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KIF5B Motor Adaptor Syntabulin Maintains Synaptic
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Newly synthesized synaptic proteins and mitochondria are transported along lengthy neuronal processes to assist in the proper assembly
of developing synapses and activity-dependent remodeling of mature synapses. Neuronal transport is mediated by motor proteins that
associate with their cargoes via adaptors and travel along the cytoskeleton within neuronal processes. Our previous studies in developing
hippocampal neurons revealed that syntabulin acts as a KIF5B motor adaptor and mediates anterograde transport of presynaptic cargoes
and mitochondria, presynaptic assembly, and activity-induced plasticity. Here, using cultured superior cervical ganglion neurons com-
bined with manipulation of syntabulin expression or interference with its interaction with KIF5B, we uncover a crucial role for syntabulin
in the maintenance of presynaptic function. Syntabulin loss-of-function delayed the appearance of synaptic activity in developing
neurons and impaired synaptic transmission in mature neurons, including reduced basal activity, accelerated synaptic depression under
high-frequency firing, slowed recovery rates after synaptic vesicle depletion, and impaired presynaptic short-term plasticity. These
defects correlated with reduced mitochondrial distribution along neuronal processes and were rescued by the application of ATP within
presynaptic neurons. These results suggest that syntabulin supports the axonal transport of mitochondria and concomitant ATP pro-
duction at presynaptic terminals. ATP supply from locally stationed mitochondria is in turn necessary for the efficient mobilization of
synaptic vesicles into the readily releasable pool. These findings emphasize the critical role of KIF5B-syntabulin-mediated axonal trans-
port in the maintenance of presynaptic function and regulation of synaptic plasticity.

Introduction
Synaptic terminals undergo activity-dependent maturation and
remodeling, and these dynamic changes require the targeted de-
livery of synaptic components to axo-dendritic contact sites, a
process that begins with transport of synaptic carrier vesicles
along the secretory pathway (Horton and Ehlers, 2004). Mito-
chondria and presynaptic proteins are incorporated or attached
to cargo vesicles at the soma and transported along microtubules
to synaptic terminals (Nakata et al., 1998; Ahmari et al., 2000;
Zhai et al., 2001). Microtubule-based motor proteins of the kine-
sin family are responsible for anterograde transport of mitochon-
dria and presynaptic components to synaptic destinations
(Tanaka et al., 1998; Martin et al., 1999; Ligon and Steward, 2000;
Diefenbach et al., 2002; Stowers et al., 2002; Górska-Andrzejak et
al., 2003; Cai et al., 2005; Guo et al., 2005; Glater et al., 2006;
Pilling et al., 2006). KIF5B is the first identified kinesin-1 family
motor for anterograde transport of mitochondria (Tanaka et al.,

1998; Pilling et al., 2006). Our previous studies identified synt-
abulin as a KIF5B adaptor protein for transport of presynaptic
cargo (Su et al., 2004) and functional depletion of syntabulin
disrupts presynaptic assembly and activity-dependent plasticity in
developing hippocampal neurons (Cai et al., 2007). Syntabulin also
associates with mitochondria to mediate their KIF5B-dependent an-
terograde transport along neuronal processes (Cai et al., 2005).
However, the role of the KIF5B-syntabulin transport machinery in
the presynaptic function of mature neurons, in particular the main-
tenance of synaptic transmission and plasticity, remains unclear.

The primary function of presynaptic terminals is the activity-
dependent release of neurotransmitters and subsequent recycling
of their carrier synaptic vesicles, processes which critically de-
pend on ATP and calcium. To accomplish this, neurons require
mechanisms to localize mitochondria in the vicinity of synaptic
terminals (Shepherd and Harris, 1998), where energy production
and calcium homeostasis are in high demand (Hollenbeck and
Saxton, 2005). Accordingly, the loss of mitochondria and ATP
biogenesis from nerve terminals results in impaired synaptic
transmission (Stowers et al., 2002; Guo et al., 2005; Verstreken et
al., 2005; Kang et al., 2008). Basal and sustained synaptic trans-
mission and presynaptic short term plasticity are also regulated
by residual Ca 2�, which enters and accumulates in the presynap-
tic terminal during trains of action potentials (Zucker and
Regehr, 2002). Residual Ca 2� is sensed by Ca 2� binding proteins
which, among other potential effectors, have been shown to
mediate synaptic facilitation and augmentation via effects on
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Ca 2� channel gating (Mochida et al.,
2008). Mitochondria are also associated
with short-term synaptic plasticity due to an
intrinsic Ca 2� buffering capacity (Tang
and Zucker, 1997; Billups and Forsythe,
2002; Levy et al., 2003; Yang et al., 2003;
Kang et al., 2008). However, it is not
known how ongoing transport of mito-
chondria to mature synapses affects the
steady-state maintenance of synaptic
transmission, including efficient replen-
ishment of the readily releasable pool
(RRP) of synaptic vesicles, the generation
of short term plasticity, and the relative
balance of mitochondrial ATP biogenesis
and Ca 2� homeostasis to the mainte-
nance of synaptic function.

In the present study, we investigate the
functional role of syntabulin and the KIF5B-
syntabulin interaction in sympathetic SCG
neurons, which form a well characterized
cholinergic synapse in long-term culture (Mochida, 1995; Ma
and Mochida, 2007). This system is an ideal cell model to address
the function of syntabulin for several reasons. First, the axon of
this neuron forms synaptic contacts with the soma of neighbor-
ing neurons after 1–2 weeks in culture which increases in synaptic
strength with further maturation (Mochida et al., 1994a,b). This
synaptic maturation can be monitored by recording basal and
evoked EPSPs for up to 10 weeks or more. Second, the SCG
neuron has a large cell body and nucleus, which allows the ma-
nipulation of gene expression and function in mature neurons via
acute microinjection of cDNA, small interfering RNA (siRNA),
dominant-negative transgenes, peptides, antibodies, and metab-
olites (Mochida et al., 2003, 2008; Baba et al., 2005; Krapivinsky et
al., 2006; Ma and Mochida, 2007), an approach technically not
feasible for cultured neurons from the CNS. Third, synaptic ac-
tivity and short term plasticity, as it relates to the size and replen-
ishment of functional synaptic vesicle pools, can be accurately
monitored by recording EPSPs evoked by paired or repetitive
action potentials in presynaptic neurons. With this approach, we
uncovered a crucial role for syntabulin in the maintenance of
presynaptic function in mature neurons, thus highlighting a mo-
lecular mechanism through which presynaptic function and plas-
ticity is sustained by KIF5B-syntabulin-mediated mitochondrial
transport in the nervous system.

