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SUMMARY:  19 

We describe the application of an extracellular flux analyzer to monitor real-time changes in 20 

glycolysis and oxidative phosphorylation during mouse sperm capacitation.  21 

 22 

ABSTRACT:  23 

Mammalian sperm acquire fertilization capacity in the female reproductive tract in a process 24 

known as capacitation. Capacitation-associated processes require energy. There remains an 25 

ongoing debate about the sources generating the ATP which fuels sperm progressive motility, 26 

capacitation, hyperactivation, and acrosome reaction. Here, we describe the application of an 27 

extracellular flux analyzer as a tool to analyze changes in energy metabolism during mouse sperm 28 

capacitation. Using H+- and O2- sensitive fluorophores, this method allows monitoring glycolysis 29 

and oxidative phosphorylation in real-time in non-capacitated versus capacitating sperm. Using 30 

this assay in the presence of different energy substrates and/or pharmacological activators 31 

and/or inhibitors can provide important insights into the contribution of different metabolic 32 

pathways and the intersection between signaling cascades and metabolism during sperm 33 

capacitation. 34 

 35 

INTRODUCTION:  36 

The application of mass spectrometry has revolutionized the study of metabolism. Targeted 37 

metabolic profiling and metabolomic tracing allow precise monitoring of changes in energy 38 

metabolism. However, performing metabolomics successfully requires extensive training, 39 

experienced staff, and expensive, highly sensitive mass spectrometers not readily available to 40 

every laboratory. In recent years, using an extracellular flux analyzer, such as the Seahorse XFe96 41 

has grown popular as a surrogate method for measuring changes in energy metabolism in various 42 

cell types1-5. 43 

 44 
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Sperm are highly specialized motile cells; whose task is to deliver the paternal genome to the 45 

oocyte. Sperm leaving the male reproductive tract after ejaculation are still functionally 46 

immature and cannot fertilize the oocyte because they are unable to penetrate the oocytes` 47 

vestments. Sperm acquire fertilization competence as they transit through the female 48 

reproductive tract in a maturation process known as capacitation6,7. Freshly ejaculated sperm or 49 

sperm dissected from the cauda epididymis can be capacitated in vitro by incubation in defined 50 

capacitation media containing Ca2+, bicarbonate (HCO3
-) or a cell-permeable cAMP analog (e.g., 51 

dibutyryl-cAMP), a cholesterol acceptor (e.g., bovine serum albumin, BSA), and an energy source 52 

(e.g., glucose). During capacitation, sperm modify their motility pattern into an asymmetric 53 

flagellar beat, representing a swimming mode called hyperactivation8,9, and they become 54 

competent to undergo the acrosome reaction7, where proteolytic enzymes are released that 55 

digest the oocytes` vestments. These processes require energy, and similar to somatic cells, 56 

sperm generate ATP and other high energy compounds via glycolysis as well as mitochondrial 57 

TCA cycle and oxidative phosphorylation (oxphos)10. While multiple studies demonstrate that 58 

glycolysis is necessary and sufficient to support sperm capacitation11-14, the contribution of 59 

oxphos is less clear. Contrary to other cell types where glycolysis is physically coupled to the TCA 60 

cycle, sperm are highly compartmentalized and are thought to maintain these processes in 61 

separate flagellar compartments: the midpiece concentrates the mitochondrial machinery, 62 

whereas the key enzymes of glycolysis appear to be restricted to the principal piece15-16. This 63 

compartmentalization results in an ongoing debate about whether pyruvate produced in the 64 

principal piece by glycolysis can support mitochondrial oxphos in the midpiece, and whether ATP 65 

produced by oxphos in the midpiece would be able to diffuse sufficiently rapidly along the length 66 

of the flagellum to support the energy requirements in distal parts of the principal piece17-19. 67 

There is also support of a role for oxphos in sperm capacitation. Not only is oxphos more 68 

energetically favorable than glycolysis, generating 16 times more ATP than glycolysis, but 69 

midpiece volume and mitochondrial content are directly correlated with reproductive fitness in 70 

mammalian species which exhibit greater degrees of competition between males for mates20. 71 

Addressing these questions requires methods for examining the relative contributions of 72 

glycolysis and oxphos during sperm capacitation. 73 

 74 

Tourmente et al. applied a 24-well extracellular flux analyzer to compare the energy metabolism 75 

of closely related mouse species with significantly different sperm performance parameters21. 76 

Instead of reporting the basal ECAR and OCR values of non-capacitated sperm, here, we adapt 77 

their method using a 96-well extracellular flux analyzer to monitor changes in energy metabolism 78 

during mouse sperm capacitation in real-time. We developed a method that allows 79 

simultaneously monitoring glycolysis and oxphos in real-time in sperm with beating flagella in up 80 

to twelve different experimental conditions by measuring the flux of oxygen (O2) and protons 81 

