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Mitochondria with high membrane potential (��m) are enriched in the presynaptic nerve terminal at vertebrate
neuromuscular junctions, but the exact function of these localized synaptic mitochondria remains unclear. Here, we
investigated the correlation between mitochondrial ��m and the development of synaptic specializations. Using mito-
chondrial ��m-sensitive probe JC-1, we found that ��m in Xenopus spinal neurons could be reversibly elevated by
creatine and suppressed by FCCP. Along naı̈ve neurites, preexisting synaptic vesicle (SV) clusters were positively
correlated with mitochondrial ��m, suggesting a potential regulatory role of mitochondrial activity in synaptogenesis.
Indicating a specific role of mitochondrial activity in presynaptic development, mitochondrial ATP synthase inhibitor
oligomycin, but not mitochondrial Na�/Ca2� exchanger inhibitor CGP-37157, inhibited the clustering of SVs induced by
growth factor–coated beads. Local F-actin assembly induced along spinal neurites by beads was suppressed by FCCP or
oligomycin. Our results suggest that a key role of presynaptic mitochondria is to provide ATP for the assembly of actin
cytoskeleton involved in the assembly of the presynaptic specialization including the clustering of SVs and mitochondria
themselves.

INTRODUCTION

Mitochondria play multiple roles in cellular functions in-
cluding cellular metabolism, calcium homeostasis, and pro-
grammed cell death. At both peripheral and central syn-
apses, mitochondria are concentrated within the presynaptic
nerve terminal as demonstrated by electron microscopic
studies and they are presumably related to the trans-
mitter release machinery (Herrera et al., 1985; Robitaille and
Tremblay, 1987; Peters et al., 1991). Our previous study
found that local synaptogenic signals induce the clustering
of not only synaptic vesicles (SVs; Dai and Peng, 1995), but
also mitochondria (Lee and Peng, 2006), thus suggesting that
the clustering of this organelle is an integral part of presyn-
aptic differentiation. The function of mitochondria at mature
neuromuscular junctions (NMJs) has recently been explored.
For example, the transmitter release under intense stimula-
tion fails in a Drosophila NMJ mutant lacking presynaptic
mitochondria (Guo et al., 2005; Verstreken et al., 2005). The
calcium release from mitochondria has been shown to mod-
ulate synaptic potentiation at the vertebrate NMJ (Yang et
al., 2003). However, the function of presynaptic mitochon-
dria in the development of the NMJ is not yet known.

Within the axon, mitochondria undergo bidirectional
movement and accumulate at sites of high metabolic activity
(Hollenbeck, 1996). The direction of mitochondrial transport
is correlated with axonal outgrowth (Morris and Hollen-

beck, 1993) and its activity (Miller and Sheetz, 2004), re-
flected by the electrical potential (��m) across the inner
membrane produced by oxidative phosphorylation-medi-
ated electrochemical equilibrium of H� ions. Previously, we
found that mitochondria with high ��m are predominantly
localized at the presynaptic specialization induced by either
muscle cells or growth factor–coated beads (Lee and Peng,
2006) and a recent study showed that modulation of den-
dritic mitochondrial ��m regulates the activity-dependent
synaptic plasticity in hippocampal synapses (Li et al., 2004).
In this study, we examined whether mitochondrial activity
as indicated by ��m has a direct bearing on presynaptic
development. As ��m is correlated with ATP production in
neuronal cells (Nguyen et al., 1997), we sought to under-
stand the link between local ATP supply due to mitochon-
drial clustering and presynaptic development. Here we re-
port an essential role of ATP production from localized
synaptic mitochondria in the assembly of F-actin cytoskele-
ton that is involved in the clustering of synaptic vesicles
(SVs) and mitochondria themselves at developing presyn-
aptic specialization.

MATERIALS AND METHODS

Materials
MitoTracker red, JC-1, magnesium green (MgGr), jasplakinolide, and fluores-
cein phalloidin were obtained from Molecular Probes (Eugene, OR). Creatine,
FCCP (carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone), and oligo-
mycin were obtained from Sigma (St. Louis, MO). CGP-37157 was obtained
from Calbiochem (La Jolla, CA).

Xenopus Primary Cultures and Live Cell Staining
Spinal neurons were cultured from Xenopus embryos as previously described
(Peng et al., 1991). In short, neural tubes of embryos at stage 19–22 were
isolated and dissociated in a Ca2�,Mg2�-free solution. Dissociated neurons
were plated on glass coverslips coated with the cell attachment matrix en-
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hanced chemiluminescence (ECL; entactin, collagen IV and laminin; Upstate
Biotechnology, Waltham, MA).

