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Syntabulin–Kinesin-1 Family Member 5B-Mediated
Axonal Transport Contributes to Activity-Dependent
Presynaptic Assembly

Qian Cai, Ping-Yue Pan, and Zu-Hang Sheng
Synaptic Function Unit, The Porter Neuroscience Research Center, National Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, Maryland 20892-3701

The mechanism by which microtubule-based axonal transport regulates activity-dependent presynaptic plasticity in developing neurons
remains mostly unknown. Our previous studies established that syntabulin is an adaptor capable of conjoining the kinesin family
member 5B (KIF5B) motor and syntaxin-1. We now report that the complex of syntaxin-1–syntabulin–KIF5B mediates axonal transport
of the active zone (AZ) components essential for presynaptic assembly. Syntabulin associates with AZ precursor carriers and colocalizes
and comigrates with green fluorescent protein (GFP)-Bassoon-labeled AZ transport cargos within developing axons. Knock-down of
syntabulin or disruption of the syntaxin-1–syntabulin–KIF5B complex impairs the anterograde transport of GFP-Bassoon out of the
soma and reduces the axonal densities of synaptic vesicle (SV) clusters and FM4-64 [N-(3-triethylammoniumpropyl)-4-( p-
dibutylaminostyryl)pyridinium, dibromide] loading. Furthermore, syntabulin loss of function results in a reduction in both the ampli-
tude of postsynaptic currents and the frequency of asynchronous quantal events, and abolishes the activity-induced recruitment of new
GFP-Bassoon into the axons and subsequent coclustering with SVs. Consequently, syntabulin loss of function blocks the formation of new
presynaptic boutons during activity-dependent synaptic plasticity in developing neurons. These studies establish that a kinesin motor–
adaptor complex is critical for the anterograde axonal transport of AZ components, thus contributing to activity-dependent presynaptic
assembly during neuronal development.
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Introduction
The formation of new synapses or remodeling of existing syn-
apses requires the targeted delivery of synaptic components to the
sites of axodendritic contact, a process that begins with the trans-
port of synaptic carrier vesicles along the secretory pathway
(Horton and Ehlers, 2004). Presynaptic components, including
precursors of synaptic vesicle (SV) and active zone (AZ) com-
partments, mitochondria, and proteins essential for SV release,
are transported to the nerve terminals by kinesin motors moving
along microtubules (MT) (Bradke and Dotti, 1998; Hirokawa,

1998; Goldstein and Philp, 1999; Roos and Kelly, 2000). On ar-
rival at the terminal, cargo-loaded transport vesicles undergo fu-
sion with the plasma membrane to assemble AZs and reconstitute
SVs (Ahmari et al., 2000; Sampo et al., 2003; Shapira et al., 2003).

Activity-dependent neuronal plasticity includes subcellular
target selection, synapse formation, and modulation of neuronal
circuits (Katz and Crowley, 2002; Hua and Smith, 2004). Long-
term synaptic plasticity represents both functional and morpho-
logical changes of synapses with contributions from both presyn-
aptic and postsynaptic mechanisms, particularly during neuronal
development (Bailey and Kandel, 1993; Collingridge and Bliss,
1995; Nicoll and Malenka, 1995; Sanes and Lichtman, 1999; Han-
sel et al., 2001). Remodeling of preexisting synapses and the for-
mation of new synapses might play an important role in the var-
ious forms of synaptic plasticity of complex neuronal networks
(Antonova et al., 2001; Kim et al., 2003; Udo et al., 2005; Wang et
al., 2005). Reorganization of the local actin network at synapses
contributes to integrating molecular and morphological changes
associated with activity-dependent synaptic plasticity (Colicos et
al., 2001; Zhang and Benson, 2001; Huntley et al., 2002; Okamoto
et al., 2004; Shen et al., 2006; Yao et al., 2006). However, whether
and how the MT-based axonal transport of AZ precursors con-
tributes to the activity-induced formation of new synapses in
developing neurons remains mostly unknown.
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Syntabulin is a syntaxin-binding and kinesin-1 family mem-
ber 5B (KIF5B) motor adaptor protein that mediates anterograde
transport of syntaxin-1 to neuronal processes (Su et al., 2004;
Zhai and Bellen, 2004). Here, we report that the syntabulin–
KIF5B transport complex plays a critical role in axonal delivery of
the AZ components essential for presynaptic assembly during
long-term synaptic plasticity induced by repetitive-spaced stim-
ulation. Using time-lapse imaging in live hippocampal neurons,
we demonstrate that syntabulin colocalizes and comigrates with
green fluorescent protein (GFP)-Bassoon-labeled AZ precursor
vesicles along axonal processes. The knockdown of syntabulin or
interference of its interactions with either KIF5B or syntaxin-1 in
developing neurons results in the deficient trafficking of the AZ
components to nerve terminals, reduces the density of release
sites, and impairs synaptic transmission. In contrast, syntabulin
loss of function does not affect the axonal delivery of the SV
proteins synaptophysin and synapsin-I. Furthermore, expression
of syntabulin dominant-negative mutants or suppression of synt-
abulin expression in neurons inhibits the activity-induced re-
cruitment of GFP-Bassoon at release sites and subsequent forma-
tion of new presynaptic boutons. Our findings suggest a
mechanism through which long-term presynaptic plasticity is
regulated by the syntabulin–KIF5B-mediated axonal transport of
the AZ components in developing neurons.

Materials and Methods
Materials and additional methods can be found in the supplemental
material (available at www.jneurosci.org).

Functional labeling of presynaptic boutons with N-(3-
triethylammoniumpropyl)-4-(p-dibutylaminostyryl)pyridinium, dibromide.

FM dye imaging was performed on hippocampal cultures 2–6 d after trans-
fection. Presynaptic terminals were loaded with 15 �M fluorescent styryl dye
N-(3-triethylammoniumpropyl)-4-( p-dibutylaminostyryl)pyridinium, di-
bromide (FM4-64) (Invitrogen, San Diego, CA) in a high K � solution,
pH 7.4, containing the following (in mM): 95 NaCl, 50 KCl, 10 glucose, 10
HEPES, 1.2 CaCl2, 1.2 MgCl2, and 0.5 kynurenic acid for 2 min at room
temperature and washed for 15 min with a calcium-free Tyrode’s solu-
tion (in mM: 145 NaCl, 3 KCl, 1.2 MgCl2, 15 glucose, and 10 HEPES, pH
7.4) to remove nonspecific membrane bound FM4-64. Depolarization-
dependent destaining was obtained by application of the high K � solu-
tion after a 15 min perfusion with calcium-free Tyrode’s solution. Nerve
terminals of the transfected neurons were identified by tracing the opti-
cally distinguishable axons expressing GFP encoded in the small interfer-
ing RNA (siRNA) construct or GFP-tagged transgenes. The imaging was
performed using a confocal microscope (LSM 510; Zeiss, Oberkochen,
Germany) with a 40� C apochromatic water immersion lens (1.2 nu-
merical aperture). Fluorescence of GFP and FM dye was excited at 488
and 543 nm, respectively. All images were collected at 1024 � 1024 pixel
resolution and 2.0 – 4.0� software zoom, using a z-series projection of
8 –11 images taken at 0.8 �m depth intervals. Those fluorescence-labeled
axonal terminals capable of dye uptake were considered functional re-
lease sites. Only the fluorescent puncta of FM4-64 with an area of at least
1.5 � 1.5 �m 2 were included in the analysis.

