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Mitochondrial Membrane Potential in Axons Increases with
Local Nerve Growth Factor or Semaphorin Signaling
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Neurons concentrate mitochondria at sites in the cell that have a high demand for ATP and/or calcium buffering. To accomplish this,
mitochondrial transport and docking are thought to respond to intracellular signaling pathways. However, the cell might also concentrate
mitochondrial function by locally modulating mitochondrial activity. We tested this hypothesis by measuring the membrane potential of
individual mitochondria throughout the axons of chick sensory neurons using the dye tetramethylrhodamine methylester (TMRM). We
found no difference in the TMRM mitochondrial-to-cytoplasmic fluorescence ratio (Fm /Fc ) among three functionally distinct regions:
axonal branch points, distal axons, and the remaining axon shaft. In addition, we found no difference in Fm /Fc among stationary,
retrogradely moving, or anterogradely moving mitochondria. However, Fm /Fc was significantly higher in the lamellipodia of growth
cones, and among a small fraction of mitochondria throughout the axon. To identify possible signals controlling membrane potential, we
used beads covalently coupled to survival and guidance cues to provide a local stimulus along the axon shaft. NGF- or semaphorin
3A-coupled beads caused a significant increase in Fm /Fc in the immediately adjacent region of axon, and this was diminished in the
presence of the PI3 (phosphatidylinositol-3) kinase inhibitor LY294002 [2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] or the
MAP (mitogen-activated protein) kinase inhibitor U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-amino-phenylthio]butadiene), demon-
strating that signaling pathways downstream of both ligands affect the ��m of mitochondria. In addition, general inhibition of receptor
tyrosine kinase activity produced a profound global decrease in Fm /Fc. Thus, two guidance molecules that exert different effects on
growth cone motility both elicit local, receptor-mediated increases in membrane potential.
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Introduction
The size and asymmetry of neurons result in a nonuniform dis-
tribution of demand for mitochondrial functions such as ATP
synthesis and calcium homeostasis. As a result, neurons redistrib-
ute their mitochondria in response to immediate and local phys-
iological conditions, both in vivo and in vitro (Hollenbeck and
Saxton, 2005). Mitochondria are concentrated in areas of the
neuron expected to have higher ATP consumption; indeed, syn-
apses were first recognized ultrastructurally based in part on their
high density of mitochondria (Palay, 1956; Hollenbeck and Sax-
ton, 2005). Other such regions are active growth cones and axon
branches (Morris and Hollenbeck, 1993; Ruthel and Hollenbeck,
2003; Miller and Sheetz, 2004), nodes of Ranvier (Berthold et al.,
1993), myelination boundaries and demyelinated regions (Mut-
saers and Carroll, 1998; Bristow et al., 2002), and sites of axonal
protein translation (Martin et al., 1998). In addition, when the
activity of synapses or entire tracts changes, the mitochondrial
density changes in concert (for review, see Hollenbeck and Sax-
ton, 2005). Furthermore, excluding mitochondria from some of

these regions has profound effects on neuronal activity and syn-
aptic plasticity (Li et al., 2004; Verstreken et al., 2005). Mitochon-
dria are distributed within neurons by fast transport and docking
interactions, both of which are likely to be regulated via specific
cell signaling pathways (Ratner et al., 1998; Morfini et al., 2002,
2004; Chada and Hollenbeck, 2003, 2004; De Vos et al., 2003;
Malaiyandi et al., 2005).

In this study, we asked whether neurons can regulate the
amount of local mitochondrial function not only by positioning
mitochondria in a particular axonal location but also by upregu-
lating or downregulating the activity of those that are already
present. If this were the case, we would expect that, under normal
conditions, there would be significant intracellular variation in
metabolic activity among mitochondria in the same neuron. Sev-
eral studies using different measures of mitochondrial trans-
membrane potential (��m) have shown such variation, for ex-
ample, between axonal and dendritic mitochondria (Overly et al.,
1996), between axonal mitochondria moving in different direc-
tions (Miller and Sheetz, 2004), and in individual mitochondria,
in an oscillating manner over time (Buckman and Reynolds,
2001). However, it is not known whether ��m, like mitochon-
drial transport, changes with local demands, nor whether intra-
cellular signaling might regulate ��m within the neuron. Here,
we assessed ��m in sensory neurons in culture using a
mitochondrial-to-cytoplasmic dye fluorescence ratio (Fm/Fc) un-
der subquenching conditions. We measured variation in Fm/Fc
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among functionally distinct regions of the neuron and different
mitochondrial populations, and also assessed the response of
Fm/Fc to local and global signals. We find that Fm/Fc within a
single cultured neuron is remarkably uniform with one excep-
tion: it is significantly higher in active growth cones. We also find
that a similar increase in Fm/Fc can be produced by focal stimu-
lation of the axon with two ligands, nerve growth factor (NGF)
and semaphorin 3A (sema3A), that normally elicit growth cone
responses (Mueller, 1999), and that inhibition of signaling path-
ways downstream of these ligands can induce a profound global
depression of membrane potential.

Materials and Methods
Materials. Reagents were obtained from Sigma-Aldrich unless otherwise
specified.