To study mitochondrial ��m, cultured neurons were stained with 0.25
�g/ml JC-1 for 10 min, followed by washing twice with culture medium [60
mM NaCl, 0.7 mM KCl, 0.4 mM Ca(NO3)2, 0.8 mM MgSO4, 10 mM HEPES,
10% L-15, 1% fetal bovine serum, and 0.1 mg/ml gentamicin]. The fluores-
cence intensity at emission wavelengths of 525 and 590 nm was measured for
ratiometric analysis (Smiley et al., 1991).

To visualize the distribution of mitochondria, we used a fixable mitochon-
drion-selective marker MitoTracker, which is a cell-permeant probe that
passively diffuses across membranes and accumulates in active mitochondria
(Poot et al., 1996). Cultured neurons were stained for 5 min with 5 nM
MitoTracker in culture medium. Labeled cells were washed twice with cul-
ture medium before fixation.

To study intracellular ATP level, we incubated the neurons with 10 �M
MgGr-AM ester for 30 min. Emission intensity of this probe increases as a
function of free intracellular Mg2�, but decreases with ATP content because
of the high binding affinity of this probe to ATP than to ADP (Leyssens et al.,
1996; Bernstein and Bamburg, 2003). Labeled neurons were washed and
incubated in culture medium twice for 15 min each to maximize de-esterifi-
cation of the probe before pharmacological treatments.

Induction of Presynaptic Specializations by Beads
To induce focal presynaptic differentiation, we stimulated cultured spinal
neurons with beads coated with basic fibroblast growth factor (bFGF). Poly-
styrene latex beads 4 �m in diameter (Polysciences, Warrington, PA) were
coated with recombinant human bFGF (R&D Systems, Minneapolis, MN)
using previously described procedures (Dai and Peng, 1995). In pharmaco-
logical experiments, neurons were incubated with specific agents from 1 h
before bead addition. Bead-neurite contacts were scored positive for mito-
chondrial and SV clustering if the mean fluorescence intensity of the corre-
sponding marker was at least twofold over the noncontact region.

Visualization of Newly Polymerized F-Actin
The assembly of actin cytoskeleton was visualized by a previously described
procedure (Dai et al., 2000). Spinal neuron cultures were pretreated with
jasplakinolide at a concentration of 1 �M for 3 min and then washed with
culture medium before the bead stimulation. The newly polymerized F-actin
was visualized by labeling the fixed cultures with fluorescein-conjugated
phalloidin for 45 min.

The sites of actin polymerization were also examined by the incorporation
of rhodamine-conjugated G-actin into free barbed ends of actin filaments in
saponin-permeabilized cells as described previously (Symons and Mitchison,
1991; Schafer et al., 1998). Cultured neurons were incubated with 0.45 ��
rhodamine-actin (Cytoskeleton, Denver, CO) in saponin-containing buffer (20
mM HEPES, 138 mM KCl, 4 mM MgCl2, 3 mM EGTA, 40 �g/ml saponin, 1
mM ATP, and 1% bovine serum albumin [BSA]) for 45 s. The neurons were
fixed immediately with 2% paraformaldehyde after labeling.

Immunocytochemical Labeling
For staining cells with antibodies or F-actin markers, neuronal cultures were
fixed with 2% paraformaldehyde in PBS, followed by permeabilization with
0.5% Triton X-100. Fixed cells were blocked with phosphate-buffered saline
(PBS) containing 5% BSA for 1 h and labeled with primary antibodies for 2 h
followed by fluorescent secondary antibodies for 45 min (Zymed laboratories,
South San Francisco, CA). To label F-actin in neurons, fixed and permeabil-
ized cells were incubated with fluorescein-conjugated phalloidin.

Fluorescence Microscopy and Time-Lapse Imaging
All images were captured using an Olympus IX-70 inverted microscope
(Melville, NY) fitted with a Hamamatsu ORCA II cooled CCD camera
(Hamamatsu City, Japan). Time-lapse images were captured and processed
using Sutter Lambda shutter controller (Novato, CA) and Metamorph soft-
ware (Universal Imaging, West Chester, PA). The relative MgGr fluorescence
intensity was measured along the entire neuritic shaft by using Metamorph
software. For comparison on the fluorescence intensity between the control
and the experimented groups, all of the imaging settings were kept the same,
and the measured intensities were normalized against the mean of the cor-
responding control group. Pseudocolor images of MgGr and fluorescent
phalloidin staining were processed and converted by ImageJ software (Na-
tional Institutes of Health, Bethesda, MD).

