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Abstract
Brain derived neurotrophic factor (BDNF) plays a key role in the growth, development and
maintenance of the central and peripheral nervous systems. Exogenous BDNF activates its
membrane receptors at the axon terminal, and subsequently sends regulation signals to the cell
body. To understand how BDNF signal propagates in neurons, it is important to follow the
trafficking of BDNF after it is internalized at the axon terminal. Here we labeled BDNF with
bright, photostable quantum dot (QD-BDNF) and followed the axonal transport of QD-BDNF in
real time in hippocampal neurons. We showed that QD-BDNF was able to bind BDNF receptors
and activate downstream signaling pathways. When QD-BDNF was applied to the distal axons of
hippocampal neurons, it was observed to be actively transported toward the cell body at an
average speed of 1.11 ± 0.05 μm/s. A closer examination revealed that QD-BDNF was transported
by both discrete endosomes and multivesicular body-like structures. Our results showed that QD-
BDNF could be used to track the movement of exogenous BDNF in neurons over long distances
and to study the signaling organelles that contain BDNF.

Introduction
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family of growth
factors, is most abundant in the cerebral cortex and hippocampus in the brain. Like other
neurotrophic growth factors, BDNF supports neuronal survival, development, network
maintenance, and the formation of new synaptic connections.1-5 In addition, BDNF is
involved in modulating neuronal plasticity by inducing changes in synaptic transmission and
morphology.6-9 Exogenous BDNF binds to and activates its membrane receptor, tyrosine
kinase receptor B (TrkB), at the axon terminal. Upon activation, phosphorylated TrkB elicits
several well-known signaling pathways including the mitogen activated protein kinase/
extracellular signal-regulated protein kinase (MAPK/ERK), phosphatidylinositol 3-kinase
(PI3K) and phospholipase Cγ (PLCγ) signaling pathways.10-13 However, in order for
BDNF to exert its survival functions and ultimately regulate gene expression in the nucleus,
the survival signal must be retrogradely conveyed from the axon terminal to the cell body.14

Extensive studies in different neuronal systems support that upon binding with TrkB,
BDNF/TrkB complexes are endocytosed and packaged into membrane-bound organelles.
These organelles, often called signaling endosomes, act as signal-carriers and are actively
transported toward the cell body along the axon 15-18. The exact nature of signaling
endosomes is still highly debated. Some evidence supports that signaling endosomes are
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single-lumen early endosomes with Rab5 and EEA1 molecular markers,19, 20 while other
work proves that BDNF/TrkB are transported in late endosomes or large multivesicular
bodies that contain small intraluminal vesicles.21 Furthermore, an alternative mechanism
proposes that BDNF signals are carried by retrograde transport of secondary messenger
proteins, therefore bypassing the need for the transport of BDNF and/or its receptors.22, 23

In order to study the mechanism of BDNF-TrkB signal propagation to the cell body, it is
necessary to follow BDNF trafficking in neurons. Radiolabeled BDNF (125I-BDNF) had
been used to follow BDNF transport in many studies. For example, 125I-BDNF injected to
the eye of mice was found to be transported to the cervical ganglia and the trigeminal
ganglia.24 While radio-labeling has minimal effect on BDNF biological functions and offers
relatively high sensitivity, it is limited by poor spatial and temporal resolutions, which
hinders its usage in tracking BDNF in real time. Alternatively, fluorescence-protein labeled
BDNF has been used to study trafficking and recycling of BDNF,25, 26 but such endogenous
BDNF is targeted for secretion and its function differs substantially from exogenous BDNF,
which binds externally to TrkB receptors and activates survival signaling pathways.
Therefore, a method that labels exogenous BDNF with bright and stable fluorophores would
be very helpful in investigating BDNF retrograde signaling in neurons.

