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Dense-core vesicles (DCVs) are responsible for transporting, processing, and secreting neuropeptide car-
gos that mediate a wide range of biological processes, including neuronal development, survival, and
learning and memory. DCVs are synthesized in the cell body and are transported by kinesin motor pro-
teins along microtubules to pre- and postsynaptic release sites. Due to the dependence on kinesin-based
transport, we sought to determine if the kinesin-3 family member, KIF1A, transports DCVs in primary
cultured hippocampal neurons, as has been described for invertebrate neurons. Two-color, live-cell imag-
ing showed that the DCV markers, chromogranin A-RFP and BDNF-RFP, move together with KIF1A-GFP
Neuropeptide in both the anterograde and retrograde directions. To demonstrate a functional role for KIF1A in DCV
Hippocampal neuron transport, motor protein expression in neurons was reduced using RNA interference (shRNA). Fluores-
KIF1A cently tagged DCV markers showed a significant reduction in organelle flux in cells expressing shRNA
Bidirectional transport against KIF1A. The transport of cargo driven by motors other than KIF1A, including mitochondria and the
transferrin receptor, was unaffected in KIF1A shRNA expressing cells. Taken together, these data support
a primary role for KIF1A in the anterograde transport of DCVs in mammalian neurons, and also provide
evidence that KIF1A remains associated with DCVs during retrograde DCV transport.

Crown Copyright © 2011 Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Secreted signaling molecules, such as chemical neurotransmit-
ters and signaling peptides, are released into the synaptic cleft from
either small, clear synaptic vesicles (SVs) or large, dense-core vesi-
cles (DCVs). SVs are filled with classical neurotransmitters locally
at presynaptic release sites. By contrast, DCVs are formed and filled
with signaling peptide cargos in the cell body, and then travel
long distances into the axon and dendrites to pre- and postsynap-
tic sites. During transit, DCV neuropeptide contents are processed
and then released upon stimulation [28]. A wide range of bio-
logical processes is facilitated by DCV cargos, including neuronal
survival, development, learning and memory [5]. For example,
brain-derived neurotrophic factor (BDNF), a neuropeptide trans-
ported in DCVs, is required for neuronal development, both at the

Abbreviations: BDNF, brain-derived neurotrophic factor; ChrA, chromogranin
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level of circuit development in the brain and synaptic maturation
and function [36]. In the axon, DCVs must travel extremely long
distances, emphasizing the need for active cytoskeletal transport
and microtubule-based motors such as kinesin family members
and dynein [37,4,21]. Despite the importance of DCVs in neuronal
physiology, little is known regarding the motors required for their
axonal transport.

Over 45 kinesins have been identified in the mammalian
genome. As motor-cargo interactions are very specific [13], these
motors must distinguish among a multitude of cellular cargos (or
vice versa) for efficient transport. Previous work has shown that
in Drosophila and C. elegans, the homolog of mammalian KIF1A,
unc-104, is required for axonal transport of DCVs. Mutant ani-
mals lacking UNC-104 showed transport and localization defects
of the DCV cargos, including atrial natriuretic factor (ANF),
IDA-1, and critical neuropeptide processing enzymes [37,4,16]. Co-
immunoprecipitation studies in mouse brain suggest a conserved
role of KIF1A in the transport of DCVs in mammals [24,3]. However,
until now, no functional data exists demonstrating the reliance of
DCV transport on KIF1A in mammalian neurons. Through the use
of live-cell, two-color imaging of fluorescently tagged KIF1A and
DCV marker proteins in axons and shRNA technology, we demon-
strate that KIF1A is the primary motor responsible for fast axonal
transport of DCVs in primary cultured hippocampal neurons. Addi-
tionally, we show that KIF1A, an anterograde motor, co-transports
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with DCVs that move in the retrograde direction, indicating that
KIF1A can remain associated with DCVs as cargo. More generally,
these data contribute to the understanding of molecular mecha-
nisms of transport in neurons, an area of intensive investigation in
the context of basic nerve cell biology, as well as synaptic plasticity
and neurodegeneration [29].