Mean Squared Displacement Analysis
To quantify the movement of mitochondria, the centroid of each morpholog-
ically distinct mitochondrion was tracked by Metamorph software, and then
the mean-square displacement (MSD) was calculated at each time point
according to the formula (Lee et al., 1991; Dai and Peng, 1996a; Lee and Peng,
2006),

MSD(nt) �
1

(N�n) �
i � 1

N � n

�(xn � 1 � xi)2 � (yn � i � yi)2�

where (xn�i, yn�i) is the position of the mitochondria after a time interval of
nt (t is the time interval between successive measurements) after starting at
position (xi, yi). N is the total number of positions recorded; n ranges from 1
to N � 1. This analysis is typically used to describe the diffusion of particles.
Although mitochondrial movement within the axon is likely mediated by
transport motors along microtubules, it is usually not unidirectional and
predictable at each instant. Thus, we used MSD analysis to describe this
movement (Lee and Peng, 2006). Because the slope of the linear portion of the
MSD plot is proportional to the particle’s diffusion coefficient, it is used as a
measure of the mobility of the bidirectional mitochondrial movement in this
study.

Figure 1. Manipulation of mitochondrial
��m by creatine and FCCP. (A–D) Cultured
Xenopus spinal neurons were stained with
0.25 �g/ml JC-1 for 10 min. Live imaging of
JC-1 signal showed heterogeneous popula-
tions of mitochondria with high (arrows) and
low (arrowheads) ��m in untreated neurons.
(E–H) Treatment of 100 �M creatine for 16 h
greatly enhanced the average mitochondrial
��m and the population of mitochondria
with higher ��m (arrows). (I–L) Most of the
mitochondria exhibited lower ��m (arrow-
heads) after 0.5 �M FCCP treatment for 4 h. In
addition, the signal of JC-1 monomers was
less distinct and spread over the neurite (K,
inset). (M) Quantification of the ratiometric
analyses of JC-1 red and green fluorescence
intensity in response to creatine and FCCP.
Data are means 	 SEM from three indepen-
dent experiments; n 
 80 morphologically
distinct mitochondria. * p � 0.05, ** p � 0.01,
t test. (N) Quantification of the populations of
mitochondria with high and low ��m in the
cultured neurons. Mitochondria were classi-
fied as high ��m, F (red/green) � 1, when
the fluorescence intensity at 590 nm (red) is higher than or equal to that at 525 nm (green). Mitochondria with high ��m were more abundant
in creatine-treated neurons, but less in FCCP-treated neurons. Data are based on 80 morphologically distinct mitochondria from three
independent experiments.
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RESULTS

Pharmacological Manipulation of Mitochondrial ��m in
Cultured Spinal Neurons
Mitochondrial ��m in cultured Xenopus spinal neurons was
manipulated by creatine, a known mitochondrial activity
enhancer, or by FCCP, a proton ionophore that uncouples
the respiratory chain from the oxidative phosphorylation
(Leyssens et al., 1996). The relative ��m was studied with
the fluorescent probe JC-1, which exists in monomers at low
��m, emitting green fluorescence at 525 nm, and in aggre-
gates at high ��m, emitting red fluorescence at 590 nm
(Smiley et al., 1991; Buckman and Reynolds, 2001; Li et al.,
2004). Treating 1-d-old Xenopus cultured spinal neurons
with 100 �M creatine for 16 h greatly enhanced the red
fluorescence of JC-1 at mitochondrial puncta along the entire
neurites (Figure 1, E–H, arrows) compared with those within
control neurites (Figure 1, A–D). The results were quantified
by ratiometric analyses of red and green fluorescence inten-
sity at emission wavelengths of 590 and 525 nm, respec-
tively. As shown in Figure 1M, there was a twofold increase
in this ratio after a 16-h creatine treatment. More than 80% of
mitochondria reached high ��m state (based on red/green
fluorescence ratio larger than 1) in creatine-treated neurons,
in comparison to �50% in the untreated neurons (Figure
1N). In contrast, a significant loss in mitochondrial ��m was
achieved by an acute (4 h) application of 0.5 �M FCCP
(Figure 1, I–L and M). Because FCCP causes mitochondrial
depolarization that releases JC-1 monomers, diffuse JC-1
green fluorescence was also observed within the axoplasm
outside clusters (Figure 1K, inset). Less than 10% of mito-
chondria retained high ��m after FCCP treatment (Figure
1N). Because long-term treatment of FCCP may initiate pro-
grammed cell death in cultured neurons (Nicholls and
Budd, 2000), recovery experiments were also carried out. By
washing away creatine- or FCCP-containing medium and
then keeping the cultures in drug-free medium for another
4 h before JC-1 labeling, we observed that the ratiometric
fluorescence intensities of JC-1 returned to a value that was
not significantly different from the controls, and the ratio of
mitochondrial populations with high and low ��m was also
restored to the control values (Supplementary Figure 1, A
and B).