Materials and Methods
Culture of SCG neurons. Postnatal day 7 Wistar ST rats were decapitated
under diethyl ether anesthesia according to the Guidelines of the Physi-
ological Society of Japan. Isolated SCG neurons were maintained in cul-
ture as described previously (Mochida et al., 1994a; Mochida, 1995). In
brief, SCGs were dissected, desheathed, and incubated with 0.5 mg/ml
collagenase (Worthington Biochemical) in L-15 (Invitrogen) at 37°C for
10 min. After enzyme digestion, the semidissociated ganglion was
triturated gently through a small pore glass pipette until a cloudy
suspension was observed. After washing by low-speed centrifugation
at 1300 rpm for 3 min, the collected cells were plated onto coverslips
in plastic dishes (Corning; 35 mm diameter; approximately one gan-
glion per dish) containing a growth medium of 84% MEM (Invitro-
gen), 10% FCS (Invitrogen), 5% horse serum (Invitrogen), 1%
penicillin/streptomycin (Invitrogen), and 25 ng/ml nerve growth fac-
tor (2.5 S; grade II; Alomone Labs). The cells were maintained up to 10
weeks at 37°C in a 95% air/5% CO2 humidified incubator; cell medium
was changed twice per week.

Manipulation of syntabulin in SCG neurons. To suppress syntabulin
expression, the expression vector pRNAT-H1.1/neo (GenScript) was
used to generate siRNA. A 21 nt sequence corresponding to amino acid
residues 101–107 of syntabulin [syntabulin-targeted siRNA (STB-
siRNA)] and cGFP marker were co-encoded in the vector (Su et al.,
2004). Scrambled control siRNA (con-siRNA), not homologous to any
sequence in GenBank, was used as a negative control. To rescue the RNA
interference (RNAi) phenotype, a syntabulin mutant (STB*) was gener-
ated (Cai et al., 2007), in which a single nucleotide was altered within the
sequence target of STB-siRNA without changing the amino acid se-
quence of syntabulin. To interfere with the function of syntabulin, the
KIF5B-binding domain (KBD) of syntabulin was encoded in the
EGFP-C1 vector (Millipore Bioscience Research Reagents).

The above expression vectors were dissolved in 150 mM KAc, 5 mM

Mg2-ATP, and 10 mM HEPES, pH 7.3, and microinjected into the nuclei
of SCG neurons through a microglass pipette as described previously
(Baba et al., 2005; Krapivinsky et al., 2006). Fast Green FCF (5%) (Sigma-
Aldrich) was included in the injection solution to confirm entry into the
SCG neuron. Injections were performed at days 10, 19, 24, or 8 weeks in
culture to study synapse coupling (Fig. 1), and 7–9 weeks in culture for
other studies (Figs. 2– 8). Cells were maintained at 37°C in a 95% air/5%
CO2humidified incubator. Electrophysiological analysis was performed 4 d
after siRNA injection or 2 d after KBD transfection. The injected neurons
were identified by green fluorescent protein (GFP) expression via an inverted
microscope (TE 300; Nikon) equipped with an epifluorescence unit.

Synaptic transmission between SCG neurons. EPSPs were recorded as
described previously (Mochida et al., 2003; Baba et al., 2005). Conven-
tional intracellular recordings were made from two neighboring neurons
using microelectrodes filled with 1 M KAc (70 –90 M�). EPSPs were
recorded from a nontransfected neuron, whereas action potentials were
generated in the transfected neuron by passing current through an intra-
cellular recording electrode. Synaptic couples with subthreshold EPSPs
that did not produce postsynaptic action potentials were studied. Neu-
rons were superfused with a modified Krebs’ solution consisting of 136
mM NaCl, 5.9 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 11 mM glucose, and
3 mM Na-HEPES, pH 7.4. Electrophysiological data were collected and
analyzed using software written by the late L. Tauc (Centre National de la
Recherche Scientifique, Gif-sur-Yvette, France) (Mochida et al., 1994b),
and analyzed with Origin 7.5 or 8 software (Microcal Software). To mea-
sure the RRP size, 0.5 M sucrose was puff-applied to presynaptic neurons
every 3 min (Mochida et al., 1998; Baba et al., 2005). Sucrose responses
(minimum 3 responses) were recorded with Clampex; integral values
measured by Clampfit (pClamp 10; Molecular Devices) were averaged
and normalized. Quantal integral values calculated from EPSP record-
ings in 0.2 mM Ca 2� and 5 mM Mg 2� were used to estimate the number
of synaptic vesicles (SVs) in the RRP (Krapivinsky et al., 2006).

Figure 1. Syntabulin is required for synaptic maturation in SCG neurons. A, B, SCG neurons at 10, 17, and 24 d and 8 weeks in
culture were transfected with STB-siRNA or con-siRNA (A), or SCG neurons at 12, 19, and 26 d and 8 weeks in culture were
transfected with GFP-KBD or GFP (B). Four days after siRNA transfection or 2 d after GFP-KBD transfection, EPSPs were recorded in
nontransfected neurons in response to action potentials elicited in neighboring paired transfected neurons. The percentage of
synaptic coupling was calculated from randomly chosen 20 pairs in 4 –9 different cultures (marked above bars) and expressed as
mean � SEM (*p � 0.05, **p � 0.01, ***p � 0.001; unpaired Student’s t test).
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Imaging mitochondria. DsRed-mito along with the KBD or the siRNA
vector expressing GFP as a marker was microinjected into the nuclei of
SCG neurons. Two days after the KBD transfection or 6 d after the siRNA
transfection, images of living neurons were taken with a confocal laser
microscope (Nikon EZ-C1) using a 40� objective lens. Images were
acquired using the same settings below saturation at a resolution of
1024 � 1024 pixels (12 bit) and mitochondrial density was quantified by
measuring DsRed-mito fluorescence along a major process with the
MetaMorph software. To quantify the change of mitochondrial distribu-
tion and density, we first set the image threshold by subtracting the
averaged background from neighboring regions of untransfected cells
under the same image. To avoid under-estimation of mitochondrial den-
sity due to overlaid mitochondria in a neuronal process, the mean inten-
sity and area of DsRed-mito per 1 �m length of process from a total
process length �5000 �m and 12–20 cells were measured (Ruthel and
Hollenbeck, 2003; Miller and Sheetz, 2004; Cai et al., 2005). These data
were calculated and scored automatically by the MetaMorph software
based on the fluorescence intensity profile.

