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Summary 20 

This article describes the method for seeding and staining neuronal mitochondria in microfluidic 21 

chambers. The fluidic pressure gradient in these chambers allows the selective treatment of 22 

mitochondria in axons to analyze their properties in response to pharmacological challenges 23 

without affecting the cell body compartment. 24 

 25 

Abstract 26 

Mitochondrial dysfunction is a common phenotype in many neurodegenerative diseases. Given 27 

the elaborate architecture and extreme length of some axons, it is not surprising that 28 

mitochondria in axons can experience different environments compared to their cell body 29 

counterparts. Interestingly, dysfunction of axonal mitochondria often precedes effects on the 30 

cell body. In order to model axonal mitochondrial dysfunction in vitro, microfluidic devices 31 

allow treatment of axonal mitochondria without affecting the somal mitochondria. The fluidic 32 

pressure gradient in these chambers prevents diffusion of molecules against the gradient, thus 33 

allowing for analysis of mitochondrial properties in response to local pharmacological 34 

challenges within axons. Here, we describe the seeding of dissociated hippocampal neurons in 35 

microfluidic devices, staining with a membrane-potential sensitive dye, and treatment with a 36 

mitochondrial toxin as well as the subsequent microscopic analysis. This versatile method to 37 

study axonal biology can be applied to many pharmacological perturbations and imaging 38 

readouts and is suitable for several neuronal subtypes. 39 

 40 

Introduction 41 

Mitochondria are the main suppliers of ATP (adenosine triphosphate) in neurons. As neuronal 42 

health is intimately linked to mitochondrial function, it is not surprising that dysfunctional 43 

regulation of these organelles has been associated with the onset of various neurodegenerative 44 
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diseases including Parkinson’s disease1. Furthermore, mitochondrial intoxication has 45 

successfully been used to model Parkinsonian symptoms in animals2. In both animal models 46 

and the human disease, the demise of neurons starts at the distal parts3,4, hinting that axonal 47 

mitochondria might be more susceptible to insults. However, the biology of mitochondria 48 

specifically in axons is not well understood due to the difficulties associated with targeted 49 

treatment and analysis of axonal mitochondria without simultaneous disturbance of cell body 50 

processes. 51 

Recent advances in culturing techniques of dissociated neurons in vitro now allow the fluidic 52 

separation of axons and cell bodies through microfluidic devices5. As depicted in figure 1, these 53 

devices feature four access wells (a/h and c/i), with two channels connecting each pair (d and 54 

f). The large channels are connected with each other by a series of 450 µm long microchannels 55 

(e). Intentional differences in the fill levels between the two chambers create a fluid pressure 56 

gradient (Fig. 1B) that prevents diffusion of small molecules from the channel with lower fluid 57 

level to the other side (Fig. 1C illustrated with Trypan blue dye).  58 

We recently used microfluidic devices to study the requirement for local translation in axonal 59 

mitophagy, the selective removal of damaged mitochondria6. Presented here are the different 60 

steps that allowed us to induce local mitochondrial damage through selective treatment of 61 

axons using the mitochondrial complex III inhibitor Antimycin A.    62 

 63 

Protocol 64 

 65 

1. Preparation of microfluidic devices 66 

1.1. Coat one 6-well glass bottom tissue culture plate with a final concentration of 20 67 

µg/mL Poly-D-Lysine and 3.4 µg/mL Laminin in PBS (phosphate-buffered saline). 68 
 69 