Effects on Intracellular ATP Level by Mitochondrial ��m
Manipulation
A primary function of mitochondria is to produce ATP for
various metabolic needs. Therefore, we monitored intracel-
lular ATP content as ��m was changed by creatine or FCCP
with the probe magnesium green (MgGr), whose fluores-
cence emission correlates positively with intracellular free
Mg2� concentration. Because the affinity of Mg2� for ATP is
�10-fold higher than that for ADP or AMP (Leyssens et al.,
1996), the fluorescence intensity emitted by MgGr is in-
versely proportional to the intracellular ATP content (Bern-
stein and Bamburg, 2003). In this set of experiments, the
settings in labeling and imaging were kept constant in order
to obtain semiquantitative measurements of fluorescence
intensity under different conditions. As shown in Figure 2
(A, B, E, and F), FCCP treatment led to a dramatic increase
in MgGr fluorescence intensity along the entire length of
neurite, reflecting a decrease in neuritic ATP concentration.
On the other hand, creatine caused no significant change in
MgGr fluorescence intensity (Figure 2, C and D). These
results are quantified in Figure 2K.

��m-dependent Mitochondrial Movement and SV
Clustering
Mitochondria exhibit anterograde and retrograde move-
ments within Xenopus neurite (Lee and Peng, 2006). To un-
derstand whether their movements are dependent on ��m,
creatine, or FCCP was applied to neurons under time-lapse
recording after labeling with MitoTracker. The movement
was quantified by calculating the mean speed of transloca-
tion and MSD analyses. As the rate of mitochondrial move-
ment is correlated with the neurite outgrowth (Morris and
Hollenbeck, 1993), only neurites with no obvious extension
during the 100-s recording period were chosen for observa-
tion by fluorescence microscopy. An example of the control
neurite is shown in Figure 3, A–C, and in Supplementary
Video 1. We observed one “fast moving” mitochondrion

Figure 2. Influence of different mitochondrial function manipula-
tors on intracellular ATP level. (A–J) The relative ATP content in
neurons was examined by a fluorescent probe, magnesium green
(MgGr), whose fluorescence intensity is inversely correlated to the
intracellular ATP level. Cultured neurons were labeled with 10 �M
MgGr-AM ester for 30 min, followed by fluorescence live imaging.
(A, C, E, G, and I) Phase-contrast images. By comparison with the
untreated neurons (B), FCCP (F), and oligomycin (H) elevated the
intensity of overall MgGr fluorescence in treated neurons. In con-
trast, creatine (D) and CGP-37157 (J) had no significant effect on
intracellular ATP level. (K) Quantification of relative MgGr fluores-
cence intensity along neurites (	SD from two independent experi-
ments, n 
 20 neurites. **p � 0.01, t test).
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with a translocation rate of 
0.15 �m/s (Figure 3, A–C;
Supplementary Video 1, d), six “slow-moving” mitochon-
dria at a speed of 0.05–0.15 �m/s (c, e, j, k, l, and m) and six
“stationary” mitochondria which were essentially immobile
at �0.05 �m/s (a, b, f, g, h, and i). The mean diffusion
coefficient calculated from the slope of the linear portion of
MSD plots, as shown in Figure 3C, was 1.01 �m2/s (range:
8 
 10�4 to 4.02). In neurons treated with 100 �M creatine
for 16 h, there were more mitochondria in fast- and slow-
moving categories (Figure 3, D–F; Supplementary Video 2;
two “fast moving”: h and k; eight “slow moving”: a, c, d, e,
f, i, j, and m; and three “stationary”: b, g, and l). The mean
diffusion coefficient of mitochondria in creatine-treated cul-
tures was 2.728 �m2/s (range: 0.02–16.12). Interestingly, mi-
tochondrial movement was largely reduced in the presence
of FCCP and all mitochondria were in “stationary” category
(Figure 2, G–I; Supplementary Video 3, a–k). The mean
diffusion coefficient of mitochondria in FCCP-treated cul-
tures was reduced to 0.014 �m2/s (range: 3 
 10�4 to 0.13).
These results suggest that mitochondrial translocation
within these neurites is ��m-dependent. As directional
transport of mitochondria may correlate to their ��m
(Miller and Sheetz, 2004), we also tested if creatine and
FCCP affected anterograde and/or retrograde transport of
mitochondria. Based on the above classification, antero-
grade- and retrograde-moving mitochondria were classified
as “fast,” “slow,” or “stationary” (Table 1). Creatine treat-
ment increased the percentage of mitochondria in fast and
slow categories, but the most obvious effect was on the
retrograde movement and largely reduced the percentage of
mitochondria in stationary category. On the contrary, FCCP
arrested the bidirectional movement of 
90% mitochondria.

