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SUMMARY: 28 
This article describes a protocol to determine differences in basal redox state and redox responses 29 
to acute perturbations in primary hippocampal and cortical neurons using confocal live 30 
microscopy. The protocol can be applied to other cell types and microscopes with minimal 31 
modifications. 32 
 33 
ABSTRACT: 34 
Mitochondrial redox homeostasis is important for neuronal viability and function. Although 35 
mitochondria contain several redox systems, the highly abundant thiol-disulfide redox buffer 36 
glutathione is considered a central player in antioxidant defenses. Therefore, measuring the 37 
mitochondrial glutathione redox potential provides useful information about mitochondrial redox 38 
status and oxidative stress. Glutaredoxin1-roGFP2 (Grx1-roGFP2) is a genetically encoded, green 39 
fluorescent protein (GFP)-based ratiometric indicator of the glutathione redox potential that has 40 
two redox-state-sensitive excitation peaks at 400 nm and 490 nm with a single emission peak at 41 
510 nm. This article describes how to perform confocal live microscopy of mitochondria-targeted 42 
Grx1-roGFP2 in primary hippocampal and cortical neurons. It describes how to assess steady-state 43 
mitochondrial glutathione redox potential (e.g., to compare disease states or long-term 44 
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treatments) and how to measure redox changes upon acute treatments (using the excitotoxic 45 
drug N-methyl-D-aspartate (NMDA) as an example). In addition, the article presents co-imaging 46 
of Grx1-roGFP2 and the mitochondrial membrane potential indicator, tetramethylrhodamine, 47 
ethyl ester (TMRE), to demonstrate how Grx1-roGPF2 can be multiplexed with additional 48 
indicators for multiparametric analyses. This protocol provides a detailed description of how to 49 
(i) optimize confocal laser scanning microscope settings, (ii) apply drugs for stimulation followed 50 
by sensor calibration with diamide and dithiothreitol, and (iii) analyze data with ImageJ/FIJI. 51 
 52 
INTRODUCTION: 53 
Several important mitochondrial enzymes and signaling molecules are subject to thiol redox 54 
regulation1. Moreover, mitochondria are a major cellular source of reactive oxygen species and 55 
are selectively vulnerable to oxidative damage2. Accordingly, the mitochondrial redox potential 56 
directly affects bioenergetics, cell signaling, mitochondrial function, and ultimately cell viability3,4. 57 
The mitochondrial matrix contains high amounts (1–15 mM) of the thiol-disulfide redox buffer 58 
glutathione (GSH) to maintain redox homeostasis and mount antioxidant defenses5,6. GSH can be 59 
covalently attached to target proteins (S-glutathionylation) to control their redox status and 60 
activity and is used by a range of detoxifying enzymes that reduce oxidized proteins. Therefore, 61 
the mitochondrial glutathione redox potential is a highly informative parameter when studying 62 
mitochondrial function and pathophysiology.  63 
 64 
roGFP2 is a variant of GFP that has been made redox-sensitive by the addition of two surface-65 
exposed cysteines that form an artificial dithiol-disulfide pair7,8. It has a single emission peak at 66 
~510 nm and two excitation peaks at ~400 nm and 490 nm. Importantly, the relative amplitudes 67 
of the two excitation peaks depend on the redox state of roGFP2 (Figure 1), making this protein 68 
a ratiometric sensor. In the Grx1-roGFP2 sensor, human glutaredoxin-1 (Grx1) has been fused to 69 
the N-terminus of roGFP29,10. Covalent attachment of the Grx1 enzyme to roGFP2 affords two 70 
major improvements of the sensor: it makes the sensor response specific for the GSH/GSSG 71 
glutathione redox pair (Figure 1), and it speeds up equilibration between GSSG and roGFP2 by a 72 
factor of at least 100,0009. Therefore, Grx1-roGFP2 enables specific and dynamic imaging of the 73 
cellular glutathione redox potential. 74 
 75 
Grx1-roGFP2 imaging can be performed on a wide range of microscopes, including widefield 76 
fluorescence microscopes, spinning disc confocal microscopes, and laser scanning confocal 77 
microscopes. Expression of the sensor in primary neurons can be achieved by various methods 78 
that include lipofection11, DNA/calcium-phosphate coprecipitation12, virus-mediated gene 79 
transfer, or use of transgenic animals as the cell source (Figure 2). Pseudotyped recombinant 80 
adeno-associated viruses (rAAV) containing a 1:1 ratio of AAV1 and AAV2 capsid proteins 13,14 81 
were used for the experiments in this article. With this vector, maximal sensor expression is 82 
typically reached 4–5 days after infection and stays stable for at least two weeks. We have 83 
successfully used Grx1-roGFP2 in primary hippocampal and cortical neurons from mice and rats.  84 
 85 
In this article, rAAV-mediated expression of mitochondria-targeted Grx1-roGFP2 in primary rat 86 
hippocampal and cortical neurons is used to assess basal mitochondrial glutathione redox state 87 
and its acute perturbation. A protocol is provided for confocal live imaging with detailed 88 
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instructions on how to (i) optimize laser scanning confocal microscope settings, (ii) run a live 89 
imaging experiment, and (iii) analyze data with FIJI. 90 
  91 
PROTOCOL: 92 
 93 
All animal experiments conformed to national and institutional guidelines, including the Council 94 
Directive 2010/63/EU of the European Parliament, and had full Home Office ethical approval 95 
(University of Heidelberg Animal Welfare Office and Regierungspraesidium Karlsruhe, licenses 96 
T14/21 and T13/21). Primary hippocampal and cortical neurons were prepared from newborn 97 
mouse or rat pups according to standard procedures and were maintained for 12–14 days as 98 
previously described13. 99 
 100 
1. Preparation of solutions 101 
 102 
1.1. Stock solutions for imaging buffer 103 
 104 
1.1.1. Prepare each stock solution according to Table 1 and keep them at 4 °C. For long-term 105 
storage (>3 months), keep aliquots at -20 °C.  106 
 107 
[Place Table 1 here] 108 
 109 
1.2. Stock solutions of drugs and dyes 110 
 111 
1.2.1. Dissolve diamide (DA; used for calibration of maximal 405:488 ratio) in water to obtain a 112 
0.5 M stock solution (e.g., 1 g in 11.615 mL of water). Aliquot and store at -20 °C. 113 
 114 
1.2.2. Dissolve dithiothreitol (DTT; used for calibration of minimal 405:488 ratio) in water to 115 
obtain a 1 M stock solution (e.g., 5 g in 32.425 mL of water). Aliquot and store at -20 °C for a 116 
maximum of 3 months. 117 
 118 
1.2.3. Dissolve N-methyl-D-aspartate (NMDA; used to induce excitotoxicity and mitochondrial 119 
oxidation) in water to obtain a 10 mM stock solution (e.g., 25 mg in 16.991 mL of water). Store 120 
the aliquots at -20 °C. For long-term storage (>6 months), keep the aliquots at -80 °C. 121 
 122 
1.2.4. Tetramethylrhodamine ethyl ester perchlorate (TMRE; a small-molecule indicator of the 123 
mitochondrial membrane potential) 124 
 125 
1.2.4.1. Dissolve TMRE powder in methanol to obtain a 20 mM stock (e.g., 25 mg in 2.427 126 
mL of methanol).  127 
 128 
1.2.4.2. Dilute the 20 mM stock 1:1,000 in methanol to obtain a 20 µM stock.  129 
 130 
1.2.4.3. Aliquot the 20 mM and 20 µM stock solutions, seal with parafilm, and store 131 
protected from light at -20 °C. 132 
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 133 
NOTE: Both stock solutions are stable for several years. Use the 1,000x stock solution (20 µM) for 134 
experiments.  135 
 136 
1.3. Imaging buffer 137 
 138 
1.3.1. Prepare 100 mL of imaging buffer by adding all components from Table 2 to 80 mL of 139 
sterile water in a measuring cylinder. Bring the volume up to 100 mL with sterile water. Mix by 140 
carefully shaking the measuring cylinder until the solution appears homogeneous.  141 
 142 
NOTE: It is recommended to use an osmometer to check the osmolarity of the buffer. It should 143 
be as close as possible to the growth medium of the cells. Here, this is 315 mOsmol/L. Increase or 144 
decrease the sucrose concentration as needed to match the osmolarity of the imaging buffer and 145 
growth medium. 146 
 147 
1.3.2. Adjust the pH to 7.4. Make aliquots and keep them at 4 °C for up to two weeks. For long-148 
term storage, keep the aliquots at -20 °C. Let the imaging buffer reach room temperature before 149 
use.  150 
 151 
[Place Table 2 here] 152 
 153 
1.4. Solutions for stimulation and calibration 154 
 155 
NOTE: Always prepare fresh stimulation solutions by adding stock solutions of indicated drugs to 156 
the imaging buffer just before the experiment. Solutions for stimulation and calibration will be 157 
added to the imaging chamber sequentially during an experiment (see sections 3–5). Depending 158 
on the type of experiment, different solutions are required to reach the same end concentration 159 
in the respective final volume in the imaging chamber. 160 
 161 
1.4.1. Prepare 3x NMDA solution (90 μM; final concentration in the chamber: 30 μM) by adding 162 
63 μL of a 10 mM NMDA stock to 6.937 mL of imaging buffer. Add 500 μL of the resulting solution 163 
to the chamber (final volume: 1.5 mL). 164 
 165 
1.4.2. Prepare 2x DA solution for steps 3 and 4 (1 mM; final concentration in the chamber: 0.5 166 
mM) by adding 14 μL of a 0.5 M DA stock to 6.986 mL of imaging buffer. Add 1 mL to the chamber 167 
(final volume: 2 mL). 168 
 169 
1.4.3. Prepare 4x DA solution for step 5 (2 mM; final concentration in the chamber: 0.5 mM) by 170 
adding 28 μL of a 0.5 M DA stock to 6.972 mL of imaging buffer. Add 500 μL to the chamber (final 171 
volume: 2 mL). 172 
 173 
1.4.4. Prepare 1x DTT solution (5 mM; final concentration in the chamber: 5 mM) by adding 45 174 
μL of 1 M DTT stock to 8955 μL of imaging buffer. Add 1 mL of this solution to the chamber after 175 
aspirating the imaging buffer (final volume: 1 mL).  176 
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 177 
2. Loading of cells with TMRE 178 
 179 
NOTE: In this protocol, TMRE is used in non-quench mode15 at a final concentration of 20 nM. In 180 
general, the lowest possible concentration of TMRE that still provides sufficient signal intensity 181 
on the microscope of choice should be used. Due to uneven evaporation, the volume of medium 182 
in different wells can differ in long-term primary cultures. To ensure a consistent TMRE 183 
concentration in all wells, do not add TMRE directly to the wells. Instead, replace the medium in 184 
each well with the same amount of TMRE-containing medium. The protocol below is designed for 185 
primary neurons in 24-well plates containing ~1 mL of medium per well. 186 
 187 
2.1. Working in a tissue culture laminar flow hood, collect 500 µL of medium from each well 188 
into a single conical tube. 189 
 190 
2.2. Per well, add 0.5 µL of 20 µM TMRE stock into the conical tube (e.g., 12 µL for 24 wells). 191 
 192 
2.3. Carefully aspirate the remaining medium from the first well and replace it with 500 µL of 193 
TMRE-containing medium. Continue, well-by-well, with the remaining wells.  194 
 195 
NOTE: Take care not to let the cells dry out and not to disturb the cells. 196 
 197 
2.4. Return the cells to the incubator and wait for at least 60 min for dye equilibration.  198 
 199 
NOTE: Loading time can be extended to several hours without adverse effects. 200 
 201 
2.5. To ensure consistent TMRE concentrations and equilibration throughout the imaging 202 
experiment, make sure to include a final concentration of 20 nM TMRE in the imaging buffer and 203 
all stimulation solutions. 204 
 205 
3. Optimization of scanning confocal microscope settings 206 
 207 
NOTE: This step aims to find the best compromise between image quality and cell viability during 208 
live imaging. This section describes the optimization of settings for roGFP imaging. If 209 
multiparametric imaging is performed, similar optimization, including checking for a stable 210 
baseline without signs of bleaching or phototoxicity, needs to be performed for the additional 211 
indicators. mito-Grx1-roGFP2 imaging can be performed at room temperature or 35–37 °C on a 212 
heated stage. The sensor will work in both cases; however, the kinetics of signaling cascades and 213 
