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Introduction 
Mitochondria play an important role in the maintenance 

of neuronal homeostasis by generating energy in the 

form of ATP. Axons rely heavily on lactate as a substrate 

for ATP synthesis, provided through the astrocyte-neuron 

lactate transfer shuttle. A change in cellular ADP/ATP 

ratio during energetic stress induces activation of the 

energy stress sensor, AMPK. AMPK signalling cascades 

work to restore energetic homeostasis in the cell. Effects 

of AMPK on mitochondrial transport dynamics along 

neuronal processes are less well understood.  

In this study, we investigated the effects of localised 

lactate deprivation and AMPK activation on 

mitochondrial transport in primary cortical axons. 

Methods 
 

Primary cortical neuron preparation. 

Primary cultures of cortical neurons were prepared from 

C57BL/6 mouse embryos at E16-18. The cells were 

nucleofected with 3µg mito-GFP before seeding within 

microfluidic devices. Microfluidic devices allow physical 

isolation of axonal processes from the somato-dendritic 

regions.  

This work was approved by the RCSI Research Ethics 

Committee (REC1335) and under a licence granted by 

the Irish Department of Heath and Children (B100/4442). 
 

 

Mitochondrial transport studies. 

At DIV 8, the movement of GFP-positive mitochondria 

was monitored using time-lapse confocal microscopy at 

an imaging rate of 0.25 Hz. Kymographs were generated 

and mitochondrial transport kinetics were extracted to 

assess changes in axonal mitochondria transport under 

conditions of localised AMPK activation.  
 

Immunohistochemistry. 

The cells were fixed with 3% formaldehyde for 12 min at 

37°C, then probed with antibodies against MAP2, 

phospho-PHF-Tau and AMPKα.  
 

Confocal microscopy. 

Live cell and immunofluorescence studies were carried 

out using a Zeiss LSM 710 confocal microscope. Images 

were then processed using Image J and MetaMorph.  
 

Protein extraction and Western blotting. 

Protein was extracted from cortical neurons to assess 

cellular levels of AMPK and phospho-AMPK (pAMPK) by 

Western blotting. 
 

Statistical analysis. 

All data was normalised to their respective pre-treatment 

values (T0). Unless otherwise stated, a repeated 

measures ANOVA and Dunnett’s post-hoc test were used 

to compare the data from each 30 min interval with their 

corresponding T0 values. A strict statistical significance 

threshold value of p≤0.01 was set for mitochondrial 

transport studies to account for alterations due to high 

frequency imaging acquisition. 

(A) Schematic of microfluidic device. (B) Nucleofection of cortical 

neurons with mito-GFP allows for visualisation of mitochondria. 

Mitochondrial movement within the axon was measured by confocal 

microscopy. (C) Kymographs were generated using Image J, and 

data on mitochondrial mobility was extracted using MetaMorph. 

Establishment of primary cortical neurons in 

microfluidic devices. 

Results 

Pharmacological activation of AMPK at the 

somatodendritic region does not alter mitochondrial 

mobility within the spatially isolated axon segment. 

(A) Schematic of experimental design and timecourse. (B) 

Representative kymographs of mitochondrial mobility in the axon 

segment before (T0) and 2 h post AICAR addition (T120) to the 

somatodendritic compartment. Scale bar = 20 μm. The frequency 

(C), velocity (D) and distance (E) of mitochondrial moving events 

within the axon segment remained unaltered by AICAR (0.1 mM) 

addition at somatodendritic region.  

Localised AMPK activation at the distal axon reduces 

the frequency, velocity and distance of mitochondrial 

transport in the adjacent axon segment.  

(A) Schematic of experimental design. (B) Representative 

kymographs of mitochondrial mobility in the axon segment during 

baseline recording (T0) and 2 h post treatment (T120). Scale bar = 

20 μm. AICAR (0.1 mM) provoked a rapid decrease in the frequency 

(C), velocity (D), and distance (E) of retrograde mitochondrial 

movements with a similar, yet delayed effect on anterograde 

mitochondrial transport. Antagonism of AMPK activity with compound 

C (CC, 10 µM) reversed AICAR-mediated effects on mitochondrial 

transport in all parameters measured. *p≤0.01. 