1.2. Incubate overnight in the dark at room temperature. 70 

 71 

NOTE: Coating can also be performed at 37 °C for 1-2 hours. 72 

 73 

NOTE: Choice of coating depends on the cell type used. 74 

 75 

1.3. Bring the 6-well plate to the sterile hood. 76 

 77 

1.4. Wash 2 times with sterile ddH2O. 78 

 79 

NOTE: Do not wash with salt containing buffers such as PBS, as salt crystals will 80 

interfere with seal formation. 81 

 82 

1.5. Allow the plate to dry in a tilted position for 3-5 min. 83 

 84 

1.6. Remove excess water by vacuum suction or pipetting. 85 

 86 

1.7. Soak the microfluidic chamber in 80% ethanol. 87 



 88 

1.8. Allow the microfluidic chamber to dry for 3-5 min in a tilted position. 89 

 90 

1.9. Remove excess ethanol by vacuum, suction or pipetting. 91 

 92 

1.10. When completely dry, place the microfluidic chamber in the center of the well. 93 

 94 

NOTE: The formation of the seal can be observed as a change in reflective 95 

properties upon exclusion of air from the interface between the plate and the 96 

silicone device. 97 

 98 

NOTE: Both the plate and microfluidic chamber need to be completely dry 99 

before assembly to create a good seal. However, drying time should be 100 

minimized as much as possible to ensure proper adherence of the cells. We 101 

therefore visually inspect the wells and chambers for remaining droplets of 102 

liquid. If no droplets are visible immediately assemble the chambers.   103 

 104 

1.11. Gently tap the microfluidic chamber at its borders and microgroove section in 105 

the middle for proper attachment to the glass plate. 106 

2. Seeding and maintaining of neurons. 107 

2.1. Collect the desired number of dissociated hippocampal neurons per chamber in 108 

a 1.5 mL reaction tube. We usually seed 1.5x105 neurons per device for imaging-109 

based applications. 110 

 111 

2.2. Centrifuge neurons at 1000 xg for 4 min. 112 

 113 

2.3. Discard the supernatant and resuspend the pellet in 8 µL of B27-Neurobasal 114 

media. 115 

 116 

2.4. Pipet the cell solution into the entrance of the channel (b in Fig. 1A). 117 

 118 

2.5. Tap on the back of the plate to assist flow through the channel. 119 

 120 

NOTE: Tapping can be done quite forcefully without worry that the seal will 121 

break. 122 

 123 

2.6. Aspirate any remaining cell suspension at the exit of the channel (labelled g in 124 

Fig. 1A) to decrease number of cells outside the channel. 125 

 126 

2.7. Incubate the microfluidic chamber with cells for 15-20 min at 37 °C and 5% CO2. 127 

 128 

2.8. Fill 50 µL of B27-Neurobasal media in the top axonal well (c). 129 



 130 

2.9. Tap on the back of the plate to assist flow through the channel. 131 

 132 

2.10. Fill wells on the soma side (a and h) with 150 µL B27-Neurobasal media each, 133 

creating a tension bubble on top. The volume of the bubble is about 20 µl. 134 

NOTE: Creation of a tension bubble is not necessary, but it provides a clear visual 135 

of the higher volume on the soma side.  136 

 137 

2.11. Fill both wells of the axonal side (c and i) with 100 µL B27-Neurobasal media 138 

each. 139 

 140 

NOTE: To promote axonal growth through the microgrooves, it is recommended 141 

that the wells on the soma side contain more media than the wells on the axon 142 

side. However, axons will by chance grow through the microgooves without 143 

volume differences. 144 

 145 

2.12. Incubate the microfluidic chamber at 37 °C and 5% CO2 for 7-8 days. 146 

 147 

NOTE: Growth of axons into the axonal chamber can usually be observed starting 148 

at day in vitro (DIV) 5. Longer culturing times are possible if more mature 149 

cultures are desired. 150 

 151 

2.13. Feed neurons every 2-3 days by removing medium from the two upper wells (a 152 

and c) and replacing it with fresh B27-Neurobasal medium until a tension bubble 153 

is formed. 154 

3. Staining with mitochondrial membrane potential sensitive dye 155 

 156 

3.1. At DIV7-8, assess that the axons have grown through the microgrooves and 157 

extend into the axonal compartment underneath a light microscope. 158 

 159 

NOTE: Different DIV stages are also possible depending on the desired age. 160 

 161 

3.2. Perform 2 washes with pre-warmed imaging medium (37 °C) by removing the 162 

B27-Neurobasal medium from all wells and adding about 100 µl of the imaging 163 

medium to the top wells of both the axonal and soma channels (a and c) and let 164 