Image acquisition and analysis. Transfected hippocampal neurons
were imaged using a Zeiss LSM 510 oil immersion 40� objective with
sequential-acquisition setting. Images were captured using the same set-
tings below saturation at a resolution of 1024 � 1024 pixels (12 bit) for
the same exposure time. Eight to 10 sections were taken from top to
bottom of the specimen, and brightest point projections were made. The
selected images were then exported to Adobe Photoshop and/or Image-
Pro Plus analysis software (Media Cybernetics, Silver Spring, MD) or
NIH ImageJ.

For time-lapse analysis, transfected neurons were imaged with 1% of
the intensity of the argon laser to minimize bleaching and damage to
neurons; maximum pinhole opening was set; at least three sections were
taken from top to bottom of the specimen for brightest point projections
to cover most of the thickness of the processes; and 1.4 – 4.0� digital
zoom was used for better viewing. Images of 512 � 512 pixel resolution
(12 bit) were taken at �10 s intervals (4 –5 s of scanning and 5 s cycle
delay) for a total of 100 frames. The short interval was used to minimize
laser-induced damage to the neurons. All recordings started 6 min after
the coverslip was placed in the chamber.

For repetitive stimulation, the normal Tyrode’s solution was replaced
with Tyrode’s containing 50 mM KCl for 2 min, followed by 6 min recov-
ery in Tyrode’s solution, for a total of six repeats. The same fields were
imaged and quantified before and after the repetitive stimulation using
the same confocal settings.

For morphometric measurements of immunofluorescence staining,
the mean intensity of the soma in both transfected and untransfected
neurons in the same images was measured using Image-Pro Plus analysis
software. Intensity measurements were expressed in arbitrary units of
fluorescence per square area.

To quantify the number and size of puncta along a transfected axon, all
neuronal images were first imported into Image-Pro Plus analysis soft-
ware. The transfected axon in low-density culture was randomly selected,
usually at least 100 �m away from the cell body, and manually traced on
the basis of GFP fluorescence, and then the traced regions were generated
with the software. Puncta along the traced axonal processes were identi-
fied and analyzed with a threshold function of the Image-Pro by setting
the threshold intensity to include as many puncta as possible and exclude
structures other than puncta as background. Finally, the data were auto-
matically scored and obtained by the software based on the fluorescence
intensity profile. The axon of transfected neurons was identified based on
the morphology and by immunostaining for the dendritic marker
microtubule-associated protein 2 (MAP2), and at least �1500 �m total
axon length per condition was pooled together for quantification. Trans-
fected neurons were randomly chosen from more than six chambers of
Lab-Tek in at least three independent experiments for each DNA con-
struct. The number of neurons and the length of axons used for quanti-

Figure 1. Syntabulin and KIF5B associate with immunoisolated AZ precursors containing
Bassoon and syntaxin-1. A, B, Bassoon- or syntabulin-associated membranous organelles were
immunoisolated from light membrane fractions of fetal rat brain with Dyna magnetic beads
coated with either anti-Bassoon (A) or anti-syntabulin (B) antibody, or normal IgG as controls.
The bead-bound membranous organelles were solubilized and resolved by 3– 8% Tris-acetate
PAGE (top three panels) or 4 –12% Bis-Tris PAGE (other panels) and sequentially detected by
Western blot with antibodies as indicated in the same membranes after stripping between each
application of antibody. Relative purity of the isolated Bassoon- or syntabulin-associated mem-
branous vesicles was assessed by immunoblotting the AZ components (Bassoon, Piccolo,
N-cadherin, syntaxin-1, SNAP-25, KIF5B, or �-catenin) and the markers for other membranous
organelles including EEA1 (endosomes), p115 (Golgi), and synaptophysin (SVs).
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fication are indicated in the text and figure leg-
ends. Measured data were then exported to
Excel software for analysis. All statistical analy-
ses were performed using the Student’s t test,
and all measurements are presented as mean �
SEM.

Electrophysiology. Dual patch-clamp record-
ings were performed with whole-cell configura-
tion at room temperature. Neurons were
clamped at �70 mV and membrane currents
were digitized by Digidata 1322A and acquired
using a MultiClamp 700B amplifier driven by
pCLAMP 9.2 software (Molecular Devices, Palo
Alto, CA). Data were analyzed with Clampfit
9.2 (Molecular Devices). Extracellular record-
ing solution contained the following (in mM):
145 NaCl, 3 KCl, 10 HEPES, 3 CaCl2, 8 glucose,
and 2 MgCl2, pH 7.3, and 300 mOsm. External
CaCl2 concentration was adjusted to 2 mM for
paired-pulse test to increase sensitivity of the
fusion machinery. Patch pipettes (Sutter In-
struments, Novato, CA) with resistance of 4 – 8
M� were first tip-filled and then backfilled with
internal solution containing the following (in
mM): 146.5 K-gluconate, 7.5 KCl, 9 NaCl, 1
MgCl2, 10 HEPES, and 0.2 EGTA and 2 Na2-
ATP, pH 7.2 and 300 mOsm. Transfected pre-
synaptic neurons [marked by an enhanced GFP
(EGFP) fluorescence] forming synapses with
the untransfected neurons were selected for re-
cordings. Signals were filtered at 10 kHz, and
only recordings with access resistance �20 M�
and leak current �100 pA were included in
analysis. During recording of postsynaptic cur-
rents (PSCs), a hyperpolarization (from �70 to
�75 mV; 40 ms) was injected at the end of each trial of stimulation to
monitor the steady state of input resistance. To record asynchronous
release, CaCl2 was substituted with the same concentration of SrCl2 in the
extracellular solution, and data were analyzed with Mini Analysis pro-
gram, version 6.0.3 (Synaptosoft, Decatur, GA). A brief depolarization
(from �70 to �30 mV for 2 ms) was given to the transfected presynaptic
neuron at the frequency of 0.05 Hz. Small synaptic currents after the
major initial postsynaptic current were collected within 200 ms to calcu-
late the frequency and amplitude of asynchronous events. The data col-
lecting criteria were the same as PSC recordings described above.

Results
Syntabulin associates with motile AZ cargos along developing
axonal processes
Our previous studies suggested that syntabulin acts as an adaptor
capable of conjoining syntaxin-1 and the KIF5B motor, thereby
mediating the trafficking of syntaxin-1 cargos to neuronal pro-
cesses (Su et al., 2004). To determine whether syntabulin and
KIF5B also associate with AZ components comprising a subset of
syntaxin-1 carrier packets, we performed immunoisolation from
light membrane fractions of fetal rat brain using magnetic beads
coated with the antibody against Bassoon or syntabulin. The
purified membranous vesicles were evaluated by Western
blot. Syntabulin and KIF5B were copurified with the AZ pre-
cursors containing Bassoon, Piccolo, N-cadherin, soluble
N-ethylmaleimide-sensitive factor attachment protein 25
(SNAP-25), and syntaxin-1 (Fig. 1A). Furthermore, using beads
coated with syntabulin antibody, we coisolated Bassoon,
N-cadherin, �-catenin, SNAP-25, syntaxin-1, and KIF5B from
the syntabulin-containing membranous vesicles (Fig. 1B). None
of these proteins was isolated with beads coated with IgG control.
The relative purity of the AZ cargos was confirmed by absence of

the markers for other membranous organelles including early
endosomal antigen 1 (EEA1) (endosomes), p115 (Golgi), and
synaptophysin (SVs). Thus, immunoisolation with antibody
against Bassoon or syntabulin consistently showed that both
syntabulin and KIF5B physically attach to AZ precursor vesicles.