enzyme reactions inside the cells will naturally differ based on temperature.  214 
 215 
3.1. Start the confocal microscope and load standard settings for GFP imaging (488 nm 216 
excitation, 505–550 nm emission). 217 
 218 
3.2. Set the detector to 12 bits or 16 bits.  219 
 220 
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NOTE: Usually, 8 bits are not sufficient for quantitative imaging. 221 
 222 
3.3. Activate the sequential scan mode and add second sequence/track (405 nm excitation, 223 
505–550 nm emission). 224 
 225 
3.4. For both channels, select a pseudocolor lookup table that indicates over- and under-226 
exposed pixels (e.g., GLOW OU). 227 
 228 
3.5. Select an objective that is suitable for the object of interest.  229 
 230 
NOTE: 10x–40x are suitable for single-cell analysis, 63x–100x are suitable for single-231 
mitochondrion analysis. 232 
 233 
3.6. Mount a coverslip with cells into the imaging chamber, add 1 mL of imaging buffer, and 234 
place the chamber on the microscope. 235 
 236 
3.7. Use the eyepiece and transmitted light to focus the cells.  237 
 238 
NOTE: Do not use epifluorescence light to locate and focus cells. Even at low power, this will 239 
adversely affect the cells. 240 
 241 
3.8. Record images with different pixel formats. Based on these images, select the lowest pixel 242 
number that gives an acceptable resolution of the structure of interest.  243 
 244 
NOTE: Typically, 512 x 512 pixels work well for single-cell imaging with 20x and 40x objectives, 245 
and 1024 x 1024 or 2048 x2048 pixels typically work well for single-mitochondrion imaging with 246 
a 63x objective. 247 
 248 
3.9. Record images with different pinhole sizes. Based on these images, select the largest 249 
pinhole size that gives an acceptable resolution of the structure of interest.  250 
 251 
NOTE: Typically, 3–7 airy units typically work well. 252 
 253 
3.10. Record images with different laser intensities.  254 
 255 
3.10.1. Adjust the detector gain and threshold accordingly. Based on these images, select the 256 
lowest laser intensity that gives acceptable signal intensity and signal-to-background ratio.  257 
 258 
3.10.1.1. To determine the signal-to-background ratio, measure the signal intensity in a 259 
region of interest (ROI) that contains cells or mitochondria (ROI1) and in an ROI without cells or 260 
mitochondria (ROI2). Then, divide the intensity of ROI1 by the intensity of ROI2.  261 
 262 
NOTE: Aim for a signal-to-background ratio of >3 and signal intensities of individual ROIs of 200–263 
1,000 for 405 nm excitation with 1–3% laser power and intensities of individual ROIs of 300–1,500 264 
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for 488 nm excitation with 1% laser power. 265 
 266 
3.11. Record images with different scan speeds and number of frame averages. Record 4–5 267 
images for each combination of settings. Based on these image series, select the highest speed 268 
and lowest average settings that give acceptable image noise and image-to-image variability.  269 
 270 
NOTE: A scan speed of 600 Hz and 1–2 frames for averaging work well in most cases. 271 
 272 
3.12. Using a new coverslip, record a time-lapse series with the optimized settings.  273 
 274 
NOTE: The duration and image interval of the series should resemble those of the planned 275 
experiments. 276 
 277 
3.13. At the end of the time-lapse series, add 1 mL of 2x DA solution to the recording chamber. 278 
Image for additional 2 min. 279 
 280 
3.14. Aspirate the imaging buffer using a peristaltic pump or handheld pipette. Add 1 mL of 1x 281 
DTT solution. Image for additional 5 min. 282 
 283 
3.15. Analyze the time-lapse experiment (see section 5).  284 
 285 
3.15.1. Verify that none of the two channels gets over- or under-exposed during DA- and DTT-286 
treatment with the optimized settings. 287 
 288 
3.15.2. Ensure that none of the two channels shows considerable bleaching during the time-lapse 289 
recording; aim for <2% loss of intensity between the first and last images. 290 
 291 
3.15.3. Verify that the 405:488 ratio does not change considerably during imaging. 292 
 293 
3.16. Repeat the whole procedure in an iterative manner, using several coverslips, until settings 294 
that consistently provide acceptable results have been defined. 295 
 296 
4. Assessment of basal redox status 297 
 298 
4.1. Start the microscope and load the optimized settings from section 3. 299 
 300 
4.2. Set frame average to 3–5. 301 
 302 
4.3. Mount a coverslip with cells into the imaging chamber, add 1 mL of imaging buffer, and 303 
place the chamber on the microscope. 304 
 305 
4.4. Use the eyepiece and transmitted light to focus the cells.  306 
 307 
NOTE: Do not use epifluorescence light to locate and focus cells. Even at low power, this will 308 
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adversely affect the cells. 309 
 310 
4.5. Switch to scanning mode and use the 488 nm channel in live view to focus and locate cells 311 
for imaging. 312 
 313 
4.6. Use the multipoint function to select 3–5 fields of view on the coverslip. 314 
 315 
4.7. Record a baseline image. 316 
 317 
4.8. Add 1 mL of 2x DA solution to the chamber. 318 
 319 
4.9. After 1, 2, and 3 min, use live view to confirm/adjust the focus and record an image.  320 
 321 
NOTE: Cells are typically fully oxidized after 2 min. 322 
 323 
4.10. Replace the buffer in the imaging chamber with 1 mL of 1x DTT solution.  324 
 325 
4.11. After 3 and 5 min, use live view to confirm/adjust the focus and record an image.  326 
 327 
NOTE: Cells are typically fully reduced after 4–5 min. 328 
 329 
5. Live imaging of acute treatments 330 
 331 
NOTE: The protocol below describes imaging of the mitochondrial redox response to NMDA 332 
treatment. Image intervals and duration of the experiment might need to be adjusted for other 333 
treatments. 334 
 335 
5.1. Start the microscope and load the optimized settings from section 3. 336 
 337 
5.2. Set the time-lapse interval to 30 s and duration to 25 min. 338 
 339 
5.3. Mount a coverslip with cells into the imaging chamber, add 1 mL of imaging buffer, and 340 
place the chamber on the microscope. 341 
 342 
NOTE: To avoid thermal focus drift, leave the cells on the microscope stage for 10–15 min before 343 
starting time-lapse imaging. 344 
 345 
5.4. Use the eyepiece and transmitted light to focus the cells.  346 
 347 
NOTE: Do not use epifluorescence light to locate and focus cells. Even at low power, this will 348 
adversely affect the cells. 349 
 350 
5.5. Switch to the scanning mode and use the 488 nm channel in live view to focus and locate 351 
cells for imaging. 352 
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 353 
5.6. Optional: To increase the number of recorded cells per run, use the multipoint function 354 
to image 2–3 fields of view per coverslip. 355 
 356 
5.7. Start the time-lapse acquisition and record 5 images as 2 min baseline recording. 357 
 358 
5.8. Add 500 µL of 3x NMDA solution to the chamber (final concentration 30 µM) and record 359 
additional 20 images as a 10 min NMDA response. 360 
 361 
NOTE: Neurons are very sensitive to changes in osmolarity. Therefore, make sure to minimize 362 
evaporation of the imaging buffer. For longer treatments, the imaging chamber should be covered 363 
with a lid. 364 
 365 
5.9. Add 500 µL of 4x DA solution to the chamber and record 6 more images (3 min maximum 366 
calibration). 367 
 368 
5.10. Aspirate the buffer from the imaging chamber and replace it with 1 mL of 1x DTT solution. 369 
Record 10 more images (5 min minimum calibration). 370 
 371 
5.11. End the recording and save the image series. 372 
 373 
6. Data analysis 374 
 375 
6.1. Data import and image preprocessing in FIJI 376 
 377 
6.1.1. Use the Bio-Formats Importer to open a group of images from step 4 or an image file from 378 
step 5. Click on Plugins | Bio-Formats | Bio-Formats Importer. In the dialog box, use View stack 379 
with: Hyperstack, set Color mode: default, select Autoscale, and do not split into separate 380 
windows. 381 
 382 
NOTE: Autoscale optimizes the display of the data on the computer screen. It does not change 383 
pixel intensities. 384 
 385 
6.1.2. If individual images from step 4 were opened, click on Image | Stacks | Tools | 386 
Concatenate to merge them into a single-image stack. 387 
 388 
6.1.3. If there is XY-drift during the image series, click on Plugins | StackReg to register the 389 
images. In the dialog box, select Rigid Body or Translation. 390 
 391 
6.1.4. Change the image format to 32 bit by clicking on Image | Type | 32-bit. 392 
 393 
6.1.5. Split the color channels into separate windows by clicking on Image | Color | Split 394 
Channels. 395 
 396 
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6.1.6. Select channel 1 (405 nm) and adjust the threshold to select the mitochondria for analysis 397 
by clicking on Image | Adjust | Threshold. In the dialog box, select Default, Red, Dark 398 
background, and Stack histogram and wait for the selected pixels to appear red. Click Apply. 399 
Select Set Background Pixels to NaN and Process all images. 400 
 401 
NOTE: To avoid potential observer bias, automated threshold determination should be used. FIJI 402 
offers several automated methods (such as Default, Huang, Intermodes, Otsu) that can be 403 
selected from a dropdown menu in the threshold dialog box. Typically, the Default method gives 404 
a good result. It is recommended to compare several methods during the first analysis to find the 405 
best thresholding method for the given set of images. Once a method has been chosen, it needs 406 
to be applied to all images. 407 
 408 
6.1.7. Repeat step 6.1.6 for channel 2 (488 nm). 409 
 410 
6.1.8. Create a ratio image to visualize the 405:488 nm ratio by clicking on Process | Image 411 
calculator. In the dialog box, select Image 1: channel 1, Operation: Divide, Image 2: channel 2, 412 
Create new window, Process all images. 413 
 414 
6.1.9. Change the lookup table of the ratio image to pseudocolor. For example, to change to 415 
Fire, click on Image | Lookup Tables | Fire. 416 
 417 
6.2. Image analysis 418 
 419 
6.2.1. On the ratio image, draw ROIs around individual cells or mitochondria. After drawing each 420 
ROI, add it to the ROI Manager. Analyze | Tools | ROI Manager | Add. (keyboard shortcut: ‘T’) 421 
Select Show All. 422 
 423 
NOTE: Because background pixels have been set to ‘not a number’ (NaN) in steps 6.1.6 and 6.1.7, 424 
they will not affect the result of the measurement. Therefore, it is acceptable to include some 425 
background pixels in the ROI. 426 
 427 
6.2.2. Measure the 405:488 ratios of individual cells by clicking on ROI Manager | ctrl+A to select 428 
all ROIs | More | Multi Measure. In the dialog box, select Measure all slices and One row per 429 
slice. 430 
 431 
6.2.3. Export the measurements to spreadsheet software. 432 
 433 
6.2.4. Select the 405 nm image. Measure the intensities of all ROIs as in step 6.2.2. using the 434 
ROIs that are stored in the ROI manager. 435 
 436 
6.2.5. Export the measurements to spreadsheet software. 437 
 438 
6.2.6. Select the 488 nm image. Measure intensities of all ROIs as in step 6.2.2. using the ROIs 439 
that are stored in the ROI manager. 440 
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 441 
6.2.7. Export the measurements to spreadsheet software. 442 
 443 
6.2.8. Save ROIs for future reference by clicking on ROI Manager | ctrl+A to select all ROIs | 444 
More | Save. 445 
 446 
6.2.9. Recommended: Generate intensity vs. time plots of the 405 and 488 nm traces. Verify that 447 
there is no marked bleaching in either of the channels (signal intensity at the end of the imaging 448 
series should be ≥98% of the first image) and that the two traces move into opposite directions 449 
during sensor responses (e.g., the 405 nm trace should increase during oxidation while the 488 450 
nm trace should decrease). 451 
 452 
6.3. Data normalization 453 
 454 
6.3.1. For each ROI from the ratio image, determine the maximum value during DA treatment 455 
(Rmax) and the minimum value during DTT treatment (Rmin). 456 
 457 
6.3.2. Calculate the normalized ratio as follows:  458 
 459 

