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Functional synapses require mitochondria to supply ATP and regulate local [Ca 2�]i for neurotransmission. Mitochondria are thought to
be transported to specific cellular regions of increased need such as synapses. However, little is known about how this occurs, including
the spatiotemporal distribution of mitochondria relative to presynaptic and postsynaptic sites, whether mitochondria are dynamically
recruited to synapses, and how synaptic activity affects these trafficking patterns. We used primary cortical neurons in culture that form
synaptic connections and show spontaneous synaptic activity under normal conditions. Neurons were cotransfected with a mitochon-
drially targeted cyan fluorescent protein and an enhanced yellow fluorescent protein-tagged synaptophysin or postsynaptic density-95
plasmid to label presynaptic or postsynaptic structures, respectively. Fluorescence microscopy revealed longer dendritic mitochondria
that occupied a greater fraction of neuronal process length than axonal mitochondria. Mitochondria were significantly more likely to be
localized at synaptic sites. Although this localization was unchanged by inhibition of synaptic activity by tetrodotoxin, it increased in
dendritic synapses and decreased in axonal synapses during overactivity by veratridine. Mitochondrial movement and recruitment to
synapses also differed between axons and dendrites under basal conditions and when synaptic activity was altered. Additionally, we show
that movement of dendritic mitochondria can be selectively impaired by glutamate and zinc. We conclude that mitochondrial trafficking
to synapses is dynamic in neurons and is modulated by changes in synaptic activity. Furthermore, mitochondrial morphology and
distribution may be optimized differentially to best serve the synaptic distributions in axons and dendrites. Last, selective cessation of
mitochondrial movement in dendrites suggests early postsynaptic dysfunction in neuronal injury and degeneration.
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Introduction
Mitochondria are vital to the function of cells because they are the
main source of energy and because they regulate [Ca 2�]i ho-
meostasis. Because mitochondria are thought to be synthesized
perinuclearly, they must be trafficked appropriately to meet de-
mands throughout the cell (Wong-Riley, 1989; Miller, 1992;
Davis and Clayton, 1996). This is particularly important in neu-
rons in which processes can extend great distances from the cell
body. Mitochondrial movement is dynamic, with individual or-
ganelles exhibiting various velocities and motility patterns in ax-
ons and dendrites (Overly et al., 1996; Ligon and Steward, 2000a).
Kinesins and dyneins transport the organelles on microtubules
and actin filaments, likely through interaction with accessory
proteins such as Milton and syntabulin (Hirokawa et al., 1990;
Nangaku et al., 1994; Morris and Hollenbeck, 1995; Tanaka et al.,
1998; Ligon and Steward, 2000b; Stowers et al., 2002; Cai et al.,

2005). Mitochondrial morphology is also dynamic and can be
regulated, for example, through fusion and fission (for review, see
Rube and van der Bliek, 2004). It is thought that an elongated
morphology may confer bioenergetic advantages to ATP genera-
tion and dispersal (for review, see Skulachev, 2001). However,
there is very little evidence directly relating mitochondrial mor-
phology to mitochondrial function.

Although mitochondria are thought to be trafficked to specific
cellular regions with high metabolic demand or elevated [Ca 2�]i,
few specific targets for mitochondrial recruitment have been un-
ambiguously identified (Morris and Hollenbeck, 1993; Yi et al.,
2004). An obvious site that requires mitochondria on neuronal
processes is the synapse. Electron microscopy demonstrated mi-
tochondria closely associated with synapses and tethered to ves-
icle release sites (Kageyama and Wong-Riley, 1982; Rowland et
al., 2000). Synaptic transmission requires mitochondrial ATP
generation and control of local [Ca 2�]i for neurotransmitter exo-
cytosis, vesicle recruitment, activation of ion conductances, sig-
naling at metabotropic receptors, potentiation of neurotransmit-
ter release, and synaptic plasticity (Bindokas et al., 1998; Zucker,
1999; David and Barrett, 2000, 2003; Zenisek and Matthews,
2000; Calupca et al., 2001; Billups and Forsythe, 2002; Vanden
Berghe et al., 2002; Kann et al., 2003; Yang et al., 2003). However,
recent studies in mutant Drosophila neurons with perinuclearly
clustered mitochondria also suggest that direct mitochondrial
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localization to presynaptic terminals may be less critical for neu-
rotransmission processes under physiological conditions than for
Ca 2� buffering and mobilization of reserve pool vesicles during
tetanic stimulation (Guo et al., 2005; Verstreken et al., 2005). The
question then arises whether and how dynamic mitochondrial
trafficking patterns and regulation of morphology mediate ap-
propriate synaptic support, both presynaptically and postsynap-
tically. Some evidence exists for mitochondrial recruitment to
dendritic spines during morphogenesis in hippocampal neurons
after repetitive depolarizing stimulation (Li et al., 2004). How-
ever, the normal trafficking patterns of mitochondria to synapses
in spontaneously active neurons remains to be elucidated.

Because mitochondria are important for supporting synaptic
transmission, it is likely that impairment of mitochondrial trans-
port could result in synaptic dysfunction in addition to inade-
quate distribution of ATP and sequestration of [Ca 2�]i. This is
particularly critical in injured neurons because many insults are
known to stop mitochondrial movement (Rintoul et al., 2003;
Malaiyandi et al., 2005; Reynolds and Santos, 2005). The work of
Li et al. (2004) and Guo et al. (2005) suggests that different mech-
anisms account for mitochondrial distribution in axons and den-
drites. For example, formation of dendritic spines but not of
synaptic boutons may require local recruitment of mitochondria.
Therefore, if mitochondrial movement in axons and dendrites
has different susceptibilities to neuronal insults, the result could
be selective dysfunction of presynaptic or postsynaptic neuro-
transmission. In this study, we used cultured primary rat cortical
neurons in which we previously demonstrated abundant expres-
sion of synaptic proteins and spontaneous [Ca 2�]i transients that
are synchronous between cells and mediated by glutamatergic,
cholinergic, and GABAergic signaling (Chang and Reynolds,
2006) (K. E. Dineley, D. T. W. Chang, and I. J. Reynolds, unpub-
lished observations). We show not only the differential traffick-
ing patterns of mitochondria to presynaptic terminals and
postsynaptic densities but also reveal dynamic modulation of mi-
tochondrial trafficking, morphology, and distribution that ac-
company changes in synaptic activity. Additionally, we provide
evidence for heightened vulnerability of dendritic mitochondria
to movement cessation after neurotoxic glutamate and zinc ex-
posure, suggestive of dysfunction in dendrites before axons.

Materials and Methods
Materials. All reagents were purchased from Sigma (St. Louis, MO) un-
less otherwise noted.

Cell culture. All animals used for this study were maintained in accor-
dance with the University of Pittsburgh Guidelines for the Care and Use of
Animals. Primary neurons were dissociated for culture from the cortices
of embryonic day 17 Sprague Dawley rat pups and grown under serum-
free conditions as described previously (Malaiyandi et al., 2005).