Apart from the effects on mitochondrial movement, we
also investigated whether ��m affected presynaptic devel-
opment by examining SV clustering in naı̈ve neurite. Previ-
ous studies have shown that SVs form clusters that are
capable of activity-induced transmitter release along the
axon before target contact (Bixby and Reichardt, 1985; Dai
and Peng, 1996b). As shown in Figure 4A, discrete SV clus-
ters were observed by immunolabeling with an antibody

against the SV-associated protein synapsin-1 (Benfenati et
al., 1991). Creatine treatment (at 100 �M for 16 h) signifi-
cantly increased the number of SV clusters along the axon,
whereas FCCP (at 0.5 �M for 4 h) gave the opposite effect
(Figures 4, B and C). These observations were quantified by
measuring the area occupied by SV clusters per unit axonal
length as shown in Figure 4D. Not only did creatine increase
the number and area of SV clustering, it also enhanced the
synapsin labeling intensity (Figure 4E), suggesting an in-
crease in SV density within these clusters. In contrast, FCCP
caused a decrease in both the extent and intensity of SV
clustering (Figure 4, D and E). After treated cultures were
returned to normal medium for 4 h, the extent of SV clus-
tering became the same as that seen in untreated cultures
(Supplementary Figure 1, C and D). Thus, SV cluster forma-
tion could be reversibly regulated by ��m in naı̈ve neurites.

Correlation of Mitochondrial ��m and Bead-induced
Presynaptic Differentiation
Our previous study showed that the formation of mitochon-
drial and SV clusters can be focally induced by growth

Figure 3. Regulation of mitochondrial move-
ment by their ��m. Cultured neurons were
treated with creatine (D–F) and FCCP (G–I)
for 16 and 4 h, respectively. Mitochondria
were labeled with MitoTracker (B, E, and H).
(A, D, and G) The corresponding phase-con-
trast images. The mobility of mitochondria
along the naı̈ve neurites in the presence of
different mitochondrial ��m manipulators
was followed by time-lapse recording for
100 s. The corresponding mitochondria,
marked with a–m (A–F) or a–k (G–I), were
analyzed by MSD in which the diffusion coef-
ficients of the mitochondria were reflected by
their slope. The directionality of each mito-
chondrion’s movement is indicated along its
MSD plot. (C, F, and I), *, anterograde; #,
retrograde; and unmarked for stationary.
Time-lapse video clips with a 5-s interval be-
tween adjacent frames are available in Supple-
mentary Videos 1–3.

Table 1. Effects of mitochondrial ��m manipulators on bidirec-
tional mitochondrial movements

Treatment

Anterograde Retrograde

Fast Slow Fast Slow Stationary

Control 13.3 23.3 5 5 53.3
Creatine 15 28.3 11.7 15 30
FCCP 0 1.7 3.3 1.7 93.3
Oligomycin 10 10 2.5 17.5 60

Values are percentages. The bidirectional movements of 60 mito-
chondria from three independent experiments were classified as
fast- (
0.15 �m/s) or slow-moving (0.05–0.15 �m/s) or stationary
(�0.05 �m/s).
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factor–coated beads (Lee and Peng, 2006). In this study, we
used this model to understand whether these specializations
associated with presynaptic development are dependent on
mitochondrial function. After a short synaptic induction by
bFGF beads for 30 min, an increase in MgGr fluorescence
intensity was locally detected at bead-neurite contacts and
this was associated with mitochondrial clusters near these

sites (Figure 5). This local reduction in ATP may reflect its
great demand due to processes underlying presynaptic de-
velopment. Next, we tested if mitochondrial ��m manipu-
lation affects presynaptic development induced by bFGF
beads. Enhancing ��m by creatine had no effect on SV or
mitochondrial clustering induced by beads (Figure 6, D–F
compared with control A–C). However, abolishing ��m by
FCCP greatly suppressed the formation of bead-induced
mitochondrial clusters (Figure 6I), consistent with the inabil-
ity of this organelle to move along the neurite as described
above. Local SV clustering at the bead-neurite contact was
also inhibited by FCCP (Figure 6, G and H).

To further understand the role of ATP production on
presynaptic development, we examined the effect of the ATP
synthesis inhibitor oligomycin that blocks mitochondrial
ATP synthase (Bertina et al., 1974) on presynaptic develop-
ment. Unlike FCCP, oligomycin did not arrest mitochondrial
movement along neurites (Supplementary Video 4), but
caused increases in retrograde transport of slow-moving
mitochondria (Table 1). Consistent with its established effect,
it caused a significant elevation of MgGr fluorescence along
the neurite at concentrations as low as 1 nM (Figure 2, G, H,
and K). In the presence of oligomycin, bFGF bead-induced
SV clustering (Figures 6J) was significantly inhibited. Mito-
chondrial clustering was, however, much less affected (Fig-
ures 6J). These results further suggest that ATP production
from synaptic mitochondria plays an importance role in the
development of presynaptic specializations.