Bassoon is synthesized and packaged into the AZ precursor
cargos in the soma and temporally transported within the axons
of developing neurons as early as day 4 in vitro (DIV4), and by
DIV10, large synaptic clusters are observed along dendritic pro-
files (Zhai et al., 2001; Shapira et al., 2003; Dresbach et al., 2006).
We examined intracellular distribution and colocalization of
syntabulin with Bassoon in hippocampal neurons at DIV7. En-
dogenous syntabulin appeared as vesicular structures, was widely
distributed in both the soma and along the developing neuronal
processes, and was relatively enriched in MAP2-negative axons
(Fig. 2A,B). Because a large proportion of Bassoon within the
axons at DIV7 is not colocalized with SV markers (Zhai et al.,
2001; Shapira et al., 2003), the colocalized puncta of syntabulin
with Bassoon along the axons at DIV6 (Fig. 2C) likely represent
axonal trafficking packets of AZ precursors. To address whether
the colocalization of syntabulin with AZ precursor vesicles is
temporally regulated in developing neurons, we further coimmu-
nostained cultured neurons between DIV4 and DIV11 with an-
tibodies against syntabulin, synaptophysin, and Piccolo (a
marker of AZ precursor carrier). We found that the percentage of
Piccolo puncta that colocalized with syntabulin dramatically de-
creased during the course of neuronal maturation: 71.3 � 1.8%
(DIV4), 55.4 � 4.2% (DIV6), 41.9 � 1.5% (DIV8), and 12.7 �
1.4% (DIV11). In contrast, the percentage of Piccolo puncta that
colocalized with synaptophysin steadily increased as follows:
14.6 � 1.8% (DIV4), 35.7 � 4% (DIV6), 54.6 � 2.7% (DIV8),

Figure 2. Syntabulin and Bassoon colocalize and comigrate as vesicular structures along developing axonal processes. A, B,
Intracellular distribution of syntabulin in cultured developing hippocampal neurons at DIV7. Low-density neurons were coimmu-
nostained with antibodies against syntabulin (green) and MAP2 (red), and the two-color image is shown in merged differential
interference contrast (A). B, Close-up view of the boxed region in A. C, The partial colocalization of syntabulin (green) and Bassoon
(red) along developing axon at DIV6. The arrows indicate colocalized puncta of both proteins, whereas the arrowheads point to
Bassoon-unlabeled syntabulin structures. D, Syntabulin colocalizes with motile Bassoon along the axonal processes. Hippocampal
neurons at DIV7 were cotransfected with GFP-Bassoon and mRFP-syntabulin followed by time-lapse imaging 18 h after transfec-
tion for the selected axonal process (D, white box). The arrows indicate GFP-Bassoon-labeled puncta, which comigrate antero-
gradely with mRFP-syntabulin to the distal end of the axon at an average velocity between 0.1 and 0.3 �m/s. Relative stationary
vesicles are marked as asterisks (*). Scale bars, 10 �m.
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and 60.8 � 7.8% (DIV11) (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material). These temporal
and spatial patterns of colocalization are
consistent with previous reports that AZ
precursors finally target to and cluster at
synapses of mature neurons (Zhai et al.,
2001; Shapira et al., 2003).

To determine whether syntabulin at-
taches to motile AZ precursor vesicles, we
conducted time-lapse imaging in live
developing neurons coexpressing mono-
meric red fluorescent protein (mRFP)-
syntabulin and EGFP-Bassoon. EGFP-
Bassoon is a widely used marker for
monitoring AZ precursors, because the la-
beled vesicles displayed high motility typ-
ical of transport vesicles, colocalized with
endogenous Bassoon, and were effectively
recruited to synapses (Dresbach et al.,
2003, 2006). Our study showed that
EGFP-Bassoon-labeled AZ cargos colocal-
ize with mRFP-syntabulin (Fig. 2D), and
that some of the colabeled puncta move
anterogradely along axons. Consistent
with our biochemical findings that synt-
abulin and KIF5B physically attach to AZ
cargos (Fig. 1), live-cell imaging further
suggests that syntabulin colocalizes and
comigrates with motile AZ cargos along
developing axonal processes.

Syntabulin is essential for the axonal
transport of the AZ components
To address whether syntabulin is involved
in the axonal transport of AZ components,
we suppressed syntabulin expression with
a small interfering siRNA (STB-siRNA),
which was rigorously and extensively
tested for its specificity and efficiency in
our previous study (Su et al., 2004). A
scrambled siRNA (con-siRNA) that was
not homologous to any sequence in the
GenBank was used as the control. To res-
cue the RNA interference (RNAi) pheno-
type, we constructed a syntabulin mutant
(STB*) by altering the nucleotide sequence
targeted by STB-siRNA without changing
the amino acid sequence of syntabulin. Ex-
pression of STB* but not wild-type synt-
abulin was resistant to RNAi in both COS
cells (Fig. 3A) and hippocampal neurons
(data not shown). Neurons at DIV3 were
transfected with STB-siRNA, or rescued by
cotransfection with STB*, followed by im-
munostaining for Bassoon and MAP2. Af-
ter the depletion of syntabulin, Bassoon
puncta accumulated in the perinuclear re-
gion of the cell body, representing a 40%
increase in the relative immunofluores-
cence intensity (146.8 � 11.3%; n 	 15)
compared with that of neurons transfected
with con-siRNA (105.1 � 4.9%; n 	 15;

Figure 3. Knockdown of syntabulin or expression of its dominant-negative transgenes reduces the density of Bassoon clusters
within axons. A, Syntabulin knockdown is rescued by the RNAi-resistant mutant of syntabulin (STB*). COS7 cells were cotrans-
fected with siRNA constructs with cDNAs expressing His-STB or His-STB*. The expression of syntabulin was determined by immu-
noblotting of cell lysates prepared 4 d after transfection. To monitor transfection efficiency and equal protein loading (15 �g), GFP
and �-tubulin were immunoblotted after stripping the same blot. B, Representative axonal images of hippocampal neurons
transfected at DIV3 with con-siRNA or STB-siRNA, or cotransfected with siRNA constructs and HA-STB*, followed by immunostain-
ing for Bassoon and MAP2. A cGFP was encoded in the siRNA vector to visualize the morphology of transfected neurons. MAP2-
negative axonal segments are shown in grayscale for individual channels and in color for merged channels. The corresponding
profiles reflect the relative distribution (density) of Bassoon clusters (red) along GFP-filled axonal processes. C, Relative density of
Bassoon puncta per 10 �m axonal length. Total axon length measured was 3541.82 �m (con-siRNA), 4007.47 �m (STB-siRNA),
5994.11 �m (con-siRNA and HA-STB*), and 4384.79 �m (STB-siRNA and HA-STB*). D–G, Hippocampal neurons were trans-
fected at DIV5 with GFP-KBD, GFP-SBD, or GFP alone, followed by immunostaining at DIV7 for Bassoon (red) and MAP2 (blue). D,
Representative images of the cell body for each transfection condition. The arrows point to Bassoon accumulated within the
somata of transfected neurons. E, The relative mean intensity of Bassoon in the somata, normalized by that of untransfected cells
in the same image. F, Representative MAP2-negative axonal images shown in grayscale for individual channels and in color for
merged channels. G, Reduced density of Bassoon puncta within the axons of developing neurons expressing either GFP-KBD or
GFP-SBD. Total axon length measured was 4037.98 �m (GFP-KBD), 4323.81 �m (GFP-SBD), or 4169.57 �m (GFP). The data were
collected from 15 neurons cultured on three different coverslips for each construct. Error bars indicate SEM (**p � 0.001). Scale
bars, 10 �m.
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p � 0.01) (data not shown). Consistently,
the RNAi reduced the number of Bassoon
clusters per 10 �m of axon length by 36%
(3.55 � 0.35 for STB-siRNA relative to
5.50 � 0.40 for con-siRNA; n 	 15; p �
0.001) (Fig. 3B,C). In addition, coexpres-
sion of the siRNA-resistant mutant STB*
rescued the phenotype, further indicating
that syntabulin is essential for transport of
the AZ components from the soma into
axons.

