has been shown to improve learning and mem-
ory performance and spine density in older mice, whereas 
denatured plasma did not (Villeda et al., 2014). This is con-
sistent with other studies showing that poor blood flow in 
the hippocampus correlated with poor behavioral learning 
performance (Manschot et al., 2002). The evidence of inter-
action between blood flow and potentially important other 
protein-based factors and cognitive function has been heav-
ily based upon fMRI and blood supplement and behavior 
studies. However, the precise role that BDNF may play in 
this function remains a question.

One way that BDNF interplays with the vascular system 
is through its receptors on blood vessels. BDNF can inter-
act with multiple receptors, including its primary receptor 
TrkB, its truncated isoforms and p75NTR. TrkB has been 
shown to be present in blood cells (genecards.org, Nas-
senstein et al., 2006), blood vessels (Wagner et al., 2005), 
and in pericytes that help form the blood-brain barrier 
(Anastasia et al., 2014). TrkB signaling is important for the 
development of vasculature as disruption of TrkB leads 
to improper and sparse development of blood vessels and 
that signaling through it can stabilize them (Wagner et al., 
2005; Anastasia et al., 2014). Pericytes also perform a criti-
cal support function in the blood-brain barrier where they 
regulate endothelial cells, astrocytes, and blood-brain bar-
rier permeability (Armulik et al., 2010). TrkB expression 
can also be found in other non-neuronal cells such as oli-
godendrocytes and astrocytes (Frisen et al., 1993), further 
suggesting a non-exclusive action on neurons following 
BDNF treatment. With the noted difference in BDNF-in-
duced protein synthesis in the brain, and these previous 
studies, it begs the question of whether BDNF may play 
a role in the relationship between non-neuronal cells and 
synaptic activity. 

Summary
The findings of Bowling and Bhattacharya et al. (2016) 
strongly suggest new molecular targets of BDNF action 
and suggest new hypotheses of the mechanism of BDNFs 
effect on synaptic plasticity (Figure 1). In addition, it was 
noted that non-neuronal associated proteins were altered 
with BDNF treatment suggesting that the circuit affected 
by BDNF does not only include neurons, but instead builds 
on previous evidence that interaction with the blood and 
other non-neuronal cells may also be important for synaptic 
plasticity. This study provides new data that is important 
in understanding the mechanisms of action of BDNF and 
shapes new research questions for the field to finally answer 
the question of how a small ligand such as BDNF can so 
profoundly alter circuits and be responsible for large-scale 
changes in learning and memory. 

References
Alonso M, Vianna MR, Depino AM, Mello e Souza T, Pereira P, Szapiro 

G, Viola H, Pitossi F, Izquierdo I, Medina JH (2002) BDNF-triggered 
events in the rat hippocampus are required for both short- and long-
term memory formation. Hippocampus 12:551-560.

Anastasia A, Deinhardt K, Wang S, Martin L, Nichol D, Irmady K, Trinh 
J, Parada L, Rafii S, Hempstead BL, Kermani P (2014) Trkb signaling 
in pericytes is required for cardiac microvessel stabilization. PLoS 
One 9:e87406.

Arikkath J, Campbell KP (2003) Auxiliary subunits: essential com-
ponents of the voltage-gated calcium channel complex. Curr Opin 
Neurobiol 13:298-307.

Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, 
He L, Norlin J, Lindblom P, Strittmatter K, Johansson BR, Betsholtz 
C (2010) Pericytes regulate the blood-brain barrier. Nature 468:557-
561.

Bacaj T, Wu D, Yang X, Morishita W, Zhou P, Xu W, Malenka RC, 
Südhof TC (2013) Synaptotagmin-1 and synaptotagmin-7 trigger 
synchronous and asynchronous phases of neurotransmitter release. 
Neuron 80:947-959.



367

Bowling H, et al. / Neural Regeneration Research. 2016;11(3):363-367.

Barde YA, Edgar D, Thoenen H (1982) Purification of a new neuro-
trophic factor from mammalian brain. EMBO J 1:549-553.

Bath KG, Akins MR, Lee FS (2012) BDNF control of adult SVZ neuro-
genesis. Dev Psychobiol 54:578-589.

Bednarek E, Caroni P (2011) β-Adducin is required for stable assembly 
of new synapses and improved memory upon environmental enrich-
ment. Neuron 69:1132-1146. 

Bowling H, Bhattacharya A, Zhang G, Lebowitz JZ, Alam D, Smith PT, 
Kirshenbaum K, Neubert TA, Vogel C, Chao MV, Klann E (2016) 
BONLAC: A combinatorial proteomic technique to measure stimu-
lus-induced translational profiles in brain slices. Neuropharmacolo-
gy 100:76-89. 