2. Experimental procedures
2.1. Hippocampal cell culture and expression of transgenes

Primary cultures of dissociated neurons from rat embryonic day
18 (E18) hippocampi were prepared as previously described [17].
Plasmids were transfected into neurons after 7 DIV and allowed
to express for 24-48 h before imaging. Lipofectamine 2000 (Invit-
rogen) was used to transfect cells with 1 ug of each plasmid, as
described by Sampo et al. [27]. For immunoblot analysis of KIF1A
protein levels, freshly dissociated E18 hippocampal neurons were
transfected with shRNA plasmids by electroporation, using the
Nucleofector Il electroporator (Amaxa Inc.), according to Kaech and
Banker, [17], and allowed to express the plasmids for 48 h. Prior to
protein extraction, one coverslip from each condition was assessed
for transfection rate by counting the proportion of GFP-expressing
cells, which was typically in the range of 60-75%.

2.2. Constructs

shRNA sequences directed against either rat or mouse KIF1A
mRNA were chosen using the Dharmacon siDesign Center (Thermo
Scientific). The rat KIF1A RNAi sequence encompassed base
pairs (bp) 1689-1709 (5’-TACCTATGTGAACGGCAAGAA-3’; Gen-
bank XM_001070204); control mouse KIF1A RNAi encompassed
bps 1842-1862 (5'-CACATATGTCAACGGCAAGAA-3’; Genbank
NM_008440). shRNA sequences were followed by the reverse
complement (underlined), separated by a linker containing an
EcoRV site. To facilitate cloning, an Hpal site was incorporated
at the 5 end, and an Xhol site at the 3’ end. The sequence 5'-
AACTACCTATGTGAACGGCAAGAATTGATATCCGTTCTTGCCGTTCAC
ATAGGTATTTC-3’, containing the rat KIF1A RNAi sequence, and
the sequence 5'-AACCACATATGTCAACGGCAAGAATTGATATC
CGTTCTTGCCGTTGACATATGTGTTTC-3/, containing the mouse
KIF1A RNAI sequence (restriction sites in bold), and their respec-
tive complements, which contain a 5’ phosphate, were ordered
from Integrated DNA Technologies (Iowa, USA). Complementary
strands were annealed and cloned into the pLentilox-GFP vector
containing two promoters: one for the expression of GFP, the other
for the shRNA.

Several plasmids were kindly donated from the following
laboratories: GW1-KIF1A-GFP; Dr. E. Kim, KAIST, Korea; pcDNA3-
ChrA-RFP, Dr. L. Taupenot, NIH, USA; mitochondrial targeted eYFP,
Dr. G. Rintoul, Simon Fraser University, Canada.

2.3. Immunoblotting and immunocytochemistry

Protein levels were assessed by lysing control and shRNA
expressing cells in 200 .l of phosphate buffered saline and HALT
protease inhibitor cocktail (Pierce Protein Research Products). Pro-
tein samples were sonicated and then heated in Laemmli buffer
to 100°C for 5min. Proteins were quantified using a BCA pro-
tein assay kit (Pierce). 5 g of each protein were separated on a
10% SDS polacrylamide gel. After transferring the gel to PVDF, the
membrane was probed with a monoclonal anti-KIF1A antibody
(BD Biosciences; 1:500) and a monoclonal anti-a-tubulin antibody
(Sigma; 1:2000). Bands were visualized with goat anti-mouse-
HRP secondary antibody (BioRad; 1:30,000) and SuperSignal West

Femto Maximum Sensitivity Substrate (Pierce) on autoradiogra-
phy film. Relative protein amounts were quantified from scanned
images of autoradiographs using Image] (National Institutes of
Health).

To confirm protein expression of myc-RNAi resistant KIF1A,
immunocytochemistry was performed as described in Kwinter
et al. [21] using a polyclonal anti-myc (Sigma) primary anti-
body (1:250) and donkey anti-rabbit Cy5 (Jackson Immunoresearch
Labs) secondary antibody (1:500).

2.4. Imaging

All single color imaging, typically 200 frames, was recorded
by the ‘stream’ acquisition module in MetaMorph, as described in
Kwinter et al. [21]. For two-color imaging, typically 30 exposures of
200 ms for each wavelength were taken alternately with appropri-
ate, spectrally distinct filters controlled by the ‘multi-dimensional
acquisition’ module in MetaMorph. Still images were obtained with
a 20x 0.6 NA objective (Leica Microsystems, Germany).