Trafficking of nerve growth factor (NGF), another member of the neurotrophin family, has
been studied at single-molecule level in dorsal root ganglion neurons by quantum dot
labeling 27, 28. Quantum dot (QD) is highly fluorescent and photostable, which enabled real-
time tracking of NGF retrograde transport at single molecule level29. To use QD for
monitoring BDNF transport requires that the labeling method does not perturb the biological
function of BDNF. However, chemical modification of BDNF is tricky and often results in
protein misfolding and loss of biological functions. In addition, some commercially
available recombinant BDNF, usually expressed in E. coli and refolded, is inactive upon
arrival (personal experience). As a positively charged protein, BDNF adheres to surfaces of
spin columns and dialysis membranes, often leading to severe loss of proteins during the
purification step. To date, very few studies have used chemically modified BDNF.30

In this study, we presented strategies to produce and purify QD-labeled BDNF. We showed
that QD-BDNF is biologically active and binds specifically to TrkB receptors at the cell
membrane. We also showed that QD-BDNF could be used to track long-distance axonal
transport of BDNF in hippocampal neurons. Detailed analysis of BDNF movements
revealed that, while the majority of QD-BDNFs were transported in discrete endosomes, a
small fraction of QD-BDNFs were transported in multivesicular body-like structures.

Experimental
Preparation of biotin-BDNF

Recombinant human BDNF was a gift from Regeneron Pharmaceuticals (Tarrytown, NY).
Crosslinking reagents to prepare biotin-BDNF including EZ-Link Amine-PEG2-Biotin and
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Pierce
Biotechnology (Rockford, IL). Biotin tags were covalently linked to the carboxyl groups of
BDNF via EZ-Link Amine-PEG2-Biotin e and the EDC crosslinker. Briefly, 100 μg BDNF
was dissolved in 355 μl MES buffer (0.1 M, pH 5.0) and mixed with 355 μl EZ-link-biotin–
PEO-ammine solution (0.04 M in MES buffer). 40 μl of 0.1 M EDC in MES buffer was
added into the mixture and incubated at room temperature for 3 hours with mild shaking.

The 750 μl reaction mixture was then purified by HPLC (Beckman System Gold 126
Module) using a reverse phase C8 column (Fisher Scientific, Rockford, IL; Cat# 208TP54).
Proteins were eluted with 0.1% trifluoroacetic acid containing a step-wise linear acetonitrile
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concentration gradient: equilibrating for 10 minutes with 0% acetonitrile after sample
loading, pre-eluting for 10min with acetonitrile concentration increased from 0% to 25%,
eluting in a gradient of acetonitrile from 25% to 40% in 32 minutes, and subsequently
washing with 100% acetonitrile to remove any residue components from the column. The
flow rate was maintained at 1mL/min.31 The eluted protein fractions were monitored by
280nm absorbance. Two peaks between 30-35% acetonitrile concentrations were separately
collected and lyophilized. The amount of protein is determined using the BCA protein assay
(Pierce; Cat# 23225). On average, 0.8 biotins were added onto each BDNF molecule, as
measured by the FluoReporter biotin quantification kit (Invitrogen; Cat# F30751).

Conjugation and purification of QD-BDNF
QD-BDNF was prepared by mixing streptavidin conjugated QD655 (Invitrogen, Carlsbad,
CA; Cat# Q10121MP) with biotin-BDNF at a molar ratio of 1:1.2 and incubating overnight
at 4 °C. In order to separate QD-BDNF complexes from free BDNF, the mixture was loaded
to a size-exclusion syringe column packed with Sephacryl S-300 HR beads (Sigma-Aldrich;
Cat# S-300 HR). The mixture was eluted with 20 mM Hepes buffer (pH 7.2) and the elution
fractions were collected drop-wise into numbered tubes. Three tubes (Number 4-6),
containing QD-BDNF with the highest QD fluorescence, were pooled together as the
purified QD-BDNF. In order to confirm that free BDNF (not bound to QD) was not eluted in
the same fraction as QD-BDNF, in a separate experiment, equivalent amount of unmodified
BDNF was loaded into the same column and eluted under the same condition. The same
elution fractions (Number 4-6) of this BDNF eluent were collected and pooled together to be
used as a negative control to verify the absence of free BDNF in those fractions.

