
Progressive decrease of mitochondrial motility during 
maturation of cortical axons in vitro and in vivo

Tommy L. Lewis Jr., Gergely F. Turi, Seok-Kyu Kwon, Attila Losonczy, and Franck Polleux*

Columbia University Medical Center - Department of Neuroscience, Mortimer B. Zuckerman Mind 
Brain Behavior Institute, Kavli Institute for Brain Science 550 West 120th Street, 1103 NWC 
Building, New York, NY 10027

Summary

The importance of mitochondria for neuronal function is evident by the large number of 

neurodegenerative diseases which have been associated with a disruption of mitochondrial 

function or transport (reviewed in [1, 2]). Mitochondria are essential for proper biological 

function as a result of their ability to produce ATP through oxidative phosphorylation, buffer 

cytoplasmic calcium, regulate lipid biosynthesis and trigger apoptosis (reviewed in [2]). 

Efficient transport of mitochondria is thought to be particularly important in neurons in light 

of their compartmentalization, length of axonal processes and high-energy requirements 

(reviewed in [3]). However, the majority of these results were obtained using short-term, in 
vitro neuronal culture models and very little is currently known about mitochondrial 

dynamics in mature axons of the mammalian central nervous system (CNS) in vitro or in 
vivo. Furthermore, recent evidence has demonstrated that mitochondrial immobilization at 

specific points along the axon, such as presynaptic boutons, play critical roles in axon 

morphogenesis [4, 5]. We report that as cortical axons mature, motility of mitochondria (but 

not other cargoes) is dramatically reduced and this coincides with increased localization to 

presynaptic sites. We also demonstrate, using photo-conversion, that in vitro mature axons 

display surprisingly limited long-range mitochondrial transport. Finally, using in vivo 2-

photon microscopy in anesthetized or awake behaving mice, we document for the first time 

that mitochondrial motility is also remarkably low in distal cortical axons in vivo. These 

results argue that mitochondrial immobilization and presynaptic localization are important 

hallmarks of mature CNS axons both in vitro and in vivo.
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Results and Discussion

Mitochondrial motility decreases progressively with axonal maturation and coincides with 
increased presynaptic localization in vitro

To better understand mitochondrial localization at presynaptic sites, we performed live dual-

channel time-lapse imaging of mitochondria and VGLUT1-labeled presynaptic boutons 

following ex utero cortical electroporation, dissociation and primary neuronal culture. As 

previously observed, early stages (3–7DIV) of axonal development display a substantial 

fraction of highly motile mitochondria (Figure 1A–B) [4, 6, 7]. However as the axon 

matured (≥10DIV), mitochondria became less motile (Figure 1C–F, G,I). By 28DIV, more 

than 95% of axonal mitochondria were stationary over the 30 minutes of imaging compared 

to approximately 60% at 7DIV (ANOVA, p<0.0001). This decrease in mitochondrial 

motility coincides with the formation of stable en passant VGLUT1-positive presynaptic 

sites along the axon (Figure 1B–F, Movie S1). Stable presynaptic boutons begin to appear 

around 7DIV thus we quantified the percent of stationary mitochondria localized at stable 

presynaptic sites for the entire 30 minutes of imaging (Figure 1H,I), and found that early in 

axonal development (7DIV) approximately 20% of stationary mitochondria are localized at 

presynaptic sites. This percentage steadily increases with development until approximately 

half of all axonal mitochondria are localized at presynaptic boutons (Figure 1H, ANOVA, 

p<0.0001). Interestingly, this represents a substantial increase in presynaptic localization 

when one considers that approximately 40% of mitochondria at 7DIV are not included in 

this quantification as they are not stationary. Our data so far suggests a model whereby 

mitochondrial motility is significantly lower in mature axons than previously proposed from 

the results obtained in immature, developing axons of dissociated cultured neurons (usually 

5–7DIV; e.g. [8, 9]). In the present report and another recent study in hippocampal neurons 

[10], mitochondria are shown to be considerably more stable in mature axons (≥14DIV) than 

in immature axons in vitro. These reports also demonstrate that mitochondrial 

immobilization correlates with their localization to presynaptic boutons along CNS axons 

(Table S1). Together these results reveal that mitochondrial motility decreases with axonal 

maturation partially as a result of presynaptic immobilization. In the future, it will be 

important to better understand the cellular and molecular mechanisms which regulate long-

term immobilization of mitochondria, the role of mitochondria localized at presynaptic sites 

versus other sites along the axon, as well as the effects that presynaptically localized 

mitochondria exert on presynaptic release properties.