Statistics. Experiments were performed with a minimum of 4 synapti-
cally coupled SCG neuronal pairs. Data values with associated error are
shown in the text and figures as the mean � SEM. A two-tailed t test was
applied to compare significant effects.

Results
Syntabulin is required for synaptic maturation in
SCG neurons
Our previous study showed that syntabulin loss-of-function im-
paired synaptic formation in developing hippocampal neurons
(Cai et al., 2007). To address whether syntabulin is also required
for synaptic maturation of SCG neurons, we suppressed syntabu-
lin expression in presynaptic neurons with syntabulin-targeted
siRNA (STB-siRNA), which was rigorously and extensively tested
for its specificity and efficiency in our previous studies (Su et al.,
2004; Cai et al., 2005, 2007). A con-siRNA that was not homolo-
gous to any sequence in GenBank was used as a control. We
previously reported that synaptic coupling in SCG neurons, de-
tected by recording EPSPs, was observed after 1 week in culture

and increased up to 2 weeks (Mochida et al., 1994b). To deter-
mine whether syntabulin-mediated axonal transport is required
to support synaptic activity in long-term cultured SCG neurons
(2– 8 weeks), we introduced siRNA-expressing vectors into pre-
synaptic neurons by microinjection 4 d before electrophysiolog-
ical recording. EPSPs were recorded from a nontransfected
neuron in response to action potentials elicited in a neighboring
transfected neuron. The percentage of synaptic coupling by neu-
rons expressing STB-siRNA in �4 weeks culture was significantly
lower than that for neurons expressing con-siRNA ( p � 0.05,
unpaired Student’s t test) but increased up to 8 weeks (Fig. 1A),
indicating a critical role for syntabulin in supporting synapse
maturation in peripheral SCG neurons. Suppressing syntabulin
expression delays synapse formation by �2 weeks when com-
pared with nontransfected (Mochida et al., 1994b) or con-
siRNA-transfected SCG neurons.

To address whether syntabulin supports synapse formation
through its role as a KIF5B adaptor, we interrupted syntabulin-
KIF5B interaction by expressing the KIF5B-binding domain
(KBD) transgene in presynaptic neurons. KBD was derived from
the syntabulin sequence (81–230) and significantly inhibited the
KIF5B-syntabulin-mediated transport in hippocampal neurons
by competitively blocking endogenous syntabulin binding to
KIF5B (Cai et al., 2005, 2007). Expressing GFP-KBD significantly
reduced the incidence of synaptic coupling in �4 weeks culture
(Fig. 1B), in contrast to the neuron pairs transfected with GFP
control. Consistent with the siRNA effect, this deficiency was
rescued when neurons matured (up to 8 weeks). The delayed
synaptic coupling in SCG neurons with syntabulin loss-of-
function supports our proposal that KIF5B-syntabulin-mediated
axonal transport is required for proper synapse maturation not
only in the CNS but also in sympathetic neurons.

Syntabulin maintains basal synaptic transmission in
mature neurons
To explore the significance of the KIF5B-syntabulin (motor-
adaptor) complex in neurotransmission at mature sympathetic
synapses, we examined basal synaptic transmission in long-term
(7–9 week) cultured SCG neurons following expression of STB-
siRNA or GFP-KBD (Fig. 2A). The mean EPSP amplitude re-
corded from STB-siRNA synapses was significantly smaller than
that from con-siRNA synapses (Fig. 2B). To rescue the RNAi
phenotype, we applied a syntabulin mutant (STB*) by altering
the nucleotide sequence targeted by STB-siRNA without chang-
ing the amino acid sequence of syntabulin. Expressing STB*, but
not wild-type syntabulin, was resistant to STB-siRNA in both
COS cells and hippocampal neurons (Cai et al., 2007). In syn-
apses coexpressing STB* and STB-siRNA, the mean EPSP ampli-
tude was similar to that in STB*/con-siRNA synapses or that in
con-siRNA synapses (Fig. 2B). Thus, coexpressing siRNA-
resistant STB* rescued the phenotype, further indicating an es-
sential role for syntabulin in synaptic activity. Furthermore, in
GFP-KBD synapses, mean EPSP amplitudes were significantly
reduced in contrast to those in GFP synapses (Fig. 2B). A marked
reduction in mean EPSP amplitudes in response to low-
frequency stimulation when syntabulin expression was sup-
pressed or the KIF5B-syntabulin interaction was disrupted
highlights the physiological importance of KIF5B-syntabulin-
mediated axonal transport in maintaining basal synaptic func-
tion of mature synapses.

A decreased synaptic release probability or smaller size of
the RRP may contribute to reduced EPSP amplitudes (Katz,
1969; Johnson and Wernig, 1971; Zucker, 1973; Quastel, 1997;