𝑅 =  (𝑅 − 𝑅𝑚𝑖𝑛) / (𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛) 460 
 461 
NOTE: This will set the maximum ratio to 1.0 and the minimum ratio to 0. 462 
 463 
6.4. Analysis of mitochondrial morphology 464 
 465 
6.4.1. To obtain measurements of mitochondrial morphology in parallel to roGFP intensities in 466 
step 6.2.6, go to Analyze | Set Measurements and check Shape descriptors and Fit ellipse. 467 
 468 
NOTE: In addition to mean intensity, the measurements in the results window will include the 469 
length of the major axis (Major), the length of the minor axis (Minor), the aspect ratio (AR; major 470 
axis divided by minor axis; round mitochondria have an AR ~1, elongated mitochondria have a 471 
greater AR), as well as measurements of circularity (Circ.) and roundness (Round). 472 
 473 
REPRESENTATIVE RESULTS  474 
Quantification of differences in steady-state mitochondrial redox state after growth factor 475 
withdrawal 476 
To demonstrate the quantification of steady-state differences in mitochondrial redox state, 477 
primary neurons grown in standard medium were compared to neurons cultured without growth 478 
factors for 48 h before imaging. Growth factor withdrawal results in apoptotic neuronal cell death 479 
after 72 h16. Cells were imaged after 48 h to test if this is preceded by changes in mitochondrial 480 
redox state. Primary rat cortical neurons grown on poly-L-ornithine-coated coverslips were 481 
infected with rAAV-mito-Grx1-roGFP2 on days in vitro 6 (DIV6) and were imaged on DIV12. Live 482 
imaging was performed at room temperature according to section 4 of this protocol on an 483 
inverted laser scanning confocal microscope equipped with a 40x/1.10 water immersion 484 
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objective. Confocal settings were pinhole 7 airy units, pixel size 568.7 nm (512 x 512 pixels), scan 485 
speed 600 Hz, laser power 405 nm 3%, laser power 488 nm 1%, emission bandwidth 505–550 nm, 486 
and frame average 4. There was no major difference between the raw 405:488 nm ratios of the 487 
two conditions (Figure 3B). After data normalization, a subset of cells with an increased 405:488 488 
nm ratio was detectable in the growth factor withdrawal group (Figure 3C). This indicates that 489 
mitochondrial redox changes might precede neuronal cell death, and it underscores the relevance 490 
of max/min data normalization for the comparison of basal redox states between groups.  491 
 492 
Dynamic changes in mitochondrial redox state upon treatment of neurons with NMDA 493 
The NMDA-type glutamate receptor (NMDAR) plays a central role in neuronal plasticity but can 494 
also mediate neuronal damage and cell death. Pathological activation of the NMDAR leads to 495 
several adverse effects on mitochondria that include matrix calcium overload, mitochondrial 496 
oxidation and fragmentation, and mitochondrial permeability transition. In a previous study, the 497 
above-described protocol was used to investigate a causal relationship between NMDA-induced 498 
mitochondrial calcium overload and mitochondrial oxidation13. Primary rat hippocampal neurons 499 
grown on poly-D-lysine/laminin-coated coverslips were infected with rAAV-mito-Grx1-roGFP2 on 500 
DIV4 and imaged on DIV12. Live imaging was performed at 37 °C on an inverted spinning disc 501 
confocal microscope equipped with a 20x/0.75 multi immersion objective (water immersion was 502 
used) and an on-stage incubation system. Mito-Grx1-roGFP2 was sequentially excited every 20 s 503 
using the 405 nm and 488 nm laser lines, and emission was collected with a 527/55 nm emission 504 
filter for both excitation wavelengths. Treatment of neurons with 30 µM NMDA caused oxidation 505 
of mitochondria within a few minutes (Figure 4A,B). Notably, NMDA-induced mitochondrial 506 
acidosis caused significant quenching of roGFP2 fluorescence, in line with its well-known pH-507 
sensitivity8. To confirm that this pH-dependent quenching did not affect the 405:488 ratio9, 508 
mitochondria were fully oxidized by DA before the addition of NMDA in a control experiment. 509 
Pretreatment with DA precludes any further oxidation of mitochondria by NMDA and, 510 
accordingly, the 405:488 ratio did not change in this experiment despite a considerable quenching 511 
of roGFP2 fluorescence intensity (Figure 4C). 512 
 513 
Multiparametric analysis of NMDA-induced changes of dendritic mitochondria 514 
To assess the temporal sequence of NMDA-induced changes in mitochondrial morphology, 515 
membrane potential, and redox state, parallel imaging of TMRE- and mito-Grx1-roGFP2 516 
fluorescence was performed at high spatial and temporal resolution. Primary rat cortical neurons 517 
grown on poly-L-ornithine-coated coverslips were infected with rAAV-mito-Grx1-roGFP2 on DIV6 518 
and imaged on DIV12. Live imaging was performed at room temperature on an inverted confocal 519 
laser scanning microscope using a 63x/1.40 oil immersion objective, a scan speed of 600 Hz, a 520 
pixel size of 90.2 nm (1024 x 1024 pixels at 2x scan zoom), a pinhole size of 3 airy units, and a 521 
frame average of 2. Every 30 s, three images were recorded in sequential mode: 405 nm 522 
excitation/505–550 nm emission; 488 nm excitation/505–550 nm emission; 552 nm 523 
excitation/560–600 nm emission. Treatment of neurons with 60 µM NMDA resulted in a loss of 524 
TMRE signal and an increase in the 405:488 nm roGFP ratio, followed by some delayed rounding 525 
up of mitochondria (Figure 5). 526 
 527 
FIGURE AND TABLE LEGENDS: 528 
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Figure 1: Schematic representation of Grx1-roGFP2 function and roGFP2 excitation spectra. (A) 529 
Oxidative stress and the action of antioxidant defense systems oxidize the cellular glutathione 530 
pool. Grx1 in the Grx1-roGPF2 fusion protein promotes the rapid equilibration of the roGFP2 531 
redox state with the redox state of the glutathione pool. The redox status of the roGFP2 pool can 532 
be assessed by monitoring the ratio of GFP-fluorescence emission at 510 nm after excitation at 533 
405 nm and 488 nm. Reduced species are shown in blue; oxidized species are shown in red. (B) 534 
Excitation spectra of fully reduced (blue) and oxidized (red) roGFP2. Upon oxidation of roGFP2, 535 
fluorescence emission at 400 nm excitation increases, whereas emission at 490 nm excitation 536 
decreases. This figure has been modified from a previous publication13. Excitation spectra in B 537 
were drawn based on Figure 1B from 8. Dotted lines in B indicate the wavelengths of commonly 538 
used 405 nm and 488 nm laser lines. Abbreviations: GSH = glutathione; GSSG = oxidized 539 
glutathione; Grx = glutaredoxin; roGFP = redox-sensitive green fluorescent protein variant. 540 
 541 
Figure 2: Workflow of the method. Expression of the excitation-ratiometric redox-sensitive 542 
fluorescent protein roGFP2 in neurons can be achieved through several methods that include 543 
transfection, lipofection, viral gene transfer, and transgenic animals. The sensor can be used to 544 
study the neuronal redox state in cultured primary neurons, ex vivo tissue explants, and intact 545 
animals. roGFP2 imaging can be performed on a variety of microscopes that include widefield 546 
fluorescent microscopes, confocal microscopes, and 2-photon microscopes. Analysis of roGFP2 547 
imaging data can be performed with the freely available software ImageJ/FIJI. Abbreviation: 548 
roGFP = redox-sensitive green fluorescent protein variant. 549 
  550 
Figure 3: Growth factor withdrawal causes oxidation of neuronal mitochondria. (A) 551 
Representative 405:488 nm ratio images of neurons cultured in the presence (+ GF) or absence (- 552 
GF) of growth factors for 48 h before imaging. Color-coded scales represent non-normalized 553 
405:488 nm ratios (lower ratios correspond to a reduced state; higher ratios correspond to an 554 
oxidized state). Scale bars  = 50 µm. (B) Quantification of the 405:488 nm ratio in individual 555 
neurons. (C) Max/min calibrated 405:488 nm ratio of individual neurons. Round symbols 556 
represent single cells; bar represents mean. N = 40–44 cells from 3 coverslips from one 557 
preparation. Abbreviation: GF = growth factor.  558 
 559 
Figure 4: NMDA-induced oxidation of neuronal mitochondria. (A) Representative 405:488 nm 560 
ratio images before and after treatment with 30 µM NMDA and after max/min calibration with 561 
DA and DTT. At this magnification, roGFP signal is mostly detected in the soma and proximal 562 
dendrites. The color-coded scale represents non-normalized 405:488 nm ratios (lower ratios 563 
correspond to a reduced state; higher ratios correspond to an oxidized state). Scale bars = 50 µm. 564 
(B) Quantification of the imaging run shown in A. NMDA induces a rapid and sustained 565 
mitochondrial oxidation that can be calibrated using DA and DTT. (C) NMDA-induced 566 
mitochondrial acidosis causes a drop of GFP fluorescence upon both 405 nm and 488 nm 567 
excitation (upper panel). To isolate the pH-driven effect and confirm that the 405:488 nm ratio is 568 
