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Brain-derived neurotrophic factor (BDNF) is known to modulate
synapse development and plasticity, but the source of synaptic
BDNF and molecular mechanisms regulating BDNF release remain
unclear. Using exogenous BDNF tagged with quantum dots (BDNF-
QDs), we found that endocytosed BDNF-QDs were preferentially
localized to postsynaptic sites in the dendrite of cultured hippo-
campal neurons. Repetitive neuronal spiking induced the release
of BDNF-QDs at these sites, and this process required activation of
glutamate receptors. Down-regulating complexin 1/2 (Cpx1/2) ex-
pression eliminated activity-induced BDNF-QD secretion, although
the overall activity-independent secretion was elevated. Among
eight synaptotagmin (Syt) isoforms examined, down-regulation of
only Syt6 impaired activity-induced BDNF-QD secretion. In con-
trast, activity-induced release of endogenously synthesized BDNF
did not depend on Syt6. Thus, neuronal activity could trigger the
release of endosomal BDNF from postsynaptic dendrites in a Cpx-
and Syt6-dependent manner, and endosomes containing BDNF
may serve as a source of BDNF for activity-dependent synaptic
modulation.

BDNF | endocytosis | secretion | synaptotagmin | complexin

Brain-derived neurotrophic factor (BDNF), a member of
neurotrophin family of secreted factors, is known to play
important regulatory roles in neuronal survival and differentiation,
synaptic development and plasticity, as well as many cognitive
functions (1, 2). The findings that the synthesis and secretion of
neurotrophins are regulated by neuronal activity prompted the
suggestion that neurotrophins may regulate activity-dependent
neural plasticity in the brain (3). Indeed, there is now substantial
evidence indicating that activity-induced BDNF secretion at glu-
tamatergic synapses is essential for long-term potentiation (LTP)
(4), a cellular substrate for the learning and memory functions of
neural circuits.

The BDNF protein is first synthesized in the endoplasmic re-
ticulum as a precursor protein, prepro-BDNF, which is then con-
verted to pro-BDNF by removal of the signal peptide and further
cleaved to generate the mature BDNF (5). Immunostaining and
electron microscope studies using specific antibodies to the pro-
and mature form of BDNF showed that pro-BDNF is colocalized
with mature BDNF in secretory granules in presynaptic axon
terminals (6), suggesting that the cleavage may occur in the se-
cretory granule. However, under some experimental conditions,
the processing of pro-BDNF into mature BDNF may occur ex-
tracellularly (7, 8). The secretory granule containing BDNF and
pro-BDNF could undergo exocytosis upon neuronal excitation,
as readily demonstrated in cell cultures using ELISA or fluo-
rescent protein-tagged BDNF expressed in the neuron (9, 10).
Besides secretory granules, neurotrophins within neuronal cyto-
plasm could also reside in endosomal compartments, resulting
from endocytic uptake of extracellular neurotrophins secreted
by the neuron itself or other nearby cells. Initially discovered as
factors derived by target tissues, neurotrophins exert their actions

www.pnas.org/cgi/doi/10.1073/pnas.1511830112

via binding to neuronal surface receptors, including tropomyosin
related kinase B (TrkB) and pan-neurotrophin receptor p75
(11). Neurotrophin binding to its receptor leads to cytoplasmic
signaling as well as internalization of the neurotrophin-receptor
complexes. These endocytosed neurotrophin-receptor complexes
remain active in the form of “signaling endosomes” that could
be transported over long distances within neuronal cytoplasm to
exert its regulatory functions within the neuron (12-15). In this
study, we have examined the possibility that these endosomes
may undergo activity-dependent exocytosis at postsynaptic den-
drites, thus providing an additional source of synaptic BDNF.
To mark endosomes containing BDNF via the endocytic
pathway, it is necessary to monitor BDNF trafficking in neurons.
Although YFP-tagged BDNF has been used to study internali-
zation of exogenous BDNF (16), such fluorescent protein-
labeled BDNF was not suitable for real-time tracking of BDNF-
containing endosomes at a high spatiotemporal resolution. In
this study, we used BDNF linked to quantum dots (QDs), which
are fluorescent nanoparticles with excellent photostability (17)
and could be tracked in live cells with high signal-to-noise ratio
and over unprecedented duration. This method has been used to
examine endocytic recycling of synaptic vesicles (18) and axonal
transport of endosomes containing neurotrophins (19, 20). In
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this study, we used time-lapse imaging of BDNF-QDs within
cultured hippocampal neurons to monitor intracellular transport
and localization of these endosomes. Furthermore, the sudden
disappearance of cytoplasmic QD fluorescence in a solution
containing fluorescence quencher was used to indicate the exo-
cytosis of QD-containing endosomes. Previous studies have shown
that extracellular false transmitters, soluble fluorescent markers,
and membrane-bound fluorescent lipid dyes could be loaded into
endosomes, which undergo exocytosis upon membrane depo-
larization (21-25). However, whether endosomes formed by
receptor-mediated endocytosis is similarly regulated by activity
remains unclear. Furthermore, the Ca®*-dependence and the
kinetics of exocytosis of different endosomal vesicle populations
may be differentially regulated by distinct vesicle-associated
proteins.

In the present study, we have explored the role of synapto-
tagmin (Syt) and complexin (Cpx) in regulating activity-induced
exocytosis of BDNF-containing endosomes. As a universal co-
factor in all Ca?*-triggered vesicular fusion reactions that have
been examined (26), Cpx is known to serve both activating and
clamping functions for vesicular exocytosis, by interacting with
the Ca”* sensor Syt and the assembled SNARE complexes at the
plasma membrane (27). Various isoforms of Syt play distinct
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regulatory roles in various types of neurosecretion, presumably
via their differential Ca®" sensitivity. By manipulating the expres-
sion of various Syt and Cpx isoforms in cultured hippocampal
neurons, we found that Syt6 and Cpx1/2 play essential regulatory
roles in activity-dependent exocytosis of BDNF-containing endo-
somes. These results support the notion that BDNF-containing
endosomes may serve as a source of extracellular BDNF for
activity-dependent synaptic modulation and that Syt6 specifically
regulates the exocytosis of BDNF-containing endosomes.