Figure 2. Syntabulin maintains basal synaptic transmission in mature neurons. A, Synaptic
transmission was compared in long-term (7–9 weeks) cultured SCG neuron pairs, in which
presynaptic neurons were transfected with STB-siRNA, cotransfected with STB-siRNA and STB*,
or transfected with GFP-KBD. EPSPs were recorded 4 d after siRNA transfection or 2 d after
GFP-KBD transfection in neighboring nontransfected neurons. EPSPs from one representative
experiment are shown in the traces. B, Mean amplitudes of three EPSPs recorded at 0.1 Hz were
averaged and expressed as bar graphs. The number of experiments is indicated above bars.
*p � 0.001; unpaired Student’s t test. amp, Amplitude.
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Schneggenburger et al., 2002). To com-
pare RRP sizes between paired SCG neu-
rons transfected with STB-siRNA and
con-siRNA, we estimated the number of
SVs in the RRP by applying 0.5 M sucrose
to presynaptic terminals, followed by di-
viding the mean of the integral value of the
sucrose response with the mean value of
the quantal EPSP integral (Rosenmund
and Stevens, 1996) (Fig. 3A,D). The esti-
mated RRP size for STB-siRNA synapses
is significantly smaller (34%, p � 0.05)
than that for con-siRNA synapses. A sig-
nificant discrepancy in estimating the
RRP size based on measurements made
via the application of hypertonic solution
versus action potential trains has been re-
ported (Moulder and Mennerick, 2005).
Therefore, to further validate our findings,
we alternatively applied a train of action po-
tentials to estimate the RRP size from syn-
apses expressing GFP-KBD, a protocol
widely used in the field (Murthy and
Stevens, 1998; Schneggenburger et al., 1999;
Schikorski and Stevens, 2001; Inchauspe et
al., 2007). One hundred action potentials at
50 Hz produced multipeak EPSPs, which
depressed and then reached an apparent
steady state over the course of 100 stimuli
during the train (Fig. 3B). This depression
typically represents RRP depletion, with the
steady state representing ongoing replenish-
ment of the depleted RRP (Schneggen-
burger et al., 1999; Hagler and Goda, 2001).
Excluding the replenishment component,
the cumulative EPSP integral was plotted
and back-extrapolated to time 0 to deter-
mine the cumulative EPSP integral repre-
senting the RRP (Schneggenburger et al.,
1999; Inchauspe et al., 2007) (Fig. 3C). To
estimate the number of SVs in the RRP,
we divided the cumulative EPSP integral
by the mean of the quantal EPSP integral.
GFP synapses had 84 � 11 vesicles (n � 7)
compared with 26 � 7 vesicles (n � 5) for
GFP-KBD synapses ( p � 0.05) (Fig. 3D),
reflecting a 69% reduction in the RRP size
when KIF5B-syntabulin coupling was dis-
rupted. This result corresponds well to the 66% reduction in the
RRP size measured in presynaptic neurons when syntabulin ex-
pression was suppressed with RNAi, although the RRP size in
control synapses measured by hypertonic solution was 2.7-fold
larger (Fig. 3D). To estimate a release probability for GFP control
and GFP-KBD synapses we calculated the ratio of SV number
producing the first EPSP (shown in Fig. 2B) to that in the RRP.
The estimated release probability for GFP synapses was 0.61 �
0.08 (n � 7) and for GFP-KBD synapses was 1.06 � 0.15 (n � 5).
The release probability appears higher at GFP-KBD synapses be-
cause the RRP is already reduced by 69%. Thus, theoretically, at
GFP control synapses an action potential can release 51 of 84
vesicles of the RRP, but at GFP-KBD synapses can release essen-
tially all available vesicles (�28). These results suggest that dis-
ruption of the syntabulin-KIF5B interaction (and presumably

syntabulin RNAi knockdown) reduces the RRP size resulting in a
more profound fractional depletion of vesicles from the RRP in
response to action potentials, but importantly does not appear to
alter the overall release kinetics of individual vesicles. Altogether,
these results provide evidence that ongoing KIF5B-syntabulin-
mediated axonal transport in mature synapses is critical to main-
tain basal synaptic transmission.

Syntabulin prevents synaptic depression during
high-frequency firing
To further characterize the role of syntabulin in synaptic trans-
mission, we monitored EPSP amplitudes under three different
presynaptic firing frequencies 0.1, 0.3, and 1 Hz for 60 min after
transfection of long-term (7–9 weeks) cultured SCG neurons.
With the low-frequency (0.1 Hz) stimuli, EPSPs recorded from

Figure 3. Syntabulin maintains the RRP size. A, Sucrose (0.5 M) was puff-applied with N2 pressure for 2 s to presynaptic neurons
transfected with STB-siRNA or con-siRNA. Response traces to the sucrose application are shown from one representative experi-
ment. B, EPSPs were elicited by a train of 100 action potentials at 50 Hz applied to presynaptic neurons expressing GFP or GFP-KBD.
C, Averaged cumulative EPSP integral values with SEM (gray bars, GFP; green bars, GFP-KBD) were calculated from the EPSP traces
shown in B. The red line represents a linear regression fit to data points from 1 to 2 s to estimate the integral value at time 0,
indicating the RRP size. D, Number of synaptic vesicles in the RRP was estimated. The cumulative integral value of sucrose
responses as shown in A and the value at time 0 shown in C were divided by the mean cumulative integral value of the quantal EPSP
(0.019 mVsec). Number of experiments is indicated in parentheses. *p � 0.05; unpaired Student’s t test.
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STB-siRNA synapses decreased at a similar rate to those in con-
siRNA synapses (Fig. 4A). The decay time constant �, fitted with
single exponential curve, was 7.8 � 0.6 min for STB-siRNA and
8.1 � 0.8 min for con-siRNA. Similarly, EPSPs recorded at 0.3 Hz
showed no significant difference in the decay time constant �:
15.4 � 2.9 min for STB-siRNA and 16.8 � 2.1 min for con-siRNA
(Fig. 4B). In contrast, EPSP amplitudes at 1 Hz were gradually
reduced during the 60 min recording; the reduction rate in STB-
siRNA synapses was significantly faster than that in con-siRNA
synapses (11.9 � 0.7 min vs 38.9 � 4.9 min, respectively, p �
0.05) (Fig. 4C). Coexpressing STB* rescued the RNAi phenotype
at 1 Hz (20.9 � 1.3 min for STB-siRNA � STB*; 20.1 � 1.7 min
for con-siRNA � STB*) (Fig. 4D). Furthermore, we confirmed
the phenotype by expressing KBD, followed by repetitive presyn-
aptic firing at 1 Hz. Again, normalized EPSP amplitudes, al-
though gradually reduced in GFP synapses (� � 13.5 � 0.5 min),
decreased more rapidly in GFP-KBD synapses (� � 5.5 � 0.2
min, p � 0.05) (Fig. 4E). The decay time constant calculated
from individual recording at 1 Hz was significantly shorter in
either the synaptic pairs with RNAi-suppressed syntabulin or
with disruption of KIF5B-syntabulin interaction (Fig. 4 F). Al-
together, the accelerated synaptic depression under high-frequency
stimulation suggests that KIF5B-syntabulin-mediated axonal trans-
port sustains high levels of synaptic excitability in mature sympa-
thetic neurons.

Syntabulin promotes recovery from
synaptic vesicle depletion and
short-term plasticity
We next examined various properties of
presynaptic vesicle pools in mature SCG
neurons. Presynaptic activity-dependent
reduction in EPSP amplitudes suggests
that replenishment of the RRP with SVs
might be impaired in synapses with func-
tional depletion of syntabulin. To exam-
ine RRP replenishment in those synapses,
we monitored the recovery rate of EPSP
amplitudes after depleting all releasable
SVs in presynaptic terminals (Fig. 5). Our
previous study showed that in mature
SCG neurons, the recovery consists of
two phases, a fast and a slow recovery,
corresponding to a rapid RRP refilling
with SVs from the reserve pool (RP) and a
gradual RRP refilling with SVs through
endocytic pathways (Lu et al., 2009). In
con-siRNA synapses, the rates of both fast
and slow recovery were 55%/min and
3.9%/min, respectively. In contrast, in
synapses with syntabulin depletion, the
fast recovery phase disappeared and the
slow recovery rate decreased to 2.4%/
min (Fig. 5 A, B). Consistently, in syn-
apses expressing GFP-KBD, the slow
recovery rate decreased to 2.9%/min. In
contrast, EPSP amplitude recovered
with a rapid rate of 80%/min followed
by a slow rate of 9.2%/min in GFP syn-
apses (Fig. 5C,D). The significantly slower
recovery in syntabulin-dysfunctional syn-
apses suggests that KIF5B-syntabulin-
mediated axonal transport supports efficient
RRP refilling after prolonged presynaptic
activity.