pH-insensitive, neurons were first maximally oxidized using DA and subsequently challenged with 569 
NMDA in the presence of DA (lower panel). Under these conditions, NMDA still causes 570 
mitochondrial acidosis but no further mitochondrial oxidation. Accordingly, although both the 571 
405 nm and 488 nm trace show a pH-driven drop in fluorescence intensity, the 405:488 nm ratio 572 
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remains stable. This figure is modified from 13. Abbreviations: GFP = green fluorescent protein; 573 
roGFP = redox-sensitive green fluorescent protein variant; NMDA = N-methyl-D-aspartate; DA = 574 
diamide; DTT = dithiothreitol. 575 
 576 
Figure 5: NMDA-induced changes in membrane potential, redox state, and morphology of 577 
dendritic mitochondria. (A) Three high-magnification images from a time-lapse experiment, 578 
acquired at t = 1, 4, and 9 min, showing dendritic and axonal mitochondria. Colorization 579 
represents TMRE intensity (see calibration bar). (B) 405:488 nm roGFP ratio images from the same 580 
time-lapse experiment as in (A) at t = 1, 4, and 9 min. Note that due to limited AAV infection 581 
efficiency, only a subset of neurons expresses mito-Grx1-roGFP2, and therefore, not all TMRE-582 
positive mitochondria are roGFP-positive. The color-coded calibration bar represents non-583 
normalized 405:488 nm ratios (lower ratios correspond to a reduced state; higher ratios 584 
correspond to an oxidized state). (C) Quantification of TMRE intensity, roGFP 405:488 nm ratio, 585 
and roundness of a single mitochondrion (indicated by arrows in A, B). After 1 min of baseline 586 
recording, 60 µM NMDA was added to the bath solution. Scale bars = 5 µm. The y-axis in C depicts 587 
the 405:488 nm roGFP ratio relative to baseline T0 (green dashed line), the TMRE fluorescence 588 
intensity relative to baseline T0 (red dotted line), and the FIJI/ImageJ shape descriptor 589 
“roundness” (black solid line). Abbreviations: GFP = roGFP = redox-sensitive green fluorescent 590 
protein variant; mito-Grx1-roGFP2 = Glutaredoxin-1 fused to N-terminus of roGFP; AAV = adeno-591 
associated virus; TMRE = tetramethylrhodamine, ethyl ester; NMDA = N-methyl-D-aspartate. 592 
 593 
Table 1: Stock solutions for imaging buffer.  594 
 595 
Table 2: Composition of imaging buffer. The indicated volumes are used for the preparation of 596 
100 mL of imaging buffer.  597 
 598 
DISCUSSION 599 
Quantitative and dynamic measurements of the mitochondrial redox state provide important 600 
information about mitochondrial and cellular physiology. Several fluorogenic chemical probes are 601 
available that detect reactive oxygen species, “redox stress,” or “oxidative stress.” However, the 602 
latter terms are not well-defined and often lack specificity9,17,18. Compared to chemical dyes, 603 
Grx1-roGFP2 offers several advantages9,19: (i) as an excitation-ratiometric sensor, it provides 604 
inherent normalization for sensor expression level, absolute fluorescence intensity, and cell or 605 
organelle density; (ii) as a genetically encoded probe, it can be targeted to organelles or specific 606 
subcellular compartments such as presynaptic terminals or postsynaptic dendritic spines; (iii) 607 
genetic expression of the sensor obviates the need for dye loading, which in the case of chemical 608 
dyes can be stressful for primary neurons; (iv) in contrast to general redox-sensitive chemical 609 
dyes, Grx1-roGFP2 is highly specific for the glutathione redox potential; (v) oxidation and 610 
reduction of the sensor are reversible, enabling the measurement of transient redox changes; (vi) 611 
in contrast to chemical dyes that allow for the detection of relative changes only, Grx1-roGPF2 612 
fluorescence ratios can be calibrated to determine absolute redox potentials in mV9. 613 
 614 
This protocol describes dynamic measurements of the mitochondrial glutathione redox potential 615 
in primary neurons. Analysis of mitochondria within intact cells has several advantages15. 616 
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Compared to the study of isolated mitochondria, mitochondria within cells retain physiologically 617 
relevant contacts with other organelles (e.g., endoplasmic reticulum–mitochondria contacts, 618 
mitochondria–lysosome contacts) and are exposed to cellular concentrations of signaling 619 
molecules and metabolites. Compared to the study of intact animals, primary neurons provide 620 
better accessibility for genetic and pharmacological manipulations and microscopy. However, for 621 
certain questions, analysis of isolated mitochondria will be better suited as this allows precise 622 
control over delivered substrates and inhibitors. Notably, mito-Grx1-roGFP2 can also be used in 623 
isolated mitochondria20. To study neuronal mitochondria within intact tissues or animals, 624 
transgenic fly and mouse lines are available that express mito-Grx1-roGFP2 in the nervous 625 
system21-23. Notably, the excitation spectrum of roGFP2 is amenable to two-photon excitation, 626 
enabling ex vivo and in vivo two-photon imaging in tissue explants and intact animals, 627 
respectively23,24. Spectral variants of thiol redox-sensitive fluorescent proteins are also available 628 
such as yellow rxYFP-Grx1p25 and red Grx1-roCherry26.These provide additional flexibility for 629 
multiplexing and, in principle, enable the simultaneous measurement of redox-responses in 630 
different cell types or cellular compartments. 631 
 632 
As described in the protocol, the 405:488 nm ratio can be calibrated by measuring maximal and 633 
minimal fluorescence ratios after the application of DA and DTT, respectively. This normalization 634 
is not essential because the sensor provides a certain degree of inherent normalization due to its 635 
ratiometric nature. However, we recommend performing max/min calibration after each imaging 636 
run, mostly for two reasons. First, it ensures that sensor responses were not saturated during the 637 
experiment. Second, the absolute 405:488 nm ratio is an arbitrary number that depends on the 638 
microscope settings of both channels. Even when keeping the same settings, one cannot be sure 639 
that laser power and detector performance will stay the same between experiments, especially 640 
when these are several weeks apart. One workaround would be to set the average baseline ratio 641 
of control cells to 1.0 within each experiment. This allows for relative quantification of treatment-642 
induced redox perturbations in a given experiment but limits the comparability of different 643 
experiments. Especially when comparing the basal redox state of cells from different experiments 644 
or cell types, it is important to obtain max/min calibrated absolute quantification. Occasionally, 645 
the 405:488 nm ratio does not fall below the baseline ratio after DTT treatment, especially if the 646 
mitochondria were already in a relatively reduced state at baseline. This typically is a sign of 647 
sensor bleaching during prolonged time-lapse experiments. In this case, repeat the experiment 648 
with microscope settings that cause less light exposure.  649 
 650 
It is paramount to use microscope settings that do not cause bleaching of the sensor or 651 
phototoxicity-induced oxidation of mitochondria. Make sure to take sufficient time for protocol 652 
optimization before starting actual experiments. Once acceptable settings have been defined, 653 
they can be used in subsequent experiments with minimal adjustments. Therefore, kinetics and 654 
amplitudes of sensor responses may vary depending on the chosen temperature. The choice of 655 
temperature is up to the user, depending on the specific needs of the experiment. 656 
 657 
Finally, we would like to point out two limitations of the sensor. First, the intensity of emitted 658 
light is considerably lower with excitation at 405 nm than with excitation at 488 nm, often 659 
resulting in rather noisy 405 nm images. Higher laser power is needed to improve the signal to 660 
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noise in the 405 nm channel. However, excitation at 405 nm is typically more phototoxic and 661 
generates more autofluorescence than excitation at 488 nm, limiting the permissible 405 nm laser 662 
intensity. For example, in this study, weak roGFP fluorescence combined with considerable 405 663 
nm-excited tissue autofluorescence prevented the acquisition of robust data from mito-Grx1-664 
roGFP2-expressing ganglion cells in live retina flatmounts (Depp and Bas-Orth, unpublished 665 
observation). Second, although the 405:488 nm ratio is insensitive to pH changes within a 666 
physiological range around pH 5.5 to pH 8.5 (Figure 4)9, pH-dependent quenching of roGFP2 667 
emission can cause the typically weak 405 nm signal to drop below the detection limit of the 668 
microscope, preventing the acquisition of quantifiable ratio images. For example, this was the 669 
case during NMDA-induced acidosis in the neuronal cytosol13. 670 
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Table 1