Transfection of cortical cultures. The mitochondrially targeted cyan flu-
orescent protein (mito-CFP) construct was obtained from Clontech
(Mountain View, CA) and targets cytochrome c oxidase subunit VIII.
The postsynaptic density-95 (PSD-95)– enhanced yellow fluorescent
protein (eYFP) and synaptophysin– eYFP plasmids were provided by Dr.
Ann Marie Craig (University of British Columbia, Vancouver, British
Columbia, Canada). The mito-eYFP construct obtained from Dr. Roger
Tsien (University of California, San Diego, La Jolla, CA) uses a cyto-
chrome c oxidase subunit IV mitochondrial localization sequence (Llopis
et al., 1998). Plasmids were purified and amplified using the Qiagen
(Valencia, CA) Plasmid Maxi kit according to the instructions of the
manufacturer. Cotransfections were performed on neurons after 11 d in
vitro, using 1 �g each of mito-CFP and PSD-95– eYFP or synaptophysin–
eYFP and 2.5 �l of Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA) in an added volume of 250 �l of DMEM. Transfections with mito-
eYFP were performed with 1 �g of plasmid and otherwise identical con-

ditions. Media was completely replaced with conditioned media 6 – 8 h
after transfection, and neurons were imaged 3– 4 d after transfection.

Imaging. Cells were perfused with HBSS adjusted to pH 7.4 with
NaOH and composed of the following (in mM): 137 NaCl, 5 KCl, 10
NaHCO3, 20 HEPES, 5.5 glucose, 0.6 KH2PO4, 0.6 Na2HPO4, 1.4 CaCl2,
and 0.9 MgSO4. HBSS was warmed to 37°C and flowed at a rate of 5
ml/min throughout the duration of each experiment. For fluorescence
recording, we used a BX61WI Olympus Optical (Tokyo, Japan) micro-
scope, a CCD camera (Hamamatsu, Shizouka, Japan) and a Lambda-LS
xenon arc lamp light source with a Lambda 10-2 optical filter changer
(Sutter Instruments, Novato, CA). Imaging was performed at a rate of
one frame every 10 s at a magnification of 60� except when noted, using
Compix (Cranberry, PA) imaging systems and SimplePCI software
(Compix). Dual-wavelength fluorescence imaging was performed using
the following excitation wavelengths: 440/495 nm for mito-CFP and
eYFP-tagged synaptic components and 340/380 nm for fura-2 AM.
Single-wavelength fluorescence imaging of mito-eYFP was performed at
a 495 nm excitation wavelength.

Measurement and pharmacologic modulation of spontaneous [Ca2�]i

fluxes. Spontaneous [Ca 2�]i transients were represented by fluxes in
fura-2 AM ratios. Cells were loaded with 5 �M fura-2 AM/HBSS (Invitro-
gen) for 15–20 min at 37°C. Neurons were imaged at a rate of one frame
every 3 s at 40� magnification. [Ca 2�]i was represented as the fura-2
ratio of cell bodies after subtraction of background fluorescence using
SimplePCI. Drug treatments were 1 h preincubation with 200 nM tetro-
dotoxin (TTX) prepared from a 1 mM stock dissolved in distilled water,
24 h preincubation with 1 �M TTX, or 30 min pretreatment with 250 nM

veratridine prepared from a 1 mM stock dissolved in ethanol. Experi-
ments were performed during the 30 min after each pretreatment with
continuous perfusion of 200 nM TTX or 250 nM veratridine.

Analysis of mitochondrial length, occupancy, and number. SimplePCI
functions were used to determine average mitochondrial length, occu-
pancy, and number in a subfield that excluded proximal processes clearly
containing more than one mitochondrion in their cross-section. User-
defined thresholds for pixel intensity and object size were used to identify
the total number of measurable mitochondria in a frame. Length was
calculated from skeletonized objects, which consisted of a one-pixel-
wide line running the length of each mitochondrial object. All neuronal
processes in the field were then converted into line objects, their total
length was calculated, and mitochondrial occupancy was computed as
total mitochondrial length/process length. A Student’s t test was used for
comparisons between axonal and dendritic controls. A one-way ANOVA
with Dunnett’s multiple comparison test to control was used to analyze
data in axons or dendrites after pharmacologic treatments.

Analysis of synapse number, mitochondrial localization, and movement
parameters relative to synaptic sites. Synapses were designated using only
the eYFP image so that the observer was blinded to the location of mito-
chondria. Clusters of eYFP-labeled PSD-95 and synaptophysin proteins
were identified as stable synaptic components if they were �1 �m in
diameter and did not display net lateral movement �1 �m during the
course of each 30 min experiment. Therefore, small or mobile fluorescent
clusters were excluded from our analysis. The total number of synapto-
physin or PSD-95 clusters identified in this manner was divided by the
total neuronal process length in a given subfield to yield the number of
synapses per micrometer. A Student’s t test was used for comparisons
between axonal and dendritic controls. A one-way ANOVA with Dun-
nett’s multiple comparison test to control was used to analyze data in
axons or dendrites after pharmacologic treatments.

Using SimplePCI, rectangular regions of interest (ROIs) with a width
of 1.1 �m were placed around each identified synaptic component clus-
ter using the eYFP image. As controls, ROIs were placed along the same
neuronal processes in locations that were void of eYFP-labeled clusters
during the 30 min experiment. Mitochondrial parameters were then an-
alyzed from imaging files containing the ROIs and only the CFP image so
that the observer was blinded to the synaptic contents of each ROI. The
mitochondrial localization and movement parameters that were mea-
sured are shown in Table 1. Mitochondria occupying at least half of the
width of an ROI were considered to be localized in that ROI. A mito-
chondrion was considered to occupy an ROI for as long as the mitochon-
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drial edge did not completely move out of the ROI. The number of
mitochondria moving past each ROI was counted over the entire course
of each movie, and those that localized in the ROI according to the
definition above were considered to stop during their trajectory. The
length of time that these moving mitochondria stopped in ROIs was also
measured. A Student’s paired t test was used for comparisons between
synaptic and nonsynaptic sites in the same cells. A one-way ANOVA with
Dunnett’s multiple comparison test to control was used to analyze data in
axons or dendrites after pharmacologic treatments.

Measurement of drug-induced changes in mitochondrial movement and
morphology. For experiments with glutamate treatment, axons were
identified in cortical neurons by selective expression of synaptophysin–
eYFP, and dendrites were identified by selective expression of PSD-95–
eYFP. Cells were cotransfected with mito-CFP. Proximal and distal axon
segments were imaged 3– 4 and 10 –12 imaging fields away from the cell
soma, which corresponded to 0.2– 0.5 and 1–1.4 mm, respectively. Cells
were perfused for 10 min with HBSS, followed by 10 min with 30 �M

glutmate/1 �M glycine, followed by a 10 min HBSS wash. Mitochondrial
length was measured as described above using individual frames corre-
sponding to the start of HBSS perfusion, the end of glutamate treatment,
and the end of HBSS wash. Mitochondrial roundness was computed
from the same frames as length using a SimplePCI function as 4� �
area/�perimeter. Overall mitochondrial movement was measured dur-
ing the first 190 s of HBSS perfusion, the last 190 s of glutamate treat-
ment, and the last 190 s of HBSS wash as described previously (Rintoul et
al., 2003). Briefly, a custom Visual Basic macro was used to quantify
movement as average event count/average number of mitochondrial pix-
els, in which event count is the number of corresponding pixels that vary
by at least 20 fluorescence units between two consecutive frames, and the
number of mitochondrial pixels is the number of pixels per frame that are
20 fluorescence units above background fluorescence. The value of 20
units was chosen because a masking function in SimplePCI software
effectively identified mitochondria as pixels 20 units above background
fluorescence.