To address whether syntabulin acts as
an adaptor connecting the motor protein
KIF5B with the presynaptic cargos, we
took an alternative approach by interrupt-
ing the interactions of syntabulin with ei-
ther KIF5B or syntaxin-1 via expression of
syntabulin dominant-negative binding
domain transgenes. These transgenes were
derived from the syntaxin-binding do-
main (SBD) (310 – 417) and the KIF5B-
binding domain (KBD) (81–230) of synt-
abulin and significantly inhibit the
syntabulin-mediated trafficking in neu-
rons (Su et al., 2004; Cai et al., 2005). The
dominant-negative effect likely results
from the competition between endoge-
nous syntabulin and the exogenously ex-
pressed binding domains for accessing the
syntaxin-containing cargos or the KIF5B
motor. To evaluate the potential role of
these interactions in axonal transport of
the AZ components, neurons were trans-
fected at DIV5 with the dominant-
negative transgenes, followed by coimmu-
nostaining for Bassoon and MAP2 48 h
after transfection. Expression of EGFP-
KBD or EGFP-SBD increased the mean in-
tensity of Bassoon staining in the perinu-
clear region of the soma by 64 and 69%
(160.25 � 7.30% for EGFP-KBD;
164.90 � 12.50% for EGFP-SBD) and sig-
nificantly reduced the density of Bassoon
puncta along axons by 35 and 52% (3.39 �
0.28 for EGFP-KBD; 2.50 � 0.16 for
EGFP-SBD), relative to neurons express-
ing EGFP control (96.99 � 4.85% for
soma and 5.21 � 0.26 for axons) (Fig.
3D–G).

To examine the trafficking of AZ pre-
cursor vesicles after the interruption of the
syntabulin–KIF5B complex, we moni-
tored the movement of GFP-Bassoon-
labeled AZ cargos by time-lapse imaging in
living hippocampal neurons. Despite the
tendency to reverse their direction, most
AZ precursor vesicles in control neurons
transfected with mRFP vector exhibited
highly dynamic anterograde movement out of the soma and
along the axonal process (supplemental Movie 1, available at ww-
w.jneurosci.org as supplemental material). In contrast, expression
of mRFP-KBD resulted in a marked reduction of anterograde, but
not retrograde, trafficking of the AZ precursor vesicles by �50% and

consequently decreased their distribution in axons and accumula-
tion in the somata (supplemental Movie 2 and Fig. 2, available at
www.jneurosci.org as supplemental material). The results from live-
cell imaging are consistent with the redistribution of endogenous
Bassoon either under depletion of syntabulin (Fig. 3A–C) or after

Figure 4. Syntabulin loss of function reduces the density of SV clusters within axons. A, Hippocampal neurons (DIV5) were
transfected with either con-siRNA or STB-siRNA alone, or cotransfected with HA-STB*, followed by immunostaining for synapto-
physin (physin; red) and MAP2 (blue) or HA-STB (data not shown) 4 d after transfection. The corresponding profiles within the
MAP2-negative axonal segments show that STB-siRNA reduced the relative size and density of SV clusters and coexpression with
HA-STB* rescued the phenotype. B, Representative axonal images of hippocampal neurons transfected at DIV7 with GFP, GFP-
KBD, or GFP-SBD, followed by immunostaining at DIV9 for synaptophysin (red) and MAP2 (blue). Note that expression of the
binding domain transgenes decreased both the size and density of SV clusters (red). C, D, The relative density of SV clusters within
the axons expressing siRNA (C) or dominant-negative binding domain transgenes (D). Histograms represent the number of
synaptophysin-labeled puncta per 10 �m axon length, and p values are calculated relative to that of neurons transfected with
con-siRNA or con-siRNA/STB* (C) or GFP (D), respectively. The data were pooled from 13 neurons cultured on three separate
coverslips. Total axon length measured was 1770.51 �m (con-siRNA), 1509.55 �m (STB-siRNA), 3392.95 �m (con-siRNA/STB*),
3317.92 �m (STB-siRNA/STB*), 1498.03 �m (GFP), 1809.38 �m (GFP-KBD), or 2803.15 �m (GFP-SBD). Error bars indicate SEM
(**p � 0.001, Student’s t test). Scale bars, 10 �m.
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disruption of the syntaxin–syntabulin–KIF5B complex (Fig. 3D–G),
and further support that syntabulin is required for anterograde ax-
onal transport of the AZ precursors via proper interactions with both
the cargo receptor syntaxin-1 and the motor KIF5B.

In addition to the well characterized AZ precursor vesicles,
two types of pleiomorphic organelles have been described as SV
precursors, one carrying synapsin-I, VAMP2 (vesicle-associated
membrane protein 2), voltage-dependent Ca 2� channels, SV2,
and amphiphysin (Ahmari et al., 2000), and the other transport-
ing synaptophysin (Nakata et al., 1998). To address whether synt-
abulin loss of function has a selective effect on the trafficking of
AZ precursor vesicles rather than causing a traffic jam or general
transport defect in axons, we examined the intracellular distribu-

tion of synapsin-I and synaptophysin. In
contrast to the redistribution observed for
Bassoon (Fig. 3), neither synapsin-I nor
synaptophysin accumulated within the cell
body after syntabulin depletion with RNAi
or after expression of the syntabulin
dominant-negative mutants (supplemen-
tal Figs. 3, 4, available at www.
jneurosci.org as supplemental material).
In addition, our time-lapse imaging study
further demonstrates that the axonal traf-
ficking of synaptophysin-labeled synaptic
vesicle precursors is not affected after ex-
pressing the syntabulin dominant-
negative transgene in hippocampal neu-
rons at DIV6 (supplemental Movies 3 and
4, available at www.jneurosci.org as supple-
mental material). Together with the immu-
noisolation findings that syntabulin was not
copurified with SV proteins (Fig. 1), our
studies further suggest that the syntabulin–
KIF5B complex is highly selective in mediat-
ing the axonal transport of AZ precursors,
probably via the specific interaction with the
cargo receptor syntaxin-1.