Component MW Concentration (M) Amount (g) Volume (mL)

NaCl 58.44 5 14.61 50

KCl 74.55 3 1.12 5

MgCl2·6H2O 203.3 1.9 2 5

CaCl2·2H2O 147.01 1 1.47 10

Glycine 75.07 0.1 0.375 50

Sucrose 342.3 1.5 25.67 50

Sodium pyruvate 110.04 0.1 0.55 50

HEPES 238.3 1 11.9 50

Glucose 180.15 2.5 45 100
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Table 2.

Component Stock solution (M) Final concentration (mM) Volume (mL)

NaCl 5 114 2.3

KCl 3 5.29 0.176

MgCl2 1.9 1 0.053

CaCl2 1 2 0.2

Glycine 0.1 0.005 0.005

Sucrose 1.5 52 3.5

Sodium pyruvate 0.1 0.5 0.5

HEPES 1 10 1

Glucose 2.5 5 0.2
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Point-by-point response to editorial and reviewers’ comments: 

 

 

Editorial comments: 
Changes to be made by the Author(s): 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

We carefully proofread the manuscript. 

 

2. Please try to make the Title a little more concise. For example, “Live Imaging of the 

Mitochondrial Glutathione Redox State in Primary Rat Cortical Neurons using a Ratiometric 

Indicator”. 

We changed the title accordingly. 

 

3. Please rephrase the Summary to clearly describe the protocol and its applications in complete 

sentences between 10-50 words: “The present protocol describes. …”. Here the word limit is 

exceeding. 

We rephrased the summary to adhere to the word limit. 

 

4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 

We revised the text to avoid use of personal pronouns as much as possible. 

 

5. Please ensure that abbreviations are defined at first usage. 

We double-checked that abbreviations are defined at first usage. 

 

6. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please remove all commercial language from your manuscript and use generic terms instead. All 

commercial products should be sufficiently referenced in the Table of Materials (including 

reagents, instruments, software, etc.). Please sort the Materials Table alphabetically by the name 

of the material. 

For example, Sigma-Aldrich, Carl Roth, Parafilm, Falcon, Fiji, Leice, Nikon, Hamamatsu, 

TokaiHit, ImageJ, etc. 

Company names before instruments have been removed. They are now mentioned in the 

materials list. 

 

7. Introduction: Please support the statements of Paragraph 1 with more published References. 

We now included additional references. 

 

8. Please note that your protocol will be used to generate the script for the video and must contain 

everything that you would like shown in the video. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published material specifying 

how to perform the protocol action. There should be enough detail in each step to supplement the 

actions seen in the video so that viewers can easily replicate the protocol. 

We double-checked the protocol and we are confident that it includes sufficient detail to allow 

readers to easily replicate the protocol. 

 



9. Please add more details to your protocol steps: 

Line 119/131: How long these solutions can be stored? 

Line 140: Please specify how the mixing is done. 

Line 145: Please specify on what basis the sucrose concentration should be modulated. 

We now added the requested details. We are confident that a scientist with a basic laboratory 

training will be able to calculate and measure osmolarity. 

 

10. Please include one-line space between each protocol step and then highlight in yellow up to 3 

pages of the Protocol (including headings and spacing) that identifies the essential steps of the 

protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of 

the Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript, and 

therefore will still be available to the reader. 

Individual steps of the protocol were separated by one-line spaces and the steps that should be 

visualized in the video had been highlighted in yellow in the submitted manuscript already. We 

are not exactly sure what we should change here. Please specify. 

 

11. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from 

one highlighted step to the next and is in line with the Title of the manuscript. Please highlight 

complete sentences (not parts of sentences). Please ensure that the highlighted part of the step 

includes at least one action that is written in the imperative tense. 

The highlighted steps conform with these guidelines. 

 

12. Please provide reprint permissions for the reuse of the Figures. 

The figures are from one of our own publications in the journal Antioxidants and Redox 

Signaling which grants authors the right to reuse figures and text without the need to obtain a 

specific permission, and from an article published with open access under a Creative Commons 

CC-BY license that allows reuse of the material without the requirement of obtaining permission 

from the publisher. Therefore, we cannot obtain reprint permission from the publishers. Instead, 

we uploaded screenshots from the respective permission request websites. 

 

13. Discussion: Please support the statements of Paragraph 1 with more published References. 

We now added more references to support our statements. 

 

14. Figure 5C: Please provide the y-axis description. 

The y-axis description is different for each of the three traces depicting three different modalities. 

For clarity and readability, we added a description to the figure caption, rather than adding three 

labels to the axis in the figure. Please let us know if you agree. 

 

15. Please spell out the journal titles in the References. 

As discussed, this will be done by the editorial office. Thank you for your support.  

 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 
Manuscript Summary: 

Oxidative stress is implicated in normal aging and is a major contributor to cell damage and death 

in most neurodegenerative diseases. Oxidative stress can result from increased reactive oxygen 

species production, decreased antioxidant levels/activity or combinations of both. The 



mechanisms by which reactive oxygen species imbalances occur are largely unknown, and they 

may vary with disease pathology. Thus, there is a tremendous need for methods that facilitate 

identification of oxidative stress sources and methods to moderate efficacy of antioxidant 

strategies. Mitochondria are major reactive oxygen species producers; accordingly, they have 

relatively high levels of antioxidants. They are also the gatekeepers of intrinsic apoptosis, which 

is triggered when oxidative stress becomes insurmountable. The authors present a powerful and 

elegant method for characterizing the contribution of mitochondrial glutathione activity, which 

can be observed along with mitochondrial morphology and membrane potential in living neurons. 

This method allows the researcher to track the progression of mitochondrial stress and the effects 

of intervention in real time. This protocol is suitable for characterizing steady-state glutathione 

redox status as well as for observations of drug application therapies for disease models. 

Thank you for your kind evaluation of our manuscript. We are glad to see that our protocol is 

considered highly relevant and useful by an independent expert. 

 

Major Concerns: 

Section 6.1.6. Manually adjusting the threshold will affect results. Is it possible for the 

experimenter to always use "Auto" or use a manually established threshold that can be applied to 

all images? 