For experiments involving FCCP (carbonyl
cyanide p-trifluoromethoxyphenylhydrazone),
oligomycin, zinc, rotenone, and 4-bromo-
A23187 (4-Br-A23187) treatment, neurons
were transfected with mito-eYFP, and axons
and dendrites were imaged at a rate of one
frame every 6 s. Movement was analyzed using
the macro described above during the following
2 min time periods: before drug treatment, at
the end of drug perfusion, and at the end of a
15–20 min HBSS wash. The treatment condi-
tions were 5 min perfusion with 750 nM FCCP, 10
min perfusion with 10 �M oligomycin, 5 min per-
fusion with 2 �M rotenone, 5 min perfusion with 1
�M 4-Br-A23187, or 10 min perfusion with 3 �M

ZnCl2/20 �M Na-pyrithione. ZnCl2 treatment
was followed by a 5 min perfusion with 25 �M zinc
chelator N,N,N�,N�-tetrakis(2-pyridylmethyl)-
ethylenediamine (TPEN). CaCl2 was omitted
from HBSS in experiments involving FCCP and
ZnCl2. For each cell, mitochondrial movement
during treatment and after washout was normal-
ized to movement before treatment. A Student’s
paired t test was used for statistical analysis of
movement recovery.

For all experiments, transfected neurons
were selected for imaging if they exhibited mov-
ing mitochondria with the elongated morphol-
ogy characteristic of healthy cells. Each inde-
pendent experiment consisted of one cell per
coverslip treated with a given drug, repeated on
two to six coverslips each from two to five dif-
ferent cultures.

Results
Many studies examining synaptic mito-

chondria use electron microscopy and are limited to static images
(Rowland et al., 2000; Sakata and Jones, 2003; Briones et al.,
2005). More recently, synaptic function was investigated in mu-
tant neurons that exhibited abnormal distribution and transport
of mitochondria (Guo et al., 2005; Verstreken et al., 2005). How-
ever, it is difficult to account for the dynamics of normal mito-
chondrial movement and morphology in these models. Li et al.
(2004) recently demonstrated recruitment of mitochondria to
dendritic spines undergoing morphogenesis. We now provide
new insight into the normal trafficking of mitochondria to both
presynaptic and postsynaptic sites, thereby advancing our under-
standing of how the mitochondrial pool is allotted to meet dy-
namic demands throughout the cell.

Mitochondria are visualized concurrently with presynaptic
and postsynaptic labels
Mitochondria were imaged simultaneously with presynaptic or
postsynaptic sites by cotransfecting primary cortical neurons
with a mito-CFP and either the presynaptic vesicle protein syn-
aptophysin or the postsynaptic density protein PSD-95 tagged to
an eYFP. A single neuron transfected with mito-CFP,
synaptophysin-eYFP, and PSD-95–monomeric red fluorescent
protein (mRFP) is shown in Figure 1A. Figure 1, B and C, shows
labeled mitochondria with PSD-95 clusters in a dendrite and with
synaptophysin clusters in axon branches, respectively. Axonal
and dendritic differences in synaptic density and mitochondrial
morphology and distribution were readily observed. Localization
of mitochondria to a subset of presynaptic and postsynaptic sites
was also seen. These mitochondrial morphology and distribution
patterns were quantified and are discussed below.

Table 1. Measured parameters of mitochondrial movement

Parameter Method of measurement

Mitochondrial localization frequency Fraction of ROIs that contain mitochondria
Mitochondrial residence time Fraction of total movie length (�30 min) that the mitochondria initially

found in an ROI remained stationary
Number of passing mitochondria per minute Calculated from the number of mitochondria moving past each ROI during

the entire movie
Fraction of passing mitochondria that stop Fraction of mitochondria moving past an ROI that localized in that ROI for at

least one imaging frame

Figure 1. Mitochondrial localization and trafficking were visualized relative to presynaptic and postsynaptic sites by cotrans-
fecting neurons with fluorescent proteins. A, Primary cortical neuron transfected with mito-CFP (red), presynaptic label synapto-
physin– eYFP (green), and postsynaptic label PSD-95–mRFP (blue). B, Dendritic segment from a transfected neuron showing
mito-CFP-labeled mitochondria (green) and PSD-95– eYFP clusters (red). C, Axonal branches from a transfected neuron showing
mito-CFP-labeled mitochondria (green) and synaptophysin– eYFP clusters (red). Images are representative of three to five cul-
tures. Scale bars, 10 �m.
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Time-lapse fluorescence imaging per-
mitted us to measure multiple parameters
of mitochondrial movement patterns. Im-
aging movies demonstrated the variability
and complexity of mitochondrial traffick-
ing to presynaptic and postsynaptic sites
(supplemental data 1, available at www.
jneurosci.org as supplemental material).
Specifically, we observed mitochondria
that (1) localized to synapses for long or
short time periods, (2) paused at synaptic
sites as they traveled unidirectionally along
a neuronal process, (3) shuttled bidirec-
tionally between multiple neighboring
synapses, (4) moved to and briefly resided
at a synapse before seeming to divide, leav-
ing one fragment at the synapse while the
remaining fragment moved elsewhere,
and (5) elongated to bridge nearby syn-
apses. To study the more accessible char-
acteristics of mitochondrial trafficking to
synapses, we measured the parameters
listed in Table 1. Three populations of mi-
tochondria with specific movement pat-
terns emerged from our data, as dia-
gramed in Figure 2A. These included
relatively immobile mitochondria that re-
mained stationary for long time periods
(generally �15 min) and mobile mito-
chondria that paused at specific locations for shorter (�20 s) or
longer (mean of 1.5–2 min; data not shown) time periods. We
distinguished sites at which mitochondria halted by whether they
contained a synaptic component. The trafficking patterns of
these mitochondrial populations are discussed in detail below.

Because mitochondria localized to synapses are thought to be
functional in providing ATP or regulating local [Ca 2�]i, we pre-
dicted that synaptic overactivity would induce mitochondrial re-
cruitment to synapses and synaptic quiescence would release lo-
calized mitochondria to perform other duties. The spontaneous
synaptic firing of neurons in culture was overactivated by vera-
tridine, an inhibitor of Na� channel inactivation. As a counter-
part, we silenced synaptic activity with TTX, a blocker of voltage-
sensitive Na� channels in excitable membranes. Synaptic activity
was monitored by the fluorescent [Ca 2�]i indicator fura-2 AM,
as the spontaneous and synchronous [Ca 2�]i transients that cul-
tured neurons exhibit when firing. As shown in Figure 3, veratri-
dine caused intense, high-magnitude [Ca 2�]i spiking activity,
whereas TTX treatment completely suppressed [Ca 2�]i tran-
sients. We confirmed that these activity patterns were maintained
throughout the duration of our drug treatments, and drug was
continuously perfused on cells during each imaging experiment.