Lysosomal motility is not affected by axonal maturation in vitro

To determine if the decrease in mitochondrial motility is specific to this cargo or if cargo 

trafficking in general is lower in mature axons, we performed live dual-channel time-lapse 

imaging of LAMP1-labeled lysosomes and mitochondria in immature (7DIV) and mature 

(28DIV) axons (Figure 2A–F, Movie S2). We chose lysosomes as a cargo because recent 

evidence suggested that axonal mitochondria are locally engaged by autophagosomes fusing 

to lysosomes for removal by local mitophagy [11, 12]. While the fraction of stationary 

mitochondria increases from around 65% to ~98% between 7DIV and 28DIV, the 

percentage of stationary lysosomes did not change significantly (Figure 2G, ANOVA, 

p<0.05 for mitochondria, no significance for lysosomes). While the number of motile versus 
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stationary lysosomes was not changed, there was a decrease in the velocity of the lysosomes 

and a small increase in retrograde run time in mature axons (Figure 2H, ANOVA, p<0.001 

for velocity, p<0.05 for retrograde run time). The observation that the fraction of motile 

lysosomes is unchanged in mature axons is consistent with recent work demonstrating that 

autophagosomes need to be transported back to the cell body to undergo fusion with 

lysosomes [13], and suggests that the decrease in mitochondrial motility in mature axons in 
vitro is rather specific to this organelle.

Mitochondria in mature axons are functional

One possible explanation for the decrease in mitochondrial motility observed in late stage 

cultures could be that mitochondrial function is compromised. To measure the functionality 

of mitochondria under these conditions, we imaged mitochondrial membrane potential via 

tetramethylrhodamine (TMRM, [14]) and mitochondrial matrix calcium dynamics during 

action potential (AP) evoked neurotransmitter release using a genetically-encoded, matrix-

targeted calcium indicator GCaMP5G (mito-GCaMP5G) [15]. Mitochondrial membrane 

potential is generated via the proton gradient, resulting from oxidative phosphorylation 

along the electron transport chain (ETC), across the inner mitochondrial membrane (IMM) 

which gates ATP generation. We observed that mitochondria in the axon of neurons cultured 

for 7DIV or 28DIV effectively took up TMRM and determined that there was no difference 

in the ratio of mitochondrial fluorescence to cytoplasmic fluorescence (Fm/Fc, [14]) (Figure 

S1A–B). This result establishes that mitochondria do not display significant changes in their 

membrane potential during axon maturation in vitro. To test whether or not mitochondria are 

capable of importing calcium during AP-evoked release [16], we applied 100APs at 10Hz 

using a micropipette stimulation near the labeled axons and found that mitochondria in both 

immature and mature axons responded by importing calcium into their matrix on similar 

timescales (Figure S1D–G). We calculated the area under the curves (as an estimate of the 

‘total charge transfer’) and found a small but significant increase in the amount of calcium 

imported by mitochondria in mature axons in vitro (Supplemental Figure 1G). We also 

observed an increase in the basal level of calcium in the matrix of mitochondria in mature 

axons compared to immature axons (Supplemental Figure 1E). It is likely that increased 

neuronal activity, mediated by mature synapses, in these older cultures is at least partially 

responsible for both the increased basal level of calcium in the mitochondrial matrix and the 

increase in calcium that is imported upon stimulation. This increase in AP-evoked 

mitochondrial calcium import in mature axons might be linked to decreased mitochondrial 

motility although the mechanisms by which intramitochondrial calcium regulate 

mitochondrial trafficking remain controversial [8, 17–19].

Long-term timelapse microscopy reveals that mitochondria in mature axons remain stable 
over an extended period of time

To determine the stability of mitochondria over a more extended period of time, we used 

photo-convertible mEos2 [20, 21] targeted to the mitochondrial matrix (mito-mEos2; Figure 

3A–B). This allowed us to label a few mitochondria in distal portions of the axon and image 

at a much lower frequency (once every 15 minutes) for a longer period of time (12 hours), 

yet still determine unambiguously that the same mitochondria are present over extended 

periods of time. Semiautomated tracking of the photo-converted mitochondria (Figure 3C–
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D) revealed that 75% of mitochondria remained within 10 microns of their original position 

over 12 hours thus demonstrating that most mitochondria remain immobile over long 

periods of time in mature cortical axons in vitro (Figure 3E, Movie S3).