Cell culture. Dorsal root ganglia were dissected from the lumbosacral
region of embryonic day 10 (E10) to E11 chick embryos, dissociated, and
grown in supplemented L-15 medium as previously described (Bray et
al., 1991; Morris and Hollenbeck, 1995; He and Baas, 2003). For cultures
to be grown in serum-containing medium, ganglia were manually tritu-
rated in HBSS and plated on 25 mm round ethanol-cleaned glass cover-
slips that had been treated sequentially with 1 mg/ml poly-L-lysine (20
min), H2O, and 10 �g/ml laminin (20 min). When cells were to be grown
in defined F12 medium, they were triturated in medium rather than
HBSS and were then plated on coverslips that had been treated either
overnight at 4°C or 40 min at 37°C with 50 �g/ml fibronectin (Calbio-
chem) dissolved in PBS. Serum-containing medium was used for mito-
chondrial inhibitor experiments, comparisons of Fm/Fc in different ax-
onal regions, and comparisons between moving and stationary
mitochondria, whereas defined F12 medium was used for experiments
involving NGF or sema3A coupled to beads. Two different types of
serum-containing medium were used. “C” medium consisting of L-15
(Invitrogen) plus 0.5% methyl cellulose, 10% fetal bovine serum (Atlanta
Biologicals), 2 mM glutamine, 0.6% glucose, 100 U/ml penicillin/strep-
tomycin, and 50 ng/ml NGF (Alamone Labs) was used overnight to
establish cultures. Cells were then transferred to “F�” medium, identical
to C medium except without 0.5% methyl cellulose, during dye loading
and imaging. For some experiments, the glucose in the medium was
replaced with 4 mM sodium pyruvate. For experiments using beads co-
valently coupled to guidance molecules, we used a defined medium
(Gallo et al., 1997; Chada and Hollenbeck, 2003, 2004) consisting of the
following: F12 medium (Invitrogen) supplemented with 0.1 mg/ml apo-
transferrin, 2.5 mg/ml BSA, 20 �g/ml insulin, 20 nM progesterone, 17.8
�g/ml phospocreatine, 5 ng/ml sodium selenite, 2 mM glutamine, 4 mM

sodium pyruvate, and buffered with 1 mM HEPES to pH 7. For overnight
cultures, 90 ng/ml NGF was added to the medium, whereas during bead
incubation a concentration of 5 ng/ml NGF was used in the medium.

Dye loading. For determination of mitochondrial transmembrane po-
tential (Scheffler, 1999; Nicholls and Budd, 2000), a 5 �M stock of tetra-
methylrhodamine methyl ester (TMRM) (Invitrogen) in DMSO was di-
luted into F� medium to a final concentration of 20 nM. Cultures were
exposed to 20 nM TMRM for 20 min at 37°C to allow dye equilibration
across the plasma and inner mitochondrial membranes (Johnson et al.,
1980; Farkas et al., 1989; Scaduto and Grotyohann, 1999). To confirm the
rate of equilibration of TMRM across the plasma membrane, cytoplas-
mic fluorescence was measured in axons and growth cones after incuba-
tion in 20 nM dye for times ranging from 2 to 20 min. In both regions,
cytoplasmic fluorescence reached its peak level within 2 min and in-
creased no further, indicating that a 20 min incubation is more than
adequate for dye equilibration. The matrix TMRM concentration of cells
exposed in this way is subquenching, resulting in a direct relationship
between fluorescence intensity and ��m (Ward et al., 2000; Nakayama et
al., 2002). For imaging, the medium was replaced with F� containing 5
nM TMRM. Mitotracker Green FM (Invitrogen) was stored as a stock in
DMSO and diluted to a final concentration of 50 nM in F� medium along
with 20 nM TMRM. Cells were incubated in this mixture for 15 min
before being transferred to F� medium with 20 nM TMRM but no Mi-
totracker and incubated for 5 min more to rinse out excess MitoTracker.

For microscopy, cells were transferred to F� with 5 nM TMRM. JC-1
staining was performed as described previously (Overly et al., 1996).

Light microscopy. After mitochondrial dye loading, coverslips were
mounted in a custom-made aluminum and Teflon holder or an alumi-
num Sykes-Moore chamber with enough F�/5 nM TMRM to fill the
chamber (�1 ml). A Nikon TE300 inverted fluorescence microscope
with a Hamamatsu ORCA cooled CCD camera was used to record im-
ages. A Texas Red and FITC filter set was used to visualize TMRM and
MitoTracker Green respectively. Twelve-bit images were acquired
through a 60�, 1.4 numerical aperture oil-immersion objective, and
choosing exposure times such that the brightest signals were at �75%
saturation. JC-1 imaging was performed on a Bio-Rad MRC 600 confocal
microscope, using excitation at 488 nm and simultaneous detection at
520 and 590 nm. Mitochondrial movement was tracked and analyzed as
described previously (Morris and Hollenbeck, 1993, 1995; Overly et al.,
1996).

Mitochondrial inhibitors. Neuronal cultures were treated with 5 �M

carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP), 20 �M

FCCP, 2 �g/�l oligomycin plus 5 or 20 �M FCCP, 2 �M rotenone, or 200
nM antimycin A during the 20 min incubation with TMRM. Inhibitors
were also present during imaging. For the oligomycin-only treatment,
the cells were incubated without drugs during a 20 min loading with
TMRM and then transferred to medium containing oligomycin before
imaging; thus cells were exposed to oligomycin for 10 min or less.

Quantitative imaging. Images were analyzed using MetaMorph soft-
ware (Molecular Devices). TMRM images were thresholded to isolate the
mitochondrial fluorescence from the rest of the image, and the fluores-
cence intensity was measured per square micrometer using the integrated
morphometry analysis function. Cytoplasmic fluorescence was deter-
mined in hand-drawn regions a few micrometers from any mitochon-
drion. The diameter of a DRG axon from an E10 –E11 embryo is �750
nm and the diameter of mitochondria is 250 nm, according to electron
micrographs (Hollenbeck and Bamburg, 2003). The ��m is propor-
tional to the ratio of the [TMRM] on either side of the inner mitochon-
drial membrane. Thus, the ratio of the mitochondrial-to-cytoplasmic
fluorescence in the same volume is proportional to ��m (Ehrenberg et
al., 1988; Diaz et al., 2000) and was determined using the following for-
mula: [(Flmitochondria � (2/3) Flcytoplasm)/(1/3) Flcytoplasm]. This volume-
corrected fluorescence ratio is used throughout the text and figures and is
referred to as Fm/Fc. Mitochondria located within the growth cone itself
were separated into two different populations and Fm/Fc was calculated
with one of two formulas depending on their location within the growth
cone and consistent with the dimensions of the mitochondria, axons, and
growth cone as measured by electron microscopy. To determine the
Fm/Fc of mitochondria located in the proximal (phase dense) region of
the growth cone, where the thickness is similar to the axon, the above
calculation was used. The distal portions of the growth cone (bright
under phase microscopy) are thinner than the axon and approximately
the thickness of a mitochondrion, so the following formula was used to
calculate the Fm/Fc of mitochondria in those regions: [Flmitochondria/(1/3)
Fl cytoplasm]. The value of Fm/Fc was used to determine the intracellular
and intercellular variation in DRG neurons. As a measure of intercellular
variation, the mean fluorescence ratio of all the mitochondria for each
cell was determined giving a collection of cell means, and the SD of those
cell means was determined. Intracellular variation was calculated by tak-
ing the SD of the mitochondrial fluorescence ratio for each cell to esti-
mate variability and the mean of this collection of SDs was reported. For
region comparisons, sections of the axon were categorized as being
growth cones, branch points, or axon shafts. The region within 40 �m of
the axon– growth cone junction was labeled as “distal axon” (Morris and
Hollenbeck, 1993). “Branch points” included the portions of axon within
40 �m of the intersection, in all three directions. “Axon shaft” included
areas �40 �m from either branch points or growth cones. Measurements
taken in these three regions were compared with measurements made for
mitochondria within the growth cones. Mitochondrial TMRM fluores-
cence ratio values among the four regions were compared with repeated-
measures ANOVA (using SAS software) to assess intracellular variation
in Fm/Fc.

