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SUMMARY:  30 
This technique describes real time recording of oxygen consumption and extracellular 31 
acidification rates in explanted mouse retinal tissues using an extracellular flux analyzer.  32 
 33 
ABSTRACT:  34 
High acuity vision is a heavily energy-consuming process, and the retina has developed several 35 
unique adaptations to precisely meet such demands while maintaining transparency of the 36 
visual axis. Perturbations to this delicate balance cause blinding illnesses, such as diabetic 37 
retinopathy. Therefore, the understanding of energy metabolism changes in the retina during 38 
disease is imperative to the development of rational therapies for various causes of vison loss. 39 
The recent advent of commercially-available extracellular flux analyzers has made the study of 40 
retinal energy metabolism more accessible. This protocol describes the use of such an analyzer 41 
to measure contributions to retinal energy supply through its two principle arms — oxidative 42 
phosphorylation and glycolysis — by quantifying changes in oxygen consumption rates (OCR) 43 
and extracellular acidification rates (ECAR) as proxies for these pathways. This technique is 44 
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readily performed in explanted retinal tissue, facilitating assessment of responses to multiple 45 
pharmacologic agents in a single experiment. Metabolic signatures in retinas from animals 46 
lacking rod photoreceptor signaling are compared to wild-type controls using this method. A 47 
major limitation in this technique is the lack of ability to discriminate between light-adapted 48 
and dark-adapted energy utilization, an important physiologic consideration in retinal tissue.  49 
 50 
INTRODUCTION:  51 
The retina is among the most energy-demanding tissues in the central nervous system1. Like 52 
most tissues, it generates adenosine triphosphate (ATP) via glycolysis in the cytosol or via 53 
oxidative phosphorylation in mitochondria. The energetic advantage of oxidative 54 
phosphorylation over glycolysis to produce ATP from one molecule of glucose is clear: 36 55 
molecules of ATP generated from the former vs. 2 molecules of ATP generated from the latter. 56 
Accordingly, retinal neurons primarily depend on mitochondrial respiration for energy supply 57 
and this is reflected by their high density of mitochondria2. Yet, the retina also relies heavily on 58 
glycolytic machinery even when oxygen is abundant. This process of aerobic glycolysis was 59 
originally described in cancer cells by Otto Warburg3, who once noted that the retina was the 60 
only post-mitotic tissue capable of this form of metabolism4. Since those initial observations, 61 
many post-mitotic tissues have been described to engage in varying degrees of glycolysis in 62 
addition to oxidative phosphorylation to meet their ATP demands. 63 
 64 
Phototransduction, visual pigment recycling, biosynthesis of photoreceptor outer segments, 65 
and synaptic activity are all energy demanding processes in photoreceptors, the predominant 66 
neuronal subclass in the retina. But the need to actively transport ions against their electrical 67 
and concentration gradients is by far the most energetically consuming process in neurons1. 68 
Photoreceptors are peculiar neurons in the sense that they are depolarized in the absence of 69 
stimulation (i.e., in the dark), whereas a light stimulus triggers channel closure and subsequent 70 
hyperpolarization. Therefore, in the dark, the retina consumes large quantities of ATP to 71 
maintain its depolarization or “dark current” as it is commonly called. From an adaptive 72 
standpoint, a major challenge in supplying these vast quantities of ATP is the need for 73 
organisms to maintain visual clarity through the optical axis. The inverted retinal architecture 74 
seen in modern creatures is the dominant solution, as it keeps the dense capillary network 75 
supplying photoreceptors away from the path of light. But this marvel of natural bioengineering 76 
places the retina at a precipice in terms of metabolic reserve. Even small insults to retina can 77 
potentially disrupt the delicate balance of energy supply to demand, and visual dysfunction or 78 
frank blindness may ensue quickly.  79 
 80 
Given the unique energetic demands of the neural retina, coupled with its tight restriction of 81 
vascular supply, accurate measurement of ATP consumption in the retina and its changes 82 
during disease could have profound implications in understanding and treating blinding 83 
conditions such as retinitis pigmentosa and diabetic retinopathy. Traditionally, these 84 
measurements require costly, custom-designed equipment with most studies emerging from a 85 
handful of laboratories entirely dedicated to measurements of metabolic activity2,5-8. 86 
Techniques include individual assays for specific metabolites, tracer studies using radio-labeled 87 
precursors, oxygen consumption recording using Clark electrodes, and metabolomic profiling9. 88 



  