Results

Intracellular Localization of Endocytosed BDNF-QDs. To study in-
tracellular processing and secretion of endocytosed BDNF, we
used streptavidin-conjugated QDs (QD655s) (Materials and Methods
and Fig. S1) that were linked to biotinylated BDNF. The bi-
ological activity of BDNF-QDs has been shown by induced TrkB
phosphorylation in TrkB-overexpressing 3T3 cells and Erk1/2
phosphorylation in hippocampal neurons (19). Cultured hippo-
campal neurons on 13-16 d in vitro (DIV) were treated with 1 nM
of BDNF-QD for 10 min (Fig. 14). Fluorescence imaging of
neurons showed many bright and blinking puncta in the soma
and neurite processes. Intracellular localization of BDNF-QDs
was verified by extracellular addition of a fluorescence quencher,
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/ BDNF-EGFP

Internalization of BDNF-QDs in cultured hippocampal neurons and their localization in cytoplasmic compartments. (A) Schematic diagram depicting

the design of BDNF-QD. Biotinylated BDNF was first linked to streptavidin-conjugated QD655s and then applied extracellularly to cultured neurons for
endocytic uptake. (B) Fluorescence images of a hippocampal neuron with internalized BDNF-QDs (red) and immunostained for MAP2 (blue) and Smi-312
(green), which are localized to the somatodendritic region and axon, respectively. (Scale bar, 20 pm.) (C) The number of internalized BDNF-QDs in the axon
and dendrites in regular medium (CTL), and medium supplemented with control IgG Fc, BDNF scavenger ligand TrkB-Fc, or uncoupled BDNF and QDs (n = 4
cultures, 8-16 neurons per culture for each condition; *P < 0.001 by one-way ANOVA and Tukey post hoc HSD test). Error bars, SEM. (D and E) Samples of
dendrite (D) and axon (E) showing the distribution of BDNF-QDs (red) relative to the immunostained puncta of postsynaptic marker PSD-95 (D, green) or
presynaptic marker Syp (E, green) and MAP2 (blue). Arrows: colocalized BDNF-QDs and synaptic markers. (Scale bar, 10 pm.) (F) Coimmunostaining of early
endosome marker EEA1 (green) and MAP2 (blue) in neurons containing internalized BDNF-QDs (red). Boxed area is shown at a higher resolution on the right.
(Scale bar, 20 pm.) (Magnification, ~4 x 4.) (G and H) Fluorescence images of sample dendrite (G) and axon (H) containing internalized BDNF-QDs (red) and
expressing BDNF-EGFP (green). (Scale bar, 20 pm.)
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QSY 21 carboxylic acid-succinimidyl ester (QSY21), which ef-
fectively quenched the fluorescence of extracellular BDNF-QDs
that were bound to the culture substrate and cell surface (28)
(Fig. S24). Endocytosed BDNF-QDs were observed in both
dendrites and axons, which were identified as thick processes
stained with microtubule-associated protein 2 (MAP2) and thin
processes labeled by axon-specific marker Smi-312, respectively
(Fig. 1B). In all cases, we found that the density of BDNF-QD
puncta in the dendrite was significantly higher than those in the
axon. In contrast, very few internalized QDs were observed when
a mixture of unmodified BDNF and QDs was used for incubating
the cells (Fig. 1C). Moreover, the number of internalized BDNF-
QDs was negligible when the neurons were incubated with
BDNF-QDs in the presence of TrkB-Fc protein (10 pg/mL), a
soluble Fc-tagged TrkB that competes with cell surface TrkB for
BDNF binding (29). Thus, internalization of BDNF-QDs de-
pends on BDNF binding to the cell surface.

To characterize the cellular distribution of endocytosed BDNF,
we fixed the neurons after 10-min BDNF-QD incubation and
immunostained the cells with antibodies against the postsynaptic
protein PSD95 and the synaptic vesicle-associated protein syn-
aptophysin (Syp). We found that a subpopulation (15.6 + 1.6%)
of BDNF-QDs in the dendrite colocalized with PSD95 puncta,
and 29.8 + 3.0% of BDNF-QDs in the axon colocalized with Syp
puncta (Fig. 1 D and E). Thus, although only a minor population
of BDNF-QD-containing vesicles appeared to located at syn-
aptic sites in both dendrites and axons, the percentage is much
higher than the average area occupied by PSD95 or Syp puncta
along these processes (~8%) (Fig. S3C), suggesting preferential
synaptic location of endocytosed BDNF-QDs. Additional
immunostaining studies showed that ~50% of BDNF-QDs
colocalized with the early endosomal protein, EEA1 (Fig. 1F),
indicating that BDNF-QDs entered the cells through endocytosis
and resided in endosomal compartments.
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The intracellular distributions of endocytosed and endogenously
synthesized BDNF were also compared. Neurons transfected with
a BDNF-EGFP plasmid (Materials and Methods) were incubated
with BDNF-QDs for 1 h, and live neurons with EGFP and
QD655 fluorescence in the presence of external quencher
QSY21 were examined. We found that that BDNF-EGFP dis-
tributed in both dendrites and axons in a punctate pattern similar
to that of BDNF-QDs, although BDNF-QD puncta were smaller
and rounder (Fig. 1 G and H). Moreover, BDNF-QDs and
BDNF-EGFP puncta were essentially nonoverlapping, as quan-
titative fluorescence measurements showed no correlation be-
tween QD and EGFP fluorescence [Pearson’s correlation
coefficient = —0.096 + 0.009 (SEM), n = 4 independent cultures],
indicating that endocytosed and endogenously synthesized BDNF
reside in distinct intracellular compartments.