Culture and transfection of COS7 cells
COS7 cells were cultured on poly-lysine (Sigma-Aldrich) coated coverslips and maintained
in DMEM medium (with 4.5 g/L glucose, L-glutamine, and no sodium pyruvate; Fisher
Scientific) supplemented with 10% fetal bovine serum (Phenix Research Products; Candler,
NC). At 70% confluence, the cells were transfected with a TrkB-GFP plasmid (kindly
provided by Dr. Rosalind Segal 32) using Lipofectamine 2000 (Invitrogen) following the
manufacturer's protocol. The culture was subjected to transfection medium for 2 hours
before changing back to normal growth medium. Transfected cells were allowed to recover
and express the TrkB receptor for at least 24 hours before QD-BDNF binding experiments
were carried out. On the day of the experiment, the culture was starved in serum-free
DMEM for 2 hours and incubated with 4 nM QD-BDNF in DMEM and 1% BSA at 37 °C
for another 2 hours. In the control experiment, a similar culture was incubated with 4 nM
QD and 4 nM unmodified BDNF under the same condition. After washing out QD-BDNF or
QD with PBS, the cells were immediately imaged on an inverted Leica microscope
(DMI6000 B) equipped with a 100× oil immersion objective. Fluorescent QD signals was
collected through a 655±20nm bandpass filter and detected using a CoolSNAP II camera.

Culture of hippocampal neurons in microfluidic devices
Dissociation and culture of primary hippocampal neurons was carried out according to an
established protocol.33 Briefly, hippocampi were dissected from Sprague-Dawley fetal rats
on embryonic day 18. Tissues were enzymatically dissociated in 0.1 mg/mL trypsin for 15
min in Ca2+ and Mg2+ free HBSS buffer, and further triturated in plating medium of DMEM
supplemented with 10% heat-inactivated FBS. 5μl of dissociated neurons at 3-4×106 cells/
ml were plated into the cell body compartment of each microfluidic device. The microfluidic
devices for neuronal culture were made of polydimethyl silane (PDMS) and assembled onto
poly-lysine coated coverslips as we previously described. 34 The next day, the plating
medium was replaced by maintenance medium (Neurobasal medium (Cat# 21103)
supplemented with 1× B27 (Cat# 17504-044) and 2 mM Glutamax (Cat# 35050-061), all
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from Invitrogen). The neurons were kept in maintenance medium, with half of the medium
replenished with fresh medium every two days until being used for experiments around day
7.

Fluorescence imaging of QD-BDNF
For QD-BDNF transport experiments in hippocampal neurons, 1 nM QD-BDNF in
maintenance medium supplemented with 1% BSA was applied to the axon compartment. 1
nM QDs mixed with 1 nM unmodified BDNF were used in control experiments under the
same condition. BSA in the solutions was to minimize the non-specific binding of QD. In
order to prevent QD-BDNF from diffusing into the cell body compartment through the
microchannels, the liquid in the cell body compartment was always maintained at a higher
level than that of the axon compartment. The culture was then put back into the incubator for
2 hours for sufficient binding, internalization and transport of QD-BDNF. Before imaging,
QD-BDNF in the axonal compartment was washed away with warm CO2-independent
medium (Invitrogen). Transport of QD-BDNF was imaged on an inverted microscope (Leica
DMI6000 B) as mentioned earlier and a temperature-controlled stage (Warner Instrument)
with a frame rate of 2 frames/second. The culture was maintained in CO2-independent
medium throughout imaging.

SDS-page and immunoblotting
Precast SDS-page gels were purchased from Bio-Rad (Hercules, CA) and used following
manufacturer's instructions. Electrophoresis of unmodified and biotinylated BDNF were
carried out using 12% SDS-page gels. To check the concentration of proteins and verify
their molecular weights, SDS gels were stained with 0.025% Coomassie Blue R solution
(Bio-Rad) for 1 hr before washing in destaining solutions of 7% acetic acid and 40%
methanol. To verify the addition of biotin labels to BDNF, proteins separated by SDS gel
were transferred onto a PVDF membrane (Fisher Scientific), blocked in 5% milk, and
incubated with HRP-streptavidin (Millipore, Billerica, MA; Cat# 18-152).