In addition to ATP production, mitochondria also serve to
buffer intracellular Ca2� during neurotransmission within
the nerve terminal (Alnaes and Rahamimoff, 1975; Yang et
al., 2003). We thus also tested whether their function in
calcium homeostasis plays a role in their involvement of
presynaptic development through the use of a benzothiaz-
epine compound CGP-37157, which selectively inhibits the
mitochondrial Na�/Ca2� exchanger (Cox et al., 1993; Baron
and Thayer, 1997; Scanlon et al., 2000). In contrast to meta-
bolic inhibitors, CGP-37157 did not affect bead-induced pre-
synaptic differentiation (Figure 6J) and intracellular ATP
level (Figure 2, I–K). Taken together, the ATP production,
not the calcium sequestration function, of mitochondria is
essential for the translocation and docking of mitochondria
to sites of presynaptic development, which is a prerequisite
for the assembly of SV clusters.

Regulation of F-Actin Assembly by Mitochondrial ��m

To understand the dependence of SV clustering on ��m, its
effect on actin polymerization was examined. Previous stud-
ies have shown that presynaptic F-actin cytoskeleton plays
an important role in the formation and maintenance of SV
clusters (Hirokawa et al., 1989; Dai and Peng, 1996a; Peng et
al., 1997; Richards et al., 2004). F-actin assembly is a major
cellular process that consumes metabolic energy in neurons
(Bernstein and Bamburg, 2003). Thus, mitochondrial activity
as reflected by ��m should have a significant bearing on
F-actin assembly. Using the bead model, we found that
F-actin, visualized by fluorescent phalloidin staining, was
highly localized at bead-neurite contacts where mitochon-
drial clusters were also detected (Figure 7, A–D, arrows). In
contrast, other mitochondrial clusters within varicosities
that were not induced by beads were not associated with
F-actin concentration (Figure 7, B–D, arrowheads). To visu-
alize the newly polymerized F-actin, we used our previously
established method to detect de novo actin polymerization
associated with acetylcholine receptor clustering in muscle
(Dai et al., 2000). This method involved first treating live
neuronal cultures with another F-actin–binding agent, jas-

Figure 4. Mitochondrial ��m-dependent clustering of SVs along
the naı̈ve neurites. (A–C) The cultured neurons were treated with
creatine or FCCP for 4 or 16 h. They were then fixed and labeled
with a SV marker, synapsin-1. More SV clusters were found along
neurite in cultures treated with 100 �M creatine for 16 h (arrows in
B) than in untreated cultures (arrows in A). In 4- and 16-h time
points, fewer SV clusters were detected in 0.5 �M FCCP-treated
cultures (arrow in C). (D and E) Area and intensity of SV clusters
were measured after background subtraction by ImageJ software.
Quantification of the area of SV clusters per unit length of neurite
(D) and normalized fluorescence intensity of SV clusters (E). Means
from three independent experiments are shown; n 
30 neurites.
*p � 0.05, t test.
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plakinolide which competes with phalloidin for F-actin
binding in order to mask all pre-existing F-actin (Bubb et al.,
1994). After presynaptic stimulation with beads, the newly
assembled cytoskeleton was visualized by postlabeling with
fluorescent phalloidin in fixed cultures. The complete mask-
ing of F-actin with jasplakinolide was confirmed by exam-
ining growth cones where dynamic F-actin turnover took
place. In untreated neurons, F-actin enrichment was de-
tected within the periphery domain of the growth cone
(Figure 7, E and F). The phalloidin labeling was abolished
after 1 �M jasplakinolide masking (Figure 7, G and H). This
low concentration of jasplakinolide was sufficient to mask all
the existing F-actin at the growth cone and along the neuritic
shaft (Figure 7H) without a dramatic change in the growth
cone morphology (Figure 7G). Jasplakinolide-treated neu-
rons were then stimulated by beads, and new F-actin was
probed by phalloidin after fixation. As shown in Figure 7, I
and J, newly polymerized F-actin was mainly observed at
the bead-neurite contact after 2 h of bead stimulation. This
new F-actin polymerization induced by beads was largely
inhibited by FCCP (Figure 7, K and L) and oligomycin, but
not CGP-37157 (Figure 7Q). Although jasplakinolide was
used at a low concentration in this study, it nevertheless
may alter the rate of actin dynamics as a previous study
suggests (Bubb et al., 1994). We thus also used another
method to visualize actin assembly through the incorpora-
tion of rhodamine-conjugated G-actin (Rh-actin) into barbed
ends of polymerizing actin filaments in saponin-permeabi-
lized cultures. Rh-actin signals thus represent sites of new
F-actin assembly. In untreated cultures, an elevated level of
Rh-actin signal was detected at bead-neurite contacts (Fig-
ure 7, M and N). Suppression of either mitochondrial ��m
with FCCP or mitochondrial ATP production with oligomy-
cin also abolished the incorporation of Rh-actin into F-actin
structures at the contact site (Figure 7, O, P, and R).