Cytoplasmic Transport of Internalized BDNF-QDs. Previous work has
demonstrated that BDNF/TrkB endosomes undergo dynein-
dependent retrograde transport in the axon toward the cell body
after internalization (30). To investigate the transport of in-
ternalized BDNF-QDs at both axons and dendrites, hippocam-
pal neurons on 10-16 DIV were perfused with BDNF-QDs for
2 min and then QSY21-containing saline was used to perfuse the
culture for 30 min before time-lapse imaging in the presence of
QSY21. As shown by representative trajectories and kymographs
of axonal transport of BDNF-QDs (Fig. 2.4 and B and Movie S1),
the majority of transported BDNF-QDs was found to be in the
retrograde direction (toward the cell body) with intermittent
pauses, consistent with a previous report (19) (Fig. 2 B and C). In
contrast, BDNF-QDs in dendrites showed frequent alterations
between anterograde and retrograde directions, resulting in very
limited net translocation (Fig. 2D). Many BDNF-QDs (69.8 +
5.4% in dendrites and 64.5 + 2.1% in axons, n = 7 neurons) were
immobilized during the standard period of observation (30-60 min).

Dendrite 1 Dendrite 2 (dista))

A 2 i 1 i R P o O e |

Anterograde Retrograde  Anterograde
M Dendrite l 3 M Dendrite
H Axon M Axon

Dendrite Axon 6 4 20

2 4 6
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04 -03-02-01 0 0102 03 04
On-duty velocity (um/sec)

Fig. 2. Axonal and dendritic transport of BDNF-QDs. (A) Image of a hippocampal neuron treated with BDNF-QDs for 10 min and immediately examined by
time-lapse imaging for transport trajectories of endocytosed BDNF-QDs. (Scale bar, 20 pm.) (B) Kymographs for samples of linearlized axon and dendrite
segments (marked by yellow boxes in A). Most BDNF-QDs in the axon (Left) moved retrogradely (toward the cell body), and a few exhibited anterograde
movements (arrow). In contrast, BDNF-QDs in the dendrite (Center and Right) moved in both anterograde and retrograde directions. (Scale bar, 20 pm.)
(C) Average percentage of time spent in three transport modes for BDNF-QDs in the axon or dendrites, from data of all kymographs (n = 7 neurons from four
10-13 DIV cultures). (D) The average distance of net translocation of BDNF-QDs at axons and dendrites during the standard observation time (30 min) for all
neurons examined. Error bars, SEM (*P < 0.01 by Student'’s t test). (E) The average velocity of anterograde and retrograde transports in the axon and dendrites

observed in all kymographs. Error bars, SEM.
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The mean velocity of translocation (on-duty velocity) in both axons
and dendrites was in the range of 0.1-0.3 pm/s (Fig. 2F), con-
sistent with active motor-driven transport.

Activity-Induced Endocytosis of BDNF-QDs. To determine whether
the endocytosis of BDNF-QDs could be influenced by neuronal
activity, we transfected hippocampal cultures with PSD95-GFP on 6
DIV, and then exposed the cultures on 12-15 DIV to solution
containing BDNF-QDs for 10 min with or without the treatment
that elevated neuronal activity. Time-lapsed imaging of neurons was
performed within 10 min after the incubation with BDNF-QDs. In
the absence of treatment that elevates the activity, we found that
17.2 + 1.9% of BDNF-QDs showed colocalization with PSD95-GFP
puncta (Fig. S34). Because this percentage is much higher than the
percentage of dendritic area occupied by PSD95-GFP (7.8 + 0.5%),
internalized BDNF-QDs were not randomly distributed in the
dendrite, but preferentially localized to the PSD95-GFP sites. When
the neuronal activity was elevated by using BDNF-QD incubating
medium containing either 45 mM KCl or 200 pM glycine, which
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induced depolarization or enhanced activation of NMDA receptors,
respectively, the number of BDNF-QDs colocalizing with PSD95-
GFP puncta was significantly increased (Fig. S3 4 and C). Thus,
elevated neuronal activity enhanced either preferential BDNF-QD
endocytosis at postsynaptic sites or the trapping of BDNF-QD-
containing endosomes at these sites immediately after endocytosis.