the medium flow through to the lower wells (h and i). Remove the medium from 165 

the lower wells as well as any leftover medium in the top wells, and repeat with 166 

fresh medium, leaving the wells empty at the end of the wash. 167 

 168 

NOTE: Due to the high capillary force in the channels (d and f) there will be 169 

remaining wash medium in the channels which should not be removed to 170 

prevent the neurons from drying.  171 

 172 



NOTE: Any phenol-red free imaging medium can be used here, as for instance 173 

Hibernate E. If the microscope is not set up with a CO2 supply, ensure that the 174 

imaging medium uses an alternative buffering system to carbonate/CO2 (E.g. 175 

phosphate). 176 

 177 

3.3. Dilute a 1 mM tetramethylrodamine ethyl ester (TMRE, red) stock to 5 nM in 178 

imaging medium. 179 

 180 

NOTE: Do not exceed 1% DMSO in the final dilution to avoid toxicity. 181 

 182 

3.4. Add 100 µL of the 5 nM TMRE dilution to both the somatic and axonal top wells 183 

(a and c) and let the medium flow through both the somatic- and axonal 184 

compartments until there is an equal volume in all wells. Fill up with TMRE-185 

containing medium.  186 

 187 

3.5. Place the neurons back into a controlled environment chamber (37 °C and 5% 188 

CO2) for 25 min.  189 

 190 

3.6. Perform 2 washes with pre-warmed imaging medium (37 °C) as described 191 

before. On the last wash, fill up with 100 µL in each well and create a tension 192 

bubble of medium on the somatic wells (a and c). 193 

 194 

 195 

4. Live-cell imaging 196 

 197 

NOTE: still images shown were acquired on a spinning disk confocal, using a 40X NA 1.25 198 

immersion objective. 200 ms exposure time and 10% laser power for the red channel and 500 199 

ms exposure time for brightfield were chosen. However, also regular confocal or widefield 200 

inverted microscopes can be used to study TMRE intensity. 201 

 202 

4.1. Image the cells with an inverted microscope. 203 

 204 

4.2. Ensure that the microscope is equipped with a stage incubator to maintain the 205 

neuronal culture at 37 °C throughout the experiment.  206 

 207 

4.3. Select a region of interest in the somatic compartment, and follow it through the 208 

microgrooves into the axonal compartment. Ensure that the microgrooves 209 

imaged matches those in the somatic as well as the axonal compartment (for 210 

easier baseline and post-treatment comparison). 211 

 212 

4.4. Capture fluorescence images using excitation at 561 nm and emission at 625 nm 213 

for red fluorescence signal.   214 

 215 

4.5. Acquire the images. 216 



 217 

4.6. To induce mitochondrial depolarization, add 20 µM Antimycin A in imaging 218 

medium to the axonal compartment only. To ensure a volume difference 219 

between the soma and axonal chambers, check the presence of a tension bubble 220 

on the somatic side (equals volume > 110 µl).  Remove all imaging medium from 221 

the lower well of axonal side (i), except for the medium inside the channel (f). 222 

Add 160 µL 20 µM Antimycin A to the top axonal well (c) and let it flow through 223 

the channel until there is an equal volume in both axonal wells (Volume in axonal 224 

wells roughly 80µl per well). 225 

 226 

NOTE: Make sure that the volume in the axonal wells are smaller than in the 227 

somatic wells to ensure proper fluid pressure. We recommend a difference of at 228 

least 10 µl (10% of the well volume), but also higher differences are possible. 229 

 230 

4.7. Incubate neurons in the controlled environment chamber (37 °C) for 20-30 min. 231 

 232 

4.8. Repeat imaging as described above. Make sure that you image the same 233 

positions (easily identified by the microgrooves) as during baseline acquisition.  234 

 235 

Representative Results 236 

Primary hippocampal neurons were grown in microfluidic devices for 7-8 days before 237 

mitochondria were stained with the membrane sensitive dye TMRE for 25 min in both channels. 238 