DISCUSSION

The aggregation of mitochondria is a prominent feature of
the nerve terminal. Previous studies have revealed the role
of synaptic mitochondria in modulating the efficacy and
plasticity of mature synapses (Alnaes and Rahamimoff, 1975;
Herrera et al., 1985; Nguyen et al., 1997; Li et al., 2004). At the
developing NMJ, our recent study has shown that mitochon-
dria become coclustered with SVs at developing presynaptic
specializations within minutes upon presentation of synap-

togenic stimulus to spinal neurons. The results of the present
study have indicated an essential role of localized mitochon-
drial activity in presynaptic differentiation.

The Regulation of Presynaptic Development by
Mitochondrial ��m Manipulators
JC-1 provided us with a simple probe for monitoring ��m in
live neurons. This dye has been extensively used as a semi-
quantitative indicator of neuronal mitochondrial ��m
(Ankarcrona et al., 1995; White and Reynolds, 1996; Buck-
man and Reynolds, 2001). We provided evidence that ��m
in cultured neurons could be reversibly modulated by cre-
atine or FCCP and such manipulation affected mitochon-
dria’s axonal mobility and SV clustering. Creatine phos-
phate modulates ATP production by donating its high-
energy phosphate in converting ADP to ATP (Ishida et al.,
1994). Exogenous creatine therefore acts as a temporal and
spatial buffer of energy which enhances the conversion rate
of ATP from ADP. On the other hand, FCCP, an ionophore
for proton, increases the permeabilization of inner mito-
chondrial membrane to protons and consequently depolar-
izes this membrane, therefore reducing ATP production (Ni-
cholls and Budd, 2000). The relatively long latency in the
effect of creatine on ��m is likely due to the fact that its
entry into the cell is rate-limited by a transporter-mediated
process compared with the direct passage of FCCP (Moller
and Hamprecht, 1989). Moreover, there is a possibility that
the increase in SV clusters by creatine treatment involves
transcriptional regulation of SV proteins.

In cultured neurons, axonal transport of mitochondria is
bidirectional along microtubules or actin filaments by dif-
ferent motor proteins (Morris and Hollenbeck, 1993, 1995).
Labeling the nerve-muscle or bead-nerve cocultures with
JC-1 revealed that mitochondria with higher ��m are pref-
erentially located at the synaptic sites along the axon (Lee
and Peng, 2006). This suggests that even during develop-
ment, there is a requirement for high, local ATP production
to support presynaptic development. Consistent with this,
the present study showed that mitochondria were localized
near the sites of local ATP consumption as a result of pre-
synaptic differentiation induced by bFGF beads (Figure 5).
The mechanism for targeting mitochondria to the presynap-
tic nerve terminal is likely mediated by the protein milton
and syntabulin in Drosophila NMJs and in rat hippocampal
synapses, respectively (Stowers et al., 2002; Cai et al., 2005). A
previous study showed that a mitochondrial uncoupler

Figure 5. Local ATP depletion at bFGF bead-induced pre-
synaptic specializations. Cultured spinal neurons were la-
beled sequentially with MitoTracker and MgGr and then
were stimulated with bFGF-coated beads for 30 min. To
clearly show the intensity difference, original fluorescence
image of MgGr staining (B) was converted to pseudocolor
image by ImageJ software (C). bFGF beads (asterisks in A)
caused a dramatic decrease in ATP level at bead contact sites
where presynaptic specializations developed, as evidenced
by an increase in MgGr intensity (arrows in C). These sites
were also enriched in mitochondria (arrows in D).
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CCCP blocks the bidirectional mitochondrial movements,
whereas an inhibitor of the electron transport chain antimy-
cin causes higher retrograde mitochondrial movement in
neurons (Miller and Sheetz, 2004). In agreement with that
study, our present results showed that depolarization by
FCCP completely abolished mitochondrial translocation in
both anterograde and retrograde directions along the axon,
presumably due to the fact that ATP hydrolysis powers the
microtubule motor proteins, such as kinesin and dynein, for
anterograde and retrograde translocation, respectively. Like
antimycin, inhibition of mitochondrial ATP production by
oligomycin caused an increase in retrograde (slow) and a
decrease in anterograde (slow) movements of mitochondria.
An increase in retrograde mitochondrial transport may
drive mitochondria with low ATP production away from the

axon toward the soma. Because mitochondrial clustering
induced by beads was not affected by oligomycin treatment,
the docking of mitochondria to the synaptic sites is likely
independent on the direction of mitochondrial movement.