 89 
With advances in high-throughput technology and increased availability of commercial devices, 90 
techniques to record retinal metabolism are increasingly accessible and affordable. The method 91 
described here measures both oxidative phosphorylation and glycolysis in retina using 92 
explanted tissue and a commercially-available extracellular flux analyzer9-12. This analyzer 93 
separately records oxygen consumption rate (OCR) and the extracellular acidification rate 94 
(ECAR), serving as indirect indicators of oxidative phosphorylation and glycolysis, respectively13. 95 
These measurements are done by a probe submersed within a microchamber created over the 96 
tissue of interest. This adaptation of previously published methods uses a capture plate 97 
originally designed for pancreatic Islets of Langerhans to record metabolic activity in small, 98 
circular sections of mouse retina. Multiple pharmacologic exposures can be delivered to the 99 
tissue during the course of a single recording because the system contains 4 injection ports for 100 
each sample well. Using this system with separate protocols optimized for ECAR and OCR 101 
recordings, the responses of wild-type retinas can be compared to retinas lacking transducin 102 
(Gnat1-/-), a cause of congenital stationary night blindness in humans14. 103 
 104 
PROTOCOL: 105 
 106 
Protocols followed the Association for Research in Vision and Ophthalmology Statement for the 107 
Use of Animals and were approved by Washington University. 108 
 109 
1. Animal Preparation 110 
 111 
1.1. Keep animals in standard housing with a 12 hours dark to 12 hours light cycle. Begin 112 
experiments at standardized times to avoid circadian effects, typically in the morning shortly 113 
after lights are turned on.  114 
 115 
2. Solution Preparation 116 
 117 
2.1. Prepare base media by dissolving 8.4 mg of powdered media in double-distilled H2O 118 
(ddH2O) and adjust pH to 7.4 with either HCl or NaOH, to a final volume of 1 L. Filter sterilize 119 
this solution with a 0.22 µm tissue culture filter. 120 
 121 
2.1.1. Add 1 M glucose and 100 mM sodium pyruvate to the media to achieve final 122 
concentrations of 5 mM glucose and 1 mM pyruvate. 123 
 124 
2.1.2. Place a 50 mL aliquot of the base media in a 37 °C water bath. 125 
 126 
2.2. Prepare lysis solution, for tissue quantitation at the end of the flux analysis, by adding tris 127 
base to 10 mM, polyethylene glycol tert-octylphenyl ether to 0.2% (v/v), and EDTA to 1 mM, all 128 
in ddH2O. Mix until all components completely dissolved and adjust pH to 8.0. 129 
 130 
2.3. For the mitochondrial stress protocol, prepare an 11 µM stock of oligomycin, an ATP 131 
Synthase inhibitor, dissolved in base media to target a final concentration of 1 µM in the well. 132 



  

Prepare an 11 µM stock of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an 133 
uncoupling agent, dissolved in base media to target a final concentration of 1 µM in the well. 134 
Prepare a cocktail of the electron transport chain inhibitors, rotenone and antimycin A (RAA) by 135 
adding rotenone to 11 µM and antimycin A to 22 µM, dissolved in base media to target a final 136 
concentration of 1 µM rotenone and 2 µM antimycin A in the well. 137 
  138 
2.4. For the glycolysis protocol, prepare a 220 mM stock of glucose dissolved in base media, to 139 
target a final concentration of 20 mM in the well. Also prepare a 1.1 M stock of 2-deoxyglucose 140 
(2-DG), a competitive inhibitor of glucose and glycolytic antagonist, by dissolving it in base 141 
media. This will target a final concentration of 100 mM 2-DG in the well. 142 
 143 
3. Instrument Calibration 144 
 145 
3.1. To calibrate the instrumentation for an extracellular flux assay, add 1 mL of calibration 146 
solution to each well of the sensor cartridge (24 wells total) and incubate at 37 °C in a CO2-free 147 
incubator overnight (or at least 8 h). 148 
 149 
3.2. Load additives for the mitochondrial stress protocol or the glycolysis protocol into each 150 
injector port, A through D, on the sensor cartridge, adjusting for volume changes in the well.  151 
 152 
Note: As an example, a typical assay would include 45 µL of an additive into the first injector 153 
port, 49.5 µL into the second, 54.5 µL into the third, and 60 µL into the last, assuming an initial 154 
well volume of 450 µL. 155 
 156 
3.3. During the first several experiments, load base media into port A to gauge how much tissue 157 
movement/artefact occurs after a port injection. 158 
 159 
3.4. Allow the loaded sensor plate to incubate at 37 °C in a non-CO2 incubator for at least 60 160 
min. 161 
 162 
4. Isolation of Fresh Mouse Retinal Tissue  163 
 164 
Note: This step is adapted from the technique of Dr. Barry Winkler15. 165 
 166 
4.1. After administering deep anesthesia using a standard ketamine/xylazine cocktail, euthanize 167 
mice by cervical dislocation. 168 
 169 
4.2. Use a pair of medium-sized curved forceps to grasp the posterior globe at the optic nerve 170 
and gently apply forward pressure to proptose the eye (Figure 1A). 171 
  172 
4.2.1. With a clean razor blade, create a limbus to limbus incision across the cornea using a 173 
single, deliberate pass of the blade. 174 
 175 



  