To further examine the sites of BDNF-QD internalization
along the axon, we transfected neurons with Syp-GFP to mark
presynaptic sites. We found that 33.8 + 3.9% of BDNF-QDs
were colocalized with Syp-GFP* sites (Fig. S3B). The percentage
of colocalization was increased to 44.0 + 3.0% after incubation
of BDNF-QDs in the presence of 45 mM KCI, suggesting activity
also enhanced the localization of endocytosis BDNF-QDs at
presynaptic sites. Furthermore, there was no significant increase
in the total number of BDNF-QD uptake in the axon (0.032 +
0.005/um? in control vs. 0.025 + 0.004/um? in 45 mM KCl).
Taken together, these results indicate that neuronal activity en-
hances internalization of BDNF-QDs and their localization at
both pre- and postsynaptic sites.
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Fig. 3. Ca%*-dependence in activity-induced secretion of BDNF-QDs at postsynaptic sites. (A) Schematic diagram depicting the experimental design for
detecting secretion of endocytosed BDNF-QDs. Membrane impermeant fluorescence quencher QSY 21 (gray) was added into the culture after the hippo-
campal neurons had endocytosed BDNF-QDs. Secretion of BDNF-QDs was indicated by the sudden disappearance of QD fluorescence because of fluorescence
quenching by extracellular QSY21. (B) Image of an example neuron containing internalized BDNF-QDs and expressing PSD95-GFP. White lines mark four
dendritic segments shown in C in linearized manner. (Scale bar, 10 pm.) (C) Images on top show the distribution of BDNF-QDs and PSD95 puncta along four
dendritic segments. Black arrows, BDNF-QDs that colocalized with PSD95-GFP puncta. Kymograph traces below show the changes in QD fluorescence with
time for the four segments above. Yellow band, the period of TBS. Yellow arrowheads: the time of disappearance of BDNF-QDs that colocalized with PSD95-
GFP puncta. Red arrows: time of BDNF-QD disappearance at PSD95-GFP~ sites. (D) Quantification of the percentage of BDNF-QDs secreted (in 1-min bins)
during the entire imaging session (13 min) for BDNF-QDs located at PSD95-GFP* and PSD95-GFP~ sites (n = 38 neurons from six cultures). Yellow band: the TBS
period. (E) Summary of the percentage of BDNF-QDs that were secreted at PSD95-GFP* and negative sites in the presence of Cd** or various blockers of
glutamate receptors before (blue), during (red), and after (green) TBS. Error bars indicate SEM in all panels (n = 6 cultures; *P < 0.05 by paired t test).
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Activity-Dependent Exocytosis of BDNF-QDs at Postsynaptic Sites. To
examine the exocytosis of endosomes containing BDNF-QDs,
we monitored the sudden disappearance of the fluorescence of
previously loaded BDNF-QDs in the presence of extracellular
QSY21, which quenches the QD fluorescence after the fusion of
BDNF-QD-containing endosomes with the plasma membrane
(Fig. 34). For this study, we exposed DIV 12-16 hippocampal
neurons to a solution containing BDNF-QDs for 60 min, and
then perfused the culture with QSY21-containing saline and
performed time-lapse imaging of the endocytosed BDNF-QDs
(at sampling rate of 0.2 Hz), in the absence or presence of ex-
tracellular electrical stimulation. The axon/dendrite identity was
determined by the neurite morphology and further confirmed in
some cases by immunostaining with somatodendritic marker
MAP2 and axonal marker Smi-312 (Fig. S44). The effectiveness
of the electrical stimulation in triggering neuronal spiking was
confirmed by fluorescence Ca®* imaging using the indicator
calcium orange. As shown in Fig. S4B, 6-burst stimulation (TBS,
12 trains at 5-s intervals, each train consisting of 10 100-Hz bursts
of 5 2-ms pulses spaced by 200 ms) resulted in immediate 30%
increase in the calcium orange fluorescence, reflecting neuronal
firing (31). We found that a small fraction (12.6 + 1.7%) of
BDNF-QDs vanished after stimulation, suggesting secretion of
BDNF-QD-containing endosomes at dendrites.

To further examine whether the BDNF-QD release site is
located at the synapse, we transfected cultured hippocampal
neurons on 5-6 DIV with vectors expressing PSD95-GFP to
mark postsynaptic sites, and exposed the neurons to solution
containing BDNF-QDs on 12-16 DIV for 60 min before the
time-lapse imaging. We found that most PSD95-GFP puncta
(95%) were immobile and colocalized or juxtaposed (within 1
pixel, 1 pixel = 267 nm) to Syp immunostaining, consistent with
postsynaptic sites. Furthermore, we found that only about 9.5%
of BDNF-QDs colocalized with PSD95-GFP puncta (Fig. 3B),
suggesting no apparent concentration of BDNF-QDs at PSD95-
GFP sites after 1 h. However, among all PSD95-colocalized
BDNF-QDs that were found to disappear during the 12-min pe-
riod of experiment, 38.3 + 9.6% of them disappeared during the
1-min period of TBS (yellow arrowheads in Fig. 3 C and D, and
yellow open circles in Movie S2). In contrast, those BDNF-QDs
not colocalized with PSD95-GFP puncta disappeared during the
12-min period in an apparently random manner uncorrelated with
TBS (red arrows in Fig. 3C). These results indicate that endo-
somal BDNF secretion at postsynaptic dendritic sites is much
more sensitive to TBS than that occurred at nonsynaptic sites.

Dependence on Ca”* Influx and Glutamate Receptor Activation. To
examine whether stimulation-induced release of BDNF-QDs
depends on Ca®" influx, we perfused the culture with extracel-
lular solution containing 20 pM Cd**, which blocks plasma
membrane Ca®* channels, during the imaging period. For BDNF-
QDs colocalizing with PSD95-GFP puncta, we found that the
percentage of BDNF-QD release at PSD95* sites during TBS was
reduced to a low level similar to that found at PSD95™ sites, and
similar to that found before and after TBS (Fig. 3E). Thus, Ca**
entry in response to neuronal activity is required for the exocytosis
of BDNF-QD-containing vesicles at postsynaptic sites.

We also examined the contribution of AMPA and NMDA
subtypes of glutamate receptors, which are likely to be activated
because of firing of both pre- and postsynaptic neurons in re-
sponse to TBS. When either AMPA or NMDA receptors were
blocked with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or
D-(—)-2-amino-5-phosphonopentanoate (D-APV), respectively,
the percentages of BDNF-QD release at PSD95* sites during
TBS was reduced to a low level similar to that found for the Cd**
treatment (Fig. 3E). Blocking both AMPA and NMDA receptors
had the same effect as blocking either type of glutamate re-
ceptors. These results support the notion that Ca®* influx through

Wong et al.