Mitochondrial morphology and distribution differ in axons
and dendrites and are differentially modulated by changes in
synaptic activity
The transfected presynaptic and postsynaptic markers were used
as guides for differentiating axons from dendrites. PSD-95 was
clearly expressed in all but one process, and synaptophysin was
expressed in only one process. Additionally, axons were morpho-
logically distinguished from dendrites by their extensive length,
small diameter, lack of attenuation, and right-angle branch
points. The morphology of mitochondria and their distribution
relative to synaptic sites was clearly variable between axons and

dendrites (Fig. 1). First, mitochondria were more fully distrib-
uted through dendrites, occupying a large fraction of neuronal
process length. In contrast, mitochondria were visibly shorter
and more sparsely distributed throughout axons. The distribu-
tion of presynaptic sites and postsynaptic densities also differed;
axons were far less densely populated by synaptophysin clusters
than were dendrites populated by PSD-95 clusters.

In accordance with these observations, we found that mito-
chondria occupied 26.3 � 0.02% of any given dendritic segment,
which was significantly greater than the 17.4 � 0.02% mitochon-
drial occupation of any given axonal segment ( p � 0.01) (Fig.
4A). This increase in mitochondrial occupancy of dendritic pro-
cess length was attributed to a significant increase in mitochon-
drial length, 2.2 � 0.1 �m in dendrites compared with 1.4 � 0.1
�m in axons ( p � 0.0001) (Fig. 4B). However, the number of
discrete mitochondria per micrometer of neuronal process was
equivalent in axons and dendrites (Fig. 4C). Interestingly, the
increased mitochondrial length and occupancy in dendrites cor-
related with a twofold increase in density of PSD-95 clusters on
dendrites compared with synaptophysin clusters on axons ( p �
0.01) (Fig. 4D). Therefore, mitochondria seem to be more fully
distributed through processes that have high synaptic density.

When synaptic activity was modulated, mitochondrial mor-
phology and distribution surprisingly changed in opposite direc-
tions on axons compared with dendrites. Figure 4A demonstrates
that 24 h TTX treatment reduced mitochondrial occupancy of
axons from 17.4 � 0.02 to 11.2 � 0.01% ( p � 0.05) but increased
mitochondrial occupancy of dendrites from 26.2 � 0.02 to
38.8 � 0.03% ( p � 0.01). The change in mitochondrial occu-
pancy in dendrites was coincident with a significant increase in
mitochondrial length but no significant change in the number of
mitochondria in neuronal processes (Fig. 4B,C). Veratridine
treatment resulted in a significantly shorter mitochondrial length
and a trend toward reduced mitochondrial occupancy in axons

Figure 2. Populations of mitochondria with different movement patterns were observed, and their trafficking patterns were
analyzed in a blinded manner. A, Mitochondria that were relatively immobile tended to remain stationary at synaptic and
nonsynaptic sites for �15 min. Relatively mobile mitochondria exhibited saltatory movement, making stops at synaptic and
nonsynaptic sites for shorter or longer time periods. B, Representative axonal image prepared for blinded data analysis shows ROIs
placed around synaptophysin clusters (red boxes) and ROIs placed at nonsynaptic locations (blue boxes). C, Corresponding mito-
chondrial image with ROIs, shown here before box colors were made uniform, was used to measure the localization and trafficking
parameters listed in Table 1. Scale bar, 10 �m.
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but increased mitochondrial occupancy in dendrites. It is impor-
tant to note that all pharmacologic manipulations of synaptic
activity reduced the number of stationary PSD-95 clusters per
micrometer of dendritic processes ( p � 0.05) (Fig. 4D). How-
ever, treatments never altered the total number of labeled clusters
(data not shown); thus, the effects seen in Figure 4D are a result of
increased cluster mobility. For our measurements, mobility was
considered to be net movement �1 �m over the course of 30
min. Our criterion for cluster motility was necessarily strict to
permit data to be analyzed blindly. In summary, these results
demonstrate that mitochondrial morphology was dynamically
modulated by global changes in synaptic activity. Furthermore,

axonal and dendritic mitochondria re-
sponded differently to single pharmaco-
logic manipulations, suggesting that dis-
tinct mechanisms operate within these
neuronal compartments to alter mito-
chondrial morphology and distribution.

Mitochondria localize to synaptic sites
on axons and dendrites for extended
time periods
We observed mitochondria localized to
subsets of presynaptic and postsynaptic
sites for varying time periods. To measure
mitochondrial localization frequency at
synaptic sites, we placed ROIs of width 1.1
�m around synaptophysin and PSD-95

clusters as well as throughout neuronal processes in which such
clusters were absent (Fig. 2B). The presence of mitochondria in
ROIs and the length of time those mitochondria remained sta-
tionary were then blindly scored (Fig. 2C). During a 30 min span
of imaging, we found that the mitochondria that were localized in
ROIs tended to reside there for at least 15 min and therefore likely
represented a generally stationary pool of mitochondria
(Fig. 2A).

Our results demonstrate that mitochondria localized signifi-
cantly to presynaptic and postsynaptic sites. The percentage of
synaptophysin clusters that contained mitochondria was 36.1 �
0.06% compared with the 14.3 � 0.03% chance of finding mito-
chondria at locations on axons that did not contain synaptophy-
sin clusters ( p � 0.05) (Fig. 5A). Furthermore, mitochondria
that localized to labeled presynaptic terminals remained station-
ary for 77.0 � 0.09% of the movie duration, significantly more
than the 47.4 � 0.07% that mitochondria resided at nonsynaptic
sites ( p � 0.05) (Fig. 5B). Interestingly, veratridine treatment
caused mitochondria in axons to (1) localize to synaptic and
nonsynaptic sites at similar frequencies and (2) remain stationary
at synaptic sites for similar time periods as at nonsynaptic sites
(Fig. 5A,B).

Mitochondria also localized to postsynaptic sites on dendrites
but exhibited different patterns of distribution than on axons.
Mitochondria colocalized to 39.3 � 0.05% of PSD-95 clusters
compared with 27.4 � 0.05% at sites that did not contain
postsynaptic densities ( p � 0.05) (Fig. 5C). The modest colocal-
ization of mitochondria at postsynaptic sites can be attributed to
the high fractional occupancy of dendrites by mitochondria and
thus increased frequency of finding mitochondria at nonsynaptic
sites on dendrites compared with axons (Fig. 4A). We found that
mitochondria were relatively stationary in dendrites, and, as a
result, they resided at both synaptic and nonsynaptic sites for
nearly the entire duration of our 30 min imaging experiments
(Fig. 5D). However, results from TTX treatment show that, after
1 h, mitochondria remained stationary for shorter time periods
and actually resided at sites containing PSD-95 clusters signifi-
cantly longer than at sites void of clusters ( p � 0.05) (Fig. 5D).
Conversely, veratridine treatment caused mitochondria to asso-
ciate with 59.2 � 0.06% of PSD-95 clusters compared with
39.3 � 0.05% of clusters in control ( p � 0.05) (Fig. 5C). These
results indicate that mitochondria significantly colocalize with a
subset of presynaptic and postsynaptic sites and selectively reside
at presynaptic terminals for extended time periods. Furthermore,
changes in synaptic activity can modulate mitochondrial distri-
bution to synaptic sites differently in axons and dendrites.