4.2.2. Using fine, angled McPherson-style forceps, pinch the posterior globe to express the lens 176 
and anterior hyaloid membranes out of the corneal incision. Discard these tissues. 177 
 178 
4.2.3. Repeat the pinching maneuver with forceps to express the neural retina. 179 
 180 
4.2.4 Using the forceps like a spoon to lift the retina, rather than to grasp the tissue, transfer 181 
the retina away from the corneal incision and place directly into warm media in a 3-cm dish or a 182 
6-well tissue culture cluster plate. 183 
  184 
4.3. Use two pairs of fine, angled McPherson-style forceps to gently dissect remaining vitreous 185 
from the retina. This is best done by grasping the vitreous at the periphery of the retinal cup 186 
and pulling towards the center, with a final disinsertion of the vitreous body from the center as 187 
a whole. Using the forceps, remove any residual retinal pigment epithelium from the 188 
photoreceptor surface of the retina. 189 
 190 
4.3.1. Cut a P1000 pipet tip with a razor blade to create a ~4 mm opening to prevent undue 191 
trauma to the delicate retinal tissue during transfer maneuvers. 192 
 193 
4.3.2. Transfer the isolated retinal tissue into fresh media using a cut P1000 pipet tip. 194 
 195 
4.3.3. Cut 1 mm punches of retina around the optic nerve with a 1 mm biopsy punch equipped 196 
with a plunger to dislodge the tissue in case it becomes lodged into the bore (Figure 1B). Set 197 
the retinal punches aside in clean media kept on a 37 °C block or heating pad.  198 
  199 
5. Assay Protocol 200 
 201 
5.1. Transfer individual punches to a 24-well islet capture microplate using a cut P1000 tip, 202 
aspirating 450 µL of media along with the tissue.  203 
 204 
5.2. Use fine, straight forceps to gently manipulate punches into the center of the microplate. 205 
Keep punches orientated in the same direction (e.g., ganglion cell side upwards). 206 
 207 
5.2.1. Rest the capture plate on a heating pad or heating block set to 37 °C as these steps are 208 
repeated for the remaining samples. 209 
 210 
Note: For each experiment, set aside 3-4 blank wells with 450 µL of base media to serve as 211 
negative controls. In the remaining 20-21 wells, test each biologic replicate in triplicate. 212 
Therefore, each 24-well plate will allow for recording from 6-7 different animals or treatment 213 
conditions.  214 
 215 
5.3. Avoiding air bubbles, gently position the islet capture mesh inserts into each well using 216 
forceps and secure the inserts with a metal plunger, or with a cut P1000 pipet tip (Figure 1C).  217 
 218 



  

Note: Avoid excessive tissue movement during this step to maintain retinal punch position 219 
within the center of the sample microchamber. Air bubbles severely distort OCR readings. 220 
Although the microchamber has adequate depth to accommodate typical mouse retina (Figure 221 
1C), occasionally machining-defects in the mesh inserts may cause tissues to become overly 222 
compressed during screen insertion. If this happens, simply make a note of the crushed tissue 223 
and exclude that sample from the final analysis. 224 
 225 
5.4. Incubate the tissue plate in a 37 °C CO2-free incubator for at least 60 min. 226 
  227 
5.5. Program the extracellular flux analyzer using Mix, Wait, Measure, and Repeat commands. 228 
As an example, a typical experiment with retinal tissue may include the following: Mix 2 229 
minutes, Wait 2 minutes, and Measure 5 minutes. Repeat the experiment with these three 230 
steps between 5-8 times (cycles) for a baseline recording, and after injection of each compound 231 
being tested during the run. 232 
 233 
5.6. Press the program START button on the extracellular flux analyzer and follow the 234 
instructions on the screen to insert the sensor cartridge for calibration.  235 
 236 
5.7. At the end of the calibration, follow instructions on the screen to replace the calibrant 237 
plate with the plate containing the retinal samples. 238 
 239 
5.8. Allow the program to run, as programmed. At the completion of the run, follow 240 
instructions on the screen to eject the tissue plate. View the results of the run and store the 241 
data file. 242 
  243 
5.9. With a bent 20 gauge needle and forceps, remove all mesh inserts from the wells, leaving 244 
the retinal punch behind. 245 
  246 
5.10. Carefully aspirate the media from the tissue and wash the tissue twice with 0.5 mL of cold 247 
phosphate-buffered saline (PBS). Aspirate the PBS after washing. 248 
 249 
5.11. Add 100 µL of lysis buffer to each well and pipet up and down to homogenize tissue. 250 
 251 
5.12 Quantitate input levels based on total double-stranded DNA (dsDNA) or total protein 252 
content.  253 
 254 
Note: The following is based on a commercially available dsDNA assay. 255 
 256 
5.13. Dilute lysed samples 1:1 by adding 100 µL of Tris-EDTA (TE) buffer and transfer 100 µL of 257 
the diluted sample to a 96 well plate. 258 
 259 
5.13.1. Add 100 µL of detection buffer into each well. After mixing for 2-5 minutes, quantitate 260 
fluorescence after excitation at 480 nm and emission at 520 nm, comparing to a standard 261 
curve.  262 



  