NMDA receptors, whose activation is facilitated by membrane
depolarization because of AMPA receptor activation, is essential
for activity-induced release of BDNF-QDs at postsynaptic den-
dritic sites.

Activity-Induced Secretion Occurred at Syt6* Sites. Synaptic vesicle
fusion shares a common SNARE-mediated fusion mechanism
with other forms of neurosecretion that involves Syt and Cpx
(32). To examine whether a specific member of the Syt family is
involved in activity-dependent secretion of endocytosed BDNF
at postsynaptic sites, we cloned Syt1, Syt4, Syt6, Syt7, Syt9, Syt11,
Syt12, and Syt17 from rat embryonic day 19 hippocampi (Table
S1) and expressed various GFP-tagged Syt isoforms individually
in dissociated hippocampal neurons. Among these isoforms, Syt4,
Syt6, Syt9, and Syt12 were expressed in both the axon and den-
drites; Sytl, Syt7, and Syt17 were found mainly in the axon; and
Syt11 was mainly expressed in dendrites. We found that Syt17-
GFP exhibited the highest percentage of juxtaposed colocalization
with PSD95 puncta (27.8 + 4.3%) (Fig. S5), suggesting its pre-
synaptic localization. Moreover, Syt6-, Syt9-, and Syt12-GFP showed
an intermediate value (10-12%), and Syt1-, Syt4-, and Syt11-GFP
exhibited lowest colocalization (<5%) with PSD95 puncta.

After exposing 12-16 DIV neurons expressing one of the eight
Syt-GFPs to BDNF-QDs for 1 h, time-lapse imaging was per-
formed (for 12-min observation with 1-min TBS) to examine
BDNF-QD release at sites with and without colocalization of a
distinct isoform of Syt-GFP expressed in the neuron. Among
eight groups, we found that the percentage of endocytosed
BDNF-QDs that colocalized with Syt6-GFP puncta was the
highest (Fig. 4 A and B). In addition, there was significantly more
overall release of BDNF-QDs from Syt6-GFP-expressing neu-
rons (13.6 + 2.4%). The percentage of BDNF-QD release at
Syt6-GFP sites was also much higher during the TBS period
(37.8 £ 9.9%) (Fig. 4 C and D) than that occurred before or after
TBS. Furthermore, no significant TBS-related release of BDNF-
QDs was observed at sites showing Syt1, Syt4, Syt9, and Syt12
puncta (Fig. 4F). Thus, BDNF-QDs associated with Syt6 at the
dendrite were released in an activity-dependent manner, sug-
gesting that Syt6 acts as the specific Ca**-sensor for promoting
the exocytosis of BDNF-containing endosomes.

Syt6 Knockdown Impaired Activity-Induced Postsynaptic BDNF-QD
Release. To further explore the role of various Syt isoforms in
BDNF-QD release, we performed loss-of-function experiments
in cultured hippocampal neurons using specific sSiRNAs against
the expression of four Syt isoforms Syt4, Syt6, Syt11, and Syt12
that were found to be localized to dendrites (see above). The
knockdown efficiency of siRNA vectors targeting these four Syt
isoforms was confirmed in cultured 293T cells by Western blot-
ting and immunostaining (Figs. S6B and S7 B-D and F). Down-
regulation of endogenous Syt4 and Syt6 in hippocampal neurons
respectively by siRNA against Sy4 (siSyt4) and by either one of
the two forms of siRNA against Syt6 (siSyt6® or siSyt6”) was
further verified by immunostaining (Figs. S6C and S7 E and G).
Next, we transfected DIV 5-6 neurons with siSyt4, siSyt6, siSyt11
or siSyt12 together with PSD95-GFP, and examined TBS-
induced release of BDNF-QDs on 12-16 DIV. We found that
the percentage of BDNF-QD release at PSD95-GFP* sites
during TBS was reduced to the basal level in neurons trans-
fected with either siSyt6® or siSyt6” (Fig. 5 B and C). In con-
trast, none of the neurons transfected with siSyt4, siSyt6®
(scramble sequence of siSyt6P), siSyt11, siSyt12, or the control
vector UI4 had any significant effect on TBS-induced release
at PSD95% sites (Fig. 5 C and D). Furthermore, the knockdown
effect of siSyt6” could be prevented by coexpressing siSyt6”
-resistant Syt6“PS (Fig. 5C). Thus, specific down-regulation of
Syt6 abolished activity-driven release of BDNF-QDs at post-
synaptic sites. These findings further support the notion that Syt6
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is the isoform specifically involved in regulating activity-
dependent secretion of endocytosed BDNF at postsynaptic sites.

Activity-Induced Secretion of Endogenously Synthesized BDNF. Re-
cently it was reported that Syt4 is localized to vesicles containing
endogenously synthesized BDNF, which is secreted from both
the axon and dendrites in response to neuronal depolarization
(33). To further investigate whether the mechanism regulating
the release of endocytosed BDNF also applies to endogenously
synthesized BDNF, we transfected the cultured hippocampal
neurons with BDNF-EGFP fusion protein to visualize BDNF
release events upon electrical stimulation (34) and examined the
effects of overexpression or knockdown of Syt4 or Syt6. We
transfected Syt4, Syt6, siSyt4, or siSyt6 together with BDNF-
EGFP into DIV 5-6 neurons, and examined TBS-induced re-
lease of BDNF-EGFP by time-lapse imaging (at sampling rate of
0.2 Hz) on 13-16 DIV. We found that many BDNF-EGFP
puncta in dendrites that were visible before TBS exhibited a re-
duction of fluorescence upon stimulation, indicating the exocytosis
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of BDNF-EGFP-containing vesicles (Fig. 6 4 and B and Movie
S3). Elevation of Ca?" during TBS was simultaneously moni-
tored together with the reduction of EGFP fluorescence, which
reached the maximum (peak) at the end of TBS (0-30 s after
TBS) (Fig. 6C). Moreover, knockdown of Syt4 increased, whereas
overexpression decreased the secretion of BDNF-EGFP induced
by TBS, suggesting Syt4 inhibits BDNF-EGFP secretion in den-
drites (Fig. 6 D-F). In contrast, overexpression or knockdown of
Syt6 had no significant effect on TBS-induced secretion of BDNF-
EGFP. Together, these experiments demonstrate that Syt4 and
Syt6 play specific regulatory function for the secretion of endog-
enously synthesized BDNF and endocytosed BDNF, respectively,
and their regulatory actions are opposite: Syt4 inhibits and Syt6
promotes the secretion.