We agree that manually adjusting the threshold will in principle affect the results. In our hands, 

however, the 405:488 nm ratio is remarkably robust to moderate changes in lower and upper 

threshold settings used to select pixels for analysis. To reduce any potential bias introduced by 

the observer, we agree that using the same method for all images is important. Because using a 

manually established global threshold for all images can often be problematic (e.g. due to image-

to-image variation in uneven illumination or background intensities), an automated threshold 

determination is highly preferred (see for example: https://petebankhead.gitbooks.io/imagej-

intro/content/chapters/thresholding/thresholding.html) 

We now included a note in step 6.1.6. to provide further guidance for the readers. 

Minor Concerns: 

- Confirm copyright use for previously published data. 

We had confirmed permission before using published data in our manuscript and we now 

mention this in the figure legends. In fact, one published figure is from one of our own 

publications and can be re-used by us in line with our author copyright agreement. The data in 

Hansen 2004 was published as open access under a creative commons license which permits re-

use as long as the original source is cited. 

 

- It is unclear from where in Hansen et al., 2004 the data in figure 1B come. Specify the figure 

from which the data came, and explain how the original data were modified to create figure 1B.  

Are fluorescence emissions similar for roGFP1 (Hansen et al.) and roGFP2 (here)? 

The data were drawn based on figure 1B in Hansen 2004. We now added this information to the 

figure legend. Figure 1B in Hansen 2004 shows roGFP2 emissions, whereas Figure 1A in Hansen 

2004 shows roGFP1 emissions. 

 

- Add citation for source that reports mitochondrial GSH concentrations (lines 59-60). 

We now added the citation for the 1-5 mM GSH concentrations. In addition, we performed an 

additional literature search and found publications that provide estimates of up to 15 mM GSH in 

mitochondria. We now cite an additional publication and we changed the concentration range to 

1-15 mM accordingly. 

https://petebankhead.gitbooks.io/imagej-intro/content/chapters/thresholding/thresholding.html
https://petebankhead.gitbooks.io/imagej-intro/content/chapters/thresholding/thresholding.html


 

- Section 2. Indicate at what temperature this procedure should be carried out. 

TMRE is added to the cells under a tissue culture laminar flow hood (we now added this 

information) and then are placed back into the incubator for dye loading. Therefore, loading 

occurs at 37°C, but we don’t think it is necessary to mention that a cell culture incubator for 

primary neurons should be set to 37°C. 

 

- Section 3. Indicate temperature at which this step should be carried out. 

Similar to electrophysiological recordings or calcium imaging, experiments with roGFP can be 

performed at room temperature or at 35-37°C. The sensor itself works under both conditions, but 

obviously cell biology (enzyme and signaling kinetics, mitochondrial motility and dynamics, 

neuronal activity) will differ. It is up to the user to decide between technically more simple 

imaging at room temperature or physiologically more relevant imaging at 37°C. 

We now added a note to section 3 to point this out. 

 

Should the user perform optimization steps before each experiment? 

This is not necessary. Once the microscope settings have been optimized for an experimental 

setting involving a certain microscope and a certain method for expression, the same settings can 

typically be used for subsequent experiments. We now added this information to the text. 

 

Should the user expect detectable differences in transfection efficiency between experiments? 

In our opinion, this strongly depends on the method of gene transfer (lipofection, calcium 

phosphate transfection, viral gene transfer) and the experience of the researcher in handling 

primary neurons and performing gene transfer. In our hands, an experienced researcher using an 

established transfection or infection protocol typically obtains comparable efficiency between 

experiments. However, given the above mentioned considerations, we cannot provide a 

generalized statement here. 

 

Would varying transfection efficiencies affect reproducibility? 

As long as a sufficient number of cells is transfected and can be imaged per experiment, varying 

transfection efficiencies should not affect reproducibility. This might, however, depend on the 

specific context of the users’ experiments. Therefore, we prefer to not give a general statement. 

 

- Section 3.9. Explain how the user is to determine signal-to-noise ratio. If this information is not 

provided by the imaging system, can the user calculate it? 

We now added instructions on how to calculate the signal-to-noise ratio. 

 

 Also, are the target signal intensities for each fluorophore average intensities for the entire 

image? Please clarify. 

The target signal intensities are average intensities within single-cell or single-mitochondria 

ROIs. We now added this information to the text. 

 

- Section 3.14. Indicate what values in the data table represent the 405:488 ratio. 

We are not sure what is meant by data table in this context. As described in section 6, the user 

will create a 405:488 ratio image and measure the ratio in individual ROIs. These values 

represent the 405:488 ratio. The values will be exported to a spreadsheet software and it is up to 

the user how they organize their spreadsheet. 



 

- Section 6.2.2. It appears that results should be exported before measuring ROIs in the 

thresholded 405 and 488 nm images. Data disappear when new measurements are taken. 

Whether data are deleted from the results window or new measurements are added below existing 

data depends on the settings selected in FIJI. Nevertheless, to make sure new users don’t lose 

their data, we now added an “export data” step after each measurement. 

 

- Section 6.2.3 and 4. Explain how the same ROIs can be added to the thresholded 405 and 488 

nm images. 

When following the protocol and using the procedure described in step 6.2.2 (ROI Manager | 

ctrl+A to select all ROIs | More | Multi Measure), the same ROIs from the ROI manager will 

automatically applied to the 405 and 488 nm images. We now added a note to specify this. 

 

- Section 6.2.7. Provide step-by-step instructions on how to generate XY-graphs for 405 and 488 

mn traces. Explain how to interpret the graphs to verify that there is no bleaching, etc. 

The term XY-graph may be misleading (readers might think it involves plotting 405 vs 488 nm 

intensities). We apologize for this and now rephrased the instruction to: “Generate intensity vs 

time plots of the 405 and 488 nm traces.” 

We also added an example to explain what we mean with “traces move into opposite directions”. 

 

- It would be helpful if authors provided steps for measuring mitochondrial morphology using 

roGFP. 

We now describe steps for measuring morphology in parallel to roGFP intensity (see new section 

6.4). 

 

- Figure 3B,C and line 413. The graphs do not convince the reader that there is a statistically 

significant difference between conditions. 

We agree that the conditions are not statistically different, and in the manuscript we don’t claim 

they are. Moreover, as detailed in the figure legend, the data are based on three replicate 

coverslips per condition from one preparation of primary neurons. To make any meaningful 

claims about statistics, the experiment would have to be repeated several times with cells from 

independent neuronal preparations. However, the aim of this figure and, in fact, the whole article, 

is not to present new scientific findings, but is instead to provide a protocol of how to perform a 

specific method and to present typical results that can be obtained in an experiment. As described 

in the text and legend, in this example of quantifying basal redox states under different 

conditions, we simply show that in this specific experiment after data normalization a subgroup 

of oxidized cells can be identified in one of the conditions. 

 

- Lines 509-510. Are Grx1-roGFP2 constructs targeted to to presynaptic terminals or dendritic 

spines commercially available? If so, from where? 

We are not aware of commercially available constructs. However, they can be generated by 

standard molecular biology techniques. 

 

Reviewer #2: 
Manuscript Summary: 

Authors detail in this manuscript the ability and use of Grx1-roGFP2 to measure redox changes 

related to GSH/GSSG variations. Experimental and analysis details are provided, to facilitate 

both the performance of experimental acquisitions and the processing of images and data 



analysis. It is relevant that authors do highlight several details to be considered, such as the 

influence of pH or the need to calibrate the sensor and check redox detection limits, a feature that 

is not always included in analyses performed with sensors as the ones. Below, some comments 

intendent to implement several considerations: 

Thank you for your kind evaluation of our manuscript. Please find below our answers to your 

speecific queries. 

 

Major Concerns: 

1. Please elaborate on key features of Grx1-roGFP2 as a tool, i.e. dynamic rage, bleaching, 

stability, etc. Other similar probes should be also better referred to measure general redox status 

and GSH/GSSG pair. Alternatives such as the close similar Grx1-roCherry (Shokhina et al., 

2019) should be briefly referred and compared. It is relevant to discuss and highlight that 

procedures described in this manuscript may be extended with little changes to the use of other 

probes. 

We agree that information on biophysical properties of a sensor are important for evaluating its 

performance and limitations. As we understand, however, the aim of this article is to specifically 

present a detailed but concise protocol on how to perform Grx1-roGFP2 live imaging in cultured 

neurons. It is not supposed to be a review about roGFP. For biophysical details of the sensor, the 

interested reader is referred to a number of excellent articles by the developers of the sensor that 

are cited in the manuscript. Likewise, we think the article should not be a general review of 

fluorescent redox sensors. Several excellent reviews on that topic are available in the literature 

and we do cite one in the revised manuscript. We do not have practical experience with Grx1-

roCherry or rxYFP-Grx1p, and therefore are not in a position to evaluate the performance of 

these sensors. We agree, however, that it is helpful to make the readers aware of spectral variants. 

Therefore, we now mention them in the discussion and cite relevant articles for further reading.   

 

2. As two-photon in vivo intra-vital microscopy is not always available to several labs, is it 

possible to use Grx1-roGFP2 to measure samples ex vivo; i.e. brain slices? What considerations 

should be taken in such case for manipulations and to avoid redox alterations? 

It is possible to measure Grx1-roGFP ex vivo, e.g. in brain slices or muscle explants. We now 

explicitly mention this possibility in the discussion. Preparation of acute brain slices or tissue 

explants is a delicate procedure with several critical steps. An accurate description of these 

methods therefore is beyond the scope of this article. The interested reader may find relevant 

information in the cited references. 

 

3. Since an active Grx1 is overexpressed in the cell, this may change the endogenous redox 

levels. Thus, resting levels may be biased by Grx1 overexpression and even transfection 

efficiency, even if ratiometric or normalized by max/min fluorescence. May Grx1-roGFP2 be 

more convenient to monitor acute changes once in equilibrium (fold increases/decreases), after 

stimulating ROS production with a certain challenge?. 