For immunoprecipitation, 3T3 cells expressing TrkB (a generous gift from Dr. Chengbiao
Wu, UC San Diago) were cultured in a 15 cm dish till ∼70% confluency. The cells were
gently scraped off, collected into Ca2+ and Mg2+ free PBS, and centrifuged down. The cell
pellet was then resuspended in ice cold PBS and divided evenly into 4 or 5 tubes. BDNF,
biotin-BDNF, QD-BDNF (10∼50 ng/mL), QD alone, or the BDNF-eluent (negative control)
was separately added to each tube. The tubes were incubated at 37 °C for 5 minutes and put
on ice. Then treated cells were pelleted by centrifugation and extracted in RIPA lysis buffer
with 1 mM phenylmethylsulfonyl fluoride (Pierce) and 1 mM sodium vanadate (Sigma-
Aldrich). For immunoprecipitation, 2 μl polyclonal anti phospho-Trk (Cell Signaling,
Danvers, MA; Cat# 9141) was added into each cell lysate and incubated at 4 °C overnight
with shaking. 15 μl Protein A/G Plus-Agarose (Santa Cruze Biotechnology, Santa Cruz,
CA; Cat# Sc-2003) was then added into each vial to bind the antibody-pTrkB complex. The
agarose beads were then centrifuged down, washed 5 times and resuspended in Laemmli
loading buffer (Bio-Rad) with 5% 2-Mercaptoethanol (Sigma-Aldrich).

For immunoblotting, protein samples were separated on 4-15% SDS-page gradient gels. The
gels were then transferred onto PVDF membranes overnight in the cold room. The blotted
membranes were first blocked in 5% milk for 1 hour and then incubated with primary
antibodies at 1:1000 dilution in TBST buffer (10 mM Tris-HCl, 150 mM NaCl, 0.1%
Tween) overnight in a cold room. After washing 3 times in TBST, the membrane was
incubated with HRP conjugated secondary antibodies for 1hr, washed and detected by the
enhanced chemiluminescence kit (Pierce) in a darkroom. For primary antibodies, we used
anti total-TrkB from BD Transduction Laboratories (Sparks, MD; Cat# 610101), anti-MAP2
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(Cat# M3696) from Sigma-Aldrich, anti-Tau-1 (Cat# MAB3420) from Millipore,
monoclonal anti phospho-TrkB (Tyr516) (Cat# 4619), polyclonal anti phospho-Trk (Cat#
9141), anti phospho-Erk1/2 (Cat# 9101) and anti total-Erk1/2 (Cat# 9102) from Cell
Signaling Technology (Danvers, MA). For secondary antibodies, we had used goat-anti-
mouse-HRP IgG and goat-anti-rabbit-HRP IgG from Jackson ImmunoResearch (West
Grove, PA).

Results
Characterization and biotinylation of BDNF

When unmodified BDNF was loaded into HPLC and eluted with a linear concentration
gradient of acetonitrile (25-40%), two peaks showed at slightly different acetonitrile
concentrations, one at 30.2% and the other at 32.7% (Fig. 1A, top). Elution fractions of
corresponding peaks were separately collected and resolved by SDS-page. Electrophoresis
revealed that both peaks contain proteins of molecular weight around 13 kDa (data not
shown), which was consistent with the reported molecular weight of BDNF monomer. Upon
completion of the biotinylation reaction using un-separated BDNF, the reaction mixture was
run on reverse phase HPLC under the same condition. For biotinylated BDNF, two peaks
were eluted and collected at similar acetonitrile concentrations (around 30.2% and 32.7%).