The length and aspect ratio of individual mitochondria were measured
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in thresholded images using the integrated morphometry analysis func-
tion in MetaMorph. Measurements were collected from bath treatments
of NGF, sema3A, 2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-
one (LY294002), and 1,4-diamino-2,3-dicyano-1,4-bis[2-amino-
phenylthio]butadiene (U0126) as well as treatments with NGF and
sema3A beads. Morphology from images of control and treated cells
gathered on the same day were compared by a t test.

Mitochondrial movement comparisons. Cells were labeled with both
TMRM and MitoTracker. First, an image of TMRM fluorescence was
obtained as a measure of Fm/Fc. Then a series of six MitoTracker images
taken at 10 s intervals was used to determine whether the mitochondrion
was motile and direction of movement. The TMRM fluorescence of all
stationary mitochondria in a single cell was averaged and compared with
the fluorescence of moving mitochondria from the same cell using a
paired t test. Comparisons of TMRM fluorescence values between an-
terogradely and retrogradely moving mitochondria from any axon were
compared with an unpaired t test.

NGF and sema3A treatments. Cells were grown overnight in C me-
dium, and then 1 h before the experiment the NGF was washed out by
replacement with F medium lacking NGF and returned to 37°C before
loading with TMRM. Sema3A application also required removal of NGF-
containing media in the same manner followed by 37°C incubation in
0.33 �g/ml sema3A-Fc (R&D Systems) for at least 30 min and up to 2 h.
Incubation for 20 min with either 8 or 80 �M tyrphostin �-cyano-(3,5-
di-t-butyl-4-hydroxy)thiocinnamide (AG879) along with TMRM
(Sigma-Aldrich) was used to block receptor tyrosine kinase signaling. To
inhibit phosphatidylinositol-3 (PI3) kinase, cells were exposed to 100 �M

LY294002 (Sigma-Aldrich) during the 20 min incubation in TMRM. To
inhibit mitogen-activated protein kinase (MAPK) signaling, cells were
incubated in 20 �M U0126 with TMRM for 20 min. For focal exposure to
NGF or sema3A, melamine beads with reactive carboxylate groups were
coupled to carrier-free NGF, or sema3A-Fc (R&D Systems) with carboii-
dimide using the manufacturer’s protocol (Polysciences) as described
previously (Gallo et al., 1997; Gallo and Letourneau, 1998; Chada and
Hollenbeck, 2003, 2004). Two microliters of beads were rinsed in F12
medium containing 5 ng/ml NGF for 5 min before being resuspended in
20 ml of the same F12 medium. Medium with beads was applied to
cultures in 6 � 35 mm multiwell plates and these were incubated for at
least 1 and up to 5 h at 37°C before being loaded with TMRM and
examined under the microscope. Bead bioactivity was tested as described
previously (Chada and Hollenbeck, 2003, 2004), by the active response of
growth cones in turning toward NGF beads and away from sema3A
beads. Only single beads adherent along the axon shaft were chosen for
analysis, as described previously (Chada and Hollenbeck, 2003, 2004). To
test for accumulation of mitochondria around a bead, two regions were
compared: the 10 �m of the axon in the immediate vicinity of the bead
and a 10 �m region of the axon 100 �m away from the bead. Three
regions of the axon were considered when comparing Fm/Fc: the 10 �m
immediately adjacent to the bead, the 100 �m region spanning 50 �m on
either side of the bead not including the previous region, and portions of
the axon �50 �m away from the bead. The fluorescence ratios for all
mitochondria �50 �m from the bead were averaged, and this value was
then compared with each mitochondrion in the two regions close to the
bead to normalize for cell– cell variability. All fluorescence values were
normalized against the mean fluorescence value from the most distal
region of the axon. Data from each cell were normalized individually to
take intercellular variability into account.

Results
Determining mitochondrial Fm /Fc using TMRM
Mitochondria use the potential energy stored in the ��m for
most mitochondrial functions including the production of ATP,
take up or release of calcium or other ions, and import of pro-
teins. A higher ��m can potentially produce ATP, but also pro-
duces more reactive oxygen species (ROS). We previously used
lipophilic cationic fluorescent dyes to specifically label, locate,
and track mitochondria in live neurons (Morris and Hollenbeck,
1993, 1995; Overly et al., 1996; Chada and Hollenbeck, 2003,

2004). Here, we used TMRM, a rapidly equilibrating, relatively
nontoxic, lipophilic cationic fluorescent dye (Farkas et al., 1989;
Scaduto and Grotyohann, 1999) to label mitochondria and, via
the ratio of mitochondrial-to-cytoplasmic fluorescence, to esti-
mate the ��m of individual organelles (Duchen et al., 1998; Mao
and Kisaalita, 2004; H. M. Huang et al., 2005; Parihar and Brewer,
2007). To work at subquenching dye concentrations, in which
mitochondrial-to-cytoplasmic TMRM fluorescence intensity
ratio (Fm/Fc) (as described in Materials and Methods) is pro-
portional to the ��m, we loaded neurons with 20 nM TMRM
(Ward et al., 2000; Nakayama et al., 2002). Mitochondrial
TMRM intensity alone reflects both the inner membrane po-
tential and the cytoplasmic dye concentration, and the latter
can vary with plasma membrane potential. Measuring the ra-
tio of mitochondrial-to-cytoplasmic dye fluorescence, Fm/Fc,
corrects for variations in cytoplasmic dye concentration and
yields a value reflecting only the inner mitochondrial mem-
brane potential. This method also allows a continuous mea-
sure of membrane potential rather than a binary, polarized/
depolarized measurement.