 263 
5.13.2. Normalize the raw extracellular flux tracing to DNA content within the well.  264 
 265 
Note: In the results presented here, samples are normalized to 50 ng dsDNA — a typical 266 
amount in a 1 mm retinal punch. Therefore, absolute values presented here may be compared 267 
to studies presenting data “per retinal punch”. Normalize tracings to an internal standard, such 268 
as the baseline run at a glucose concentration of 5 mM. 269 
 270 
REPRESENTATIVE RESULTS: 271 
Using the described techniques (summarized in Figure 1), retinal explants from 8 week-old wild 272 
type (WT) mice were compared to age- and background-matched transducin null mice (Gnat1-/-273 
). Because Gnat1-/- animals lack the machinery to close cyclic-nucleotide gated ion channels in 274 
response to light stimuli, their rod photoreceptors remain depolarized even in light14. The 275 
subsequent need to maintain potassium efflux would create a large ATP demand, resulting in 276 
bioenergetic strain. To determine if such shifts in energy demands would increase oxidative 277 
phosphorylation or glycolytic flux, tissues from wild type mice and Gnat1-/- mice were 278 
compared using the extracellular flux analyzer. At baseline, in the presence of 5 mM glucose 279 
and 1 mM pyruvate, retinal tissues from wild-type animals have similar rates of acid efflux 280 
compared to Gnat1-/- mutants. Similar patterns are seen after addition of 20 mM glucose and 281 
the glycolytic inhibitor 2-DG (Figure 2A). These data may also be mathematically transformed to 282 
represent fractional changes from baseline (Figure 2B), a format which may allow for better 283 
comparison between different experimental interventions.  284 
 285 
Absolute OCR at baseline is equivalent between WT and mutant retinal tissue (Figure 3A). The 286 
addition of 20 mM glucose increases mitochondrial respiration, but no change is observed 287 
between groups in terms of absolute quantification or in terms of change from baseline (Figure 288 
3B). The addition of 1mM FCCP (an uncoupling agent) to demonstrate maximal mitochondrial 289 
respiratory rates does not significantly increase OCR above the level seen with high glucose in 290 
WT or Gnat1-/- tissues. However, signals from both mice drastically drop after the addition of 291 
RAA cocktail.  292 
 293 
Ideally, extracellular flux experiments run in the presence of the ATP synthase inhibitor 294 
oligomycin aid in identifying sources of proton leak, occurring when movement through the 295 
electron transport chain is not associated with ATP production16. In retinal explants from 8 296 
week-old C57BL/6J mice, oligomycin treatment robustly lowers OCR, as expected (Figure 4). But 297 
subsequent addition of FCCP, to find maximal OCR, only nominally increases the OCR to about 298 
60% of baseline, consistent with a prior study11.  299 
 300 
The XF24 analyzer uses submersible probes that make a tight seal within the tissue well, 301 
creating a transient microenvironment for measurement of oxygen and acid flux. Positioning of 302 
retinal tissue in the well plate (in relation to the sensors) could potentially influence OCR 303 
recordings, and lead to unwanted confounders, and some reserachers have advocated placing 304 
retinal tissue directly underneath the oxygen sensor with the photoreceptor outer segments 305 
oriented toward the sensor11. To test the effects of retinal tissue position on OCR 306 



  

measurements, tissues from young C57BL/6J mice (8 weeks old) were analyzed in two 307 
orientations: retinal ganglion cells facing down onto the plate (i.e., photoreceptors placed 308 
upright closest to sensor) or facing up toward the sensor. No differences in relative OCR in 309 
response to FCCP or RAA were observed, indicating equivalent sensitivity for maximal and 310 
minimal mitochondrial respiratory rates in either orientation (Figure 5A). In addition, absolute 311 
OCR measurements were also equivalent between retinal tissues in either orientation (Figure 312 
5B).  313 
 314 
FIGURE AND TABLE LEGENDS:  315 
Figure 1: Isolation of retinal explant and setup into the extracellular flux analyzer. A. Isolation 316 
of the neural retina in situ by applying propulsive force on globe with forceps, incising the 317 
cornea, and removing retina after discarding lens and anterior hyaloid membranes. B. 318 
Preparation of tissue for flux recording with retinal punch creation, placement of individual 319 
punches into islet capture microplate, and use of a mesh insert to minimize tissue movement 320 
with microchambers (scale bars = 1 mm). C. A schematic, derived from manufacturer-provided 321 
data, showing the procedure outline and demonstrating that height of the microchamber is 322 
adequate to accommodate the murine retina.  323 
 324 
Figure 2: Mitochondrial stress analysis using explanted retina from 8 week-old animals. A.  325 
Averaged tracings with standard error of measurement (SEM), normalized to DNA content of 326 
the tissue, from an experiment optimized for oxygen consumption recordings, comparing 327 
transducin knockout animals (Gnat1-/-) to wild type controls. B. Same experiment with data 328 
transformed such that baseline recordings are set as the reference.  329 
 330 
Figure 3: Analysis of glycolytic rate using explanted retina from 8-week old animals. A. 331 
Averaged, DNA content-normalized, tracings from an experiment optimized for acid efflux 332 
recordings comparing transducin knockout animals (Gnat1-/-) to wild type controls. B. Data from 333 
the same experiment normalized to baseline recordings. Traces show mean ± SEM. 334 
 335 
Figure 4: Irreversible effects of oligomycin on retinal respiratory rates. In acutely prepared 336 
retinal explants from 8 week-old C57BL/6J mice, oligomycin treatment reduces the maximal 337 
OCR induced by subsequent addition of FCCP. Traces show mean ± SEM. 338 
 339 
Figure 5: Effects of tissue positioning on OCR measurement. Retinal tissues from 8 week-old 340 
C57BL/6J mice were placed in wells with ganglion cells facing toward the sensor (Ganglion Cells 341 
Up) or away from the sensor (Ganglion Cells Down). Between groups, similar extracellular flux 342 
recordings are observed in terms of (A) respiratory capacity relative to baseline or (B) in terms 343 
of absolute quantification. Traces show mean ± SEM. 344 
 345 
DISCUSSION: 346 
OCR and ECAR are readily measured in explanted retinal tissue using a bioanalyzer using the 347 
described techniques. This method departs from those of other groups in several critical steps. 348 
Retinal tissues are isolated through a large corneal incision without enucleating the globe, as 349 
originally described by Winkler15. This method of retinal isolation allows for a rapid transfer 350 