Figure 3. Spontaneous synaptic activity of cultured neurons was pharmacologically modulated to determine the effects on
mitochondrial trafficking. A, Spontaneous [Ca 2�]i fluxes in the cell somas of all neurons in an imaging field measured by fura-2
AM were indicative of basal synaptic activity and were amplified in magnitude by 250 nM veratridine. B, [Ca 2�]i spiking was
inhibited by 200 nM TTX. Traces represent 10 –13 cells from a single coverslip. Experiments were repeated two to three times each
on three separate cultures.

Figure 4. Mitochondrial distribution and morphology differed between axons and dendrites
and was differentially modulated by changes in synaptic activity. A, Mitochondrial occupancy of
axons was significantly lower than that of dendrites. This was measured as the total length of all
mitochondria divided by the length of all neuronal processes in a given field. Treatment with 1
�M TTX for 24 h or 250 nM veratridine for 30 min reduced mitochondrial occupancy of axons but
increased occupancy of dendrites. B, Mitochondrial length was significantly shorter in axons
than in dendrites. Treatment with TTX for 24 h increased mitochondrial length in dendrites.
Veratridine also reduced mitochondrial length in axons. C, Number of mitochondria per micro-
meter of neuronal process was similar between axons and dendrites and was not affected by
changes in synaptic activity. D, Significantly more stationary clusters of PSD-95 populated den-
drites compared with synaptophysin clusters on axons. TTX and veratridine treatments reduced
the number of stationary PSD-95 clusters. Values are shown as mean � SE from two to three
coverslips each from four to five separate cultures. p � 0.05 was considered significant, in
which � represents comparisons between axons and dendrites of untreated cells, and * rep-
resents comparisons between untreated cells and pharmacologically treated cells.

Chang et al. • Mitochondrial Trafficking to Synapses J. Neurosci., June 28, 2006 • 26(26):7035–7045 • 7039



Mitochondrial movement is greater in axons than dendrites
and increases during synaptic inactivity
We measured mitochondrial movement as the number of mito-
chondria that move past ROIs placed along neuronal processes
over the course of 30 min. It is important to note that our mea-
surement of mitochondrial movement, or flux, can be influenced
by both the number of moving mitochondria and the velocity
with which they move. Mitochondrial movement past synaptic
sites was identical to nonsynaptic sites (data not shown). This
suggests that we were measuring a population of highly mobile
mitochondria that made brief stops lasting well under 30 min.
We therefore distinguish this population of mitochondria from
the generally immobile population described above and in Figure 5.

Remarkably, more mitochondrial movement was observed in
axons compared with dendrites: 0.13 � 0.02 versus 0.03 � 0.008
mitochondria moved past an ROI per minute in axons and den-
drites, respectively ( p � 0.001) (Fig. 6A). Synaptic silence by
TTX for 1 h caused mitochondrial movement to increase dramat-
ically in all neuronal processes, with flux rates of 0.21 � 0.02
mitochondria/ROI/min ( p � 0.05) in axons and 0.09 � 0.01
mitochondria/ROI/min ( p � 0.01) in dendrites. Movement re-
mained somewhat elevated in dendrites after 24 h of TTX treat-
ment but completely returned to control values in axons. Con-
versely, veratridine treatment had no significant effects on
movement in either axons or dendrites.

The dramatic increase in mitochondrial movement in both
axons and dendrites after 1 h TTX treatment suggests a transition
of mitochondria from the stationary state to the mobile state, as

well as an increase in mobility of already moving mitochondria
(Fig. 6A). In support of this, we observed that dendritic but not
axonal mitochondria remained stationary for significantly
shorter time periods after 1 h TTX (Fig. 5B,D). Therefore, moving

Figure 5. Mitochondria localized significantly to presynaptic and postsynaptic sites, and
their distribution relative to synapses changed in response to altered synaptic activity. A, Mito-
chondrial localization frequency to presynaptic sites was measured as the fraction of synapto-
physin clusters that contained mitochondria (white bars) compared with the fraction of ran-
domly selected sites void of synaptophysin clusters that contained mitochondria (black bars).
Mitochondria localized preferentially to synaptophysin clusters in untreated and TTX-treated
cells but not in veratridine-treated cells. B, Residence times of the mitochondria localized to
synaptic and nonsynaptic sites in A were compared. Residence time was calculated as the length
of time that the colocalized mitochondria remained stationary divided by the duration time of
the imaging movie. Mitochondria resided significantly longer at synaptophysin clusters than
nonsynaptic sites in untreated and TTX-treated cells but not veratridine-treated cells. C, Mito-
chondrial localization frequency at PSD-95 clusters was measured as in A. Mitochondria local-
ized preferentially to PSD-95 clusters, and veratridine treatment increased this localization
frequency relative to untreated cells. D, Residence time of mitochondria at PSD-95 clusters was
measured as described in B. Treatment with 200 nM TTX for 1 h reduced mitochondrial residence
times in dendrites, yet mitochondria resided at PSD-95 clusters longer than at nonsynaptic sites.
Values are shown as mean � SE from two to three coverslips each from three to five separate
cultures. p � 0.05 was considered significant, in which * represents comparisons between
synaptic sites and nonsynaptic sites in the same cells, and � represents comparisons between
untreated cells and pharmacologically treated cells.

Figure 6. Mitochondrial movement patterns differed between axons and dendrites and was
altered in response to changes in synaptic activity. A, Mitochondrial movement was greater in
axons than dendrites and was increased in all processes by 1 h treatment with 200 nM TTX.
Movement was measured as the number of mitochondria passing a given point on a neuronal
process over time. B, The fraction of passing mitochondria measured in A that paused at syn-
aptophysin clusters (white bars) on axons was compared with the fraction that paused at
nonsynaptic sites (black bars). Mitochondria that stopped for at least two imaging frames,
equivalent to �10 s (mean 1.5 min), showed a preference toward synaptophysin clusters after
30 min treatment with 250 nM veratridine. Mitochondria that stopped for one imaging frame,
equivalent to �20 s, showed a preference toward synaptophysin clusters after 24 h treatment
with 1 �M TTX. C, The fraction of passing mitochondria measured in A that paused at PSD-95
clusters (white bars) on dendrites was compared with the fraction that paused at nonsynaptic
sites (black bars). Mitochondria that stopped for at least two imaging frames, equivalent to
�10 s (mean of 2 min), showed a preference toward PSD-95 clusters after veratridine treat-
ment. Mitochondria that stopped for one imaging frame, equivalent to �20 s, showed a pref-
erence toward nonsynaptic sites after TTX and veratridine treatments. Values are shown as
mean � SE from two to three coverslips each from three to five separate cultures. p � 0.05 was
considered significant. In A, � represents comparisons between axons and dendrites of un-
treated cells, and * represents comparisons between untreated cells and pharmacologically
treated cells. In B and C, * represents comparisons between synaptic sites and nonsynaptic sites
in the same cells.
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mitochondria likely have increased velocity in axons and den-
drites; additionally, more mitochondria probably become mobile
in dendrites. Our results are in agreement with the effects of TTX
in hippocampal dendrites (Li et al., 2004).