The Role of F-Actin in the Formation of SV Clusters
The clustering, mobilization, fusion and recycling of SVs are
vital to neurotransmitter release at the nerve terminal. The
F-actin cytoskeleton is involved in regulating each one of
these events (Dillon and Goda, 2005). At the mature nerve
terminal, SVs are organized into two functional pools, the
readily releasable pool (RRP) and the reserve pool (RP;
Rizzoli et al., 2003; Rizzoli and Betz, 2005). RRP is a popu-
lation of vesicles docked at the active zone and primed for
release, whereas RP is a cluster of vesicles residing distally
from the active zone. Structural studies with electron mi-
croscopy and immunolabeling have shown that F-actin is
associated with SV clusters within the nerve terminal
(Hirokawa et al., 1989; Dai and Peng, 1996a; Bloom et al.,
2003). At Drosophila NMJs, F-actin disruption by cytochala-
sin D disrupts RP while leaving the RRP intact (Kuromi and
Kidokoro, 1998). It is suggested that F-actin provides cy-
toskeletal tracks for SV replenishment as shown by the
translocation of SVs from RP to RRP via an actin-based
motor protein myosin V (Evans et al., 1998). In this study,
polymerization of F-actin is locally induced at sites of syn-
aptogenic induction in close association with mitochondrial
clusters. These results further support that local actin poly-
merization is involved, at least in part, in the formation of
presynaptic specialization.

The Importance of ATP Production in Actin-mediated
Presynaptic Differentiation
The assembly of actin filaments requires ATP hydrolysis. In
neurons, �50% of cellular ATP supply is utilized in cy-
toskeletal assembly (Bernstein and Bamburg, 2003). Thus,
mitochondria that become localized at the nascent presyn-
aptic region may serve as a local powerhouse in the assem-
bly of F-actin and other presynaptic components, like SV
clusters. With magnesium green as an ATP probe, our ex-
periment has shown that depolarization of mitochondrial
��m by FCCP significantly depleted the intracellular ATP
content and this may account for the observed inhibition of
presynaptic differentiation. ATP depletion by oligomycin
similarly inhibited actin polymerization and SV clustering.
Interestingly, although FCCP inhibited both SV and mito-
chondrial clustering, oligomycin only affected the former. A
relatively low level of intracellular ATP may be sufficient for
the function of motor proteins responsible for the synaptic
targeting of mitochondria, a notion in agreement with our
finding that mitochondrial translocation was not affected by
oligomycin treatment (Supplementary Video 4). In agree-
ment with our findings, mutant Drosophila NMJs lacking
presynaptic mitochondria show a diffused, but not clus-
tered, pattern of SV distribution in the nerve terminal, and
this results in a reduction in the size of synaptic boutons
(Guo et al., 2005). On the other hand, creatine, which en-
hanced presynaptic differentiation, did not cause an increase
in intracellular ATP level. This may be due to the fact that
creatine enhances local ATP resynthesis at sites of high
metabolic activity but does not increase the overall ATP
content in the neuron.

Because mitochondria also contribute to Ca2� buffering in
cultured neurons, we also tested whether this function is
involved in presynaptic differentiation with a Na�/Ca2�

exchanger inhibitor CGP-37157. Our results showed that all
three presynaptic events, SV and mitochondrial clustering as

Figure 6. Mitochondrial ��m and presynaptic differentiation in-
duced by beads. (A–I) MitoTracker-loaded neurons were treated
with either 100 �M creatine or 0.5 �M FCCP at 1 h before bead
stimulation and being kept in the medium throughout the experi-
ment. After bead stimulation for 4 h, the neurons were fixed and
labeled with synapsin-1 antibody. bFGF beads induced the cluster-
ing of SVs and mitochondria in both control (arrows in A–C) and
creatine-treated cultures (arrows in D–F). However, in FCCP-
treated cultures, neither SVs nor mitochondria were clustered at
bead-neurite contacts (arrowheads in G–I). (J) Quantification of the
presynaptic differentiation. Bead-neurite contacts were scored pos-
itive for mitochondrial and SV clustering if the mean fluorescence
intensity of the corresponding marker was at least twofold over the
noncontact region. Data are means 	 SEM from three independent
experiments; n 
 150 bead-neurite contacts. * p � 0.05, ** p � 0.01,
t test.
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well as F-actin polymerization, were not affected by this
compound. Thus, ATP production is specifically required
for presynaptic differentiation. This conclusion is consistent
with a study on Drosophila NMJs with a dynamin-related
protein (Drp1) mutation that the mobilization of RP vesicles
is inhibited in the absence of presynaptic mitochondria and
this can be partially rescued by exogenous ATP (Verstreken
et al., 2005). It remains unclear whether local ATP produc-
tion by presynaptic mitochondria could regulate activity-
dependent mobilization and release of SVs.

Taken together, this study shows that mitochondrial ATP
production regulates presynaptic differentiation in an actin-
dependent mechanism. The F-actin–based cytoskeleton may
form the scaffold for the assembly of presynaptic organelles
including SVs and mitochondria themselves.
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