Complexin Down-Regulation Impaired Activity-Dependent Secretion.
To determine whether Cpx is involved in activity-dependent se-
cretion of endocytosed BDNF, we examined the TBS-induced
release of BDNF-QDs in Cpx1/2 knockdown neurons. When
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DIV 5-6 hippocampal neurons were transfected with a micro-
RNA-based siRNA vector (35), siCpx, together with vector
expressing PSD95-GFP, we found that immunostaining of en-
dogenous Cpx1/2 was down-regulated efficiently in these neurons
on 13-15 DIV, but PSD95-GFP puncta were similar to that in
control untransfected cells (Fig. 7 A and B). The overall per-
centage of BDNF-QD release during the 16-min observation pe-
riod increased by twofold (Fig. 7C). However, release of BDNF-
QDs located at the PSD95-GFP* site in Cpx knockdown neurons
was reduced during the TBS period (Fig. 7D). This siCpx effect
was prevented by simultaneous coexpression of a siRNA-resistant
full-length Cpx1 (Cpx™"), but not by a mutant form of Cpxl
(Cpx*™) that is unable to bind SNARE complexes. These results
indicate that Cpxl is required for activity-dependent exocytosis of
BDNF-QDs at postsynaptic sites, but serves as a “clamp” to pre-
vent spontaneous exocytosis of docked endosomes, reminiscent of
its role in regulating synaptic vesicle secretion (36).

To test whether Cpx is involved in activity-induced secretion of
endogenously synthesized BDNF, we transfected the cultured
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hippocampal neurons with both the BDNF-EGFP fusion protein
and siCpx, and examined TBS-induced release of BDNF-EGFP
on 12-16 DIV. The Cpx knockdown decreased the reduction of
BDNF-EGFP fluorescence induced by TBS (Fig. 7 E and F),
suggesting that Cpx inhibits BDNF-EGFP secretion in dendrites.
This effect was rescued by simultaneous expression of a siRNA-
resistant Cpx1 (siCpx + Cpx™ "), but not by the mutant Cpx*™.
Thus, consistent with the influence of Cpx on the BDNF-QD
exocytosis, these results demonstrate that Cpx is required for the
secretion of endogenously synthesized BDNF.

Discussion

It is generally assumed that exocytosis of BDNF-containing post-
Golgi granules represents the main pathway for providing synapse-
modulating BDNF. In this study, we found that extracellular
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duction after TBS. (Scale bar, 10 pm.) (B) Boxed areas | and Il in A are shown
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dendrites in control neurons (shown in A and B), with TBS period marked by
the bar. Fluorescence levels were normalized by that before TBS (n = 10).
Error bars, SD. (D) Traces of average BDNF-EGFP puncta fluorescence in
dendrites of control and Syt4- and Syt6-overexpressing neurons (n = 4 cul-
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Fig. 7. Complexin down-regulation reduced stimulation-induced secretion
of BDNF-QD and BDNF-EGFP at postsynaptic sites. (A) Images of hippocampal
neurons in a representative culture cotransfected with Cpx1/2 siRNA (siCpx)
and PSD95-GFP. Efficient Cpx1/2 down-regulation was observed in the siCpx-
transfected neuron (arrowhead, Upper), but not in untransfected cells in the
same field (arrow). Arrows: transfected neurons with PSD95-GFP; arrow-
heads: untransfected neurons. (Scale bar, 20 pm.) (B) Quantitation of Cpx
expression levels by measurements of immunostaining intensities of neu-
rons, as illustrated in A. Relative Cpx protein levels were normalized to that
of nontransfected neurons in the same image field. Error bars, SEM (n = 3
independent cultures; *P = 0.003 by paired t test). (C) The percentage of
total BDNF-QDs released during the standard imaging period in control or
Cpx down-regulated neurons (n = 3 independent experiments; *P = 0.003 by
paired t test). (D) The average percentage of BDNF-QDs released per minute
at PSD95-GFP* or PSD95-GFP~ sites in neurons transfected with indicated
plasmids, before (blue), during (red), and after (green) TBS. Error bars, SEM
(n = 3-4 independent cultures for each condition; *P < 0.01 and **P < 0.001
by Student’s t test). (E) Traces of average BDNF-EGFP puncta fluorescence in
dendrites induced by TBS in control, siCpx, siCpx+Cpx™T or siCpx+Cpx*V
transfected neurons (n = 3 cultures each). Error bars, SEM. (F) Average peak
reduction of BDNF-EGFP puncta fluorescence in dendrites induced by TBS,
normalized to the fluorescence intensity before TBS. Error bars, SEM (n = 3
cultures each; *P < 0.001 by one-way ANOVA and Tukey post hoc test).