The syntaxin–syntabulin–KIF5B
transport complex is essential for the
assembly of functional synapses
The AZ components, including
N-cadherin, �-catenin, Munc13, RIM
(Rab3a-interacting molecule), CAST
(CAZ-associated structural protein), Bas-
soon, and Piccolo, are thought to define
molecularly and spatially organized sites
for neurotransmitter release (Zhen and
Jin, 2004; Ziv and Garner, 2004). Bassoon
is among the earliest proteins to arrive at
nascent synapses in cultured neurons and
may subsequently trigger the assembly of
scaffolding and regulatory proteins tar-
geted to AZs. Synaptic transmission is re-
duced in mice deficient for Bassoon, which
can be attributed to fewer active glutama-
tergic synapses (Altrock et al., 2003). Fur-
thermore, loss of Bassoon in retinal pho-
toreceptor synapses results in the inability
of the ribbons to anchor at the presynaptic
membrane (Dick et al., 2003; tom Dieck et
al., 2005). Having established the role of

syntabulin in the axonal transport of AZ components, we next
performed three lines of experiments to assess the physiological
relevance of syntabulin in the assembly and maintenance of func-
tional synapses.

First, we evaluated the impact of syntabulin loss of function on
the presynaptic density in cultured hippocampal neurons at
DIV9 –DIV10. Synaptophysin is one of the first proteins found
clustered at developing CNS synapses and has been used exten-
sively at the light microscope level to detect synapses (Bozdagi et
al., 2000; Antonova et al., 2001; Bamji et al., 2003; Kim et al., 2003;
Wang et al., 2005). The axonal density of synaptophysin puncta
was reduced by 43% in neurons expressing STB-siRNA (2.33 �
0.33 per 10 �m axonal length) and by 50% in neurons expressing

Figure 5. Syntabulin loss of function impairs the assembly of functional presynaptic boutons. A, Representative presynaptic
terminals loaded with FM4-64 were unloaded in the presence of 50 mM KCl for 2 min. The subtracted image, the FM4-64-labeled
puncta subtracted by the signal left after unloading, represents an activity-dependent uptake of FM dye at presynaptic boutons.
B, Reduced FM4-64 uptake in neurons after syntabulin loss of function. Axon terminals at DIV9 –DIV11 were loaded with FM4-64
(red) 4 – 6 d after transfection with con-siRNA or STB-siRNA (green), or 2 d after transfection with GFP, or GFP-KBD (green). C,
Quantitative measurement of FM4-64 puncta. The fluorescent images were collected from 17–18 neurons from three separate
coverslips for each DNA construct. Total axon length measured was 3379.85 �m (con-siRNA), 3350.12 �m (STB-siRNA), 3444.71
�m (GFP), 3679.06 �m (GFP-KBD), or 3946.01 �m (GFP-SBD). Error bars indicate SEM (**p � 0.001, relative to control siRNA or
GFP by Student’s t test, respectively). Scale bars, 10 �m.
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GFP-KBD (2.58 � 0.29) or GFP-SBD
(2.55 � 0.33), relative to neurons express-
ing con-siRNA (4.06 � 0.4) or GFP
(5.15 � 0.61), respectively (Fig. 4). In ad-
dition, the normalized size of the punctual
synaptophysin clusters in axons express-
ing STB-siRNA (n 	 97; p � 0.05) was
40% smaller than those in axons trans-
fected with con-siRNA (n 	 114). Consis-
tently, expression of the dominant-
negative binding-domain transgenes
reduced the size of punctual synaptophy-
sin clusters by 50% (GFP-KBD; n 	 54;
p � 0.05) and 59% (GFP-SBD; n 	 51; p �
0.01) relative to clusters in neurons ex-
pressing GFP (n 	 110). Thus, our results
indicate that the proper expression of
syntabulin and its interactions with KIF5B
and syntaxin-1 are not only required for
the axonal transport of AZ components,
but also crucial for clustering SVs at nas-
cent presynaptic terminals. This effect is
possibly attributable to impaired transport
of N-cadherin and �-catenin carried by
the AZ precursor vesicles (Fig. 1), because
both proteins play a critical role in the ac-
cumulation of SVs at release sites in devel-
oping neurons (Togashi et al., 2002;
Bozdagi et al., 2004). This assumption is
supported by a recent report that
synaptophysin-GFP-labeled SVs were dif-
fusely localized along the axon of cultured
neurons lacking cadherin– catenin com-
plex, and that the number of SV in syn-
apses was reduced in the �-catenin condi-
tional knock-out mice (Bamji et al., 2003).

Second, we evaluated the effect of synt-
abulin on the assembly of functional re-
lease sites by examining styryl dye FM4-
64-labeled SVs. FM dye at presynaptic
boutons was taken up in an activity-dependent manner, because
the majority of FM4-64-labeled presynaptic terminals at DIV9 –
DIV11 could be unloaded with 50 mM KCl solution (Fig. 5A).
However, the FM dye uptake was significantly suppressed by in-
terference with syntabulin function or depletion of its expression.
The number of FM dye puncta along axonal processes was re-
duced by 57% in neurons expressing STB-siRNA (1.12 � 0.10 per
10 �m axonal length), and by 49 and 56% in neurons expressing
GFP-KBD (1.24 � 0.10) and GFP-SBD (1.06 � 0.06), relative to
neurons expressing con-siRNA (2.61 � 0.17) or GFP (2.42 �
0.19), respectively (Fig. 5B,C). These observations are consistent
with the reduced density and size of synaptophysin puncta along
axons (Fig. 4), and further suggest that the recruitment of release
machinery and the accumulation of the SV pool to AZs are sig-
nificantly impaired after syntabulin loss of function.

To assess the physiological relevance of these morphological
observations, we measured the amplitude of PSCs in the hip-
pocampal synapses formed between transfected presynaptic neu-
rons and untransfected postsynaptic neurons in culture. Given
that synaptic contacts between cultured neurons are highly vari-
able, a few contacts between paired neurons could be a concern
when recording detectable postsynaptic currents, especially when
neurons are grown in high density. To reduce the variability of

synaptic response, we conducted recordings in low-density hip-
pocampal cultures, where more synaptic contacts are likely
formed between paired neurons next to each other. Paired whole-
cell recordings were performed by stimulating presynaptic neu-
rons (from �70 to 30 mV; 2 ms) at DIV8, 2 d after transfection.
The expression of EGFP-KBD resulted in a marked reduction in
the amplitude of PSCs (107.9 � 19.7 pA; p � 0.05, grouped
Student’s t test) compared with the neurons expressing EGFP
(210.7 � 43.1 pA) or untransfected controls (224.4 � 54.3 pA)
(Fig. 6A). In addition, for the neurons expressing EGFP-KBD,
the frequency distribution of PSC amplitude exhibited a leftward
shift relative to that expressing EGFP or untransfected controls
(Fig. 6B). The decrease in basal transmission could be attribut-
able to both changes in the number of release sites (N) and the
release probability (Pr). We then applied paired-pulse stimula-
tion at different frequencies to examine whether expression of
EGFP-KBD affects release probability. Remarkable paired-pulse
facilitation was found in the neurons expressing EGFP-KBD at 50
Hz stimulation (1.54 � 0.12), and the differences relative to
EGFP transfected and untransfected neurons were even more
significant ( p � 0.01) at 100 Hz stimulation (Fig. 6C), suggesting
a decreased initial release probability after KBD expression.
Given that only presynaptically transfected neurons were selected