To verify the relationship between Fm/Fc and ��m, we applied
to dye-labeled cells a series of mitochondrial drugs with well char-
acterized effects on respiration (Fig. 1). When oligomycin was
used to inhibit F0/F1 ATPase, the Fm/Fc increased �20% com-
pared with controls. The proton ionophore FCCP alone de-
creased Fm/Fc to 84% of control levels; FCCP treatment together
with oligomycin decreased Fm/Fc to 27%. The modest effect of
FCCP-alone treatment probably derives from reversal of the
F0/F1 ATPase that can occur to maintain membrane potential in
uncoupled cells (Leyssens et al., 1996; Takeda et al., 2004); this is
supported by the much greater decrease in Fm/Fc when FCCP and
oligomycin are used together. Inhibition of complex I or III with
rotenone or antimycin A, respectively, decreased the Fm/Fc to
40 – 60% of controls (Fig. 1D). These predictable changes in flu-
orescence on treatment with mitochondrial inhibitors demon-
strate that the Fm/Fc of TMRM is proportional to ��m, allows
reliable detection of changes in ��m, and also confirms that this
loading regimen provides a subquenching dye concentration.

Regional variation of Fm /Fc in neurons
To determine parameters that might alter Fm/Fc, we first looked
at its range of variation in unperturbed cultured neurons. Previ-
ous experiments (Johnson et al., 1980, 1981) and our own obser-
vations have shown apparent variation in mitochondrial fluores-
cence among cells using various lipophilic cationic dyes.
Variation in ��m has also been noted within individual cells, and
this may reflect subcellular control of mitochondrial respiration
(Huang et al., 2004). We determined Fm/Fc of individual mito-
chondria within many neurons in culture and compared intra-
cellular and intercellular variation. Intercellular variation in
Fm/Fc was larger than intracellular variation, as can be seen in
plots of a set of representative cells (Fig. 2A). The variation in
Fm/Fc between cells, measured as the mean of the SDs, was 4.25
and was much larger than the variation in Fm/Fc within the mi-
tochondria in each neuron, measured as the SD of a sample of
mean mitochondrial Fm/Fc from different neurons, which was
1.77. The intercellular variation in Fm/Fc could reflect differences
in cellular activities among neurons, such as axonal outgrowth or
retraction, which would result in regulation of mitochondrial
activity. In a larger population of 94 neurons with 1122 mito-
chondria, the mean Fm/Fc was 11.0 with a slightly one-tailed uni-
modal distribution including a small population of highly polar-
ized mitochondria (Fig. 2B).
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We next determined whether this highly polarized subset was
found preferentially in a particular region of the axon. Neurons
have long been thought to exert control over mitochondrial po-
sition in response to local ATP demand, causing them to accu-
mulate at, for example, active growth cones, synapses, and nodes
of Ranvier (Hollenbeck and Saxton, 2005). To investigate
whether neurons might also exert local control over Fm/Fc, we
examined mitochondria in four functionally different regions of
the axon: the axon shaft; the neighborhood of branch points,
where mitochondria often accumulate; the distal axon close to
growth cones, where mitochondrial transport and distribution
are differentially regulated (Morris and Hollenbeck, 1993); and
within the growth cones themselves, an anticipated region of
higher ATP demand (Bernstein and Bamburg, 2003). To correct
for intercellular variation in Fm/Fc, we compared values for all
four regions by a repeated-measures ANOVA. There was no sig-
nificant difference in Fm/Fc among the axon shafts, branch

points, or distal axons in these neurons (Table 1, “Comparison
along axon”). However, the mitochondrial population found
within growth cones had a mean Fm/Fc that was significantly
greater (27%) than in surrounding regions (Table 1, “Compari-

Figure 1. Mitochondrial TMRM fluorescence as a measure of Fm /Fc. Neurons were treated
with uncoupler and/or inhibitors of electron transport and ATPase activity in the presence of
TMRM. Fm /Fc was assessed using the ratio of mitochondrial-to-cytoplasmic fluorescence as
described in Materials and Methods. A, Shown is a control cell with representative mitochon-
drial TMRM fluorescence. Axons treated with 2 �M rotenone (B) or 2 �M rotenone with 2 �g/ml
oligomycin (C) show diminished mitochondrial fluorescence. A appears overexposed because
A–C are displayed with identical exposures and image processing. Scale bar, 10 �m. D, The
TMRM fluorescence ratio of mitochondria was increased by oligomycin treatment, decreased by
FCCP, rotenone, or antimycin A, and decreased the most with combined treatment of oligomy-
cin and FCCP or rotenone. From left to right, n � 18, 20, 12, 16, 15, 12, 8, and 10 neurons. Error
bars show SEM.

Figure 2. Samples of Fm /Fc show greater intercellular than intracellular variation. A, The mito-
chondrial fluorescence ratio distribution is shown for a representative sample of 11 neurons using a
box plot and shows the mean (middle hash mark), 25th and 75th percentiles (top and bottom of box),
10th and 90th percentiles (top and bottom error bars), and any data points beyond the 10th and 90th
percentiles (top and bottom dots). B, Histogram of Fm/Fc shows a larger sample of 94 neurons with
1122 mitochondria but includes the sample of 11 neurons shown in A. The total population of Fm/Fc

does not show a normal distribution but has a tail with a higher Fm/Fc. All mitochondria were sampled
from the axon shaft with 5–15 mitochondria per axon.