As shown in Fig. 1B, components collected from the two biotin-BDNF peaks had similar
molecular weight to that of unmodified BDNF at 13 kDa. To confirm the biotin moiety in
biotin-BDNF, proteins on SDS gel were transferred to a PVDF membrane and blotted with
HRP-streptavidin. Fig. 1C showed that both HPLC peaks of biotin-BDNF bind tightly to
streptavidin, confirming the presence of biotin tags. As expected, unmodified BDNF did not
bind to streptavidin. It was unclear why our sample of recombinant BDNF (thus also the
biotinylated BDNF) showed two peaks in HPLC. As we demonstrated in the next section,
components collected from both peaks of either unmodified or biotinylated BDNF were able
to induce TrkB phosphorylation to a similar degree (Fig. 2A). We suspect that these two
peaks correspond to different forms of post-translationally modified BDNF that have
different affinities to the reverse-phase column, but both forms are biologically active.

Biotin-BDNF and QD-BDNF are biologically active
We further assessed the biological activity of biotin-BDNF by measuring its ability to
induce phosphorylation of TrkB receptors (p-TrkB) in a TrkB-expressing 3T3 cell line.
Immunoblotting with a p-TrkB antibody showed that both unmodified BDNF and biotin-
BDNF were able to induce TrkB activation (Fig. 2A). Biotin-BDNF was linked to
streptavidin conjugated QD via the strong biotin-streptavidin interaction. A rough
quantification by the FluoReporter kit indicated that there were on average 0.8 biotin labels
on each BDNF molecule, which indicated that not all BDNF molecules were biotinylated.
To rule out the possibility that the bioactivity detected for biotin-BDNF and QD-BDNF
come from unmodified BDNF in the mixture, we further purified QD-BDNF by a size
exclusion Sephacryl column (Fig. 2B). The Sephacryl beads were expected to separate QD-
BDNF (15-20nm diameter, comparable to 2500 kDa ribosome complexes) from unmodified
BDNF (26 kDa). When QD-BDNF was eluted from the column, QD fluorescence
concentrated in fractions 5, but had a long tail to several following fractions (Fig. 2B). To
avoid significant dilution, we only used fractions 4-6 for following studies. In a separate
experiment, uncomplexed BDNF was loaded in the same column and elution fractions 4-6
were collected to serve as a negative control. When purified QD-BDNF or unmodified
BDNF were applied to TrkB-expressing 3T3 cells, TrkB was phosphorylated (Fig. 2C). On
the other hand, when elution fractions 4-6 of uncomplexed BDNF or QD alone were applied
to TrkB-expressing 3T3 cells, no TrkB phosphorylation was observed. The negative result
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of BDNF eluent confirmed that uncomplexed BDNF eluted at different fractions from QD-
BDNF in the Sephacryl column. To further confirm that QD-BDNF was able to activate
subsequent BDNF signaling pathways, we treated hippocampal neuron cultures with
purified QD-BDNF, unmodified BDNF, or negative controls (QD alone and BDNF eluent).
Indeed, immunoblotting of total Erk and phospho-Erk demonstrated that QD-BDNF
activated the MAPK signaling pathway in hippocampal neurons. These results confirm that
biotin-BDNF and QD-BDNF are biologically active.

QD-BDNF binds to TrkB receptors on cell membrane
In order to use QD-BDNF to track BDNF movement in live cells, we first showed that QD-
BDNF bind to the cell membrane selectively via the BDNF receptor TrkB. QD-BDNF
binding was assayed using COS7 cells that did not express endogenous TrkB receptors.
Treatment of untransfected COS7 cells with 4nM QD-BDNF for 2 hours resulted in very
little surface binding. However, robust binding on the cell membrane was detected following
transfection of these cells with a TrkB-GFP plasmid (Fig. 3). The presence of TrkB receptor
was confirmed by its green fluorescence. As shown in the left panel in Fig. 3, QD-BDNF
has a markedly higher binding affinity to transfected compared with untransfected cells in
the same culture. QD fluorescence imaging of transfected cells showed high fluorescence
staining on the cell membrane, while very little fluorescence was detected in non-transfected
cells. In a comparison study, using a mixture of QD and unmodified BDNF of the same
concentrations as QD-BDNF, very little QD binding was detected (Fig. 3, right panel). Thus,
the presence of BDNF was necessary for binding of QD-BDNF complexes to TrkB
receptors.