As shown in figure 2A, this yielded a homogenous staining of mitochondria on both sides of the 239 

microgrooves, yet was not sufficient to equilibrate the staining into the middle of the 240 

microgrooves. Upon addition of Antimycin A to the axonal side, somal mitochondria retained 241 

the TMRE signal (Fig. 2B and Video 1), whereas TMRE fluorescence was lost from axonal 242 

mitochondria (Fig. 2C and Video 1).  243 

 244 

Figure and video legends 245 



 246 
Figure 1: Microfluidic devices allow the fluidic isolation of axons. (A) Schematic of microfluidic 247 

device used in this experiment. The silicone disk (diameter 21 mm) fits easily into a 6 well plate. 248 

a) Well on soma side, b) Entrance of channel on soma side, c) Well on axon side, d) Channel on 249 

soma side, e) Microgrooves, f) Channel on axon side, g) Exit of channel on soma side, h) Well on 250 

soma side, i) Well on axon side. (B) Schematic detailing how the different fluid levels create a 251 

fluidic pressure gradient across the microchannels. (C) Demonstration of fluidic isolation by 252 

addition of Trypan blue to one side of the chamber. Note that due to the fluidic pressure 253 

gradient the blue dye does not equilibrate across the microchannels. 254 

 255 
Figure 2: Selective treatment of axons depolarizes axonal but not cell body mitochondria.  (A) 256 

Representative micrograph presenting an overview of the effectivity of TMRE staining in 257 



microfluidic devices. Scale bar 100 µm. (B-C) Representative micrograph showing the same area 258 

before and after addition of 20 µM Antimycin A (AA) in the cell body and the axonal 259 

compartment, respectively. Scale bar: 10 µm. 260 

 261 

Video 1: Effect of Antimycin A treatment on the mitochondrial membrane potential in axons 262 

and cell bodies. Live cell imaging of the loss of TMRE fluorescence upon addition of Antimycin 263 

A, imaged on an EVOS M5000 widefield microscope.  264 

 265 

Discussion 266 

Here, we describe a method to seed and culture dissociated hippocampal neurons in a 267 

microfluidic device in order to separately treat axonal mitochondria. We are showcasing the 268 

utility of this approach with the membrane sensitive dye TMRE and the complex III inhibitor 269 

Antimycin A (as previously demonstrated7), but this method can be easily adapted to other 270 

mitochondrial dyes or genetically encoded sensors of mitochondrial functions that allow local, 271 

microscopy based readouts8.  Other neuronal cell types can also be grown in microfluidic 272 

chambers, such as primary cortical neurons9 or iPSC-derived motorneurons10, making this 273 

platform a versatile tool to study mitochondrial function in neurodegeneration in the neuronal 274 

cell type of interest. The assembly of microfluidic devices is a crucial step to achieve an efficient 275 

seal and is most easily explained by watching an experienced researcher perform the assembly. 276 

The downstream labelling and treatment procedure described here are meant to only be 277 

exemplary and may be adjusted to fit the protocols currently established in the respective labs, 278 

while maintaining the fluidic pressure gradient.  279 

The seeding technique we describe here differs from published protocols and the 280 

manufacturer’s description as we skip the suggested washes of the assembled device and 281 

rather directly seed the dissociated neurons into the dry chamber (Step 2). We have found that 282 

this reduces the number of neurons needed, as it increases the density of neurons within 283 

channel e and limits the spread of neurons into the wells far away from the microchannels. The 284 

dry seeding is aided by tapping of the bottom of the plate (Step 2.5), which may or may not be 285 

necessary depending on the force applied previously when assembling the device. There is 286 

some variability to the tightness of the seal due to differences in force applied during assembly 287 

that may lead to restricted growth through the microgrooves. Also, remaining moisture can 288 

disturb the seal formation and allow axonal growth or even cell migration underneath the 289 

device. Both problems can easily be spotted prior to staining (compare step 3.1), leading to the 290 

exclusion of faulty chambers from the experiment. 291 
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