(H+) (Figure 1A). Due to the breakdown of pyruvate to lactate during glycolysis and the production 82 

of CO2 via the TCA-cycle, non-capacitated and capacitated sperm extrude H+ into the assay media 83 

which are detected by the  extracellular flux analyzer via H+-sensitive fluorophores immobilized 84 

to the probe tip of a sensor cartridge. In parallel, O2 consumption by oxidative phosphorylation 85 

is detected via O2-sensitive fluorophores immobilized to the same probe tip (Figure 1B). Effective 86 

detection of the released H+ and consumed O2 requires a modified sperm buffer with low 87 

buffering capacity without bicarbonate or phenol red. Thus, to induce capacitation in the absence 88 



   

of bicarbonate, we adopted the use of a cell-permeable cAMP analog injected together with the 89 

broad-range PDE inhibitor IBMX22. Three additional independent injection ports allow the 90 

injection of pharmacological activators and/or inhibitors, which facilitates real-time detection of 91 

changes in cellular respiration and glycolysis rate due to experimental manipulation.  92 

 93 

PROTOCOL:  94 

 95 

Sperm are collected from 8-16-week-old CD-1 male mice. Animal experiments were approved by 96 

Weill Cornell Medicine’s Institutional Animal Care and Use Committee (IACUC). 97 

 98 

1. Day prior to assay 99 

 100 

1.1. Preparation of sensor cartridge and extracellular flux analyzer calibrant 101 

 102 

1.1.1. To hydrate the sensor cartridge, remove the sensor cartridge from the XFe96 Extracellular 103 

Flux Assay Kit and place the sensor cartridge upside down next to the utility plate. 104 

 105 

1.1.2. Fill a solution reservoir with 25 mL of double-distilled H2O using a multichannel pipette, 106 

add 200 µL of H2O to each well of the utility plate. Place the sensor cartridge back into the utility 107 

plate and incubate overnight in a 37 °C non-CO2 incubator. 108 

 109 

NOTE: Cartridge needs to be hydrated for at least 4 h. 110 

 111 

1.1.3. Aliquot 25 mL of the extracellular flux analyzer calibrant into a 50 mL conical tube and 112 

incubate it overnight in a 37 °C non-CO2 incubator. 113 

 114 

1.2. Preparation of ConA-coated microplates 115 

 116 

1.2.1. Dissolve 2.5 mg of ConA in 5 mL of double-distilled H2O to prepare a 0.5 mg/mL (w/v) 117 

stock. 118 

 119 

1.2.2. Using a multichannel pipette, fill each well of an extracellular flux analyzer 96-well plate 120 

with 50 µL of the 0.5 mg/mL Con A solution. Leave the lid open and let the plate dry overnight at 121 

room temperature. 122 

 123 

NOTE: Multiple plates can be coated at once and stored at 4 °C for up to four weeks until ready 124 

for use. 125 

 126 

1.3. Preparation of sperm buffer. Prepare 250 mL of extracellular flux analyzer TYH buffer 127 

with low HEPES containing 138 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM 128 

MgSO4, 5.6 mM glucose, and 1 mM HEPES. Heat the buffer to 37 °C and adjust the pH to 7.4. 129 

 130 

2. Day of the assay 131 

 132 



   

2.1. Preparation for cartridge calibration. Replace the H2O in the utility plate with 200 µL of 133 

XF calibrant per well and incubate for at least 1 h in a non-CO2 37 °C incubator. 134 

 135 

NOTE: Instead of calibrant, sterile-filtered PBS, pH 7.4 can be used. 136 

 137 

2.2. Heat 50 mL of TYH buffer at 37 °C. 138 

 139 

2.3. Generating a wave template for the extracellular flux analyzer 140 

 141 

2.3.1. Turn the extracellular flux analyzer on and allow the temperature to stabilize to 37 °C. 142 

 143 

2.3.2. Open the wave software and design a new template by opening a blank template (see 144 

Supplemental File 1, wave template). 145 

 146 

2.3.3. Open the Group definitions tab. Define assay media as TYH; pH 7.4 and cell type as mouse 147 

sperm, leave injection strategies and pretreatments blank. Create different groups for each assay 148 

condition; in this example, there are 6 different groups (TYH, TYH + db-cAMP/IBMX, 2-DG, 2-DG 149 

+ db-cAMP/IBMX, Ant/Rot, Ant/Rot + db-cAMP/IBMX); dibutyryl cAMP (db-cAMP) and 3-150 