Figure 6. Syntabulin loss of function impairs synaptic transmission. A, Bar graph of averaged amplitudes of PSCs recorded from
coupled neurons (DIV8) untransfected (open bar; n 	 17), or transfected in presynaptic neurons with either EGFP control (gray
bar; n 	 16) or EGFP-KBD (black bar; n 	 14; p 	 0.041, grouped Student’s t test). Inset, Representative PSCs. B, Frequency
distribution of the PSC amplitudes in neurons untransfected, or transfected with either EGFP-KBD or EGFP. Note that presynaptic
expression of GFP-KBD caused a left shift of PSC amplitude distribution relative to the patterns observed in the controls. C,
Paired-pulse ratio plotted against different frequencies. The neurons expressing EGFP-KBD exhibit an increased paired-pulse ratio
under 50 Hz (1.54 � 0.12; n 	 12; p � 0.05) and 100 Hz (1.58 � 0.21; p � 0.01), relative to the neurons expressing GFP (1.12 �
0.13 for 50 Hz; 0.83 � 0.16 for 100 Hz; n 	 14) or untransfected cells (1.11 � 012 for 50 Hz; 0.80 � 0.13 for 100 Hz; n 	 14;
grouped Student’s t test). D, Representative traces of asynchronous events recorded in the presence of the Sr 2�-containing
extracellular solution from neurons (DIV12) transfected with either STB-siRNA or con-siRNA. Inset, Mean amplitude of the Sr 2�-
induced initial synaptic response. E, Curves of cumulative interevent interval and bar graph of interevent interval (inset) compared
between both STB-siRNA (n 	 7) and con-siRNA (n 	 6) transfected neurons recorded in the presence of the Sr 2�-containing
extracellular solution. Note that suppression of syntabulin in presynaptic neurons resulted in a significant reduction in both the
mean amplitude of the Sr 2�-induced initial synapse response ( p 	 0.03) and the frequency of subsequent asynchronous events
( p 	 0.039). Calibration: A, D, 50 pA, 50 ms. Bar graphs are expressed as mean � SEM.
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for dual whole-cell recordings, the observed defects in synaptic
transmission reflect a specific effect of syntabulin loss of function
on the assembly of release sites and fusion machinery, which is
consistent with our morphological observations of the reduced
densities and sizes of synaptophysin puncta and activity-
dependent FM4-64 loading in the neurons with syntabulin loss of
function.

Furthermore, we sought to examine the frequency of quantal
events from the neurons transfected with STB-siRNA. Given that
not all of the presynaptic terminals on recorded postsynaptic
neurons can be successfully transfected, the frequency of minia-
ture postsynaptic currents may not accurately reflect the number
of release sites from transfected presynaptic neurons. Alterna-
tively, we measured evoked asynchronous release by substitution
of extracellular Ca 2� with strontium (Sr 2�), a manipulation that
increases delayed asynchronous release after a major peak current
while decreasing synchronous release. Analysis of Sr 2�-induced
asynchronous events, which mimics the miniature postsynaptic
responses, has been widely used as an approach to examine pre-
synaptic quantal events (Choi and Lovinger, 1997; Oliet et al.,
1997; Caillard et al., 1999; Xu-Friedman and Regehr, 2000; Ha-
gler and Goda, 2001). Dual whole-cell recordings were per-
formed on neurons (DIV12) 6 d after transfection with siRNAs,
allowing us to selectively measure the frequency of asynchronous
release from a single transfected presynaptic neuron. In parallel
with the reduction of PSC amplitude after expression of EGFP-
KBD (Fig. 6A), we observed a significant decrease in the Sr 2�-
induced and evoked initial synaptic response in the STB-siRNA
transfected neurons (52.64 � 16.65 pA) relative to the con-
siRNA transfected neurons (119.68 � 18.01 pA) (Fig. 6D, inset).
However, no difference was found in the mean amplitude of the
Sr 2�-induced subsequent asynchronous quantal events after the
initial response (data not shown). Consistent with the reduced
density of FM4-64 puncta when syntabulin function was dis-
rupted (Fig. 5), the frequency of the Sr 2�-induced asynchronous
events was significantly reduced in the presynaptic neurons ex-
pressing STB-siRNA (43.9 � 10.1 ms) compared with those ex-
pressing con-siRNA (19.3 � 3.2 ms; p � 0.05) (Fig. 6E, inset).
Reduced frequency of quantal events is further reflected by a
rightward shift of the cumulative interevent interval distribution
(Fig. 6E) and could be attributed to a reduced density of the
release sites or impaired presynaptic function after the depletion
of syntabulin. Together, the electrophysiological data reinforce
our conclusion that the syntabulin–KIF5B complex is important
in maintaining the proper density and activity of presynaptic
terminals.

The syntabulin–KIF5B complex contributes to
presynaptic plasticity
To address whether the defective axonal transport of Bassoon
after depletion of syntabulin affects the subsequent recruitment
and incorporation of AZ components and SVs at nascent syn-
apses, we applied repetitive-spaced stimulation in developing
hippocampal neurons, a protocol widely used to induce long-
term synaptic plasticity by activation/enhancement of preexist-
ing synapses or formation of new presynaptic boutons (Wu et al.,
2001; Li et al., 2004; Yao et al., 2006). We examined the coclus-
tering of GFP-Bassoon and synaptophysin-mRFP in the neurons
expressing wild-type syntabulin or its dominant-negative mutant
KBD. Images from the same fields before and after the repetitive
stimulation (Fig. 7A) were compared with each other to identify
activity-induced recruitment of new GFP-Bassoon into the axons
and subsequent coclustering with SVs. Although the stimulation

efficiently induced such new incorporation in control neurons
(Fig. 7B), there was a robust increase in the neurons overexpress-
ing syntabulin (Fig. 7D). In contrast, disruption of the syntabu-
lin–KIF5B interaction with KBD almost abolished the new co-
clustering (Fig. 7C). Thus, our study provides evidence that
efficient axonal transport of the AZ precursor cargos is essential

Figure 7. Syntabulin-mediated trafficking contributes to the incorporation of GFP-Bassoon
with synaptophysin-mRFP. A, Experimental protocol for spaced repetitive high K � stimulation.
Each stimulation step includes 2 min incubation with 50 mM KCl and 6 min recovery with normal
Tyrode’s solution for a total of six repeats followed by 4 h incubation at 37°C. Image was
acquired (arrows 1 and 2). B–D, Cultured neurons (DIV8) were cotransfected with GFP-Bassoon
and synaptophysin-mRFP (B), or triply transfected together with KBD (C) or wild-type syntabu-
lin (STB) (D). Two or 3 d after transfection, the same fields were imaged in single and merged
color before and after the repetitive stimulation and incubation. Note the repetitive stimulation
induces a robust increase in the coclustering of GFP-Bassoon and synaptophysin-mRFP within
the axons of neurons expressing STB relative to control neurons. In contrast, expression of the
dominant-negative mutant KBD almost abolishes the activity-induced incorporation of both
proteins. Differential interference contrast image in D reflects the same field taken before and
after the stimulation. The arrows represent new coclusters after the stimulation. Scale bars, 10
�m.
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for the recruitment of the AZ components
into the axons and subsequent incorpora-
tion with SVs.