To further confirm whether KIFB-syntabulin-dependent
transport is required for refilling RRPs after evoked transmitter
release, a paired-pulse protocol was applied. Our previous study
revealed that synaptic responses induced by two consecutive ac-
tion potentials showed depression of the second response
[paired-pulse depression (PPD)] when interstimulus intervals
(ISIs) were between 20 and 100 ms, whereas PPD was not ob-
served when ISIs were in the range of 200 –2000 ms (Lu et al.,
2009). In the STB-siRNA synapses, the paired-pulse ratio (second
EPSP/first EPSP) with ISIs from 80 to 500 ms was significantly
smaller than that in con-siRNA synapses (Fig. 6A,B). Coexpress-
ing STB* partially rescued the phenotype (Fig. 6B), further indi-
cating a critical role for syntabulin in maintaining the efficient
refilling of the RRP. Consistently, expressing GFP-KBD also en-
hanced PPD (Fig. 6C), suggesting that syntabulin loss-of-function
decreased the RRP size after evoked transmitter release.

Rapid replenishment of the RRP is critical for short-term syn-
aptic plasticity which is important for encoding information in
the nervous system (Abbott and Regehr, 2004). Next, we exam-
ined two forms of presynaptic short-term plasticity, termed aug-
mentation and post-tetanic potentiation (PTP) which last for
seconds to minutes (Zucker and Regehr, 2002). Augmentation
and PTP were monitored by measuring EPSP amplitudes before and
after applying a 10 s conditioning train at 10 Hz (Stevens and Wes-

Figure 4. Syntabulin prevents synaptic depression during high-frequency firing. A–E, Normalized EPSP amplitudes (amp)
recorded from paired SCG neurons in which presynaptic neurons were transfected with STB-siRNA or con-siRNA (A–C), cotrans-
fected with STB-siRNA and STB* or con-siRNA and STB* (D), or transfected with GFP-KBD or GFP (E). Four days (A–D) or 2 d (E) after
transfection, EPSP amplitudes were recorded at 0.1 Hz (A), 0.3 Hz (B), and 1 Hz (C–E), and averaged values are plotted (filled
circles) with error bars (SEM). Mean values are fitted with a single exponential decay curve (red lines, STB-siRNA or GFP-KBD; yellow
lines, con-siRNA or GFP) to calculate the decay time constant �. F, The mean decay time constant, at 1 Hz recordings, calculated
from individual recording of various transfection conditions (C–E). The number of experiments is indicated in parentheses. *p �
0.05; unpaired Student’s t test.
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seling, 1998), and a 60 s train at 10 Hz
(Magleby and Zengel, 1975). In syntabulin
dysfunctional synapses, augmentation and
PTP were almost abolished (Fig. 6D,E). Co-
expressing STB* with STB-siRNA rescued
the phenotype (Fig. 6E). Similarly, express-
ing GFP-KBD in presynaptic neurons in-
hibited both augmentation and PTP (Fig.
6E). These results indicate that presynaptic
short-term plasticity was efficiently sup-
ported by KIF5B-syntabulin-mediated ax-
onal transport.

Syntabulin normalizes mitochondrial
distribution along neuronal processes
The KIF5B-syntabulin transport ma-
chinery drives anterograde movement
of mitochondria along neuronal pro-
cesses of hippocampal neurons and
syntabulin loss-of-function reduces mito-
chondrial density in neuronal processes
(Cai et al., 2005). Furthermore, the loss of
mitochondria at neuromuscular junc-
tions in the drp1 mutant Drosophila re-
sulted in faster depression of synaptic
responses during prolonged pulse train
stimulation (Verstreken et al., 2005), a
phenotype similar to that observed in
syntabulin-defective synapses (Figs. 4, 5).
To provide a mechanistic link for the ob-
served phenotypes, we compared the
DsRed-mito-labeled mitochondria in the
processes of mature SCG neurons (Fig. 7).
Expressing STB-siRNA for 6 d significantly
reduced the mean fluorescence intensity of
DsRed-mito in neuronal processes and rel-
ative mitochondrial area per �m length of
process compared with that from con-siRNA-transfected neurons
(Fig. 7B). Mitochondria predominantly remain in the soma and
proximal processes (within 60 �m from the soma) on expression of
STB-siRNA, but spread along processes (�120 �m from the soma)
on con-siRNA expression, reflecting defective anterograde transport
of mitochondria in syntabulin-deficient SCG neurons (Fig. 7A).
Consistently, the striking alteration in mitochondrial distribution
with syntabulin knockdown was recapitulated after the disruption of
syntabulin-KIF5B interaction by GFP-KBD (Fig. 7B). These results
suggest that KIF5B-syntabulin loss-of-function appears to impair
mitochondrial anterograde transport resulting in a reduction in
overall density within neuronal processes of long-term cultured ma-
ture SCG neurons, where axons typically form synaptic contacts on
the soma of adjacent neurons (Mochida, 1994b).

ATP partially rescues defective synaptic transmission in
syntabulin-deficient synapses
Our imaging analysis provides direct evidence that KIF5B-
syntabulin-mediated anterograde transport is essential for
proper density of axonal mitochondria in mature SCG neurons,
thus highlighting the possibility that insufficient ATP supply at
nerve terminals fails to support basal and sustained presynaptic
activity. To test this possibility, we injected ATP into presynaptic
neurons for 3 min (at 20 or 100 mM in the injection pipette) and
recorded EPSP elicited by low-frequency stimuli. EPSP ampli-
tude was increased slightly and then returned rapidly to the pre-

injection level (Fig. 8A–C). The transient increase in EPSP
amplitude in STB-siRNA synapses (1.34- and 1.36-fold for 20 mM

and 100 mM ATP, respectively) was not significantly greater than
that from con-siRNA synapses (1.25- and 1.35-fold). The inabil-
ity of ATP to restore basal transmitter release in syntabulin-
suppressed synapses suggests impaired assembly of the release
machinery, which is consistent with our previous findings that
KIF5B-syntabulin transports presynaptic components to nerve
terminals in hippocampal synapses (Cai et al., 2007). Since it is
technically difficult to rescue basal synaptic transmission by by-
passing the defective axonal transport of presynaptic proteins,
this hypothesis remains untested in the current study.