Mitochondrial motility is low in distal layer 2/3 axons in vivo

Finally, we wanted to determine if the results we had obtained in mature cortical axons in 
vitro were recapitulated in vivo where the environment is much more complex than in a 

culture dish and obviously more physiological regarding metabolism, cell type diversity, and 

cellular architecture [22, 23]. To do this, we implemented an imaging paradigm for 

visualizing mitochondrial motility in distal layer 2/3 axons of cortical pyramidal neurons by 

in vivo 2-photon microscopy (Figure 4A). In short, mouse embryos were electroporated 

unilaterally in utero at embryonic day E15.5 (to target progenitors giving rise to layer 2/3 

pyramidal neurons) with plasmids encoding mito-YFP and cytosolic tdTomato. (P)ostnatal 

day 10–12 or P23–24 mice were fitted with a cranial window and a head-fixing post for live 

imaging on a 2-photon microscope [24]. As shown in Figure 4B, we were able to find and 

image distal layer 2/3 axons filled with labeled mitochondria and tdTomato on the side 

contralateral to the electroporated hemisphere. We first performed live imaging on 

anesthetized mice at P10–12 and P29–30 (Figure 4C). Surprisingly even at the early 

developmental stage of P10–12, mitochondria are highly immobile with approximately 90% 

of mitochondria being stable for the entire imaging session (10–20 min; Figure 4D–E). 

Since different forms of anesthesia are known to affect mitochondrial function and therefore 

may affect mitochondrial dynamics [25–28], we performed imaging on awake behaving 

mice at P30–33 and P45 to demonstrate that anesthesia was not the reason for the lack of 

mitochondrial motility, (Figure 4C, Movie S4) and established again that > 90% of 

mitochondria were stationary over the entire imaging session (Figure 4D–E, ANOVA, 

p=0.1097). Recent advances in imaging and surgical techniques have begun to allow for the 

study of mitochondrial motility and function in vivo. Misgeld et al (2007) provided the first 

hint that mitochondrial motility is likely low in vivo when they showed in the sciatic nerve 

(PNS) of mice that ~ 90% of mitochondria are stationary both in slice preparations and in 
vivo [29]. In Rohon-Beard cells (PNS) of zebrafish, in vivo imaging of axonal mitochondria 

revealed a low percentage of moving mitochondria (between 1%–17%) which depended on 

the distance of the imaged segment from the cell body [30]. Finally, imaging of 

mitochondrial dynamics in mouse PNS axons of the saphenous nerves also revealed a high 

percentage of stationary mitochondria in vivo but found that high levels of neuronal activity 

significantly increased anterograde transport of mitochondria [31]. Coupled with other 

reports, our present results examining mammalian CNS cortical axons indicate that 

mitochondrial motility must be examined in mature in vitro and in vivo axons rather than 

immature in vitro culture models for inference of the molecular and cellular mechanisms 

underlying mitochondria dynamics and function in neurodegenerative diseases [32] (Table 

S1). An interesting example of this is with the mitochondrial anchoring protein Syntaphilin 

(SNPH). Loss of SNPH in short-term cultures from knockout mice show a dramatic increase 

in the number of motile mitochondria, but in slice cultures from four month old knockout 

mice the number of motile mitochondria is still very low suggesting other mechanisms for 

capturing/stabilizing mitochondria must be present [33, 34].
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A recent report showing that mitochondrial transport is highly dynamic in axons of retinal 

ganglion cells in vivo [35] proposed that other current forms of imaging are too invasive and 

claim this is the reason for the low motility that is seen by other groups. However based on 

multiple recent reports using different axon subtypes and procedures [29–32, 34, 36, 37] (see 

Table S1), and also based on our present report showing that 21 days after window 

implantation mitochondrial motility is still very low in cortical axons of adult awake 

behaving mice, it is unlikely that inflammation or surgical procedure is the reason for these 

results. We believe that this discrepancy could be the result of a few different factors: (1) as 

mentioned above, distance from the cell body likely plays a role in the motility profile of the 

imaged mitochondria [30, 38], (2) based on this work and others, the motility profile is 

likely also influenced by the presence or absence of anchoring sites such as synaptic boutons 

and Nodes of Ranvier or in portions of the axons that are myelinated [10, 34], (3) it is likely 

that different types of neurons will have different motility profiles when considering the vast 

array of activity profiles that are found in vivo [10, 31, 34].