QD-BDNF is internalized at axon terminals and transported toward cell body
To study axonal transport of QD-BDNF, hippocampal neurons were cultured in microfluidic
chambers with 500 μm long microchannels connecting the cell body compartment and the
axon compartment (Fig. 4A). After being plated in the cell body compartment, neurons
extended thin neurites, some of which grew across the microchannels in 4-5 days. It is
known that axons grow faster and longer than dendrites. Indeed, immunostaining of axons
with anti-Tau antibody and dendrites with anti-MAP2 antibody confirmed that axons grew
across the microchannels at day 7, while dendrites did not (Fig. 4B). QD-BDNF was applied
exclusively to the axon compartment, and special care was taken to prevent QD-BDNF from
diffusing through the microchannels (see methods section). Live-cell fluorescence imaging
was carried out in the microchannels or in the cell body compartment, which ensured that
only those QD-BDNFs that were internalized at the axonal terminals and were actively
transported along the axons would be imaged. Generally, two-hour incubation with 1nM
QD-BDNF in the axon compartment led to ∼5-20 QD-BDNF-containing endosomes being
transported in a 60μm long axonal segment in the field of view (Video S1). It took ∼40
minutes for the first QD-BDNF to reach the cell body, and accumulation of QD-BDNF in
the cell body can be observed within 2 or 3 hours.

In order to confirm that the internalization and retrograde transport of QD-BDNF stemmed
from the biological functions of BDNF, we compared the binding and transport flux of QD-
BDNF complexes against a mixture of QD and unmodified BDNF. To eliminate culture to
culture variations, neurons were cultured in a microfluidic device that had a single cell body
compartment but two separated axon compartments (Fig. 4C). QD-BDNF was applied to
one axon compartment while a mixture of QD and unmodified BDNF (as a control) was
applied to the other. In this way, the same neuronal culture was used for both the QD-BDNF
and the control. After two hours of incubation, transport was readily observed in the
microchannels that were connected to the axon compartment supplied with QD-BDNF, but
no transport was observed on the control side. QD-BDNF bound to most if not all axons in
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the axon compartment, as evidenced by overlapping QD fluorescence signal with individual
axons and clusters thereof. On the other hand, addition of QD and unmodified BDNF did not
result in binding of QD to axons (Fig. 4D). After overnight incubation, QD staining of cell
bodies was only detected on the side with QD-BDNF (Fig. 4D). These results verified that
the internalization and transport of QD-BDNF was due to the presence of BDNF molecules
on QDs. To further confirm that retrograde transport of QD-BDNF depended on the
activation of TrkB receptors, the culture was pre-treated with 200 nM k252a, a selective
inhibitor of the receptor tyrosine kinase TrkB, one hour prior to the addition of QD-BDNF
to the axon compartment. We found that k252a treatment reduced the transport flux to ∼5%
that of untreated cultures.35, 36

It is worth noting that non-specific binding of QD alone to the cell membrane and its
subsequent transport is highly dependent on the batch and the age of QD from Invitrogen.
Freshly obtained QD655 alone generally show very little non-specific binding to the cell
membrane when added to the cell culture. However, after storing at 4 °C for a few months,
non-specific binding increased. Furthermore, some batches of QD show much worse non-
specific binding than other batches. When we first used an old batch of QD605-streptavidin,
we observed significant non-specific transport of QD (without BDNF on it) when it was
supplied to the axon compartment. However, when we used a batch of fresh QD655-
streptavidin together with 0.2% BSA, the non-specific transport was almost completely
eliminated.