We next asked whether exogenous ATP introduced into the
cell via micropipette rescues affected recovery of the RRP after
depletion in synapses with syntabulin loss-of-function. Interest-
ingly, ATP rescued the slow phase of the recovery in GFP-KBD
synapses. Injecting ATP (20 mM) accelerated the slow phase of the
recovery rate to 8.3%/min (Fig. 8D), compared with 2.9%/min
without ATP injection (Fig. 5C). This result suggests that synt-
abulin loss-of-function may reduce the ATP supply in presynap-
tic terminals, thus slowing SV mobilization into the RRP via a
myosin motor-driven and ATP-dependent transport mechanism
(Mochida et al., 1994a; Takagishi et al., 2005; Verstreken et al.,
2005). To further explain this phenomenon for PPD, ATP was
injected into presynaptic neurons expressing GFP-KBD. Five
minutes later, paired-pulse ratios for ISI � 50 and 120 ms were

Figure 5. Syntabulin promotes recovery from synaptic vesicle depletion. Presynaptic neurons were transfected with STB-siRNA
or con-siRNA (A, B), and GFP-KBD or GFP (C, D). A, C, EPSPs were recorded at 1 Hz. A 4 min train of action potentials at 5 Hz was
applied, as indicated, to deplete releasable synaptic vesicles at presynaptic terminals. EPSP amplitudes (amp) were normalized to
the averaged EPSP amplitude measured for 1 min before application of the train. Normalized values (circles) were plotted with the
smoothed lines (green, gray, and blue) using an 8 point-moving average algorithm. EPSP amplitude recovered with two different
rates: a first fast phase (red arrow) and then a slow phase (orange arrow), after the cessation of synaptic vesicle depletion. The slow
recovery phase can be fit with a linear line (cyan and pink). B, D, Mean EPSP amplitudes shown in A, C are plotted with SEM at 1 min
intervals. The number of experiments is indicated in parentheses. *p � 0.05; unpaired Student’s t test.
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significantly increased in contrast to those without ATP supply
(Fig. 8F). These results indicate that the slower RRP replenish-
ment rate in SCG neurons with impaired mitochondrial trans-
port is efficiently rescued by exogenous ATP supplement.

Since the generation of augmentation and PTP is also sup-
ported by syntabulin function (Fig. 6), we next examined
whether impaired short-term plasticity is attributed to reduced
ATP production at presynaptic terminals. By supplying ATP to
presynaptic neurons expressing GFP-KBD, we compared aug-
mentation and PTP with those synapses without ATP injection
(Fig. 6E). EPSP amplitudes after a conditioning stimulus for aug-
mentation and PTP were greatly increased in the presence of
ATP. The increases were not statistically different from that in con-

trol GFP-expressing synapses supplemented with ATP (Fig. 8G).
These results further support our hypothesis that syntabulin dys-
function impairs axonal transport of mitochondria, leading to ATP
depletion in presynaptic terminals. Thus, these data highlight the
importance of ATP, produced from locally stationed mitochondria
in the presynaptic terminal, for the efficient mobilization of SVs to
the RRP and the maintainence of normal presynaptic function.

Discussion
Our study demonstrates that KIF5B-syntabulin-mediated axonal
transport is critical not only for synaptic maturation (Fig. 1) but
also for maintaining basal and sustained neurotransmitter release
(Figs. 2–5) and short-term presynaptic plasticity (Fig. 6) in ma-

Figure 6. Syntabulin maintains presynaptic short-term plasticity. Presynaptic neurons were transfected with STB-siRNA or GFP-KBD. A–C, Changes in EPSP amplitude after an evoked transmitter
release. EPSPs were elicited by two action potentials with various interstimulus intervals. The ratio of the peak amplitude of the second EPSP to the first EPSP is plotted against the paired-action
potential interval (A, C), and the normalized paired-pulse ratio with an interval of 50 ms (upper) and 120 ms (lower) is shown in B. *p � 0.05; unpaired Student’s t test. D, E, Changes in EPSP
amplitude after high-frequency stimulations. Normalized EPSP amplitudes recorded in STB-siRNA (blue) or con-siRNA (black) synapses (D). Conditioning stimuli at 10 Hz for 10 s to generate
augmentation and at 10 Hz for 60 s to generate PTP were applied at the indicated time. EPSP amplitudes shown in D at 5 s after conditioning stimuli at 10 Hz for 10 s (left), and at 10 s after
conditioning stimuli at 10 Hz for 60 s (right) are divided by the averaged EPSP amplitude measured for 1 min before the conditioning pulse (E). The number of experiments is indicated in parentheses.
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ture SCG neurons. Syntabulin loss-of-
function accelerates synaptic depression
under high-frequency firing, slows the re-
covery rate from SV depletion, and im-
pairs presynaptic short-term plasticity.
These defects correlate with reduced mito-
chondrial distribution along processes (Fig.
7) and can be efficiently rescued by applying
ATP to presynaptic neurons (Fig. 8). The
results suggest that syntabulin dysfunction
results in impaired anterograde mitochon-
dria transport in neuronal processes and
subsequently an insufficient ATP supply in
presynaptic terminals with adverse conse-
quences for SV mobilization to the RRP.
Together, these findings suggest a molec-
ular mechanism linking the KIF5B mo-
tor adaptor syntabulin and the regulation
and maintenance of synaptic vesicle recy-
cling in developing and mature presynap-
tic terminals.