We next addressed whether the MT-
based and syntabulin–KIF5B-mediated
transport of the AZ precursor packets
plays a critical role in the formation of new
presynaptic boutons in response to neuro-
nal activity. The neurons were transfected
with synaptophysin-GFP or cotransfected
with syntabulin or its dominant-negative
mutant KBD at DIV8, followed by the re-
petitive stimulation and retrospective im-
munostaining for endogenous Bassoon at
DIV10 –DIV12. Overexpression of synt-
abulin causes a robust increase (80.5 �
9.2%) in the assembly of the new presyn-
aptic boutons in response to the repetitive
stimulation, compared with a relatively
mild increase in the control neurons
(39.5 � 7.9%) (Fig. 8). Almost all of these
newly formed SV clusters are targeted to
Bassoon-labeled AZs. In contrast, such
activity-induced presynaptic assembly was
almost abolished by the expression of synt-
abulin mutant KBD (6.07 � 5.9%). To ex-
clude a potential pleiotropical effect by ex-
pressing KBD transgene in neurons, we
alternatively suppressed syntabulin ex-
pression with siRNA. As shown in Figure
9, although the repetitive stimulation in-
duces new presynaptic boutons by 45.89 �
7.11% in the neurons transfected with
con-siRNA, knocking down syntabulin
with STB-siRNA blocks the activity-
induced formation of new presynaptic
boutons (4.71 � 3.48%). These activity-
induced new presynaptic boutons repre-
sent active release sites, because the major-
ity of them colocalize with the FM puncta
(Fig. 8A). Given that syntabulin appears as
vesicular structures not primarily localized
at presynaptic boutons, it is unlikely that
the depletion of syntabulin directly affects
the induction of activity-dependent syn-
apse formation. Together, our findings
provide new evidence for the mechanism
in long-term presynaptic plasticity: a coor-
dinated communication between neuro-
nal activity and the MT-based anterograde
axonal transport.

Discussion
In this study, we discover that syntabulin
and KIF5B comprise the transport ma-
chinery critical for axonal transport of the
AZ precursors and contribute to activity-
dependent presynaptic plasticity during
neuronal development. Our study indi-
cates that syntabulin functions as an adap-
tor by connecting AZ transport carriers via
syntaxin-1 to KIF5B motors critical for the
formation of new synapses during long-

Figure 8. Syntabulin enhances activity-dependent assembly of presynaptic boutons. A, Synaptophysin-GFP clusters represent
active presynaptic terminals. Cultured neurons (DIV8) were transfected with synaptophysin-GFP followed by activity-dependent
uptake of FM4-64 dye. Note that most of the synaptophysin-GFP clusters colocalize with FM4-64 puncta, whereas synaptophysin-
GFP-negative FM puncta may represent presynaptic boutons from neighboring untransfected cells. B–D, Activity-dependent
presynaptic assembly in neurons transfected with synaptophysin-GFP alone (B) or cotransfected with KBD (C) or STB (D). Two to
3 d after transfection, the same fields were imaged for synaptophysin-GFP clusters before and after the repetitive stimulation/
incubation, followed by retrospective immunostaining for Bassoon. Newly assembled synaptic boutons after the stimulation are
labeled by white arrows, whereas previously remaining boutons are marked by white arrowheads. The yellow arrows indicate the
synaptophysin clusters eliminated after the stimulation. E, Syntabulin is required for the activity-dependent formation of presyn-
aptic boutons. The number of activity-induced synaptophysin-GFP clusters are normalized to the number of clusters before the
stimulation in the same field (230 �m � 230 �m) [1531 (pre) vs 2075 (post) puncta from 12 imaging fields (control); 2502 (pre)
and 2574 (post) puncta from 29 imaging fields (KBD); and 2433 (pre) and 4169 (post) puncta from 27 imaging fields (STB), in at
least 3 preparations]. Error bars indicate SEM. Scale bars, 10 �m.
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term presynaptic plasticity in developing neurons. To our knowl-
edge, this study reveals for the first time an important antero-
grade transport complex capable of mediating the axonal
transport of AZ precursor vesicles, thus contributing to the
activity-induced presynaptic assembly.

Syntabulin acts as an adaptor linking AZ precursor vesicles
to KIF5B
Newly synthesized synaptic membrane proteins are sorted into
post-Golgi carriers and then transported along MTs toward the
axonal or dendritic surface (Bradke and Dotti, 1998; Burack et al.,
2000; Sampo et al., 2003). Substantial evidence suggests that AZ
precursor carriers are generated from the trans-Golgi network
(TGN) and traverse along the developing axon to nascent syn-
apses (Friedman et al., 2000; Shapira et al., 2003; Dresbach et al.,
2006). Cargo vesicles must attach to their transport motors with a
high degree of specificity to preserve cargo identity and targeted
trafficking (Goldstein and Yang, 2000; Manning and Snyder,
2000). The kinesin-3 family KIF1A and KIF1B� are candidate
motor proteins mediating axonal transport of SV precursors
(Yonekawa et al., 1998; Zhao et al., 2001). The kinesin-1 family
KIF5B motor protein transports dendritic carriers containing
GluR2/3 (glutamate receptor 2/3) of AMPA receptors through a
different set of adaptor complexes (Setou et al., 2002), supporting
the notion that the indirect motor– cargo linkage via a specific
adaptor complex may be a general mechanism for the transport
of both presynaptic and postsynaptic components in neurons.
However, molecular identities of the motor–adaptor complex
specific for the presynaptic AZ carriers remain unknown.

Our current study makes a significant advance by providing
evidence that the syntaxin–syntabulin–KIF5B complex acts as
trafficking machinery specific for the axonal transport of AZ pre-
cursor packets from the cell bodies to synapses during synapto-
genesis. Disruption of this complex impairs anterograde trans-
port of the AZ component Bassoon out of the somata,
consequently resulting in its accumulation into perinuclear clus-
ters, structures likely to be associated with the TGN (Donaldson
and Lippincott-Schwartz, 2000; Allan et al., 2002). Based on our
findings, we propose a candidate axonal transport machinery
specific for the delivery of the AZ precursors, in which syntabulin
serves as an adaptor that connects AZ precursor carriers via
syntaxin-1 to the MT-based KIF5B motor protein (Fig. 10). Our
previous studies showed that a significant portion of syntabulin
also targets to mitochondria via its C-terminal tail, suggesting a
general role for syntabulin in mediating KIF5B-driven transport
of protein cargos and organelles via its unique targeting se-
quences (Cai et al., 2005).

It was reported that, although syntaxin-1A-null mutation im-
pairs long-term potentiation (LTP) in hippocampal slices, it does
not affect the formation of synapses and basic synaptic transmis-
sion in cultured hippocampal neurons (Fujiwara et al., 2006).
Because both syntaxin-1A and -1B have similar distributions
within neurons and perform similar functions as t-SNARE (tar-
get membrane-associated soluble N-ethylmaleimide-sensitive
factor attachment protein receptor), syntaxin-1B can compen-
sate for the deletion of syntaxin-1A and is able to maintain basic
synaptic transmission in the syntaxin-1A mutant neurons. Simi-
larly, the lack of change of synapse number in the syntaxin-1A
mutant mice could also be attributed to the compensation by
syntaxin-1B, which may constitute the syntaxin-1B–syntabulin–
KIF5B complex and mediate the axonal transport of AZ precur-
sor carriers. This assumption is supported by our previous obser-
vations that depletion of syntabulin impairs the proper
distribution and trafficking of both syntaxin-1A and -1B to neu-
ronal processes and that syntabulin binds to a homologous
membrane-proximal coiled-coil domain of syntaxin-1 (Su et al.,
2004).