Chao MV (2003) Neurotrophins and their receptors: a convergence 
point for many signalling pathways. Nat Rev Neurosci 4:299-309.

Chen ZY, Ieraci A, Teng H, Dall H, Meng CX, Herrera DG, Nykjaer A, 
Hempstead BL, Lee FS (2005) Sortilin controls intracellular sorting 
of brain-derived neurotrophic factor to the regulated secretory path-
way. J Neurosci 25:6156-6166.

Dieterich DC, Hodas JJ, Gouzer G, Shadrin IY, Ngo JT, Triller A, Tirrell 
DA, Schuman EM (2010) In situ visualization and dynamics of new-
ly synthesized proteins in rat hippocampal neurons. Nat Neurosci 
13:897-905.

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Berto-
lino A, Zaitsev E, Gold B, Goldman D, Dean M, Lu B, Weinberger 
DR (2003) The BDNF val66met polymorphism affects activity-de-
pendent secretion of BDNF and human memory and hippocampal 
function. Cell 112:257-269.

Figurov A, Pozzo-Miller LD, Olafsson P, Wang T, Lu B (1996) Regula-
tion of synaptic responses to high-frequency stimulation and LTP by 
neurotrophins in the hippocampus. Nature 381:706-709.

Frisén J, Verge VM, Fried K, Risling M, Persson H, Trotter J, Hökfelt T, 
Lindholm D (1993) Characterization of glial trkB receptors: differen-
tial response to injury in the central and peripheral nervous systems. 
Proc Natl Acad Sci U S A 90:4971-4975.

Genheden M, Kenney JW, Johnston HE, Manousopoulou A, Garbis SD, 
Proud CG (2015) BDNF stimulation of protein synthesis in cortical 
neurons requires the MAP kinase-interacting kinase MNK1. J Neu-
rosci 35:972-984.

Hoppa MB, Lana B, Margas W, Dolphin AC, Ryan TA (2012) α2δ ex-
pression sets presynaptic calcium channel abundance and release 
probability. Nature 486:122-125.

Ji Y, Lu Y, Yang F, Shen W, Tang TT, Feng L, Duan S, Lu B (2010) Acute 
and gradual increases in BDNF concentrations elicit distinct signal-
ing and functions in neurons. Nat Neurosci 13:302-309.

Kang H, Schuman EM (1995) Long-lasting neurotrophin-induced 
enhancement of synaptic transmission in the adult hippocampus. 
Science 267:1658-1662.

Kermani P, Hempstead B (2007) Brain-derived neurotrophic factor: a 
newly described mediator of angiogenesis. Trends Cardiovasc Med 
17:140-143.

Kermani P, Rafii D, Jin DK, Whitlock P, Schaffer W, Chiang A, Vincent 
L, Friedrich M, Shido K, Hackett NR, Crystal RG, Rafii S, Hempstead 
BL (2005) Neurotrophins promote revascularization by local recruit-
ment of TrkB+ endothelial cells and systemic mobilization of hema-
topoietic progenitors. J Clin Invest 115:653-663.

Lane RF, St George-Hyslop P, Hempstead BL, Small SA, Strittmatter 
SM, Gandy S (2012) Vps10 family proteins and the retromer com-
plex in aging-related neurodegeneration and diabetes. J Neurosci 
32:14080-14086.

Liao L, Pilotte J, Xu T, Wong CC, Edelman GM, Vanderklish P, Yates JR 
3rd (2007) BDNF induces widespread changes in synaptic protein 
content and up-regulates components of the translation machin-
ery: an analysis using high-throughput proteomics. J Proteome Res 
6:1059-1071.

Liu H, Bai H, Hui E, Yang L, Evans CS, Wang Z, Kwon SE, Chapman ER 
(2014) Synaptotagmin 7 functions as a Ca2+-sensor for synaptic vesi-
cle replenishment. Elife 3:e01524.

Logothetis NK (2003) The underpinnings of the BOLD functional 
magnetic resonance imaging signal. J Neurosci 23:3963-3971.

Lu Y, Ji Y, Ganesan S, Schloesser R, Martinowich K, Sun M, Mei F, Chao 
MV, Lu B (2011) TrkB as a potential synaptic and behavioral tag. J 
Neurosci 31:11762-11771. 

Luo F, Bacaj T, Südhof TC (2015) Synaptotagmin-7 is essential for 
Ca2+-triggered delayed asynchronous release but not for Ca2+-de-
pendent vesicle priming in retinal ribbon synapses. J Neurosci 
35:11024-11033.