Table 1. Repeated-measures ANOVA

Mean FIm/FIc SD N � cells/mitos

Comparison along axon
Axon 3.51 1.46 83/507
Branch point 2.54 0.82 65/297
Distal axon 3.78 1.67 49/318
F � 0.94; p � 0.39

Comparison in growth cone
Growth cone 5.76 3.51 6/12
Distal axon 4.53 2.03 6/34
F � 48.84; p 	 0.001

mitos, Mitochondria.
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son in growth cone”). Although the difference in uncorrected
fluorescence intensities between axonal and growth cone mito-
chondria was only modest, the corrected Fm/Fc, based on best
measurements of thickness for these axons (see Materials and
Methods), showed a significantly higher Fm/Fc in the growth cone
compared with the axon. Thus, although we found no correlation
between Fm/Fc and different regions of the axon, we conclude that
growth cones were foci of higher Fm/Fc.

Because mitochondria are delivered to different regions of the
axon by regulated transport (Hollenbeck and Saxton, 2005), it is
possible that some of the intracellular heterogeneity in Fm/Fc that
we observed reflects differences in their transport. The small frac-
tion of mitochondria with a significantly higher Fm/Fc that are
distributed throughout the axons might correspond to the mi-
nority of mitochondria that are moving at any one time. For
example, moving and stationary mitochondria, or anterogradely
moving and retrogradely moving mitochondria might differ be-
cause of composition, age, or other factors. Experiments in which
neuronal mitochondria were labeled with the aggregating dye
JC-1 have shown that mitochondria moving anterogradely pre-
dominantly have concentrated JC-1 to the point of J aggregation,
resulting in red fluorescence, whereas those moving retrogradely
displayed predominantly green fluorescence reflecting less con-
centrated, unaggregated dye. These authors concluded that ��m

varies with transport direction (Miller and Sheetz, 2004). We also
found a difference in the JC-1 emission spectra of anterogradely
and retrogradely moving mitochondria: the predominantly red-
fluorescing population in these axons spent 11% of its time mov-
ing anterogradely and 6% moving retrogradely, and exhibited net
anterograde movement, whereas the predominantly green pop-
ulation spent 5% of its time moving anterogradely and 6% mov-
ing retrogradely, yielding net retrograde movement. However,
when we compared anterogradely, retrogradely, and stationary
mitochondria quantitatively using the Fm/Fc of TMRM, we ob-
tained different results. We discerned among mitochondria mov-
ing anterogradely, retrogradely, and not at all by double-labeling
cells with MitoTracker Green FM and TMRM, determining the
Fm/Fc of axonal mitochondria with the TMRM signal (Fig. 3C),
and then observing them for 60 s using the MitoTracker signal to
determine whether and in what direction they moved (Fig.
3A,B). Paired t tests showed no significant difference in Fm/Fc

between stationary and moving mitochondria, and no difference
between mitochondria moving retrogradely and anterogradely
(Fig. 3D). Thus, within our limits of resolution, Fm/Fc does not
vary with mitochondrial movement.

Axon guidance molecules affect Fm/Fc

Local regulation of ��m could result from intracellular signaling
events, perhaps to locally regulate ATP production, calcium se-
questration, or generation of ROS as seen in other cell types
(Duchen et al., 1998; Kuznetsov et al., 2004; Brown et al., 2006;
Naga et al., 2007). Previous experiments have shown that focal
NGF signaling along the axon attracts and retains mitochondria
in the immediate vicinity of the stimulation, an effect mediated
by the PI3 kinase and MAP kinase signaling pathways (Chada and
Hollenbeck, 2003, 2004). This recruitment of mitochondrial
function could be accentuated if the same stimuli not only re-
tained them in the region but also increased their metabolic ac-
tivity. To probe the effects of NGF signaling on Fm/Fc, we incu-
bated the neurons with a receptor tyrosine kinase inhibitor,
tyrphosin AG879. Tyrphostins inhibit the activity of receptor ty-
rosine kinases and 100 �M tyrphostin 879 has been shown to
prevent cell differentiation and block activation of all three major

downstream pathways of NGF without affecting EGF (epidermal
growth factor) or PDGF, two other major tyrosine kinases of
DRG neurons (Ohmichi et al., 1993; Rende et al., 2000). We
found that brief treatment of neurons with 80 �M tyrphostin
diminished Fm/Fc by 80%, a large decrease that was comparable
with that caused by combined treatment with oligomycin and
proton ionophores. Even 8 �M tyrphostin diminished Fm/Fc by
60% (Fig. 4D), indicating that the maintenance of normal Fm/Fc

in these neurons depends strongly on receptor tyrosine kinase
signaling probably but perhaps not entirely through NGF.
Treated neurons appeared otherwise robust and mitochondria
were not fragmented, indicating that the large decrease in Fm/Fc

was achieved without cell death or damage to the mitochondria.
When we merely washed NGF out of the culture medium, the

Figure 3. Comparison of Fm /Fc between anterogradely moving, retrogradely moving, and
stationary mitochondria shows no difference in Fm /Fc. Mitochondria were stained with both
Mitotracker and TMRM. A, B, Imaging of Mitotracker shows the position mitochondria along the
axon; these two images were acquired 60 s apart. A single moving mitochondrion is highlighted
with an arrow. C, TMRM staining of the same field in A indicates Fm/Fc. Scale bar, 10 �m. D,
Comparisons of populations of mitochondria using a paired t test shows that the Fm/Fc does not
vary between stationary and moving mitochondria, or between anterogradely and retrogradely
moving mitochondria. n � 33 and 21 cells for that containing anterogradely or retrogradely
moving mitochondria, respectively.
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Fm/Fc of axonal mitochondria still underwent a small but signif-
icant decrease (Fig. 5). Incubation of cultures with 100 �M