QD-BDNF is transported by both discrete endosomes and MVB-like structures
Fig. 5A and 5B show representative trajectories and kymographs of axonal transport of QD-
BDNF. We recorded transport events in 15 microchannels with 4 independent cultures,
generating trajectories of 144 QD-BDNF endosomes. Overall, the transport was
unidirectional toward the cell body, characterized by smooth movements interspersed with
brief pauses (Fig. 5B, left). In a few occasions, QD-BDNF paused for a long time before
starting to move again (Fig. 5B, right). The averaged transport speed of individual QD-
BDNF carrying cargoes varied from 0.05 μm/s to 2.81 μm/s, with a mean speed of 1.11 ±
0.05 μm/s and a standard deviation of 0.56 μm/s (Fig. 5C). The wide distribution of
transport speeds among individual cargos represents the intrinsic heterogeneity in the axonal
transport process. The QD-BDNF endosome transport characteristics observed here matches
those of fast axonal transport reported previously.37, 38

The vast majority of QD-BNDFs were transported discretely – moving independently of one
another. In a small fraction of transport events (a few percent), however, several well-
resolved QD-BDNF complexes were transported together, displaying concomitant moving
and pausing dynamics along the axon (Fig. 6). Taking advantage of the excellent
photostability of QDs, we were able to follow these QD-BDNFs over long distances along
the axon and found that they had always moved together. The time-lapse images of three
concomitantly moving QD-BNDF puncta (indicated with arrow heads) were shown in Fig
6A. The corresponding kymograph was shown in Fig. 6B and the corresponding movie
could be found in Video S2. The distance between these QD-BDNF puncta varied slightly as
they moved along the axon, but their positional orders were always kept the same. Previous
analysis of BDNF cargoes by electron microscopy suggest that a portion of BDNF is
transported in multivesicular bodies that contain intraluminal vesicles.21, 39, 40 We suspected
that the concomitant-moving QD-BDNFs represented small intraluminal vesicles inside a
large multivesicular body. The distance between the first and the last QD-BDNFs could be
as far as 2μm, indicating an elongated structure as it was moving along the axon.
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Discussion
We developed a method to label recombinant BDNF with quantum dots in order to follow
the retrograde transport of exogenous BDNF trafficking in hippocampal axons. Biotin tags
were covalently added to the carboxyl groups on BDNF and subsequently linked to
streptavidin-conjugated QDs. Separation of QD-BDNF complexes from free BDNF was
accomplished with a size-exclusion column. We showed that QD-BDNF was biologically
active in inducing phosphorylation of TrkB receptors and activation of MAPK/ERK
signaling pathway.