2.5. Data analysis

All recordings were processed using MetaMorph to generate a
time-distance graph for each video with the ‘kymograph’ function,
as described in [21]. DCV flux was measured as the distance of DCV
run lengths in wm, standardized by the length of imaged axon and
filming duration (jvm x min): Z?:ld,»/(l x t)where d is the individ-
ual DCV run lengths (m), lis the length of axon observed (pum) and
tis the duration of filming, as described in [21]. Co-transport events
were assessed by counting and comparing the traces on kymo-
graphs generated from two-color movies. Because of the delay in
image acquisition, only unambiguous, continuous lines present in
both kymographs were scored. A one tailed Student’s t-test, using
equal or unequal variance based on F-tests, was used to determine
significance in pair wise comparisons of control and experimental
conditions in Microsoft Excel and SPSS.

3. Results

If the location and movements of two labeled proteins are iden-
tical - that is, they start together, travel at the same rates, and stop
together - it is likely they reside on or in the same organelle. To
determine if KIF1A co-transports with DCVs, KIF1A-GFP was co-
expressed with either BDNF-RFP or ChrA-RFP in primary cultured
hippocampal neurons. Axonal transport of each DCV marker and
KIF1A-GFP was then examined by two-color, live-cell imaging in
cells where the orientation of the axon in relation to the cell body
was unambiguous (Fig. 1). The degree of co-transport in the axon
was determined by comparing pairs of kymographs generated for
each fluorescently tagged protein. BDNF and ChrA are co-packaged
in DCVs ([8] and Supplementary movie 1), and demonstrated sim-
ilar transport dynamics; thus the transport data for these two
DCV markers are pooled in Fig. 1D. The percentage of KIF1A co-
transporting with DCV markers was 68.6 +3.1% in the anterograde
direction and 64.64+3.1% (n=32 axons) in the retrograde direc-
tion. The percentage of DCV markers co-transporting with KIF1A
was 59.0 4+ 3.7% in the anterograde direction and 54 +3.7% (n=32
axons) in the retrograde direction (Fig. 1; Supplementary movies 2
and 3). These results indicate that in the axon, not only do KIF1A
and DCVs move in tandem, but they do so almost equally in both
the anterograde and retrograde direction. As an alternate approach
to demonstrate the colocalization of endogenous KIF1A with BDNF
or ChrA, immunofluorescence staining using commercially avail-
able antibodies was used. However, the pattern and intensity of
non-specific staining was similar in appearance to the expected
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Fig. 1. KIF1A and the dense-core vesicle cargos, BDNF and chromogranin A, undergo bidirectional co-transport in primary cultured hippocampal neurons. (A) 8 DIV neurons
were first analyzed by near-simultaneous, two-color live-imaging of KIF1A-GFP and ChrA-RFP, and then fixed and stained with an antibody against MAP2 (inset) to retrospec-
tively confirm axonal (arrows) and dendritic (arrowheads) morphology. Scale bar: 25 wm. (B) A series of frames taken from a movie of near-simultaneous, two-color imaging
of BDNF-RFP and KIF1A-GFP in the axon. Particles containing BDNF-RFP and KIF1A-GFP are observed moving together in both anterograde (green arrow) and retrograde
(red arrow) directions (Supplementary movies 2 and 3). (C) Example kymographs generated from near-simultaneous, two-color imaging of BDNF-RFP and KIF1A-GFP. Lines
with positive slopes indicate anterograde transport events; lines with negative slopes indicate retrograde transport events. Co-transport events are distinguished with solid
green (anterograde) and red (retrograde) lines; dashed lines are single transport events. (D) Quantification of co-transport events was tallied by identifying lines of similar
position, slope, and length on kymographs generated from two-color movies of DCV markers and KIF1A.

structures; thus, although we find overlapping staining, the results
are inconclusive.