Localised AICAR treatment at the distal axon induces 

an accumulation of mitochondria directly at the site 

of treatment. 

(A) Schematic of experiment plan. (B) Representative images of 

mito-GFP positive mitochondria within the axonal compartment. 

Scale bars = 20 µm. (C) Mean number of mitochondria in the distal 

axon before (T0) and 2 h post treatment (T120). AICAR induced 

accumulation of mitochondria in this region after 2 h. *p≤0.001; 

paired t-test. (D) Representative images of mitochondrial TMRM (20 

nM) fluorescence within the axonal compartment before (T0) and 2 h 

post treatment (T120). Scale bars = 20 µm. (E) AICAR induced a 

decrease in mitochondrial membrane potential, compared to control. 

FCCP, a potent uncoupler of oxidative phosphorylation, was used as 

a positive control. *p≤0.05 compared to control levels at T120.  

Substitution of glucose for lactate at the distal axon 

reduces the mean distance of local mitochondrial 

transport events. 

(A) Representative Western blot showing that pAMPK levels in cells 

exposed to glucose (15 mM) or the metabolic equivalent 

concentration of lactate (30 mM) as their main energy source. This 

suggests that neuronal homeostasis is not perturbed by the change 

in energy substrate. (B) Schematic of experimental design. The 

axonal compartment was exposed either to glucose or the metabolic 

equivalent concentration of lactate. (C) Axons exposed to lactate had 

a significantly higher proportion of stationary mitochondria. (D) 

Substitution of glucose with lactate did not alter the velocity but did 

supress the mean distance (E) of mitochondrial transport events in 

both anterograde and retrograde directions. Unpaired t-test. 

Localised nutrient deprivation at the distal axon 

supresses local mitochondrial transport kinetics in 

an AMPK-dependent manner.  

(A) Representative Western blot confirming an increase in the 

phosphorylation status of AMPK (pAMPK) in response to inhibition of 

lactate uptake with AR-C188585 (Lactate+ARC). (B) Schematic of 

experimental design and timecourse. (C) Representative 

kymographs of mitochondrial mobility in the axon segment during 

baseline recording (T0) and 2 h after treatment (T120) of the distal 

axon. Scale bar = 20 μm. Inhibition of lactate uptake at the distal 

axon (10 nM AR-C155858) decreased the frequency (D), velocity 

(E), and distance (F) of retrograde mitochondrial transport, with 

milder effects on anterograde transport. This was reversed by co-

treatment with 10 µM CC. The velocity remained stable for the 

duration of the experiment in axons exposed distally to lactate as 

their energy source. *p≤0.01.  

AMPK is expressed throughout the dendritic and 

axonal processes of primary cortical neurons. 

Conclusions 

• AMPK is expressed throughout the dendritic 

and axonal processes of mouse primary cortical 

neurons. 

 

• Localised activation of AMPK by AICAR addition 

(0.1 mM) or nutrient deprivation (lactate uptake 

inhibition) at the distal axon reduces the 

frequency, velocity and distance of local 

mitochondrial transport. 

 

• Retrograde mitochondrial transport is more 

sensitive to AMPK signalling in all parameters 

measured. 

 

• Localised AICAR-induced AMPK signalling at 

the distal axon recruited mitochondria to this 

region. 

 

• Substitution of glucose with a metabolic 

equivalent concentration of lactate at the distal 

axon increases the number of stationary 

mitochondria and reduces the mean distance 

travelled by mobile mitochondria. 

Neurons were fixed for staining at DIV 10. AMPK co-localises with 

MAP2 (green) and Tau (red) indicating its presence in dendrites and 

axons. Scale bar = 100 µm.   
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