Finally, it is interesting to note that in dendrites of retinal ganglion cells examined in whole 

mount preparations, mitochondrial motility is also reduced as the neuron matures (~70% 

stationary mitochondria at P9 versus ~100% at P21) [37]. These authors nicely demonstrate 

that this is mitochondria specific (e.g. peroxisomes do not show this decreased in motility in 

adult stages) and that neither spontaneous nor sensory-evoked activity patterns regulate 

mitochondria dynamics.

Much of the literature examining mitochondrial dynamics in CNS axons has focused on the 

molecular mechanisms underlying their transport through microtubule-based motors such as 

dyneins and kinesins. Our results strongly argue that in the future, it will be important to 

improve our understanding of the mechanisms regulating mitochondrial immobilization, as 

well as the role that stationary mitochondria play at specific points along the axon. It is 

imperative that we devise the tools necessary to study mitochondria dynamics and function 

in vivo, in awake adult mice, over extended periods of time.

Experimental Procedures

Animals

All animals were handled according to protocols approved by the Institutional Animal Care 

and Use Committee (IACUC) at Columbia University. Time-pregnant CD1 females were 

purchased from Charles Rivers. Timed-pregnant hybrid F1 females were obtained by mating 

inbred 129/SvJ females, and C57Bl/6J males in house [4].

In utero cortical electroporation

In utero electroporations were performed as detailed in [4] with the exception that CD1 mice 

were used. See Supplemental Methods for more details.

Primary cortical culture and ex utero electroporation

Cortices from E15.5 CD1 mouse embryos were dissected followed by dissociation in 

cHBSS containing papain (Worthington) and DNAse I (100 μg/ml, Sigma) for 20 min at 
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37°C, washed three times and manually triturated in cHBSS supplemented with DNAse. 

Cells were plated at 7.5 × 104 cells per 35mm glass bottom dish (Mattek) coated with poly-

D-lysine (1 mg/ml, Sigma) and cultured for 3–28 days in neurobasal medium supplemented 

with B27 (1X), FBS (2.5%), L-glutamine (2 mM). One third of the medium was changed 

every 5 days thereafter with non-FBS containing medium. Ex utero electroporation was 

performed as previously published in [4]. See Supplemental Methods for details and 

constructs.

Imaging

Imaging on dissociated neurons was performed between 3–28DIV on a Nikon Tie with 

either an EM-CCD camera (Andor) or A1-R confocal (Nikon). All in vivo imaging was 

performed on a custom 2-photon microscope (Bruker) in resonant galvo-mode and an ultra-

fast pulsed laser tuned to 920nm (Coherent). See Supplemental Methods for detailed 

imaging methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitochondrial motility decreases as the axon matures in vitro
(A) Representative kymograph of mitochondria in the axon of a cultured cortical neuron at 

3DIV. On average only 35% of mitochondria are stationary. Stationary mitochondria are 

those mitochondria which move less than 5μm from the point of origin over the 30 minutes 

of timelapse microscopy. The y-axis represents time, while the x-axis represents direction of 

transport. Timelapse videos were acquired at 0.1fps for 30 minutes. (B–F) Representative 

dual color kymographs of mitochondria (red) and VGLUT1 (green) in the axons of cultured 

cortical neurons at 7DIV, 10DIV, 17DIV, 21DIV and 28DIV respectively. (G) Graph 

demonstrating the percent of stationary axonal mitochondria at various days in culture. 

Axonal development coincides with an increase in the number of stationary mitochondria. 