LY294002, a PI3 kinase inhibitor, decreased Fm/Fc by 20%,
whereas incubation with 10 �M U0126, a MAP kinase inhibitor,
decreased it by 34% (Fig. 5), indicating that the effect of NGF on
Fm/Fc involves both PI3 kinase and MAPK signaling. However,
incubation with both MAPK and PI3K inhibitors decreased
Fm/Fc the same amount as inhibiting MAPK alone, suggesting
that these pathways intersect upstream of MAPK on the way to
their mitochondrial target. None of these drug treatments altered
mitochondrial length or morphology (data not shown) (see Ma-
terials and Methods) showing that the changes in fluorescence
ratio reflect changes in membrane potential rather than geome-
try. When the cells were cultured in medium containing pyruvate
instead of glucose, thereby bypassing glycolysis as a source of
substrate, treatment with U0126 still decreased Fm/Fc. This indi-
cates that effects of the MAPK pathway on Fm/Fc do not involve
regulation of glycolysis (Fig. 5).

Unlike NGF, which is an attractive cue for growth cones,
semaphorins are repulsive guidance molecules. Exposure to
semaphorin induces rearrangement of the cytoskeleton and
causes the growth cone either to turn away from a source of
semaphorin or to collapse completely (Castellani and Rougon,
2002). Semaphorin also influences downstream PIP3 signaling by
activating phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) and decreasing PIP3 concentrations, and PI3

kinase inactivation is required for semaphorin-induced growth
cone collapse (Ming et al., 1999; Atwal et al., 2003; Chadborn et
al., 2006). Incubation of neurons in sema3A in the absence of
NGF resulted in a decrease in Fm/Fc of 10% [normalized control,
1.00 
 0.049 (n � 27); sema3A, 0.90 
 0.058 (n � 25); p 	 0.01].
In the presence of saturating NGF, sema3A treatment had no
effect on Fm/Fc. As with drug treatments, NGF and sema3A did
not induce changes in mitochondrial length or shape (see Mate-
rials and Methods).

Although neurons in culture experience a uniform exposure
to nutrients and growth factors over their entire surface, in vivo
they are exposed to trophic factors and guidance molecules lo-
cally or in gradients (Bandtlow et al., 1987; Kennedy et al., 2006).
Thus, homogeneous exposure to growth factors could explain the
surprisingly low intracellular variation in Fm/Fc that we observed,
whereas the higher density of receptors at the growth cone (Kim
et al., 1979) could explain the higher Fm/Fc of mitochondria there
(Table 1). To provide the axons with a focal source of NGF or
sema3A that would more closely mimic the exposure to guidance
cues in vivo, we used beads covalently coupled to either NGF or
sema3A. Several hours of contact with NGF beads can cause
sprouting of new growth cones (Gallo and Letourneau, 1998). On
a shorter timescale, NGF-coupled beads affect the transport of
mitochondria, and mitochondria accumulate near sites of bead–
axon contact (Chada and Hollenbeck, 2003, 2004) (see Fig. 7A)
before new axons are formed. We found that mitochondria also
accumulate in the immediate vicinity of sema3A-coupled beads
compared with a region of the same size 100 �m away from a
bead (Fig. 6). Because both NGF and sema3A signaling affect
mitochondrial transport and have an effect on ��m when ap-
plied homogeneously to the cell, we asked whether ��m of indi-
vidual mitochondria is affected by local NGF or sema3A stimu-
lation. Compared with control heat-inactivated beads, NGF
beads caused an increase of 46% in Fm/Fc in the 10 �m of axon
immediately adjacent to the bead (Fig. 7C), whereas sema3A
beads caused a 63% increase in Fm/Fc. Mitochondria that were
�40 �m away from sites of bead–axon contact showed no effect,

Figure 4. Inhibition of receptor tyrosine kinase signaling decreases Fm /Fc. Cells were incu-
bated for 20 min with the indicated concentrations of tyrphostin AG879 to block NGF signaling.
Fluorescent images were taken of control (A), 8 �M (B), or 80 �M (C) tyrphostin-treated cells.
The control images appear overexposed because images in A–C have identical exposure times
and image processing to render visible the mitochondria in the 80 �M treatment. Scale bar, 10
�m. D, Tyrphostin AG879 decreased Fm/Fc to 40 and 20% of control cells. For both treatments,
p 	 0.001 compared with control. From left to right, n � 18, 16, and 12 neurons. Error bars
show SEM.

Figure 5. Global treatment of neurons with NGF and inhibitors of NGF pathways. Addition of
50 ng/ml NGF to the culture medium increased the Fm /Fc. The effect of 50 ng/ml NGF is signif-
icantly diminished by adding 100 �M PI3 kinase inhibitor LY294002 or 10 �M MAPK inhibitor
U0126. A combination of LY294992 and U0126 decreased Fm /Fc only as much as U0126 alone.
U0126 decreased Fm /Fc in neurons cultured in pyruvate when compared with cells also cultured
in pyruvate but not treated with U0126. From left to right, n � 26, 22, 18, 17, 24, and 21
neurons. *p 	 0.001. Error bars show SEM.

Verburg and Hollenbeck • Mitochondrial Activity and Cell Signaling in Axons J. Neurosci., August 13, 2008 • 28(33):8306 – 8315 • 8311



whereas those 10 – 40 �m away from either NGF or sema3A beads
showed an intermediate increase of �10%. Both NGF and
sema3A signaling were dependent on PI3 kinase and MAPK sig-
naling, because the addition of the kinase inhibitors LY294002 or
U0126 diminished the increase in Fm/Fc in the 10 �m of axon
adjacent to the bead to statistical insignificance (Fig. 7C,D). The
specific increase in Fm/Fc adjacent to the beads indicates that
neurons can regulate Fm/Fc of individual mitochondria in re-
sponse to molecular signals, but only within short distances.

Discussion
We assessed the proposition that neurons can respond to local
demand for mitochondrial function by regulating mitochondrial
metabolic state. We measured this quantitatively in intact sensory
neurons using the cationic dye TMRM and taking its Fm/Fc ratio
to estimate the ��m of mitochondria throughout the axons. We
found that mitochondria in the growth cone of steady-state neu-
rons, or close to a bead coated with guidance molecules, showed
a significantly higher Fm/Fc that is likely attributable to the stim-
ulation of intracellular signaling pathways.