  

from the living eye into the tissue capture plate (often within 5 minutes). Tissues are kept at 37 351 
°C throughout the process, which preserves cellular respiration better than when they are 352 
placed on ice. Media with minimal additives are used for initial measurements, omitting any 353 
buffering agents such as HEPES or sodium bicarbonate, serum, or excess macronutrients, as this 354 
allows for more reliable measurements of basal energy metabolism and does not inhibit 355 
assessment of ECAR. Retinal punches are best recorded in a 24-well format, rather than in 96-356 
wells, to minimize trauma to the tissue. Retinal tissue is placed in the center of the well, within 357 
the tissue microchamber, and secured with a mesh insert. Doing so allows for accurate 358 
recording of ECAR and OCR, while preventing excessive tissue movement during the run, and 359 
eliminates the need for other reagents such as tissue adhesives. A vehicle injection during the 360 
run is recommended, especially when setting up recording experiments for the first time, as 361 
this will provide a sense of how well the tissue is secured within the capture plate. OCR 362 
recordings using this technique are independent of retinal orientation within the well, but the 363 
orientation must be kept consistent among samples within experiments. All measurements are 364 
taken only after retinal metabolism has reached steady state following injection of test 365 
compounds.  366 
 367 
This protocol describes normalization of data to total DNA content, as a proxy for cell number. 368 
Such a technique is advantageous because it will account for changes to cell number driven by 369 
variation in retinal thickness, punch size, or differences in cellularity between genetically 370 
dissimilar samples. Total protein-based normalization is also a reliable method, and has the 371 
advantage of minimizing differences in total mitochondrial mass between retinal samples. 372 
However, normalization based on protein content in whole tissue may be confounded by 373 
changes in extracellular matrix between samples. Normalization of flux recordings to the 374 
baseline, as shown in the representative results, is advantageous because it minimizes 375 
variability in retinal punch size between replicates and easily allows interpretation of changes 376 
due to pharmacologic interventions. However, reporting of raw values allows for better 377 
comparison between different experiments and for experiments performed using different flux 378 
recording methods. 379 
 380 
Results using these techniques are comparable to those reported elsewhere. Though 381 
oligomycin — an ATP synthase inhibitor — is typically used to measure proton leak within 382 
tissues or cells of interest, this compound has untoward effects on retinal metabolism. In the 383 
experiments reported here, a 60% decrease in maximal retinal OCR elicited by FCCP is observed 384 
after exposure to oligomycin (Figure 4), nearly identical to a previous study11. A potential 385 
explanation for this finding is irreversible damage or modification to retinal mitochondria by 386 
ATP synthase inhibition. Furthermore, as Kooragayala and colleagues first reported11, retinal 387 
mitochondria are likely operating at near maximal rates in basal conditions since an electron 388 
transport chain uncoupling agent, FCCP, only increases OCR by about 15% (Figure 3, Figure 5).  389 
 390 
Extracellular flux recordings in explanted retinal tissues demonstrate a large reserve glycolytic 391 
capacity, since the addition of 20 mM glucose elicits a two-fold increase in ECAR (Figure 2). 392 
Because oligomycin, usually used to gauge maximal glycolytic capacity, has deleterious effects 393 
in retinal tissue (Figure 4), the use of high glucose addition to the recording may serve as better 394 



  

proxy to gauge glycolytic reserve in the retina. An important caveat preventing the use of ECAR 395 
as a pure proxy for glycolytic rate is that CO2 liberated by the citric acid cycle can be a 396 
significant source of acid in cultured tissue17. Excess pyruvate does not increase ECAR above the 397 
levels elicited by high glucose, and glycolytic flux is nearly eliminated in retinal explants using 398 
excess molar ratios of 2-DG (Figure 2). Since ATP is used to regenerate membrane potential 399 
occurring from depolarization events in the dark-adapted retina, animals lacking transducin are 400 
expected to expend more energy than WT counterparts. However, in explants, differences in 401 
retinal energy metabolism between Gnat1-/- and controls were not seen in the experiments 402 
described here (Figures 2 and 3). These results are consistent with those obtained using a 403 
custom perfusion apparatus to measure OCR in Gnat1-/- animals18. Notably, the custom 404 
apparatus used by Du and colleagues allowed for measurement of OCR under light-adapted and 405 
dark adapted conditions. By doing so, a small but significant decrease in OCR after light 406 
exposure is detected in wild-type retinas, but not in Gnat1-/- retinas18. This illustrates a major 407 
limitation of the current technique in measuring ECAR and OCR in explanted retinas – the 408 
extracellular flux analyzer used here relies on visible light excitation of fluorophores embedded 409 
in its oxygen and pH sensors, eliminating the possibility of performing measurements in dark-410 
adapted tissues. Such measurements are highly relevant to visual physiology and will still 411 
require the use of older techniques designed exclusively for the study of retinal metabolism. 412 
 413 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Seahorse XF24 Extracellular Flux Analyzer Agilent, Santa Clara, CA

Seahorse XF24 Islet Capture FluxPak (includes: Islet Capture 

Microplate, Sensor Cartridge and Calibrant Solution) Agilent, Santa Clara, CA 101174-100