To determine if KIF1A has a functional role in axonal trans-
port of DCVs, the transport of BDNF-RFP or another marker of
DCVs, neuropeptide Y (NPY-mCherry) [21], was imaged in rat
neurons co-expressing shRNA against KIF1A. In knockdown cells,
KIF1A protein levels were reduced by 70+ 3%, as assessed by
immunoblotting (Fig. 2). Similar to BDNF and ChrA, NPY and
BDNF are co-packaged in DCVs [21,33], and demonstrated similar
transport dynamics. Thus, the transport data for these mark-
ers are pooled in Table 1. Cells in which KIF1A was reduced
had significantly fewer DCV transport events (Table 1). Aver-
age DCV flux in KIF1A knockdown cells was significantly less
(0.83+0.23min"!; p<0.01) than in cells expressing either empty
vector or mouse KIF1A shRNA controls, where average DCV

flux was 4.10+0.58 min~! and 3.26+0.31min"!, respectively
(Table 1). Average anterograde DCV velocities in knockdown
cells were not significantly different compared to control cells
(1.25+0.07 pm/s and 1.43 +0.09 wm/s, respectively; Table 1). A
small reduction in retrograde DCV velocity was observed in KIF1A
shRNA cells relative to controls (1.30£0.06 and 1.53 +0.09 pm,
respectively, p <0.05), however this velocity is still within the typ-
ical range of retrograde axonal transport velocities [37,4,21,13].
While there was no difference in retrograde run lengths between
controls and KIF1A shRNA-expressing cells, a significant differ-
ence was observed in anterograde run length (7.12+0.52 pm
and 4.97 £0.63 wm, respectively, p<0.05; Table 1). Finally, we
observed a significant increase in the number of stationary
objects in KIF1A knockdown cells, as compared to controls
(Table 1).
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Fig. 2. Bidirectional transport of DCVs is significantly reduced in KIF1A knockdown neurons. (A) Fluorescence micrographs of a 9 DIV neuron expressing soluble GFP to
confirm KIF1A shRNA expression, BDNF-RFP, and a myc-tagged KIF1A rescue plasmid. Triply transfected cells were allowed to express plasmids for 48 h prior to imaging. The
axon is denoted by arrows. Inset scale bar: 50 wm (B) Example kymographs comparing transport of BDNF-RFP between control, shRNA, and KIF1A-rescue neurons (left to
right). (C) Example immunoblots performed on neuronal lysates demonstrating knockdown of KIF1A. Similar results were obtained in control conditions, with either empty
vector or shRNA against mouse KIF1A. Quantification of the knockdown of KIF1A is expressed as a ratio of KIF1A to tubulin expression. Control = 1.4 + 0.08; shRNA=0.2 +0.05

**p<0.01.

To rule out the possibility that our KIF1A knockdown results
were due to off-target effects of ShRNA expression, we assessed
the ability of an shRNA-resistant form of KIF1A (KIF1A-rescue)
to rescue DCV transport in neurons expressing KIF1A shRNA and
either BDNF-RFP or NPY-RFP. Expression of KIF1A-rescue resulted
in recovery of overall DCV flux (Fig. 2; Table 1). There was a reduc-
tion in retrograde flux compared to controls in this experiment,
however KIF1A-rescue flux values are significantly greater than
KIF1A shRNA treated cells (p <0.0001).

To further demonstrate the specificity of our shRNA, we
analyzed the movement of mitochondria, known to trafficindepen-
dently of KIF1A, in neurons expressing KIF1A shRNA. The kinesin-1
family member, KIF5B, and another kinesin-3 family member,
KIF1B, have been implicated in the transport of mitochondria [12].
We also analyzed the transport of the dendritically localized trans-
ferrin receptor (TfR), which is mediated by KIF16B or KIF5 [30,14].
The transport parameters of YFP-tagged mitochondria and GFP-TfR
were similar in empty vector control and shRNA expressing cells
(Table 1), indicating that the knockdown of KIF1A protein does not
reduce their transport. To further confirm the specificity of KIF1A
activity in DCV transport, we expressed a KIF5 dominant negative
mutant that impairs the function of all three mammalian isoforms
of KIF5 [19], and demonstrated that it had no significant effect
on DCV flux (89.14 4+ 11.03% of control), yet as expected, reduces
mitochondria transport in cultured cortical neurons (G. Rintoul,
unpublished observation).

4. Discussion

Previous studies have implicated KIF1A in the transport of DCVs
in mammalian neurons [24,3]. Here, using a combination of live-
cell imaging and RNAi technology, we have shown a direct role for
KIF1A in the microtubule-based transport of DCVs in axons of cul-
tured rat hippocampal neurons. In addition, we provide evidence
that KIF1A remains associated with DCVs during retrograde axonal
transport, demonstrating that the DCVs retain molecular machin-
ery readily competent of transport in either direction.