Most of what we know about the range of mitochondrial
transmembrane potential comes from studies with isolated or-
ganelles (Scaduto and Grotyohann, 1999; Mattiasson et al., 2003)
that show two different respiratory states, depending on substrate
and ADP concentrations (Chance and Williams, 1955). The dif-
ference in ��m between those two states in isolated mitochon-
dria is only a fraction of the maximal ��m. The range of ��m for
mitochondria in a living cell is less certain, but there is some
indication that it lies between the two states identified in vitro
(Jekabsons and Nicholls, 2004). In sensory neurons, we found
that treatment with either FCCP or oligomycin alone caused only
a �20% change in Fm/Fc, implying that under normal intracellu-
lar conditions, as in vitro, modest changes in Fm/Fc can corre-
spond to large differences in respiratory activity. Our data also

show that Fm/Fc can be decreased even further by combined treat-
ment with several inhibitors of oxidative phosphorylation. How-
ever, a more profound effect than any of the conventional mito-
chondrial inhibitors was produced by blocking receptor tyrosine
kinase and NGF signaling with tyrphostin AG879, suggesting that

Figure 6. Mitochondria accumulate at sites of contact between the axon and semaphorin
3A-coated beads. The total TMRM fluorescence was compared between regions around either
sema3A-coupled beads (black bars; n � 28 cells) or heat-treated inactive beads (white bars;
n � 20 cells). The 10 �m immediately surrounding the bead was compared with a 10 �m
region of the axon 100 �m away from the bead to be far enough away from any effect from the
bead. Mitochondria were often closely adjacent to one another and could not be distinguished
individually, so total fluorescence was compared between the two regions. Mitochondria accu-
mulate around the sema3A beads shown by a significant increase in mitochondrial fluorescence
when compared with heat-inactivated beads by a t test. *p 	 0.001. Error bars show SEM.

Figure 7. Axons incubated with NGF- or semaphorin 3A-coated beads display a local in-
crease in Fm /Fc in the region of axon immediately adjacent to the bead. Cells were rinsed and
incubated in very low NGF medium and beads for 1 h before experiments. Fluorescence images
show sites where an NGF-coated bead (A) and a sema3A-coated bead (B) are in contact with
otherwise undistinguished regions of axons. Scale bar, 10 �m. C, The distance between the
mitochondria and the bead was measured and used to sort them into three groups: those in the
10 �m of axon centered on the bead (white bars), those between 5 and 50 �m away (gray
bars), and those �50 �m from the bead (black bars). The mean Fm/Fc of axonal mitochondria
was increased within 50 �m of the site of contact with an NGF bead, and this effect was even
greater for mitochondria in the 10 �m region centered on the contact site. The increase in Fm/Fc

near the NGF bead was partially blocked by either PI3 kinase inhibitor LY294002 or MAPK
inhibitor U0126 for 20 min. From left to right, n � 18, 22, 20, and 16 neurons. D, The mitochon-
dria in axons treated with sema3A-coated bead were sorted according to distance from the site
of axon– bead contact as just described. The mean Fm/Fc of axonal mitochondria was also
increased within 50 �m of the site of contact with a sema3A bead, and this effect was even
greater for mitochondria adjacent to the contact site. The increase in Fm/Fc near the sema3A
bead was partially blocked by PI3 kinase inhibitor LY294002 or MAPK inhibitor U0126. Heat
denaturation of both kinds of beads eliminated their effect on Fm/Fc. From left to right, n � 18,
17, 21, and 16 neurons. *p 	 0.05; **p 	 0.01. Error bars show SEM.
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modulation of cellular signaling plays an important role in regu-
lating ��m and respiratory status in the neuron.

Intrinsic variation in neuronal ��m

Physiological intracellular variation in ��m has been observed in
non-neuronal cells (Johnson et al., 1980; O’Reilly et al., 2003) and
clearly has functional significance in cells such as myocytes
(Duchen et al., 1998). Quantitative evidence for different meta-
bolic states among neuronal mitochondria comes from studies of
cultured forebrain neurons, in which mitochondria in axons
showed small, spontaneous oscillations between two levels of
��m on a timescale of minutes (Buckman and Reynolds, 2001).
Their function is unclear, and similar oscillations occur in vitro,
in mitochondria isolated from brain (Vergun et al., 2003). In
chick sensory neurons, we found relatively little difference in
Fm/Fc among mitochondria throughout an axon compared with
the variation we saw among different neurons. For example, we
did not observe the differences in Fm/Fc between the distal axon
(near the growth cone) and the rest of the axon that we had
anticipated based on the range of growth cone effects on mito-
chondrial motility (Morris and Hollenbeck, 1993). This relative
homogeneity in Fm/Fc may derive from the uniform nutritional
and growth factor environment experienced by neurons in cul-
ture, and thus it is possible that axons in situ show greater regional
differences. Nonetheless, we found that mitochondria with a sig-
nificantly higher Fm/Fc exist in small numbers in the axon and are
specifically concentrated in the growth cones. This is likely to
reflect the high ATP demand in the growth cone, caused in part
by actin and membrane turnover (Zakharenko and Popov, 2000;
Bernstein and Bamburg, 2003), as well as the high density there of
receptors for signaling ligands and the transient rises of cytoplas-
mic Ca 2� associated with growth cone function (Gomez and
Spitzer, 2000; Soeda et al., 2002; Bolsover, 2005).