Includes islet capture 

microplate, sensor cartridge 

and calibrant solution

RPMI 1640 Media (Powdered medium) Millipore-Sigma R1383

RPMI 1640 Media with L-

Glutamine and without 

D-Glucose Millipore-Sigma G8270

1M D-Glucose filtered, for 

media preparation

Sodium pyruvate Corning 25000CI 100 mM sodium pyruvate

Antimycin-A Millipore-Sigma A8674

Mitochondrial stress 

protocol component

FCCP Millipore-Sigma C2920

Mitochondrial stress 

protocol component

Rotenone Millipore-Sigma R8875

Mitochondrial stress 

protocol component

2-deoxyglucose Millipore-Sigma D6134

Glycolysis protocol 

component

1 mm skin biopsy punches with plunger Integra-Miltex 33-31AA-P/25 Explanting retinal tissue tool

Dumont Mini-Forceps Straight Fine Science Tools 11200-10 Explanting retinal tissue tool

Dumont Medical #5/45 Forceps- Angled 45 degrees Fine Science Tools 11253-25 Explanting retinal tissue tool

Dumont #7 Forceps - Curved Fine Science Tools 11271-30 Explanting retinal tissue tool

Quant-iT Picogreen dsDNA Assay Kit Fisher Scientific P7589 Loading normalization assay

Trizma base (Tris base) Millipore-Sigma T6066 Component of lysis buffer

Triton X-100 (polyethylene glycol tert-octylphenyl ether) Millipore-Sigma X100 Component of lysis buffer

0.5M EDTA pH 8.0 Ambion AM9262 Component of lysis buffer

C57BL/6J mice Jackson Laboratories  Strain 000664 Animals

Gnat1 -/-  and background-matched Gnat1 +/+ 
Vladimir Kefalov, PhD; Washington University School of MedicineAnimals

Table of Materials Click here to download Table of Materials JoVE_Materials Retina Seahorse.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=878466&guid=c4909393-d029-457e-87b2-60f1657e127b&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=878466&guid=c4909393-d029-457e-87b2-60f1657e127b&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.

Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

Standard Access  Open Access
 
Item 2: Please select one of the following items: 

The Author is NOT a United States government employee. 

The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Re: Manuscript entitled “Measurement of energy metabolism in explanted retinal tissue using 
extracellular flux analysis.” 
 
Dear Colleagues, 
 
Thank you for the valuable feedback on our manuscript. We have addressed all concerns from the three 
peer reviewers as well as the editorial comments. The point-by-point rebuttal is pasted below. 
 
I appreciate your consideration of this work for publication in Journal of Visualized Experiments.  

 
Sincerely, 

 

Rithwick Rajagopal 
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POINT-BY-POINT REBUTTAL 

Comment Rebuttal Location in Revised 
Document 

Editorial Comments   

1. Please take this opportunity 
to thoroughly proofread the 
manuscript to ensure that 
there are no spelling or 
grammar issues. The JoVE 
editor will not copy-edit your 
manuscript and any errors in 
the submitted revision 
may be present in the 
published version. 

Thank you. Completed.  

2. Figures 2-5: Please define 

error bars in the figure legend. 

Completed.  Figure legends 2,3,4,5  

3. Please provide an email 

address for each author. 

Completed. Cover page 

4. 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 and Reagents. For 

example: Trizma, Triton, 

Integra Miltex, etc. 

Trademark language 
removed. 

Main protocol. Trade names 
moved to material list (Excel 
file). 

5. Please adjust the numbering 

of the Protocol to follow the 

JoVE Instructions for Authors. 

For example, 1 

should be followed by 1.1 and 

then 1.1.1 and 1.1.2 if 

necessary. Please refrain from 

using bullets, dashes, or 

indentations. 

Completed. The protocol 
section was revised to match 
this formatting.  

 

6. Please revise the protocol 

text to avoid the use of any 

personal pronouns (e.g., "we", 

"you", "our" etc.). 

Completed.  Introduction and discussion 
was revised to remove 
personal pronouns. 

7. Please revise the protocol to 

contain only action items that 

direct the reader to do 

something (e.g., “Do this,” 

The term “should be” was 
identified in several instances 
within the discussion and all 
instances were revised. 

Discussion, lines 3017 and 
317. 



“Ensure that,” etc.). The 

actions should be described in 

the imperative tense in 

complete sentences wherever 

possible. Avoid usage of 

phrases such as “could be,” 

“should be,” and “would be” 

throughout the Protocol. Any 

text that cannot be written in 

the imperative tense may be 

added as a “Note.” Please 

include all safety 

procedures and use of hoods, 

etc. Please move the 

discussion about the protocol 

to the Discussion. 

 
Imperative tense is used in 
the revision. 

8. Please add more details to 

your protocol steps. There 

should be enough detail in 

each step to supplement the 

actions seen in the video so 

that viewers can easily 

replicate the protocol. 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. 

These points have been 
addressed in a revised 
protocol that incorporates 
several editorial comments. 

Protocol, lines 103-224. 

9. Lines 98-100: Please move 

materials information to the 

Table of Materials. 

Completed. Materials supplement. 

10. Line 106: Please specify 

which powder. What is used to 

adjust the pH? Please spell out 

ddH2O. 