When QD-BDNF was applied to the distal axon compartment in a microfluidic device, it
was taken up at the axon termini via receptor mediated endocytosis and retrogradely
transported toward the cell body. Live tracking of QD-BDNF shows that the axonal
transport of endocytosed BDNF is unidirectional and highly processive with very short
pauses. The kinetic properties of QD-BNDF described here agree with prior observations
made in Drosophila axons and squid axoplasm.41, 42 The fact that QD-BDNFs rarely show
directional reversal indicates that it is mainly a dynein driven process, which differs from
other bidirectional axonal transport systems.43-45 While the majority of QD-BDNFs were
transported individually in discrete endosomes, some QD-BDNFs were transported as a
group, presumably in multivesicular body-like structures. The superb brightness and
photostability of quantum dots make them suitable for long-term tracking of proteins in live
cells. By labeling BDNF with QD, it is now possible to follow BDNF retrograde transport
all the way into cell bodies, which would enable a better understanding about the functional
role of BDNF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Characterization of HPLC separated BDNF and biotin-BDNF. (A) 30 μg unmodified BDNF
(top) or 100 μg BDNF-biotinylation reaction mixture (bottom) was injected into a Vydac C8
column. The column was eluted at 1 mL/min with a step-wise acetonitrile gradient in water
and 1% TFA. Both BDNF and biotin-BDNF showed two peaks: peak 1 eluted at 30.2%
acetonitrile and peak 2 at 32.7% acetonitrile. (B) BDNF and the biotin-BDNF eluent
collected from the two HPLC peaks were run on 12% SDS-page and stained with
Coomassie blue to show their molecular weight at about 13 kDa. (C) Blotting of BDNF
samples with HRP conjugated streptavidin confirmed the biotin moiety on biotin-BDNF
collected from both peaks.
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Fig. 2.
Biotin-BDNF and QD-BDNF are biologically active. (A) Western blot against phospho-
TrkB showed that BDNF and biotin-BDNF collected from both HPLC peaks induced TrkB
phosphorylation in a TrkB-expressing 3T3 cell line. (B) Separation of QD-BDNF from free
BDNF by a size-exclusion column. QD-BDNF was loaded into a Sephacryl column and
elution fractions were collected into separate tubes (50 μl each). Tubes with the most intense
QD fluorescence (Tube 4, 5 and 6 in the top row) were pooled together as purified QD-
BDNF. Unmodified BDNF was loaded into the same column and eluted under the same
conditions. Elution fractions 4, 5 and 6 (bottom row), labeled as BDNF eluent, were used as
a negative control. (C) Purified QD-BDNF induced TrkB phosphorylation in TrkB-3T3 cells
and Erk phosphorylation in hippocampal neurons. pTrkB was immunoprecipitated with the
pTrk antibody before western blot. No activity was detected by the BDNF eluent, indicating
that free BDNF was not eluted out in the same fractions as QD-BDNF.
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Fig. 3.
QD-BDNF binds specifically to TrkB receptors. COS7 cells that did not express endogenous
TrkB were transfected with a TrkB-GFP plasmid. When 4 nM QD-BDNF was supplied to
transfected cell culture, QD binding and internalization was specific to the transfected cells
(green cell) as shown in the left panel images. The non-transfected cells have very little QD
binding even after 2hrs of incubation. When a mixture of 4 nM QD and 4 nM unmodified
BDNF was applied to the culture, very few QD binding events were observed in either
transfected or non-transfected cells (right panel images).
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Fig. 4.
Compartmentalized culture of hippocampal neurons and transport of QD-BDNF in
microfluidic devices. (A) Schematic drawing of a microfluidic device for compartmentalized
neuronal culture (side view). The cell body and axon compartments are connected only
through a set of microchannels. (B) Immunostaining showed that only axons (stained with
anti-Tau, green) grew across the microchannels into the axon compartment while dendrites
did not (stained with anti-MAP2, red). (C) Design of a microfluidic device that has a single
cell body compartment but two axon compartments (top view). This device was used to
compare transport of QD-BDNF against QD mixed with unmodified BDNF. QD-BDNF was
added to one axon compartment while a mixture of QD and unmodified BDNF was applied
to the other axon compartments. (D) After overnight incubation at 37 °C, QD-BDNF (1 nM)
staining of axons was extensive in the axon compartment. On the other hand, very few QDs
overlapped with axons on the side where a mixture of 1 nM QD and 1 nM unmodified
BDNF was applied. QD fluorescent signal in cell bodies was only found on the side applied
with QD-BDNF.
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Fig. 5.
Retrograde axonal transport of QD-BDNF in hippocampal neurons. (A) A DIC image of
axons in a microchannel of the microfluidic device (top). QD-BDNF was added to the distal
axon chamber and the trajectories of single endosomes were observed along one of the
axons in the channel (bottom). (B) To analyze transport patterns, kymographs were
generated from time-lapse images. Left: most QD-BDNFs moved unidirectional toward the
cell body with occasional pauses. Right: occasionally, a cargo paused for a long time, as
indicated by the vertical segment on the kymograph. (C) Speed distributions analyzed from
trajectories of 144 QD-BDNF cargos. The average transport speed and standard deviation
were shown in the graphs.
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Fig. 6.
QD-BDNFs are transported in both discrete endosomes and MVB-like structures. (A) Time-
lapse images showing both transporting modes. White arrows indicated an individual
BDNF-endosome while white arrow heads denoted three QD-BDNF moving together in a
MVB-like structure. (B) A kymograph clearly showed the concurrent moving and pausing
patterns of the three QD-BDNFs in a MVB-like structure. The distances between the three
QD-BDNFs varied slightly during the transport but their relative orders remained.
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