The proper transport of DCVs and their associated cargo is crit-
ical for normal neuronal function. In addition to the need for DCVs
and their cargo to be transported to the appropriate subcellular
sites, the time spent in transit is needed for the proteolytic cleavage
of precursor molecules into their active forms [15]. KIF1A, which
transports synaptic vesicle precursors [35], is also well suited for
the transport of DCVs. KIF1A is a highly processive, fast motor with
varied mechanisms for binding different cargos [12,18], similar
to other motors implicated in axonal transport, such as KIF5 and
dynein [18,32]. Based on data presented here and biochemical evi-
dence presented by others [24], a strong case exists for KIF1A as
the primary motor for DCV transport. We demonstrate that knock-
down of KIF1A leads to a reduction in overall vesicle flux, including
flux in the retrograde direction. This finding is consistent with data
from unc-104 mutants and supports the notion that a cooperative
motor complex is present on DCVs [4], similar to mitochondria and
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Table 1
Quantitative analysis of DCV, mitochondria, and TFR transport.
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Traffic values

% of control

All events Anterograde Retrograde All events
Flux (min1)
Control 4.10 + 0.58 211+ 035 1.99 + 0.28 100.00 + 14.19
Mouse KIF1A RNAi 3.26 + 0.31 1.56 + 0.20 1.70 £ 0.17 79.53 +£7.48
Rat KIF1A RNAi 0.83 £ 0.23" 0.46 + 0.14* 0.37 + 0.11%# 2031 + 5.66”
RNAi rescue 2.87 £ 0.22 1.67 £ 0.17 1.20 £ 0.11# 70.07 £ 5.31
Mitochondria (control) 0.23 + 0.04 0.11 + 0.02 0.12 + 0.02 100.00 + 17.38
Mitochondria (RNAi) 0.28 + 0.05 0.15 + 0.02 0.13 + 0.03 123.95 + 20.22
TFR (control) 2.23 +£ 0.50 0.98 + 0.26 1.25 £ 0.26 100.00 + 22.44
TFR (RNAI) 1.96 + 0.35 0.99 + 0.17 0.97 + 0.18 87.74 + 15.64
Velocity (pum/s)
Control 1.49 £+ 0.09 1.43 £+ 0.09 1.53 £ 0.09 100.00 + 5.83
Mouse KIF1A RNAi 1.38 +£ 0.04 1.32 +£ 0.04 1.41 + 0.05 92.96 + 2.84
Rat KIF1A RNAi 1.29 £+ 0.06 1.25 £ 0.07 1.30 + 0.06* 86.46 + 4.01
RNAi rescue 1.50 + 0.06 1.48 £+ 0.06 1.54 + 0.08 100.63 + 3.83
Mitochondria (control) 0.30 + 0.07 0.26 + 0.05 0.32 + 0.09 100.00 + 24.55
Mitochondria (RNAi) 0.26 + 0.06 0.23 + 0.04 0.28 + 0.06 88.29 + 18.56
TFR (control) 1.39 £ 0.05 1.39 £+ 0.06 137 £ 0.08 100.00 + 3.81
TFR (RNAI) 1.39 £ 0.24 1.32 £ 0.22 145 + 0.26 100.37 + 17.37
Run length (pum)
Control 6.60 + 0.47 7.12 + 0.52 6.06 + 0.47 100.00 + 7.17
Mouse KIF1A RNAi 5.77 £ 0.24 5.49 + 0.33* 5.72 + 0.28 87.45 + 3.62
Rat KIF1A RNAi 5.15 + 0.50 4.97 £+ 0.64** 5.09 + 0.47 78.06 + 7.54
RNAi rescue 5.24 + 0.52 5.75 + 0.76 473 £ 047 7937 £ 7.82
Mitochondria (control) 5.75 + 0.46 5.78 £ 0.83 5.22 + 0.59 100.00 £+ 7.95
Mitochondria (RNAi) 8.76 + 0.75 9.68 + 0.92* 7.34 + 0.87 152.36 + 13.03°
TFR (control) 443 + 035 4.34 4+ 0.44 4.48 + 0.45 100.00 + 7.97
TFR (RNAI) 3.88 + 0.51 3.80 + 0.49 3.97 + 0.52 87.74 £ 11.43
Stationary objects (100 pm™1)
Control 22.01 £ 1.74 100.00 + 7.92
Mouse KIF1A RNAi 2497 + 1.27 113.44 +£ 5.79
Rat KIF1A RNAi 33.22 +3.01° 150.90 + 13.66
RNAi rescue 23.54 £ 1.92 106.92 + 8.73