Our study highlights the possibility that KIF5B can mediate
axonal transport independent of kinesin-1 light chain (KLC),

Figure 9. Suppression of syntabulin abolishes the activity-induced formation of new
presynaptic boutons. Cultured neurons (DIV6) were cotransfected with synaptophysin-
mRFP and con-siRNA (A) or STB-siRNA (B). The same fields were imaged for
synaptophysin-mRFP clusters before and after the repetitive stimulation at DIV11–DIV12.
Newly assembled presynaptic boutons after the stimulation are labeled by white arrows.
The yellow arrows indicate the synaptophysin clusters eliminated after the stimulation.
For quantitative analysis, the number of new clusters of synaptophysin-mRFP at post-
stimulation images is normalized to the number of clusters before the stimulation in the
same field (230 �m � 230 �m) [835 (pre) vs 1201 (post) puncta from 17 imaging fields
(con-siRNA); 1358 (pre) vs 1411 (post) puncta from 29 imaging fields (STB-siRNA) in at
least 3 preparations]. Error bars indicate SEM. Scale bars, 10 �m.
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which is supported by several lines of
emerging evidence. First, a recent study
(Glater et al., 2006) showed that Milton
and Miro can form an essential protein
transport complex with kinesin-1 heavy
chain (KHC) for anterograde axonal
transport of mitochondria in neurons.
They further found that mitochondria are
properly distributed in the klc mutant pho-
toreceptor axons. Second, KIF5B was found
to preferentially associate with microtubules
in the initial segment of an axon, suggesting
the directional information for the KIF5
driven-polarized axonal transport (Nakata
and Hirokawa, 2003). In addition, it is the
motor adaptor GRIP1 (glutamate receptor-
interacting protein 1), but not KIF5B itself,
that determines the traffic direction of
KIF5B to dendrites (Setou et al., 2002).

Syntabulin–KIF5B-mediated
axonal trafficking contributes to
presynaptic assembly and activity-
dependent plasticity
Kinesin motor protein-driven transport of
protein packets from the TGN to nascent synapses plays a critical
role in the rapid assembly of synapses (Ahmari et al., 2000; Sytnyk
et al., 2002; Zhen and Jin, 2004; Ziv and Garner, 2004). Mutation
in Drosophila khc impairs neurotransmitter release at nerve ter-
minals (Gho et al., 1992) and results in dramatic axonal focal
swellings that are packed with axonal transport cargos including
vesicles, synaptic proteins, and mitochondria, consequently
causing marked reductions in the density of presynaptic boutons
(Hurd and Saxton, 1996). In Caenorhabditis elegans, the muta-
tions in motor UNC-116/KHC and motor adaptors UNC-16 or
UNC-14 altered the localization of cargos containing synaptic
vesicle markers (Byrd et al., 2001; Sakamoto et al., 2005). In ad-
dition, a recent genetic study in C. elegans further provides in vivo
evidence for functional dependence of AZ components in synap-
tic assembly and subsequent accumulation of SVs (Dai et al.,
2006). In vertebrates, however, kif5B knock-out mice were em-
bryonic lethal with a severe growth retardation at 9.5–11.5 days
postcoitum, which prevents additional analysis of the role for
KIF5B in neuronal development and functioning (Tanaka et al.,
1998). Our current studies demonstrate that syntabulin loss of
function in rat hippocampal neurons results in a remarkable re-
duction in both the density and size of SV clusters, a decreased
density of the active synapses labeled with FM4-64 uptake along
developing axons, and substantial impairment in neurotransmit-
ter release. Our results provide cellular and physiological evi-
dence that the syntaxin–syntabulin–KIF5B complex is candidate
anterograde transport machinery essential for the assembly of
functional synapses in developing neurons.

Long-term synaptic plasticity is represented at the cellular
level by activity-dependent modulation of both the function and
structure of synaptic connections for establishing neuronal cir-
cuitry during brain development (Katz and Shatz, 1996). The
mechanism underlying the changes in the formation of new syn-
aptic boutons is still far from understood. The long-lasting late
stage of synaptic plasticity coupled with new synapse formation
develops more slowly and requires both gene transcription and
new protein synthesis (Bailey et al., 1996; Impey et al., 1996; Qi et
al., 1996; Abel et al., 1997; Luscher et al., 2000; Kim et al., 2003;

Udo et al., 2005). The synthesis and recruitment of N-cadherin
are significantly elevated during the induction of the late phase of
LTP in hippocampal slices. Impairment of cadherin adhesion
blocks the early or late LTP (Tang et al., 1998; Bozdagi et al.,
2000). In the case of developmentally regulated synaptic plastic-
ity, it takes more than an accumulation of SVs to form a release
site, which also requires the release machinery, voltage-
dependent calcium channels, presynaptic scaffolding and adhe-
sion molecules (Ahmari et al., 2000; Togashi et al., 2002; Altrock
et al., 2003; Bamji et al., 2003; Dick et al., 2003; Ziv and Garner,
2004; Kittel et al., 2006). Thus, efficient axonal transport of these
newly synthesized key components to nascent presynaptic bou-
tons would be critical in response to neuronal activity. Our im-
munoisolation analysis shows that SV fusion machinery, presyn-
aptic scaffolding protein Bassoon, and adhesion molecules
N-cadherin and �-catenin are components of the syntabulin–
KIF5B-linked membranous organelles. These results support the
notion that this motor–adaptor complex delivers cargos carrying
the molecular elements required for the induction of activity-
dependent presynaptic plasticity. Furthermore, activity-induced
recruitment of the AZ components and subsequent formation of
presynaptic boutons robustly increased in the neurons overex-
pressing wild-type syntabulin and was almost abolished in the
neurons expressing syntabulin dominant-negative mutant. Our
findings elucidate a mechanism by which the syntabulin–KIF5B
complex mediates axonal transport of the AZ components essen-
tial for constructing release sites. Thus, in addition to previously
identified mechanisms during activity-dependent long-term syn-
aptic plasticity in developing neurons: (1) activation of transcrip-
tional factors, (2) new protein synthesis, and (3) reorganization
of the actin filaments at synapses, our studies suggest a new path-
way: regulation of microtubule-based axonal transport.

Despite our progress in identifying the new motor–adaptor
machinery specific for AZ components, there are still a number of
questions to be addressed. In particular, does syntabulin contrib-
ute to the dendritic trafficking of postsynaptic components? Are
expression and function of the syntabulin–KIF5B complex regu-
lated in response to synaptic activity? Although syntabulin loss of

Figure 10. The MT-based axonal transport contributes to presynaptic plasticity. A, The syntaxin–syntabulin–KIF5B complex is
MT-based anterograde transport machinery. Syntaxin-1 serves as a receptor on the AZ transport vesicles and syntabulin acts as an
adaptor capable of conjoining syntaxin-1 and the KIF5B motor, thereby mediating trafficking of the AZ transport carriers. B,
Through this motor–adaptor complex, AZ precursor carriers traverse along the axon to nascent synapses, participate in the
formation of AZs, and consequently contribute to the activity-induced presynaptic plasticity in developing neurons.
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function reduces activity-dependent presynaptic plasticity pri-
marily via impairing anterograde axonal transport of presynaptic
cargos, the possibility that syntabulin is also directly involved in
the synapse formation cannot be completely excluded under our
experimental conditions. Given that syntaxin-1 is a neuronal
protein widely distributed throughout neurons, identification of
the sorting signals for the axon-targeted delivery of the AZ cargos
would be critical in elucidating the polarized trafficking mecha-
nisms in neurons.
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