Both points have been 
addressed. 

Protocol, lines 112-113 

11. Lines 109 and 111: These 

steps as written are unclear. 

Please revise. For instance, 

adding 1 M stock of 

what? 

These points have been 
addressed in a revised 
protocol that incorporates 
several editorial comments.  

Protocol, lines 115-117 

12. Line 120: What is used to 

adjust the pH? 

HCl or NaOH. Text Added Protocol, line 112 

13. Lines 125-136: Please 

write the text in the imperative 

tense in complete sentences. 

These points have been 
addressed in a revised 
protocol that incorporates 
several editorial comments. 

Protocol, 123-133 

14. Please do not include Note 

as a separate step. 

Completed and revised. Protocol, line 140-142, 180-
183, 186-191  

15. After you have made all 

the recommended changes to 

your protocol (listed above), 

Completed.  Protocol, highlighted text. 



please highlight 2.75 

pages or less 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. 

16. 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 

imperative tense. Please do 

not highlight any steps 

describing 

anesthetization and 

euthanasia. 

17. Please include all relevant 

details that are required to 

perform the step in the 

highlighting. For example: If 

step 2.5 is highlighted for 

filming and the details of how 

to perform the step are given 

in steps 2.5.1 and 2.5.2, 

then the sub-steps where the 

details are provided must be 

highlighted. 

Completed.  Protocol, highlighted text. 

18. As we are a methods 

journal, please revise the 

Discussion to explicitly cover 

the following in detail in 3-6 

paragraphs with citations: 

a) Critical steps within the 

protocol 

b) Any modifications and 

troubleshooting of the 

technique 

c) Any limitations of the 

technique 

d) The significance with 

respect to existing methods 

e) Any future applications of 

the technique 

The discussion section was 
modified to incorporate these 
changes and the changes 
suggested by reviewer 3.  

Discussion, lines 227-264.  

19. Please ensure that the 

references appear as the 

following: [Lastname, F.I., 

LastName, F.I., LastName, 

Completed References 



F.I. 

Article Title. Source. Volume 

(Issue), FirstPage – LastPage 

(YEAR).] For more than 6 

authors, list only the first 

author then et al. 

20. References: Please do not 

abbreviate journal titles. 

Please include volume and 

issue numbers for all 

references. 

Completed References 

REVIEWER 1   

1. Line 106 "Dissolve powder 

…" . Which powder ? 

The protocol revised to clarify 
this ambiguity. 

The protocol now reads: “2.1. 
Prepare base media by 
dissolving 8.4 mg of powdered 
media in double-distilled H20, 
and adjust pH to 7.4 with 
either HCl or NaOH, to final 
volume of 1 L. Filter sterilize 
this solution with a 0.22 µm 
tissue culture filter.” 

2. Line 111 What is the stock 

concentration pyruvate? 

Corrected The new protocol reads: “Add 
1 M glucose and 100 mM 
sodium pyruvate to the media 
to achieve final concentration 
of 5 mM glucose and 1 mM 
pyruvate.” 

3. The first letter of catalog 

number for 2-deoxyglucose is 

illegible. 

This has been corrected as 
well.  

The new materials list has the 
catalog number from Sigma: "
 D6134" 

REVIEWER 2   

Though the authors explains 

their technique very well and 

but the fact that their method 

used, doesn't provide 

any extra added information 

about how the Gnat1 gene 

would be responsible in retinal 

energy metabolism. 

This is an excellent point. We 
agree that the negative results 
for the Gnat1 tissues do not 
provide any additional insight 
into this gene on retinal 
bioenergetics. However, the 
contrast between our 
measurements and those 
made by Du et al (JBC 2016) 
using a custom-made 
perfusion apparatus point out 
an important limitation in the 
use of commercially-available 
extracellular flux analyzers: 
that light-induced changes in 
retinal energy metabolism 
cannot be reliably recorded. 
For this reason, we would like 
to leave the results included – 
in order to highlight the 
limitation of this protocol. 
However the manuscript was 
modified to provide additional 
details about why one would 

See answer to comment 
below. 



expect a change in 
bioenergetic demand in these 
animals. 

Minor concern is that authors 

should include more of 

description about Gnat1 gene 

and how this protein is 

associated with retinal 

metabolism. 

We agree, and have 
expanded our description of 
this gene in the 
Representative Results 
section. 

These sentences were 
added/modified in the Results 
section: 
“Because Gnat1-/- animals 
lack the machinery to close 
cyclic-nucleotide gated ion 
channels in response to light 
stimuli, their rod 
photoreceptors remain 
depolarized even in light14. 
The subsequent need to 
maintain potassium efflux 
would create a large ATP 
demand, resulting in 
bioenergetic strain. To 
determine if such shifts in 
energy demands would 
increase oxidative 
phosphorylation or glycolytic 
flux, tissues from wild type 
mice and Gnat1-/- mice were 
compared using the 
extracellular flux analyzer.” 

REVIEWER 3   

There are no major concerns 

with the manuscript, and only 

minor concerns with regards 

to data analysis and 

interpretation exist and are 

listed below. Many of these 

comments are addressed in 

"Analysis and interpretation 

of microplate-based oxygen 

consumption and pH data" by 

Divakaruni...and Jastroch 

(PMID:25416364). 