Saltatory movement of mitochondria is modulated by
changes in synaptic activity
Overall mitochondrial movement in neuronal processes can be
primarily attributed to a mobile subset of mitochondria that is
distinct from a stationary subset of mitochondria. Mobile mito-
chondria have been reported to account for 5–20 or 35– 45% of
the total mitochondrial pool in cultured hippocampal neurons
(Overly et al., 1996; Ligon and Steward, 2000a). These mitochon-
dria exhibit saltatory movement, pausing briefly along their tra-
jectory and also changing direction midcourse. As diagramed in
Figure 2A, some mitochondria, most often those that travel with
high velocity, paused for increments under 20 s; others paused for
longer time periods, on average 1.5 min in axons and 2 min in
dendrites (data not shown). Therefore, we separated these two
groups of mitochondria as those that stopped for �20 s (one
frame) and those that stopped for �10 s (at least two frames), as
shown in supplemental data 2 (available at www.jneurosci.org as
supplemental material). Some obligatory overlap in these groups
exists because of limitations of time-lapse image acquisition, but
no mitochondria were counted in both groups.

Our measurements of mitochondria that stopped at synaptic
sites and at sites that did not contain synaptophysin or PSD-95
clusters indicate that such movement patterns change in response
to altered synaptic activity. In the basal state, moving mitochon-
dria were equally likely to stop at a given location regardless of
whether a synapse was present (Fig. 6B,C). However, among
mitochondria that paused for �20 s, a greater fraction stopped at
labeled presynaptic terminals after 24 h TTX treatment ( p �
0.01), and a greater fraction stopped at PSD-95 clusters after 1
and 24 h TTX compared with sites that did not contain synaptic
components ( p � 0.05). The same pattern of selectivity toward
pausing at synaptic sites was seen after veratridine treatment
among mitochondria that stopped for �10 s on axons and �20 s
on dendrites ( p � 0.05). There was also a notable increase in the
fraction of mitochondria that stopped for �10 s at nonsynaptic
sites relative to postsynaptic sites on dendrites after veratridine
treatment ( p � 0.05). Therefore, saltatory movement to both
synaptic and nonsynaptic sites was altered by changes in synaptic
activity.

Mitochondrial movement and morphology are differentially
susceptible to neurotoxins in axons and dendrites
Our data demonstrate that axonal and dendritic mitochondria
have different patterns of movement, morphology, and distri-
bution under control conditions and when synaptic activity is
altered (Figs. 4 – 6). We next sought to determine whether
drugs that trigger mitochondrial or neuronal injury impair
mitochondrial movement or cause morphologic remodeling
of mitochondria selectively in one compartment over the other.
Mitochondrial movement is thought to be important for neuro-
nal health, and mitochondrial morphology may impart some
functional property to the organelles. Therefore, if mitochondria
in certain neuronal processes are more vulnerable to cessation of
movement or morphological remodeling during injury, then
those processes may also be more likely to degenerate. This could
provide a mechanism for selective axonal or dendritic dysfunc-
tion and degeneration in neuronal injury and disease.

We and others previously showed that mitochondria in in-

jured and apoptotic neurons and other cell types stop moving
and adopt a punctate, fragmented morphology rather than the
traditional thin, elongated shape (Bossy-Wetzel et al., 2003;
Rintoul et al., 2003; Vanden Berghe et al., 2004). The remodeling
of mitochondrial morphology can be directly visualized during
an acute excitotoxic glutamate exposure and is thought to be
mediated by Ca 2� influx into the cell (Rintoul et al., 2003). To
further that investigation, we examined the ability of glutamate to
stop movement and cause rounding of mitochondria in den-
drites, proximal axon segments, and distal axon segments. Re-
modeling of mitochondrial morphology was observed in den-
drites (Fig. 7A,B) but not in axonal segments at least 200 �m
from the cell body (Fig. 7C,D). Quantification revealed that glu-
tamate reduced the length of dendritic mitochondria to approx-
imately one-fourth the initial length and well below the length of
axonal mitochondria (Fig. 7E). Additionally, only dendritic mi-
tochondria rounded after glutamate treatment (Fig. 7F).

Analysis of mitochondrial movement after glutamate treat-
ment revealed an interesting susceptibility of mitochondria in
dendrites and proximal axon segments to cessation, whereas mi-
tochondria in distal axons were unaffected (Fig. 7G). We tested
the hypothesis that the spatial differences in cessation of move-
ment were attributable to [Ca 2�]i gradients after glutamate treat-
ment, which were expected to be elevated near glutamate recep-
tors on dendrites and the cell body, and decline progressively
from the cell body into the axonal compartment as [Ca 2�]i is
buffered. Perfusion of cells with the Ca 2� ionophore 4-Br-
A23187 reduced mitochondrial movement in all neuronal pro-
cesses (Fig. 7H). At higher concentrations of ambient Ca 2�,
4-Br-A23187 also caused rounding of mitochondria in all cellular
compartments (data not shown). Therefore, short-term excito-
toxic glutamate treatment reduces mitochondrial movement be-
fore it causes rounding, and these effects are most likely attribut-
able to the distribution of elevated [Ca 2�]i, which is particularly
elevated in the dendritic compartment in which glutamate recep-
tors are located.

We next tested whether other drugs that impair mitochon-
drial function or are related to neurotoxicity also stopped mito-
chondrial movement selectively in dendrites. Unlike glutamate
treatment, which causes elevated [Ca 2�]i primarily in the den-
dritic compartment, the drugs we tested here presumably gain
equivalent entry into axons and dendrites. We examined the ef-
fects of acute (1) depolarization of mitochondrial membrane po-
tential (�m) by FCCP, (2) inhibition of mitochondrial ATP syn-
thase by oligomycin, (3) elevation of intracellular zinc to
neurotoxic concentrations followed by chelation with TPEN, and
(4) inhibition of electron transport chain (ETC) complex I by
rotenone. In contrast to glutamate, these four drug treatments
reduced mitochondrial movement to a similar degree between
axons and dendrites.

However, we found an interesting difference in acute recovery
of mitochondrial movement after washout of drug (Fig. 8). Only
axonal mitochondria regained movement after FCCP ( p � 0.01).
This recovery could be attributable to a faster rate of mitochon-
drial repolarization in axons, perhaps because the electrochemi-
cal gradient can be better reestablished in mitochondria of
smaller volume. However, we observed mitochondria in the cell
body fully repolarize 8 –10 min after FCCP washout, well before
dendritic mitochondria recover movement (data not shown). In
contrast to the partially reversible effects of FCCP, mitochondrial
movement in neither axons nor dendrites recovered from nearly
irreversible inhibition of ATP synthase or ETC complex I by oli-
gomycin and rotenone, respectively. These data confirm that mi-
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tochondrial ATP production is important
for mitochondrial movement throughout
all neuronal processes. Last, only axonal
mitochondria regained movement after
zinc/TPEN treatment ( p � 0.05). It is im-
portant to note that mitochondrial move-
ment in axons did not recover after zinc
treatment unless TPEN was applied (data
not shown). In summary, mitochondrial
movement in dendrites was shown to be
selectively impaired or unable to acutely
recover from glutamate, FCCP, and zinc/
TPEN treatment. This has important im-
plications for abnormal dispersion of ATP
and sequestration of Ca 2� by mobile mi-
tochondria in dendrites after neuronal
insults.