Manschot SM, Biessels GJ, Cameron NE, Cotter MA, Kamal A, Kappelle 
LJ, Gispen WH (2003) Angiotensin converting enzyme inhibition 
partially prevents deficits in water maze performance, hippocampal 
synaptic plasticity and cerebral blood flow in streptozotocin-diabetic 
rats. Brain Res 966:274-282.

Nassenstein C, Möhring UH, Luttmann W, Virchow JC Jr, Braun 
A (2006) Differential expression of the neurotrophin receptors 
p75NTR, TrkA, TrkB and TrkC in human peripheral blood mononu-
clear cells. Exp Toxicol Pathol 57:55-63.

Ninan I, Bath KG, Dagar K, Perez-Castro R, Plummer MR, Lee FS, Chao 
MV (2010) The BDNF Val66Met polymorphism impairs NMDA re-
ceptor-dependent synaptic plasticity in the hippocampus. J Neurosci 
30:8866-8870.

Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, Kandel ER (1996) 
Recombinant BDNF rescues deficits in basal synaptic transmission 
and hippocampal LTP in BDNF knockout mice. Neuron 16:1137-
1145.

Prabakaran T, Nielsen R, Satchell SC, Mathieson PW, Feldt-Rasmussen 
U, Sørensen SS, Christensen EI (2012) Mannose 6-phosphate recep-
tor and sortilin mediated endocytosis of α-galactosidase A in kidney 
endothelial cells. PLoS One 7:e39975. 

Radiske A, Rossato JI, Köhler CA, Gonzalez MC, Medina JH, Camma-
rota M (2015) Requirement for BDNF in the reconsolidation of fear 
extinction. J Neurosci 35:6570-6574. 

Rodriguez-Tébar A, Barde YA (1988) Binding characteristics of 
brain-derived neurotrophic factor to its receptors on neurons from 
the chick embryo. J Neurosci 8:3337-3342.

Scharfman HE, Goodman JH, Sollas AL (1999) Actions of brain-de-
rived neurotrophic factor in slices from rats with spontaneous 
seizures and mossy fiber sprouting in the dentate gyrus. J Neurosci 
19:5619-5631.

Takei N, Inamura N, Kawamura M, Namba H, Hara K, Yonezawa K, 
Nawa H (2004) Brain-derived neurotrophic factor induces mamma-
lian target of rapamycin-dependent local activation of translation 
machinery and protein synthesis in neuronal dendrites. J Neurosci 
24:9760-9769.

Thoenen H., Sendtner M (2002) Neurotrophins: from enthusiastic 
expectations through sobering experiences to rational therapeutic 
approaches. Nat Neurosci 5:1046-1050.

tom Dieck S, Kochen L, Hanus C, Heumüller M, Bartnik I, Nassim-As-
sir B, Merk K, Mosler T, Garg S, Bunse S, Tirrell DA, Schuman EM 
(2015) Direct visualization of newly synthesized target proteins in 
situ. Nat Methods 12:411-414.

Tyler WJ, Pozzo-Miller LD (2001) BDNF enhances quantal neurotrans-
mitter release and increases the number of docked vesicles at the 
active zones of hippocampal excitatory synapses. J Neurosci 21:4249-
4258.

Villeda SA, Plambeck KE, Middeldorp J, Castellano JM, Mosher KI, Luo 
J, Smith LK, Bieri G, Lin K, Berdnik D, Wabl R, Udeochu J, Wheatley 
EG, Zou B, Simmons DA, Xie XS, Longo FM, Wyss-Coray T (2014) 
Young blood reverses age-related impairments in cognitive function 
and synaptic plasticity in mice. Nat Med 20:659-663.

Wagner N, Wagner KD, Theres H, Englert C, Schedl A, Scholz H (2005) 
Coronary vessel development requires activation of the TrkB neu-
rotrophin receptor by the Wilms’ tumor transcription factor Wt1. 
Genes Dev 19:2631-2642.

Weber JP, Toft-Bertelsen TL, Mohrmann R, Delgado-Martinez I, 
Sørensen JB (2014) Synaptotagmin-7 is an asynchronous calcium 
sensor for synaptic transmission in neurons expressing SNAP-23. 
PLoS One 9:e114033.

Yoshii A, Constantine-Paton M (2007) BDNF induces transport of 
PSD-95 to dendrites through PI3K-AKT signaling after NMDA re-
ceptor activation. Nat Neurosci 10:702-711.