Control: n=20 kymographs (20 cells, 1979 vesicles).
Mouse KIF1A RNAi: n =44 kymographs (44 cells, 3395 vesicles).
Rat KIF1A RNAi: n=27 kymographs (27 cells, 589 vesicles).
RNAi rescue: n=19 kymographs (19 cells, 1151 vesicles).
Mitochondria (control): n=14 kymographs (14 cells, 201 organelles).
Mitochondria (RNAi): n=18 kymographs (18 cells, 300 organelles).
TFR (control): n=19 kymographs (19 cells, 741 organelles).
TFR (RNAi): n=23 kymographs (23 cells, 567 organelles).
™ p<0.0001, when compared with control (all events).
" p<0.05, when compared with control (all events).
** p<0.0001, when compared with anterograde control.
* p<0.05, when compared with anterograde control.
## p<0.0001, when compared with retrograde control.
# p<0.05, when compared with retrograde control.

melanosomes [25,10]. Notably, recent work performed in vitro and
in living cells provides a mechanistic explanation for motor coor-
dination, by demonstrating that opposite polarity motors can be
dependent on one another for activation [1,11].

Despite strong knockdown of KIF1A, modest DCV transport
persists. This may be due to incomplete knockdown of KIF1A. Alter-
natively, other KIF1 family members, such as KIF1B or its multiple
isoforms [23], or KIF1C or KIF1D, may functionally compensate for
the loss of KIF1A. Although contentious (see Park et al. [24]), KIF5B
has been proposed as a motor for BDNF-containing vesicles [7], and
may also be recruited in the absence of KIF1A.

The retrograde movement of KIF1A in the axons of hippocampal
neurons was first reported by Lee et al. [22]. This retrograde move-
ment is notable, as axonal microtubules project from the cell body
in a plus-end out orientation, suggesting that a plus-end motor like
KIF1A is incapable of actively transporting in a retrograde fash-
ion. KIF1A is also a retrograde cargo of the dynein complex [20];
however, our data represents the first evidence of bidirectional co-
transport of KIF1A with DCVs. Although we do not find complete

overlap between KIF1A and DCVs, it is known that KIF1A also trans-
ports synaptic vesicle precursors [35]. Additionally, vesicles can
be transported by as few as one or two motors [11,9]; thus, such
small amounts of KIF1A-GFP attached to a DCV would be below the
detection of standard fluorescent microscopy. Another explanation
for incomplete overlap is that the DCVs have recruited sufficient
endogenous KIF1A for efficient transport, and therefore do not asso-
ciate further with expressed KIF1A-GFP. Nonetheless, these results
indicate that in the axon, KIF1A and DCVs move in tandem in a bidi-
rectional manner. This feature of organelle transport is considered
important for obstacle avoidance [26], and to provide the cell with
areadily mobile pool of vesicles, as described for ANF in Drosophila
motor neurons [31].

Anextstepin understanding KIF1A-DCV interactions is to define
the mechanism of motor-cargo binding. KIF1A contains multi-
ple protein-protein interaction domains that facilitate differential
cargobinding[18,32,34]. Additionally, Park et al. [24] demonstrated
the formation of a complex between carboxypeptidase E and the
dynactin complex, that then likely acts as a platform for KIF1A
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binding. Yet, the exact mechanism for KIF1A binding to DCVs is
not known. Another critical element in understanding mechanisms
of DCV and axonal transport more generally is to define regulatory
mechanisms for motor-cargo binding and motor processivity. Phos-
phorylation influences not only motor activity, but is also linked to
axonal polarity and non-vesicular axonal transport, e.g., neurofil-
aments [2,6]. Importantly, aberrant phosphorylation of motor or
motor-associated proteins occurs in Huntington’s and Alzheimer’s
disease [6]. Thus, with identification of regulatory mechanisms that
control the transport of BDNF and other DCV cargos, we will gain
a better understanding of the molecular underpinnings of axonal
transport in both healthy and diseased neurons.
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