Variations in Fm/Fc in a population of mitochondria might
reflect not only differences in local ATP demand but also differ-
ences in mitochondrial status, with older or damaged mitochon-
dria showing lower Fm/Fc. Studies using the aggregating mito-
chondrial dye JC-1 (Miller and Sheetz, 2004) have shown
differences in fluorescent emission maxima that correlated with
the direction of mitochondrial transport. Our results with JC-1
were essentially the same, but when we attempted to confirm this
ratiometrically using a subquenching concentration of TMRM,
we found no difference in Fm/Fc among mitochondria moving in
different directions. This discrepancy could result from the rela-
tively slow equilibration and irreversible aggregation of JC-1,
which can prevent it from accurately indicating the current ��m

of individual mitochondria (Smiley et al., 1991; Chinopoulos et
al., 1999; Ward et al., 2000; Nakayama et al., 2002; Feldkamp et
al., 2005). Thus, the red-emitting, J aggregated state of the JC-1 in
anterogradely moving mitochondria could result from the cyto-
plasmic concentration of JC-1 or the ��m in the cell body before
their entry into the axon, or to higher levels of ROS in the cell
body, which can cause aggregation and red fluorescence of JC-1
in the matrix independent of ��m (Chinopoulos et al., 1999).
These factors would produce an artifactually high estimate of
��m from red JC-1 fluorescence early in the axonal transport of
the mitochondrion.

��m and guidance molecule signaling
Previous studies have indicated that growth factor signaling can
produce an increase in the mean ��m of the entire neuron (T. J.
Huang et al., 2005), but little is known about how mitochondrial
activity is regulated regionally, despite its potential importance in

a large, asymmetric cell. We focally stimulated axons with NGF
and sema3A, two signaling ligands known to affect growth cone
activity, advance, and guidance (Gundersen and Barrett, 1980;
Fan et al., 1993; Mann and Rougon, 2007). In addition, both
regulate mitochondrial distribution in these axons (Chada and
Hollenbeck, 2003, 2004) (Fig. 6). Here, we showed that they in-
crease Fm/Fc by a magnitude that is large by in vivo standards, at
least for neurons and probably in general. However, the spatial
range of the effect was surprisingly narrow. Mitochondria imme-
diately adjacent to the site of NGF or sema3A stimulation showed
a 40 –50% increase in Fm/Fc, whereas mitochondria 10 –50 �m
away showed a smaller effect that declined to insignificance be-
yond 50 �m. This was similar to the range of the effect of NGF
stimulation on mitochondrial motility (Chada and Hollenbeck,
2004) but narrower than the effect of an active growth cone
(Morris and Hollenbeck, 1993). This may explain why mitochon-
dria with significantly higher ��m in unperturbed neurons are
found mainly within the growth cone itself.

Inhibitors of the PI3 kinase and MAP kinase pathways abol-
ished the increase in Fm/Fc produced by both focal and global
NGF stimulation, suggesting that these downstream pathways
mediate the regulation of mitochondrial potential. Because si-
multaneous inhibition of both pathways did not have an additive
effect, NGF signaling probably converges on one pathway reach-
ing before its target(s) in the mitochondria. The repulsive cue
semaphorin has an ostensibly opposed function to NGF, but gave
differing responses depending on how the cell was exposed to
sema3A. The decrease in ��m with global sema3A application
could be through the action of PTEN, a phosphatase of PIP3 that
reverses the effect of PI3 kinase. Growth cone turning or neuronal
survival in the presence of both NGF and semaphorin signals may
be attributable to the opposing function of PTEN and PI3 kinase
acting on the same targets (Atwal et al., 2003; Dontchev and
Letourneau, 2003; Wanigasekara and Keast, 2006). Consistent
with this, we also found that global application of sema3A did not
affect Fm/Fc in the presence of saturating NGF. In contrast, local
sema3A increased Fm/Fc, which is consistent with growth cone
turning in vivo requiring increased ATP, but contrary to expec-
tations if sema3A acted on Fm/Fc exclusively through PTEN. The
ability of LY294002 and U0126 to affect ��m near sema3A beads
suggests that there may be other mechanisms acting in local
sema3A signaling. The overall importance of signaling down-
stream from RTKs (receptor tyrosine kinases) was underscored
by the effect of tyrphostin treatment on the mitochondria: Fm/Fc

was diminished by 80%, a magnitude matched in these neurons
only with application of two separate mitochondrial poisons.
None of the kinase inhibitors caused mitochondrial fragmenta-
tion, morphological change, axonal retraction, or any signs of cell
death, indicating that treatment did not cause nonspecific insult.
Thus, we conclude that kinase inhibition likely has a specific
effect on ��m regulation, causing mitochondria to change mem-
brane potential or in some cases to depolarize profoundly.

These data demonstrate that the membrane potential of ax-
onal mitochondria, like their distribution, can be regulated lo-
cally, but the identities of the signaling pathways and specific
targets of ��m regulation by kinases remain to be elucidated.
Nonetheless, our data suggest some of their features. First, the
effect of the PI3 kinase and MAPK inhibitors occurred within 20
min, too fast to be explained by changes in mitochondrial protein
synthesis, import, or degradation. Kinase regulation of glycolysis
and the TCA cycle could affect ��m (Hamilton et al., 2002; Long
and Zierath, 2006), but the persistence of mitochondrial re-
sponses to NGF and sema3A in pyruvate-containing, glucose-
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free medium argues against this. It is more likely that the regula-
tion of ��m results from phosphorylation of target proteins that
directly or indirectly alter mitochondrial activity. We suggest that
the targets of regulation are likely to be mitochondrial phospho-
proteins. Mitochondria contain kinases as well as candidate pro-
teins for kinase activation or inhibition (Salvi et al., 2005; J. Lee et
al., 2007; Tzatsos and Tsichlis, 2007). For example, kinase activity
regulates proteins responsible for mitochondrial fusion and fis-
sion, which in turn interact with the complexes of the electron
transport chain (Brooks et al., 2007; S. Lee et al., 2007; Zanna et
al., 2008). There is also evidence that proteins of the electron
transport chain itself may be phosphorylated, which could allow
direct control of ��m (Technikova-Dobrova et al., 2001). Other
possibilities include protein phosphorylation of inner membrane
transporters that could cause changes in matrix concentrations of
ions such as potassium or interfere with the transport of other
molecules such as adenine nucleotides. The potential similarities
among the pathways and targets for the regulation of mitochon-
drial functions will be important areas of future study.
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