The paper suggested by this 
reviewer is highly relevant to 
the content of this manuscript 
and to the overall goal of the 
protocol we describe. The 
descriptions of the caveats of 
extracellular flux recording 
using XF Analyzers is 
exceptional and was 
enlightening to read. We have 
added this reference to our 
bibliography and have used it 
as a guide to describe 
limitations of our own 
technique.  
 

 

(1) Lines 46 & 71: Any 

references to energy 

generation or consumption 

should be avoided, and 

replaced with 

energy transduction or ATP 

generation/consumption. 

This is an important 
distinction, and we appreciate 
the correction. In both 
instances, phrases were 
modified as suggested.  

Introduction 

(2) Line 54: Although it was 

previously noted that the 

retina was the only post-

mitotic tissue capable of 

aerobic 

This point is also well-taken, 
and we have made the 
suggested addendum. 

The following phrase was 
added to the introduction, 
immediately following the 
sentence highlighted by this 
reviewer: 



glycolysis, a comment should 

be made regarding how it is 

now clear most all tissues sit 

on a continuum of 

oxidative phosphorylation and 

glycolysis, even many post-

mitotic cells & tissues. 

“Since those initial 
observations, many post-
mitotic tissues have been 
described to engage in 
varying degrees of glycolysis 
in additional to oxidative 
phosphorylation to meet their 
ATP demands.” 

(3) Line 245: It is unclear why 

the authors choose to 

normalize to total DNA 

content over protein. A 

discussion 

about the relative merits and 

drawbacks of each 

normalization method should 

be addressed. 

We have now added 
discussion around this choice 
of normalization to the 
manuscript. 

In the discussion: 
“This protocol describes 
normalization of data to total 
DNA content, as a proxy for 
cell number. Such a technique 
is advantageous because it 
will account for changes to 
cell number driven by 
variation in retinal thickness, 
punch size, or differences in 
cellularity between genetically 
dissimilar samples. However, 
total protein-based 
normalization is also a reliable 
method, and has the 
advantage of minimizing 
differences in total 
mitochondrial mass between 
retinal samples.   

(4) Line 263: The drawbacks 

of measuring the fractional 

changes from "baselined" data 

between groups should 

be mentioned in addition to 

the benefits 

These points were also added 
to the discussion. 

To the discussion, the 
following was added: 
“Normalization of flux 
recordings to the baseline, as 
shown in the representative 
results, is advantageous 
because it minimizes 
variability in retinal punch size 
between replicates and easily 
allows interpretation of 
changes due to 
pharmacologic interventions. 
However, reporting of raw 
values allows for better 
comparison between different 
experiments and for 
experiments performed using 
different flux recording 
methods.” 

(5) Line 314: It is not stated 

whether the authors have 

titrated the FCCP 

concentration to arrive at 1 

uM. It is 

possible that a rate close to the 

basal rate of metabolism can 

be achieved with a different 

concentration of FCCP 

Interestingly, we and others 
have attempted titration of 
FCCP to high doses, and 
used other uncouplers (such 
as BAM15) without any 
observable change in retinal 
OCR. These findings 
(including titration of the 
uncoupler) are extensively 
discussed in Kooragayala et 

 



after oligomycin injection? 

Additionally, if the maximal 

respiratory rate cannot be 

measured in the presence of 

oligomycin, the authors should 

note that addition of FCCP 

without ATP synthase 

inhibition may create an 

unsustainable ATP demand 

from mitochondrial hydrolysis 

of ATP by the ATP synthase. 

al. IOVS 2013, which is a 
reference in our bibliography. 

(6) Line 330: It is well 

established that in 3D cultures 

CO2 evolved from the TCA 

cycle can be a dominant 

source of medium 

acidification (addressed in 

PMID:25416364). This caveat 

should be addressed in the 

discussion of ECAR 

measurements in retinal 

explants. 

We have addressed this 
important caveat in the 
revised version of the 
discussion. 
 
The reference suggested by 
this reviewer was also added, 
as mentioned before. 

To the discussion, the 
following lines were included: 
“An important caveat 
preventing the use of ECAR 
as a pure proxy for glycolytic 
rate is that CO2 liberated by 
the citric acid cycle can be a 
significant source of acid in 
cultured tissue17.” 

(7) The oligomycin-

independent respiratory rate in 

Figure 4 does not appear to 

reach steady-state (likely due 

to 

the time required for 

penetration of the drug into 

the core of the explant). It 

should be noted that all 

measurements should be made 

at steady-state whenever 

possible. 

We agree that this 
representative figure appears 
not to allow oligomycin-
independent respiration to 
reach steady state. However, 
our group has observed an 
oligomycin-dependent 
mitochondrial toxicity that 
appears to be specific to 
retinal mitochondria. This is 
similar to observations of Dr. 
Anand Swaroop’s group at the 
National Eye Institute 
(Kooragayala et al, IOVS, 
2013). Therefore, the lack of 
drop to steady state may be 
due to progressive toxicity, 
rather than tissue penetrance. 
Nevertheless, the point about 
allowing compounds to reach 
steady-state is well-taken and 
has been amended to the 
revision.  

To the discussion: 
“All measurements are taken 
only after retinal metabolism 
has reached steady-state 
following injection of test 
compounds.” 

 

 