(H) Graph demonstrating the percent of stationary mitochondria which are localized at 

presynaptic sites. Localization is defined as overlap with the same stationary VGLUT1 

puncta for the entire 30 minutes of the timelapse. The decrease in axonal mitochondrial 

motility coincides with increased localization of mitochondria at presynaptic sites. (I) 

Schematic representation of the parameters calculated in G and H. N = 8, 27, 15, 17, 17 and 

18 axon segments at 3, 7, 10, 17, 21 and 28 DIV respectively. Statistical test: Anova with 

Dunns multiple comparison test. All error bars represent standard error of the mean. See also 

Figure S1, Movie S1 and Table S1.
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Figure 2. Lysosome motility does not decrease during axonal maturation in vitro
(A–D) Representative images of a 7DIV axon expressing LAMP1-mEmerald (A), 

mitoDsRED (B) and mTAGBFP (C) after ex utero electroporation at E15.5. (E) 

Representative kymograph of mitochondria (red) and LAMP1 (green) in the axon of a 

cultured cortical neuron at 7DIV. (F) Representative kymograph of mitochondria (red) and 

LAMP1 (green) in the axon of a cultured cortical neuron at 28DIV. (G) Graph comparing 

the percent of stationary lysosomes to the percent of stationary mitochondria at 7 and 

28DIV. The number of motile axonal lysosomes doesn’t change significantly between 7 and 

28DIV, while the percentage of stationary axonal mitochondria increases at 28DIV. (H) 

Graphs comparing lysosomal run time and velocity of anterograde and retrograde transport 

at 7 and 28DIV. While run time slightly increases for motile lysosomes, the velocity is much 

less at 28DIV. N = 18 axon segments at 7DIV and 26 axon segments at 28DIV. Statistical 

test: ANOVA with Dunns multiple comparison test. All error bars represent standard error of 

the mean. See also Movie S2.
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Figure 3. Long-term time lapse microscopy with photo-convertible mEos2 reveals highly stable 
mitochondria in mature axons in vitro
(A) Schematic representation of long-term time lapse imaging setup. Upon photo-conversion 

of mito-mEos2, all mitochondria within a short segment of the axon (30 to 50 μm) were 

converted from green to red fluorescence. Timelapse imaging was then performed every 15 

minutes for 12 hours for both the red and green forms of mEos2. (B) A 28 DIV cortical axon 

expressing mito-mEos2 before and after photo-conversion by 405nm light. White boxes 

label the ROI for 405nm stimulation. (C) Graph of individual photo-converted mitochondrial 

motility in a representative axon with low mitochondrial motility. (D) Graph of individual 

photo-converted mitochondrial motility in an axon with higher mitochondrial motility. (E) 

Quantification of maximum distance from the point of origin and total distance moved for 

each mitochondria tracked over 12 hours revealing that 75% of mitochondria moved 10 

microns or less from their original positions. N = 261 mitochondria from 23 axons (4 

independent cultures). Data in E is represented as 5–95% whisker box plots with 25th, 50th, 
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and 75th percentiles shown by the lower, middle and top of the boxes. Outliers are 

represented by black dots. See also Movie S3.
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Figure 4. Mitochondrial motility is remarkably low in distal layer 2/3 axons in vivo
(A) Schematic representation of the imaging setup used to image axonal mitochondria in 

layer 2/3 pyramidal axon collaterals via 2-photon microscopy after in utero electroporation 

at E15.5. (B). Representative imaging field from the contralateral hemisphere at postnatal 

day 30. The left panel displays mitochondria labeled with YFP, while the right panel is the 

merge of mito-YFP and tdTomato to visualize the axon collaterals. (C) Representative 

kymographs of mitochondria labeled with YFP and imaged over a period of 15 minutes at 

0.1fps. Top panel represents mitochondrial motility at P11, while the bottom panel 

represents mitochondrial motility at P30. Red arrowheads point to motile mitochondria. (D) 

Graph demonstrating the percent of stationary mitochondria under four different conditions: 
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P10–12 anesthetized mice, P29–30 anesthetized mice, P30–33 awake mice and P45 awake 

mice. Mitochondrial motility is remarkably low in all four conditions. (E) Graph comparing 

the number of motile and stationary mitochondria in the four conditions tested. n=17, 11, 24, 

9 regions of interest from 6, 3, 6, 2 mice at P10–12 (anesthetized), P29–30 (anesthetized), 

P30–33 (awake), and P45 (awake) respectively. Statistical test: Anova with Dunns multiple 

comparison test. All error bars represent standard error of the mean. See also Movie S4.
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