Discussion
Our results demonstrate that mitochon-
drial morphology, distribution, and
movement differ in axons and dendrites,
yet mitochondria in both compartments
localize to and remain stationary at a sub-
set of synaptic sites. Furthermore, we re-
veal that these dynamic properties of mi-
tochondria change under conditions of
synaptic silence and overactivity. Last, we
provide the first evidence for selective
dendritic alterations in mitochondrial
morphology and movement after neuro-
toxic glutamate and zinc treatments that
may prove crucial to our understanding of
excitotoxic and ischemic cell death.

Axonal and dendritic mitochondria
differ in morphology, distribution,
and movement
We show that the number of mitochon-
dria per micrometer of neuronal process is
similar in axons and dendrites, but mito-
chondria occupy a smaller fraction of ax-
onal process length because of a shorter
morphology (Fig. 4A–C). Furthermore,
we correlate this with a lower density of
synaptophysin clusters than postsynaptic
densities (Fig. 4D). It is possible that
longer mitochondria can more efficiently
distribute energy to multiple, closely ap-
posed sites of high metabolic demand on
dendrites (for review, see Skulachev, 2001). This explanation co-
incides with evidence that dendritic mitochondria are more met-
abolically active than axonal mitochondria in hippocampal neu-
rons (Overly et al., 1996). Three-dimensional ultrastructural
reconstructions demonstrated long filamentous networks of mi-
tochondria in dendrites and discrete mitochondrial bodies in
axons of hippocampal neurons from ground squirrels and rats
(Popov et al., 2005). Although we did not observe such extensive
mitochondrial networks in rat cortical neurons, we certainly
found similar patterns of mitochondrial distribution and
morphology.

Presynaptic terminals require mitochondria for sequestering
Ca 2�, powering the plasma membrane Ca 2�-ATPase and releas-

ing Ca 2� for posttetanic potentiation (Tang and Zucker, 1997;
Zenisek and Matthews, 2000; Calupca et al., 2001; Medler and
Gleason, 2002). Mitochondrial ATP generation may also be im-
portant for the dynamic actin rearrangements associated with
vesicle cycling and synaptic plasticity (for review, see Dillon and
Goda, 2005). Therefore, increased mitochondrial transport in
axons is probably necessary for delivery of organelles to synapto-
physin clusters that are spaced farther apart and distributed along
much greater distances than postsynaptic densities on dendrites
(Figs. 4D, 6A). Mitochondrial movement in our experiments
could be elevated by both a larger number of motile mitochon-
dria and an increased velocity in axons, as was concluded in hip-
pocampal neurons by Overly et al. (1996). Furthermore, it is

Figure 7. Acute treatment with excitotoxic glutamate concentrations caused remodeling of mitochondrial morphology solely
in dendrites and cessation of mitochondrial movement in dendrites and proximal axon segments. A, B, Dendritic mitochondria
displayed morphological remodeling and are shown before and after a 10 min treatment with 30 �M glutamate (glu)/1 �M

glycine. C, D, Axonal mitochondria did not demonstrate morphological remodeling and are shown before and after glutamate
treatment. E, Mitochondrial length shortened in dendrites but not axons after glutamate treatment. No recovery was observed
after a 10 min wash. F, Mitochondria rounded selectively in dendrites after glutamate treatment with no recovery after a 10 min
wash. G, Mitochondrial movement (measured as average event count/average number of mitochondrial pixels) in dendrites and
proximal axon segments decreased significantly after glutamate treatment but was unaffected in distal axon segments. H,
Mitochondrial movement was reduced in all neuronal processes when [Ca 2�]i was uniformly increased by a 5 min treatment with
1 �M 4-Br-A23187, a Ca 2� ionophore. Note that the difference in mitochondrial morphology precludes the absolute values for
axonal and dendritic movement to be compared by our measurement technique in G and H. Also, movement values should not be
compared between G and H because images were acquired at different rates. Values are shown as mean � SE from two to three
coverslips each from three to four separate cultures. p � 0.05 was considered significant.
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possible that a shorter mitochondrial morphology is maintained
in axons so that molecular motors can more efficiently transport
the organelles.

Manipulation of spontaneous synaptic activity of cultured
neurons demonstrated that mitochondrial morphology and dis-
tribution can be differentially altered in axons and dendrites by a
single drug treatment. Changes in mitochondrial length are likely
attributable to elongation or shortening of mitochondria so that
mitochondrial surface area rather than volume is mainly affected.
Although this type of morphology change might not affect mito-
chondrial functional capacity, it might have an important impact
on the surface area over which ATP can diffuse or Ca 2� can be
buffered. Mitochondrial fission and fusion are also known to
occur rapidly and could cause a change in volume and functional
capacity by loss or gain of mitochondrial proteins. However, this
is the less likely scenario in our experiments because the number
of mitochondria per micrometer remains stable during all drug
treatments. Yet we cannot exclude the possibility that the large
mitochondrial pool near the cell soma is trafficked into processes
for fusion, and achievement of a homeostatic change in mito-
chondrial dynamics could explain the increased length but un-
changed number of dendritic mitochondria observed after 24 h
TTX treatment. Dendritic mitochondria may lengthen after pro-
longed TTX treatment in an attempt to bridge stationary
postsynaptic densities that became fewer and farther apart (Fig.
4B,D). The increase in PSD-95 cluster movements we observed
may represent changes in the motility, restructuring, and turn-
over of spines, all of which are known to be modulated by synap-
tic activity (Kirov and Harris, 1999; Okabe et al., 1999; Konur and
Yuste, 2004). Additionally, PSD-95 proteins themselves exhibit a
degree of dynamics (Rasse et al., 2005). In summary, we provide
the first evidence for the distinct compartmental regulation of
mitochondrial morphology and distribution in axons and den-
drites, both in the basal state and during altered synaptic activity.

Mitochondrial localization and trafficking to presynaptic and
postsynaptic sites
Presynaptic terminals have been described as containing abun-
dant mitochondria (Kageyama and Wong-Riley, 1982; Nguyen et
al., 1997; Popov et al., 2005). It was therefore surprising that we

found mitochondria at only �36% of presynaptic labels in rest-
ing neurons (Fig. 5A). This is similar to an ultrastructural study
finding mitochondria at �41% of synaptic boutons in axons of
rat hippocampal neurons (Shepherd and Harris, 1998). Given the
ability of mitochondria to rapidly move through processes, it is
likely that transient metabolic demands are met by moving mi-
tochondria or by nearby but not specifically localized mitochon-
dria. Conversely, synaptic sites requiring longer-term support,
perhaps for posttetanic potentiation and mobilization of reserve
pool vesicles, may act as stable “docking sites” for mitochondria
(Tang and Zucker, 1997; Verstreken et al., 2005). Indeed, we
found that mitochondria that localized to presynaptic sites re-
mained stationary for the majority of our 30 min imaging exper-
iments (Fig. 5B). Furthermore, our examination of developing
neurons that have not yet formed functional synapses revealed
significantly more mitochondrial movement, presumably attrib-
utable to the absence of synaptic docking sites (Chang and Reyn-
olds, 2006).