BDNF-QDs could be endocytosed by cultured hippocampal
neurons in a TrkB-dependent manner (Fig. 1). The endocytosis
of BDNF-QDs was preferentially localized to postsynaptic sites
on the dendrite, and depolarization facilitated the endocytic
process (Fig. S3). Repetitive extracellular stimulation of the
culture in the form of TBS greatly increased the release of
endocytosed BDNF-QDs only at PSD95™ postsynaptic sites (Fig.
3D), and this release requires the activation of synaptic AMPA
and NMDA receptors (Fig. 3E). Among various isoforms of Syt
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examined, we found that TBS-induced release of BDNF-QDs
was significantly facilitated by overexpression of only Syt6 (Fig. 4
C-E) and inhibited by knockdown of only Syt6 (Fig. 5 B-D).
Interestingly, Syt6 does not regulate activity-induced secretion of
endogenously synthesized BDNF (Fig. 6 D-F). Further studies
showed that the Cpx1/2 facilitated activity-induced release of
BDNF-QDs (Fig. 7D), but inhibited overall activity-independent
BDNF-QD release (Fig. 7C), consistent with that found for synaptic
vesicle exocytosis. Taken together, these results delineate a
novel endocytic pathway for providing activity-dependent
BDNF secretion at the synapse and its distinct regulatory
mechanism (Fig. 8).

Uptake, Transport, and Localization of BDNF-QDs. We have used
brief incubation of cultured neurons with BDNF-QDs to induce
endocytic uptake of BDNF-QDs, and fluorescence imaging was
performed within 16 min after clearance of extracellular BDNF-
QDs. Based on the relatively random distribution of cytoplasmic
BDNF-QDs in all dendritic branches and the slow rate of axon-
to-dendrite transport of BDNF-QDs, because of prolonged in-
terruption after their arrival at the soma, we inferred that BDNF-
QD uptake occurs at both the axon and dendrites. Furthermore,
because most BDNF-QDs that colocalized with the postsynaptic
marker PSD95 were immobile, BDNF-QD—containing endosomes
may form either directly at postsynaptic sites or at extrasynaptic
sites, but rapidly became trapped at the synapse.

Postsynaptic BDNF uptake and accumulation of BDNF-con-
taining endosomes are particularly relevant for synaptic modu-
lation. Because BDNF-containing endosomes are likely to be
biochemically active (12-15), they could exert prolonged local-
ized action of BDNF-TrkB signaling in the postsynaptic cyto-
plasm. Mobile endosomes could also spread BDNF-TrkB signals
in the extrasynaptic region. Given the small net translocation of
mobile BDNF-QDs observed along the dendrite, dendrite-to-
axon transport is likely to be very limited. On the other hand,
studies using compartmentalized multiwell culture systems have
shown that BDNF-QDs endocytosed at axonal terminals were
found in the dendrite at a later time (37), indicating the existence
of axon-to-dendrite transport. This finding is consistent with the
in vivo findings that BDNF applied in the developing Xenopus
optic tectum results in retrograde potentiation of bipolar cell
inputs to the retinal ganglion cell in an axonal transport-
dependent manner (38), and LTP induced by TBS at retinotectal
synapses exhibited BDNF-dependent retrograde spread to bipolar
cell-retinal ganglion cell synapses (39). Retrograde transport of
BDNF-containing endosomes and secretion of endosomal BDNF
at the dendrite thus provides a mechanism by which activity-
dependent modulation of output synapses of a neuron could exert
a coordinated modulation of the input synapses at its dendrites
both pre- and postsynaptically.

With respect to synaptic localization of BDNF-QDs, we found
that 15.6 + 1.6% of BDNF-QDs were located at immunostained
PSD95™ sites (Fig. 1D) and 17.2 + 1.9% of BDNF-QDs colo-
calized with PSD95-GFP puncta (Fig. 3C) along the dendrite
after a brief incubation (10 min) of cultured neurons with
BDNF-QDs. These percentages were higher than that expected
if endocytosed BDNF-QDs were randomly distributed along the
dendrite, because the area occupied by the PSD95-GFP puncta
along the dendrite was only about 7.8 + 0.5% (Fig. S3C). This
finding suggests that endocytosed BDNF-QDs showed some
preferential localization to the postsynaptic sites in the dendrite.
In experiments with prolonged incubation (60 min) of cultured
neurons with BDNF-QDs, however, we found only about 9.5%
of BDNF-QDs colocalized with PSD95-GFP sites (Fig. 3B). This
may be caused by lateral redistribution of endocytosed BDNF-
QDs over the 1-h period. To avoid photodamage, imaging time
in our experiments was kept within 30 min. This limited time
window has prevented us from following individual BDNF-QDs
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Fig.8. A diagram illustrating the secretion, uptake, and trafficking of BDNF
at excitatory synapses. Post-Golgi granules containing BDNF are known to be
the major source of BDNF secreted at the synapse. Binding of secreted BDNF
to TrkB receptor leads to endocytic uptake of BDNF-TrkB complexes into
“signaling endosomes” by either pre- or postsynaptic neuron. Synaptic ac-
tivation could result in the exocytosis of not only BDNF-containing granules,
but also endosomes containing endocytosed BDNF, in a manner requiring
the activation of synaptic AMPA and NMDA receptors. Distinct from the Syt4
that is required for exocytosis of BDNF-containing post-Golgi granules, Syt6
is essential for activity-induced exocytosis of BDNF-containing endosomes.
Endocytosed BDNF at postsynaptic dendrites may undergo local exocytosis
for reuse near the uptake sites, whereas BDNF-containing endosomes
formed by axonal terminals may undergo long-range retrograde transport
to somatic and dendritic sites of the presynaptic neuron.

from their endocytosis to subsequent activity-induced release.
Thus, we were unable to directly determine whether BDNF-
QD-containing endosomes formed at postsynaptic sites may
be transported to other dendritic locations for their exocytosis.