We agree that, in general, introduction of a biosensor might affect the kinetics of the reactions to 

be measured. For example, it is well known that calcium indicators are also calcium buffers that 

will affect calcium kinetics above a certain concentration of indicator. In the case of Grx1, we 

don’t think that it will change resting redox levels, because Grx1 itself is not quantitatively 

involved in reducing oxidized substrates. Instead, its function is to catalyze GSH-dependent 

reduction of substrates. Overexpression of Grx1 might therefore increase the speed of 

substrate/GSH equilibration, i.e. equilibrium might be reached faster, but it should not change the 

equilibrium itself. In fact, these increased kinetics are the major advantage of Grx1-roGFP2 and 



also rxYFP-Grx1p as compared to roGFP2 or rxYFP, because it ensures that any cellular changes 

in the GSH/GSSG ratio are rapidly and reversibly mirrored by changes in the 

roGFP(reduced)/roGFP(oxidized) ratio and can thus be visualized in real time as they occur in 

the cells. 

 

4. Settings and considerations should be extended to TMRE. Set up experiments must check a 

base line, with no drops in TMRE by bleaching, phototoxicity or altered mitochondrial function. 

Addition of cyclosporine H (usually 1 uM) does not affect mitochondrial function and may be 

useful to avoid membrane potential-independent TMRE leakage. Even if indicated, please remark 

that TMRE must be always present and equilibrated. Addition of a mitochondrial uncoupler (i.e. 

1-2 uM FCCP) will help calibrating fluorescence at the end of experiments. 

We agree that settings for TMRE imaging need to be optimized as well. The same holds true for 

any other indicator that will be used in combination with roGFP imaging. Because the focus of 

this article is on mitochondrial Grx1-roGFP and we can’t know which other additional indicators 

will be used by the readers, we prefer not to provide detailed instructions on other specific 

indicators such as TMRE. We now, however, added a note to section 3 that points out the need 

for optimization of imaging parameters for additional indicators. We are confident that a trained 

researcher who masters roGFP imaging on their setup will be able to independently optimize 

settings for their additional indicators of choice, including TMRE. Moreover, a rich literature on 

TMRE imaging exists that will guide the users along that way. 

Inclusion of TMRE in the imaging buffer and stimulation solutions was described in step 2.5. As 

per this reviewer’s suggestion, we now rephrased the instructions to make an even stronger 

statement. 

 

5. Under this reviewer's experience, it may not be necessary 60 min incubation to reach TMRE 

equilibrium, and this time could be reduced by half the time, always conditioned to confirmation 

of TMRE persistence in mitochondria during the experiment. 

We agree that less than 60 minutes may be sufficient to reach TMRE equilibrium under some 

circumstances. However, we obtained more robust results (i.e., less coverslip-to-coverslip and 

cell-to-cell variability) when pre-incubating for at least 60 minutes as compared to 30 minutes. In 

addition, 60-minute equilibration time is recommended in several methods articles (see for 

example Brand and Nichols 2011 Biochem. J. 435). We therefore prefer to recommend 60 min 

incubation. It is of course up to the reader to test and validate different incubation times. 

 

6. When processing in Fiji, could Autoscale or Threshold alter pixel intensity or normalization, 

thus affecting comparisons between images from different chambers (even if later normalized by 

calibrations)? Please discuss this in the main text. 

Autoscale in Fiji affects how data is displayed on the computer screen, but it does not affect pixel 

intensity. Since images are recorded at 12 to 16 bit, but intensities are typically below 5000, 

without autoscaling the image would look very dark on the screen and it would be difficult to 

visualize cells. We now added a note to section 6.1.1 to inform readers about this function. 

 

Threshold is used to select which pixels will be analyzed and which pixels are considered 

background. It does not alter pixel intensities. In general, automated threshold detection is 

preferred over manual selection of individual thresholds and is also preferred over the use of a 

global threshold (see for example: https://petebankhead.gitbooks.io/imagej-

intro/content/chapters/thresholding/thresholding.html). 

https://petebankhead.gitbooks.io/imagej-intro/content/chapters/thresholding/thresholding.html
https://petebankhead.gitbooks.io/imagej-intro/content/chapters/thresholding/thresholding.html


We now added more information about selection of automated threshold determination methods 

to step 6.1.6. to provide further guidance for the readers. 

 

7. Changes in Fig. 1 are subtle. Do authors have evidence for major changes in redox status upon 

addition of H2O2, NAC or other antioxidants, or GSH alterations (i.e. with L-BSO) that may 

implement the figures? 

Fig.1 shows the excitation spectra of fully reduced and fully oxidized roGFP2. This reviewer is 

probably referring to a different figure. Please specify. In general, Grx1-roGFP2 has been used to 

detect redox changes upon H2O2 treatment in different cell types (including primary neurons in 

our previous publication by Depp et al. that is cited in the manuscript), in different publications 

from different research groups. 

 

8. TMRE fluorescence and mt-GPx1-roGFP2 fluorescence is not fully paralleled in Fig. 5a, thus 

loosing mitochondria in mt-GPx1-roGFP2 images. This may indicate that manipulations of 

fluorescence for normalization or ratio are excluding the visualization of some mitochondria. 

Since it is predicted that all mitochondria (even if depolarized) import the redox sensors, raw 

micrographs illustrating the real distribution of mt-GPx1-roGFP2 are critical to validate it as a 

global sensor for the whole mitochondrial network. 

The reviewer is correct with the observation that not all TMRE-positive mitochondria do express 

mito-Grx1-roGFP2. This is, however, not due to image processing or normalization. It is due to 

the fact that the efficiency of AAV-mediated gene transfer is less than 100%, typically around 

70-90%, sometimes less. Therefore, only a subpopulation of neurons contains roGFP-labelled 

mitochondria, whereas all neurons take up the small molecule dye TMRE and thus contain 

TMRE-labelled mitochondria. Within a single roGFP-positive neuron, typically all mitochondria 

are co-labelled with TMRE and roGFP. The distribution of roGFP-positive mitochondria in the 

ratio images is the same as in the individual 405 nm excitation and 488 nm excitation channels. 

To clarify this point, we added a note to the figure legend. 

 

9. Treatments other than NMDA could induce acidification, as referred. How could mt-GPx1-

roGFP2 measurements be solved under excessive acidification? 

As discussed in the article, while the 405/488 nm ratio is not affected by acidification, the 

generally weak 405 nm-excited signal can drop below detection limit upon acidification. We are 

not aware of any measures to solve this problem. This is why we mention this issue as a major 

limitation of the sensor. 

 

Minor Concerns: 

1. Line 58: Should it be instead?: '… and ultimately mitochondrial and cell viability' 

The sentence was meant to say that redox potential affects mitochondrial viability, which 

ultimately affects cellular viability. We now rephrased the sentence to avoid misunderstandig. 

 

2. Line 80: Please detail what mixed 1/2 serotype is referred. 

We now described the serotype more accurately and provided an additional reference. 

 

3. Even if they can be purchased, amounts to prepare sodyum pyruvate, HEPES and glucose 

master solutions should be included in Table 1. 

We now added this information to Table 1 and included the source for the respective powder 

reagents in the Materials list. 



 

4. Is it relevant the volume of aliquots for long-term storage? In case relevant, please indicate 

why the shown volumes are recommended (i.e. maximum amount needed per X wells or similar). 

The volumes of aliquots were based on the volumes needed in our typical experiments. This is 

likely to be different for different sets of experiments (depending on how many coverslips are 

imaged per day, which drugs are being added, etc.). We therefore now removed the 

recommended volumes. 

 

5. Even more important than sealing with parafilm, TMRE should be protected from light. 

Thank you for pointing out this important aspect. We fully agree and now added this information 

to the protocol. 

 

6. Please indicate in Table 2 the volume of H2O to be added and the final volume of the imaging 

solution. pH of the final solution should be indicated, as it may be highly relevant besides 

osmolarity. 

The final volume of imaging buffer is specified in step 1.3.1 that describes how to prepare the 

buffer. For clarity, we now also added this information to Table 2. 

We also added the desired pH of the final solution. 

 

7. It may be somehow confusing that NMDA stock solutions could be stored and then it is 

indicated that fresh solutions should be prepared. May it be more convenient to refer this note to 

imaging buffer instead (and then add NMDA or other frozen aliquots)? 

Thank you for pointing this out. The sentence might indeed be misleading. It was meant to say 

that stimulation solutions containing diluted drugs should be prepared fresh by adding the 

concentrated drugs just before the experiment. We now rephrased the sentence accordingly. 

 

8. DTT is unstable in solution and may be oxidized after 3 months at -20ºC, thus losing activity. 

Due to its relevance for calibration, may it be more convenient to prepare fresh solutions or 

remark stability. 

We agree with this important point and we now point out limited stability in the protocol. Since 

an excess of DTT is added to the cells, a minor loss of activity during few weeks’ storage at -

20°C does not affect calibration in our hands. We therefore do not think it is necessary to prepare 

fresh DTT for every experiment in this case. 

 

9. When read before the main text, in epigraph 1.4 is hard to interpret the addition of solutions 

and final volumes or concentrations … A solution could be to place 1.4.3 at the place of 1.4.2. 

Indicate that additions are sequential as follows, and state that DTT is added in the final step, 

after retiring the whole volume in the chamber. 

Thank you for pointing out this limitation. We now added a note to section 1.4 (right before 

1.4.1) to make the reader aware of the basic stimulation scheme. We also added the information 

that DTT is added after aspirating the buffer from the chamber. 