In general, the spontaneous synaptic activity exhibited by our
cortical cultures despite mitochondrial localization at only a sub-
set of presynaptic terminals agrees with reports of normal neuro-
transmission during physiological levels of stimulation in mutant
dMiro and drp1 Drosophila axons with abnormally distributed
mitochondria (Guo et al., 2005; Verstreken et al., 2005). Those
studies also concluded that presynaptic mitochondrial functions
are especially important during overstimulation. However, we
did not observe recruitment of mitochondria to synaptophysin
clusters during veratridine treatment other than a modest in-
crease in the fraction of moving mitochondria that briefly paused
at presynaptic sites (Figs. 5A,B, 6B). In fact, the redistribution
trend of relatively stationary mitochondria was more toward
nonsynaptic sites on axons, possibly to power ion channels for
membrane repolarization (Fig. 5A,B). It is possible that the nor-
mal mitochondrial distribution still allowed adequate Ca 2� buff-
ering, because [Ca 2�]i transients continued to show full recovery
(Fig. 3A).

The distribution of mitochondria relative to postsynaptic
densities and dendritic spines is not clearly defined. Unlike pre-
synaptic terminals, mitochondria in hippocampal neurons are
not usually found in dendritic spines, although they have been
seen penetrating the bases of thorny excrescences (Popov et al.,
2005). Our results show PSD-95 clusters colocalized with mito-
chondria more frequently than did nonsynaptic sites (Fig. 5C).
Stimulation with veratridine caused significantly more PSD-95
clusters to be associated with mitochondria and more moving
mitochondria to briefly pause at postsynaptic densities (Figs. 5C,
6C). This suggests that mitochondrial proximity is important for
supporting processes at excitatory postsynaptic sites, such as local
[Ca 2�]i regulation in conjunction with smooth endoplasmic re-
ticulum (Pivovarova et al., 2002). Additionally, local ATP supply
may power synapse-associated polyribosome complexes and
clathrin-dependent endocytic machinery at postsynaptic sites
(Steward and Levy, 1982; Racz et al., 2004). Unfortunately, we
could not precisely resolve spine morphology at PSD-95 clusters;
thus, it is possible that subtypes of spines, such as those with
shorter necks or fewer Ca 2� pumps, are more dependent on
mitochondrial uptake of Ca 2� that diffuses into the dendrite
(Pivovarova et al., 1999, 2002; Majewska et al., 2000). Some
PSD-95 clusters that recruited mitochondria after stimulation
could also represent spines undergoing morphogenesis (Li et al.,
2004). Alternatively, mitochondria may be recruited to provide
ATP for ubiquitination and proteasome-dependent degradation
of PSD-95, which has been shown to occur after NMDA treat-

Figure 8. Axonal and dendritic mitochondrial movement were equally susceptible to cessa-
tion after FCCP, oligomycin, rotenone, and zinc exposures, but only axonal mitochondria acutely
recovered movement after washout of FCCP and chelation of zinc. A, Mitochondrial movement
(measured as average event count/average number of mitochondrial pixels) in axons signifi-
cantly recovered 15 min after depolarization with 5 min 750 nM FCCP treatment and 20 min after
exposure to 10 min 3 �M ZnCl2/20 �M Na-pyrithione (pyr) treatment followed by chelation
with 5 min 25 �M TPEN. Movement did not recover after 10 min treatment with 10 �M oligo-
mycin or 5 min treatment with 2 �M rotenone. B, Mitochondrial movement in dendrites did not
acutely recover after treatment with FCCP, oligomycin, or zinc/pyrithione followed by TPEN.
Movement continued to decrease significantly in dendrites 20 min after rotenone was washed
out. Values were normalized to mitochondrial movement before treatment and are shown as
mean � SE from two to six coverslips each from two to four separate cultures. p � 0.05 was
considered significant.
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ment of hippocampal neurons in the time frame of our experi-
ments (Colledge et al., 2003).

Interestingly, we found that, despite the remarkable increase
in mitochondrial movement after 1 h TTX (Fig. 6A), there were
negligible or modest changes in the fraction of passing mitochon-
dria that stopped at synaptic and nonsynaptic sites (Fig. 6B,C). In
other words, mitochondria increased overall mobility but with-
out targeted destinations. Furthermore, the fraction of synaptic
sites associated with mitochondria remained unaffected after
24 h TTX (Fig. 5A,C). Therefore, we conclude that inactive syn-
apses still serve as targets for mitochondrial localization. This
implies that (1) structural rather than activity-dependent mech-
anisms may cause mitochondria to stop at synaptic sites and (2)
presynaptic and postsynaptic compensation mechanisms may re-
quire mitochondrial support, as evidenced by a moderate prefer-
ence for moving mitochondria to stop at synaptic sites during
TTX treatment (Fig. 6B,C).

Dendrite-specific impairments of mitochondrial movement
in injury
Our results suggest that inadequate mitochondrial movement
may be a more important pathologic process in dendrites than
axons during glutamate- and zinc-mediated injury. Dendrites
may consequently experience abnormal ATP distribution,
[Ca 2�]i dysregulation, and production of harmful reactive oxy-
gen species by damaged mitochondria that are improperly re-
moved. In light of our findings that mitochondrial morphology,
localization, and trafficking to synapses are dynamic in the basal
state and when synaptic activity is altered, we predict that im-
paired mitochondrial movement will also lead to aberrant
neurotransmission.

We showed previously that acute exposure to excitotoxic glu-
tamate concentrations caused mitochondria to stop moving and
round in neuronal processes attributable to elevated Ca 2� influx
through NMDA receptors that disrupts cytosolic integrity
(Rintoul et al., 2003). We now confirm that this is a regional effect
related to the distribution of glutamate receptors on dendrites
because axonal mitochondria exhibited the same response only
when [Ca 2�]i was uniformly elevated with a Ca 2� ionophore
(Fig. 7). Furthermore, our observation that mitochondria in
proximal but not distal axons also stopped moving after gluta-
mate treatment suggests that movement cessation precedes mor-
phological remodeling and [Ca 2�]i is relatively well buffered spa-
tially. However, despite preserved mitochondrial movement in
the majority of the axon, impaired trafficking to and from the cell
body could have consequences on the distribution of mitochon-
dria and clearance of damaged organelles by retrograde transport
(Hollenbeck, 1993).

We also demonstrate that chelation of neurotoxic but non-
�m-depolarizing zinc concentrations caused a selective recovery
of movement by axonal mitochondria (Fig. 8) (Malaiyandi et al.,
2005). In these experiments, zinc was applied concurrently with
the zinc ionophore pyrithione, so axons and dendrites received
the same zinc exposure. We reported previously that the Zn 2�/
TPEN treatment conditions used here cause irreversible, phos-
phatidylinositol 3 (PI3)-kinase-dependent cessation of mito-
chondrial movement in undistinguished neuronal processes and
�75% cell death in cultured cortical neurons (Malaiyandi et al.,
2005). We now advance those findings by showing that zinc che-
lation actually leads to significant acute recovery of mitochon-
drial movement selectively in axons, which does not recover
without chelation. Therefore, the TPEN-independent PI3-kinase
signaling cascade might be activated by acute zinc exposure only

in dendrites or at a much slower rate in axons. These data strongly
suggest that our previous finding of significant neurotoxicity af-
ter acute Zn 2�/TPEN treatment is related to a dendritic pathol-
ogy in which impaired mitochondrial movement is an early
event.
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