Molecular regulation of
mitochondrial movement
The efficient control of mitochondrial
transport is essential for neuronal develop-
ment and synaptic function. Approximately
one-third of axonal mitochondria are mo-
bile at instantaneous velocities of 0.2–2.0
�m/s in mature neurons, suggesting that
mitochondrial distribution is efficiently
controlled by the axonal transport ma-
chinery (Ligon and Steward, 2000; Kang
et al., 2008). Recent advances in identify-
ing the motor-adaptor complexes (Cai et
al., 2005; Glater et al., 2006) and docking
machinery (Kang et al., 2008) specific for
neuronal mitochondria provide molecu-
lar targets for the regulation of mitochon-
drial distribution along axonal and
dendritic processes. In addition to the
KIF5B-syntabulin complex, Miro serves
as a Ca 2� sensor in regulation of motor-
adaptor coupling, thus controlling mito-
chondrial mobility in response to elevated
intracellular Ca 2� and synaptic activity
(Saotome et al., 2008; Wang and Schwarz,
2009; MacAskill et al., 2009; for review, see Cai and Sheng, 2009).
Molecular regulation of mitochondrial movement can also be
achieved by altering dynamic mitochondrial fusion/fission
events. Mutation of the mitochondrial protein Drp1, a dynamin-
like GTPase, impaired axonal transport and synaptic targeting of
mitochondria by interfering with the mitochondrial fission pro-
cess. At Drosophila drp1 mutant neuromuscular junctions, mito-
chondria were largely absent from synapses (Verstreken et al.,
2005). Our previous study using time-lapse imaging in live hip-
pocampal neurons (Cai et al., 2005) demonstrated that syntabu-
lin mediates anterograde transport of mitochondria along
neuronal processes and syntabulin loss-of-function selectively
impaired anterograde but not retrograde transport of mitochon-
dria. Consistently, live cell imaging analysis in current study
demonstrates that syntabulin loss-of-function reduces mito-
chondrial density in those neuronal processes that wrap a neigh-

boring untransfected SCG neuron (Fig. 7), which might be
attributed to impaired presynaptic function under intense stim-
ulation (Figs. 4 – 6). Thus, KIF5B-syntabulin loss-of-function ap-
pears to impair mitochondrial anterograde transport resulting in
a reduction in overall mitochondrial density within neuronal
processes of SCG neurons.

Mitochondrial function at presynaptic terminals
Mitochondria also regulate Ca 2� homeostasis at presynaptic ter-
minals (Billups and Forsythe, 2002; Levy et al., 2003; Jacobson
and Duchen, 2004), thus affecting presynaptic short-term plas-
ticity (Tang and Zucker, 1997; Billups and Forsythe, 2002; Zucker
and Regehr, 2002; Levy et al., 2003; Yang et al., 2003; Jacobson
and Duchen, 2004). In contrast to the temporal facilitation of
synaptic transmission under reduced mitochondrial calcium
buffering capacity in various neurons (Zucker and Regehr, 2002;
Levy et al., 2003; Jonas, 2006; Kang et al., 2008), no facilitation

Figure 7. Syntabulin normalizes mitochondrial distribution along neuronal processes. A, Representative images of mitochon-
drial distribution in long-term cultured SCG neurons. A neuron (8 weeks in culture) was cotransfected with DsRed-mito and
STB-siRNA or con-siRNA, followed by differential interference contrast and fluorescence images 6 d after transfection. GFP encoded
by the siRNA expression vector serves as a marker for transfected neurons (left column). Scale bars, 40 �m. B, Mean intensity of
DsRed-mito (left) and relative mitochondria area (right) per �m process. Note, reduced mitochondrial distribution in SCG pro-
cesses expressing STB-siRNA or EGFP-KBD. Data were analyzed with DsRed images taken 6 d after transfection with STB-siRNA, or
2 d after transfection with GFP-KBD (from at least 12 cells and 5000 �m of processes).
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was seen in EPSPs with repetitive action potentials (Figs. 3, 4, 6)
or paired-action potentials (Fig. 6). In addition, exogenous ATP
efficiently rescued impaired short-term plasticity, suggesting that
lack of mitochondrial energy supply in nerve terminals may lead
to defective synaptic transmission. Furthermore, supplying ATP
accelerated recovery from depletion of readily releasable SVs in
syntabulin-dysfunctional synapses (Fig. 8), while increasing cal-
cium buffering by injecting EGTA into presynaptic SCG neurons
failed to recover the depletion of SVs (data not shown). Although
we cannot exclude the possibility that mitochondria may act as a
calcium buffer to maintain calcium homeostasis in presynaptic
terminals and thereby contribute to effects on short term plastic-
ity, our data suggest that the prominent effect on the replenishment

of the RRP size during intense synaptic
stimulation in syntabulin-impaired neu-
rons may reflect the role of mitochondria as
a source of ATP and as a requirement to
refill the RRP, rather than as a function of
their calcium buffering. However, further
studies will be necessary to clarify this issue
since ATP is also required to maintain
membrane ionic gradients, which may have
secondary effects on calcium levels.

Mitochondrial ATP supply and synaptic
vesicle mobilization
The impairment of synaptic transmis-
sion under intense stimulation (Figs.
4 – 6) was partially rescued by exogenous
ATP (Fig. 8), which also accelerated the re-
covery of readily releasable SVs from deple-
tion in syntabulin-dysfunctional synapses.
These results suggest that mitochondrial
ATP supply is required for SV mobilization
in presynaptic terminals. At Drosophila drp1
mutant neuromuscular junctions, in which
mitochondrial distribution and function
were altered, basal synaptic transmission
was only slightly affected, and mutant
synapses failed to maintain normal neu-
rotransmission during intense stimula-
tion, likely due to defects in mobilizing
SVs into the releasable pool. This pheno-
type was partially rescued by exogenous
ATP (Verstreken et al., 2005). The mobi-
lization of SVs within SCG nerve termi-
nals is ATP-dependent and driven by
myosin II motors along actin filaments
(Mochida et al., 1994a; Takagishi et al.,
2005). Efficient SV recruitment from the
RP depends on mitochondrial ATP pro-
duction (Jonas, 2006); insufficient ATP at
nerve terminals might limit myosin-
propelled mobilization of SVs from the
RP (Verstreken et al., 2005). Thus, our
study provides a mechanistic link between
KIF5B-syntabulin-mediated mitochondrial
transport, presynaptic energy homeostasis,
and regulation of RRP replenishment dur-
ing and after intense presynaptic activity in
mature SCG neurons. Given that ATP is
coreleased with ACh from sympathetic neu-
rons (for review, see Burnstock, 2009), the

possibility that insufficient ATP production affects ATP- and
adenosine-based signaling remains an issue for future investigation.