 

10. To be consistent, volumes of imaging buffer should be 6.986 mL for epigraph 1.4.2 and 6.972 

mL for 1.4.3. 

You are right. We changed the text accordingly. 

 

11. For the naïve readers, please briefly explain what TMRE in non-quench mode is. 

Because this protocol focuses on roGFP imaging, and because more than 60 editorial and 



reviewer queries need to be included during this revision, we prefer not to further increase the 

volume of this article with additional explanations of basic concepts. Instead, we cite an excellent 

reference that very elegantly describes the theoretical and technical aspects of mitochondrial 

membrane potential imaging for the interested reader. 

 

12. Epigraph 2.5: 'add 20 nM TMRE to imaging buffer' should be 'add TMRE to get final 20 nM 

in imaging buffer' 

We agree that this instruction was not fully accurate. We now rephrased the sentence. 

 

13. It is recommended to emphasize that ROIs should include only regions with fluorescence and 

avoid including the surroundings of the cell or nuclei. It is also to be considered that ROIs cannot 

remain empty upon cellular displacement. 

Because background pixels are defined as Not a Number (NaN) during threshold application 

(step 6.1.6), they are not considered during measurement of pixel intensities within a ROI. 

Therefore, including surrounding background pixels in the ROI does not affect the measurement. 

If cells move during time lapse imaging due to drift of the chamber (this is probably meant by 

cellular displacement), we recommend to perform image registration before analysis. 

 

14. Please assign oxidation and reduction in the color-coded scales. 

We now added this information to the figure legends. 

  

 A consistency in the labelling of y-axis is missing; Fig. 4B labeling is right and may be extended 

to other graphs (suggestion: you can use '405/408 nm ratio fluorescence' should not normalized). 

We agree that labelling differs between figures, but we respectfully disagree that only 4B is right. 

In fact, there are different valid ways to label the graphs. ‘405/408 nm ratio fluorescence’, in 

contrast, is not correct. This should rather be ‘405/488 nm fluorescence ratio’. To improve 

consistency, we re-labelled axes in Fig. 3 to ‘405/488 ratio’ and ‘normalized 405/488 ratio’. 

 

 

15. The main text should better explain differences between Fig. 3b and c analysis and results, as 

well be specifically referred in the main text. 

We agree that it would be helpful to better point out the different analyses and results, which will 

underscore why normalization is an important step. We now discuss this in the main text in more 

detail. 

 

State in the text whether differences reached statistical significance. 

As mentioned in the figure legend, the data in this experiment are from three replicate coverslips 

per condition from one primary neuron preparation. To make any meaningful claims about 

statistics, this experiment would need to be repeated several times with neurons from independent 

preparations. The figure is, however, not meant to present novel scientific findings but rather 

illustrates a typical experimental outcome of the method and illustrates the difference between 

raw and normalized ratios. 

 

16. While it is explained in Fig. 4C legend, the text does not clearly refer how pH and redox 

signaling were dissected. Please extend it briefly in the main text. 

In the results section, we now explain in more detail the principle of this control experiment. 

 



17. Include other ratiometric, genetically-encoded probes in the discussion, as suggested in the 

main comments to this manuscript. 

We now included other ratiometric genetically-encoded redox probes in the discussion.  

 

18. Line 524: Are there evidence for the accuracy and validation of mt-GPx1-roGFP2 

quantification in isolated mitochondria? Along with the usage of mitochondrial specific 

inhibitors, a good alternative to mitochondrial isolation (which may damage mitochondria and 

alter redox balance and GSH equilibrium) would be the permeabilization of cells (i.e. with 

digitonin) to facilitate a direct access to mitochondria still in the cell. 

Please refer to the cited publication for information on validation of roGFP2 quantification in 

isolated mitochondria. Again, this article is not meant to be a comprehensive review about 

imaging of roGFP and potentially many other indicators in a variety of cells and organisms. It is 

required (by the journal guidelines) to be a concise description of a specific method, which in our 

case is mitochondrial roGFP imaging in primary neurons. 

We also are certainly aware of the possibility to use digitonin for the study of mitochondria in 

permeabilized cells. Again, an extensive discussion of these aspects is, unfortunately, beyond the 

scope of this article. 

 

 

Reviewer #3: 
Manuscript Summary: 

The authors provide systematic description of the methodology to detect glutathione redox state 

for live cell imaging and compatability with other methodologies using a glutathione sensitive 

fluorescent construct. This is an important tool as changes in metabolic and redox states have 

been shown to be a major contributor in many neuro-degenerative disease states, such as 

Alzheimer's disease, Parkinsons, etc. The manuscript is well written and easy to follow. 

Thank you for your kind evaluation of our manuscript. We are glad that the protocol is easy to 

follow by an independent reader. 

 

Minor Concerns: 

Line 445 - the concentration of NMDA was increased to 60 uM for the experiments with TMRE, 

when previous experiments only used 30 uM. The rationale for this is unclear. 

We and others typically use NMDA concentrations between 20 and 100 uM to induce 

excitotoxicity in primary neurons. Sensitivity to NMDA partially depends on cell type (cortical 

vs hippocampal), culture conditions (especially media composition), basal activity level, and age 

of the neurons. The example experiment shown in figure 5 was part of an ongoing series of 

experiments in which we were using 60 uM NMDA in rat cortical neurons, while the experiments 

in figure 4 are from a previous study (Depp et al. 2018) with mouse hippocampal neurons in 

which we used 30 uM NMDA. In general, we would expect similar results in the TMRE 

experiments when using 30 uM NMDA, but due to limited time and availability of primary 

neurons, we decided not to perform additional experiments for this figure but instead use recently 

generated data from the lab. 

 

Line 555 - please provide reference for the experiments on retinal flatmounts with roGFP in the 

discussion 

Since we were not able to obtain reliable measurements of roGFP ratios in live retina, we did not 

publish any data from these experiments. We now added ‘Depp and Bas-Orth, unpublished 

observation’ as a reference. 



 

Images of neurons are not very clear - a DIC image to show neuronal structure would have 

provided better clarity. The location of the fluorescence within the neuron is not specified, 

whether cell body, dendrite, axon, etc, since mitochondria in neurons are concentrated in the 

terminals. Also are there regional differences in redox state within the neuron based on this 

construct? 

Whereas synaptic terminals certainly contain a high density of mitochondria, synaptic terminals 

are small structures and, therefore, do not contain the majority of neuronal mitochondria. In 

cultured primary neurons, the soma is densely packed with mitochondria that can hardly be 

optically separated even at high resolution, whereas dendrites and axons contain numerous, but 

more spaced out and more elongated mitochondria. Accordingly, under low magnification, mito-

roGFP signal is typically detected in soma and large proximal dendrites, while at high 

magnification dendritic and axonal mitochondria can easily be detected. 

We now added more information to figure legends 4 and 5, describing the location of roGFP 

signal. 

In our previous publication (Depp et al. 2018, Figure 3E) we found a higher basal oxidation of 

dendritic mitochondria vs somatic mitochondria. 

 

Please address stability of construct/expression for in vivo analyses, and long-term experiments, 

if this is a limitation for the usage of the construct. 

As mentioned in the introduction, roGFP expression in primary neurons upon AAV-mediated 

gene transfer is stable for at least two weeks. In our hands it is stable for the entire lifetime of the 

primary neurons. AAV-mediated expression of fluorescent proteins in vivo is well-known to be 

stable for months. Besides, most in vivo studies use transgenic animals with a genomic 

integration of the expression construct, so we are not exactly sure, why stability of expression 

should be a limitation. 

 

Reviewer #4: 
Manuscript Summary: 

This is a well written methods paper describing the measurement of the mitochondrial redox 

status by analysing the oxidation/reduction state of the glutathione system using a modified GFP 

as a sensor and simultaneously measuring the mitochondrial membrane potential by a small 

fluorescent molecule. 

Thank you for your kind evaluation of our manuscript. 

 

Major Concerns: 

The novelty of this review is the simultaneous measurement of the mitochondrial redox status 

and the membrane potential, and the method may become even more interesting when ex vivo 

studies can be done on brain slices instead of cultivated cells. Measurements of the mitoRO-GFP 

signal and also the measurement of the mitochondrial membrane potential using TMRE have 

been described before in JoVE. 

We agree that ex vivo imaging would be interesting to many readers. We personally do not have 

extensive experience with slice imaging of roGFP and, therefore, are not in a position to provide 

expert advice on that particular application. We do, however, cite publications that use ex vivo 

imaging, so that the interested reader may find further guidance. 

 

We also are aware that roGFP and TMRE imaging have been described before in JoVE. To our 

knowledge, a detailed protocol for use of mito-Grx1-roGFP2 is not yet available. By adding 



specific instructions for performing these experiments in neurons, on how to optimize microscope 

settings, on how to perform min/max normalization of the sensor, and on how to combine this 

with morphological quantification (added during revision), we hope to provide useful information 

that is not contained in previous JoVE articles.  

 

Minor Concerns: 

Some minor comments: 

- In the title, it should say "primary neurons", since both cortical and hippocampal neurons are 

used later. 

Thank you for pointing this out. We changed the title accordingly. 

 

- P. 6, line 113, 117 and 121, 127: Please describe shortly already here why you use these 

substances, i.e. what are they doing ? 

We now added this information, so it will hopefully be clearer to readers at first glance. 

 

- P. 24, line 5 - 9: Here, a recent study by Ricke et al., J Neurosci 26 (2020) should also be 

quoted. 

We are not exactly sure to which section the reviewer is referring, because in the version 

available to us, p.24 l. 5-9 is about the advantages of roGFP over chemical dyes. We can imagine 

that the comment refers to the possibility of roGFP2 2P imaging in tissue explants. We now cite 

this reference at the corresponding position in the revised manuscript. 
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