Regulatory Functions of Syt and Cpx. Our results showed that TBS
promotes the release of BDNF-QDs at PSD95" postsynaptic
sites, but had no effect on the release at extrasynaptic sites,
where Ca”" elevation as a result of synaptic activation will be
largely dissipated. In the absence of applied electrical stimula-
tion, spontaneous release of BDNF-QDs may occur through a
fusion mechanism that requires a Syt isoform functional to the
resting level of cytoplasmic Ca**. Recent studies have shown that
synchronous and asynchronous phases of neurotransmitter re-
lease in hippocampal neurons are selectively regulated by Sytl
and Syt7, respectively, with fast Ca®*-dependent release facili-
tated by Sytl and slower form of Ca®"-triggered release medi-
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ated by Syt7, whose function is normally occluded by Sytl (40).
Similar dual Syt regulation may also operate for the secretion of
endosomal BDNF in the present case. However, it remains
possible that the lack of siRNA knockdown effect on extra-
synaptic release of BDNF-QDs was simply because of the low
frequency of extrasynaptic release events that rendered the effect
of siRNAs undetectable.

Our present results showed that the overall release of endo-
cytosed BDNF-QDs from the dendrite is elevated after down-
regulation of Cpx1/2. The elevation could be attributed to the
increase in spontaneous activity-independent release, because
TBS-induced release at postsynaptic sites was greatly reduced.
This finding agreed with the notion that Cpx binding to SNARE
proteins serves as a clamp to prevent spontaneous fusion of
docked vesicles (27, 36), and removal of the clamp in response to
activity requires the action of the Ca**-sensing Syt (41). Further
support to the idea that Cpx plays a role in postsynaptic exo-
cytosis comes from the finding that postsynaptic Cpx regulates
AMPA receptor delivery to synapses during LTP (42). In the
present study, Syt6 is the Ca* sensor that specifically promotes
the fusion of BDNF-containing endosomes at postsynaptic sites.

The role Syt6 plays in the activity-induced release of BDNF-
QDs is opposite to that of Syt4 in the secretion of BDNF-con-
taining secretory granules. In hippocampal neurons and Syt4
knockout mice, Syt4 was found to inhibit depolarization-evoked
BDNEF release in both axons and dendrites (33). This result is in
agreement with our finding that knockdown of Syt4 increased
and overexpression decreased the activity-induced secretion of
BDNF-EGFP (Fig. 6 D-F). Our study also showed that Syt6
promotes activity-induced release of BDNF-QDs, but the effect
on spontaneous release of BDNF-QDs was not detected, possibly
because of the low frequency of spontaneous release events.
Furthermore, overexpression and knockdown of Syt6 elevated
and abolished TBS-induced BDNF-QD release, respectively,
without affecting TBS-induced secretion of BDNF-EGFP. The
distinct actions of Syt6 and Syt4 may be attributed to the struc-
tural difference between the two proteins. Both Syt4 and Syt6 are
composed of a short intravesicular sequence at the amino ter-
minal, a transmembrane region, a central linker sequence, and
two carboxyl-terminal C2-domains known as C2A and C2B (43).
In Syt6, the C2-domains were predicted to bind two to three
Ca** ions via four to five acidic residues in two flexible loops. In
contrast to Syt6, the C2A domain of Syt4 lacks the canonical
aspartate residues required for Ca** binding, and the C2B-
domain is unable to bind Ca®* although it includes all of the reqg-
uisite Ca’*-binding sequence (44). These structural differences
may result in differential Syt binding to endosomes vs. secretary
granules and to SNARE proteins, as well as differential Ca**
sensitivities for activity-induced exocytosis of these two types of
vesicles. Further characterization of the Ca**-dependence of the
exocytosis process may also reveal neuronal activity patterns that
are required for triggering BDNF secretion via these two different
pathways.

Although we have observed endocytosed BDNF-QDs at the
axon (Fig. 1 B-FE), the total number was much lower than that
found at the dendrite. We have thus focused our attention on
BDNF-QD secretion at the dendrite. Studies using cultured
hippocampal neurons expressing fluorescently tagged-BDNF
have shown BDNF secretion at both axons and dendrites (45,
46). However, BDNF and its propeptide have been found in
presynaptic dense core vesicles, but not in the postsynaptic
dendrites of the adult mouse hippocampus (6), suggesting an
anterograde mode of action of BDNF. Previous work has shown
that extracellular BDNF released by either pre- or postsynaptic
neurons could be recycled back to the synaptic sites via binding
to TrkB receptors on the dendrites of postsynaptic neurons (46,
47). In the present work, we further showed that BDNF could be
internalized and released at postsynaptic sites via physiologically
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relevant TBS. Indeed, extracellularly provided recombinant BDNF
has been found to promote late-LTP in the absence of post-
synaptic synthesis at Schaffer collateral-CA1 synapses (16). Thus,
endosomes containing BDNF could serve as secondary storage
sites in addition to endogenous BDNF-containing secretory gran-
ules, available for future activity-induced secretion and synaptic
modulation.

Materials and Methods

For time-lapse imaging of BDNF-QD, 0.5 pL of 1 uM biotinylated BDNF (19)
was incubated with 0.5 pL of 1 pM Qdot655 streptavidin conjugate (Invi-
trogen) at 4 °C overnight to form the BDNF-QD complex. DIV 12-16 hip-
pocampal neurons were incubated in an extracellular solution with 2% BSA
containing 1 or 0.2 nM BDNF-QD for 10 or 60 min, respectively. Coverslips
with BDNF-QD-loaded cells were transferred to a field stimulation chamber
in a solution containing 4 pM QSY 21 carboxylic acid, succinimidyl ester
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