Syntabulin and the rate of RRP replenishment
The rate of RRP replenishment can be investigated by measuring
the recovery rate from depletion of the RRP under different con-
ditions, after an evoked action potential (Fig. 6C), during a train
of action potentials (Fig. 3C) and after the depletion of releasable
SVs in nerve terminals by sustained firing of action potentials
(Fig. 5C). In our experiments, the rate constants from these three
independent approaches were comparable under control conditions
but slower when syntabulin or its interaction with KIF5B was defi-
cient. The RRP replenishment rate for the GFP-control, 200 ms,

Figure 8. ATP partially rescues defective synaptic transmission in syntabulin-deficient synapses. A–C, Inability of ATP to restore
basal transmitter release. Presynaptic neurons were transfected with STB-siRNA or con-siRNA. EPSP was recorded at 0.1 Hz. At time
0, ATP at 20 (A) or 100 mM (B) in the pipette was injected into presynaptic neurons with the outward current passage for 3 min.
Averaged EPSP amplitudes were plotted against time with SEM (● � bar, black for con-siRNA and blue for STB-siRNA). The
smoothed value with a moving average algorithm was plotted with line. Normalized EPSP amplitudes are shown in C. D, E, ATP
efficiently rescued the slow recovery from vesicle depletion in the synapses expressing GFP-KBD. ATP at 20 mM in the pipette was
injected into the presynaptic neuron and EPSPs were recorded 5 min later with the same procedure shown in Figure 5. D, Normal-
ized and averaged EPSP amplitudes are plotted (circles) with the smoothed values (green and gray lines). The slow recovery phase
is fit with a linear line (orange line for GFP-KBD � ATP; pink line for GFP � ATP). E, Mean EPSP amplitudes shown in D are plotted
with SEM at 1 min intervals. *p � 0.05; unpaired Student’s t test. F, ATP rescues paired-EPSP decrease. Normalized paired-pulse
ratio with the interval of 50 ms (left) and 120 ms (right) at 5 min after injection of ATP at 20 mM in the pipette. *p � 0.05, **p �
0.01, unpaired Student’s t test. G, ATP rescues augmentation and PTP. EPSP amplitude at 5 s after conditioning stimuli at 10 Hz for
10 s (left two bars), and at 10 s after conditioning stimuli at 10 Hz for 60 s (right two bars) were divided by the averaged EPSP
amplitude measured for 1 min before the conditioning. EPSP recording with the same procedure shown in Figure 6 D started at 5
min after injection of ATP at 20 mM in the pipette. Unpaired Student’s t test. The number of experiments is indicated in parentheses.
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calculated from the values shown in Figure 3C (red line), corre-
sponds well to the recovery rate of the second paired pulse response
shown in Figure 6C, whereas the recovery is incomplete for GFP-
KBD, in which the syntabulin-motor association is disrupted, with a
calculated RRP replenishment rate of 300 ms. The estimated rates
suggest that the RRP is replenished during repetitive stimuli at 1
Hz, whereas the EPSP size in syntabulin-deficient synapses de-
clines more rapidly than the control (Fig. 4E), suggesting that
syntabulin dysfunction causes a severe and rapid loss of synaptic
transmission with repetitive firing. Furthermore, the calculated
rate of slow RRP replenishment after depletion of SVs in presyn-
aptic terminals is 4.8 vesicles/min for the GFP-control whereas it
is 1 vesicle/min for the GFP-KBD (during EPSP monitoring at 1
Hz) (Fig. 5C), suggestingthat lossofsyntabulininteractionwithKIF1B
severely slows the rate of RRP replenishment via a depleted RP.

The mechanism underlying paired pulse depression (PPD) in
central synapses is likely depletion of the SV pool available for release
in response to the second stimulus (Liley and North, 1953; Betz,
1970; Zucker and Regehr, 2002; Sullivan, 2007). We recently showed
that the second EPSP response to paired-action potentials evoked at
�200 ms interval was partially reduced by blocking the endocytic
pathway (Lu et al., 2009), suggesting that the RRP is partially refilled
by recycled SVs after the first EPSPs. Thus, our present study suggests
that the recovery of the RRP via a recycling SV pathway may be
supported, at least partially, by ATP produced by mitochondria sta-
tioned in the vicinity of the presynaptic active zone.

Role of nonmitochondrial cargoes linked to
KIF5B-syntabulin transport
We analyzed synaptic depression in neurons with altered
syntabulin-KIF5B interactions and the estimated RRP replenish-
ment rate suggests that loss of syntabulin interaction with KIF5B
delayed the rate of RRP replenishment more than that of the
values calculated from the experimental data. In addition, our
results reveal that, in syntabulin dysfunctional synapses, basal
synaptic transmission was reduced due to a reduction in the RRP
size, in contrast to the Drosophila drp1 mutant neuromuscular
junctions where it was slightly affected (Verstreken et al., 2005).
Furthermore, the reduced basal synaptic transmission we ob-
served was not rescued by ATP supply. These results suggest addi-
tional defects apart from ATP availability in the KIF5B-syntabulin
deficient presynaptic terminal. The KIF5B-syntabulin complex me-
diates axonal transport not only of mitochondria, but also of presyn-
aptic cargoes containing syntaxin and Bassoon in developing
hippocampal neurons (Su et al., 2004; Cai et al., 2005, 2007), sug-
gesting that nonmitochondrial cargoes might be responsible for
SV priming and fusion in SCG neurons. To partially address this
possibility, overexpression of KIF5B-syntabulin cargoes Bassoon
or syntaxin-1 in syntabulin dysfunctional presynaptic neurons
did not rescue the reduced RRP size or the rapid EPSP decline
under repetitive stimuli at 1 Hz (data not shown). Thus, the
possibility that nonmitochondrial cargoes may mediate some of
the effects of syntabulin on synaptic maintenance will require
future investigation with an alternative approach bypassing de-
fective axonal transport, which is not technically feasible under
current experimental conditions.

In summary, our study demonstrates that syntabulin-KIF5B-
mediated transport is critical for two presynaptic phenomena:
replenishment of the RRP and determination of the RRP size.
This is the first demonstration of synaptic transmission defects
due to a kinesin motor adaptor dysfunction in mature neurons.
There is emerging evidence that defective axonal transport is an
early and important event in several major human neurodegen-

erative diseases, including Alzheimer’s disease, Parkinson’s dis-
ease, and amyotrophic lateral sclerosis (De Vos et al., 2008).
Defective trafficking and dysfunction of axonal mitochondria are
also implicated in the pathogenesis of axonal degeneration
(Stamer et al., 2002; Pigino et al., 2003; Chan, 2006; Chevalier-
Larsen and Holzbaur, 2006). However, adaptor-mediated axonal
transport has been mostly explored in developing neurons. Our
present study provides evidence that disruption of the KIF5B-
syntabulin transport machinery impairs synaptic transmission not
only in developing but also mature SCG neurons and emphasizes the
tight linkage between ongoing axonal transport and synaptic assem-
bly, function, and energy homeostasis. Future studies using genetic
mouse models combined with physiology and live cell imaging of
mitochondrial mobility will provide molecular and cellular details
on how altered mitochondrial motility and distribution impact syn-
aptic transmission and neuronal homeostasis.
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