Isobutyl-1-methylxanthine (IBMX) to induce capacitation, 2-deoxyglucose (2-DG) as glycolysis 151 

inhibitor, antimycin A (antA) and rotenone (rot) as inhibitor of complex III and complex I of the 152 

electron transport chain. 153 

 154 

NOTE: To account for variability between wells, at least 7-8 wells per condition should be 155 

measured in parallel. 156 

 157 

2.3.4. Open the Plate map tab and define the plate map by assigning groups to specific wells. 158 

 159 

NOTE: The four corner wells (A1, A12, H1, H12) will be filled with TYH buffer (no sperm) and will 160 

later be used for background subtraction.  161 

 162 

2.3.5. Open the Protocol tab, add 4 different measurement cycles, select the respective port 163 

and edit the measurement details (Figure 2, Table 1). Highlight measure after injection and do 164 

not highlight equilibrate. 165 

 166 

2.3.6. Save the assay template, fill out the project summary and define the saving location for 167 

the results file. 168 

 169 

2.4. Preparation of compounds to load into sensor cartridge 170 

 171 

2.4.1. Prepare 2 mL of 50 mM db-cAMP by dissolving 9.8 mg of compound in TYH buffer and 172 

add IBMX to a final concentration of 5 mM. 173 

 174 



   

NOTE: IBMX has the tendency to precipitate after being diluted in TYH buffer. Precipitates can be 175 

dissolved by vortexing and incubating the TYH/db-cAMP/IBMX solution in a 37 °C heat block for 176 

5 min. 177 

 178 

2.4.2. Prepare 1 mL of 500 mM 2-DG by dissolving 82.1 mg of compound in TYH buffer.  179 

 180 

2.4.3. Prepare 1 mL of 5 µM of AntA/Rot by diluting both drugs in TYH buffer. 181 

 182 

NOTE: Compounds are diluted 10-fold by injection into the extracellular flux analyzer cartridge; 183 

therefore, be sure that injection solutions are 10x more concentrated. 184 

 185 

2.5. Isolation of mouse sperm 186 

 187 

2.5.1. Anesthetize 3 male mice between 8 and 16 weeks by isoflurane and sacrifice the mice by 188 

cervical dislocation after no response to toe pinching was detected. Remove the cauda 189 

epididymides and vasa deferentia. 190 

 191 

2.5.2. Place each cauda in 500 µL of prewarmed TYH buffer in 24-well plate well, immobilize the 192 

cauda to the bottom of the plate using a pair of forceps and open the tissue by making 5-7 small 193 

incisions with feather scissors. 194 

 195 

2.5.3. Transfer the plate immediately into a non-CO2 37 °C incubator and let the sperm disperse 196 

for 15 min. 197 

 198 

2.6. Loading of the sensor cartridge 199 

 200 

2.6.1. Two port-loading guides for port A and D and port B and C are provided in the Extracellular 201 

Flux kit. For loading a specific port, remove the lid from the sensor cartridge and align the letter 202 

of the respective port loading guide with the upper left corner of the cartridge. While injecting, 203 

use the fingertips of the non-injecting hand to hold the port loading guide in place and insert the 204 

pipette tips vertically into the port loading guide holes.  205 

 206 

2.6.2. Port A: Using a multichannel pipette, inject 20 µL of the TYH buffer into every column.  207 

 208 

2.6.3. Port B: Inject 22 µL of TYH buffer into column 1-4, inject 22 µL of 500 mM 2-DG into 209 

column 5-8, and 25 µL of 5 µM AntA/Rot into column 9-12. 210 

 211 

2.6.4. Port C: Inject 25 µL of TYH buffer into every column with odd numbers, inject 25 µL of 10 212 

mM db-cAMP/ 500 µM IBMX into every column with even numbers. 213 

 214 

2.6.5. Place the sensor cartridge with the calibration plate into the extracellular flux analyzer 215 

and start the assay. Calibration takes 10 – 15 min. 216 

 217 

2.7. Preparation of sperm plates 218 



   

 219 

2.7.1. Dissolve 45 mg of BSA in 15 mL of TYH buffer (3 mg/mL w/v) and prepare three aliquots 220 

of 3 mL BSA/TYH solution each in 5 mL centrifuge tubes. 221 

 222 

2.7.2. Combine two sperm wells each in one 1.5 mL centrifuge tube, count the sperm using a 223 

hematocytometer and dilute the sperm to a concentration of 2 x 107 sperm/mL.  224 

 225 

NOTE: Use cut pipette tips for pipetting sperm to avoid damaging the cells. 226 

 227 

2.7.3. Centrifuge the sperm for 3 min at 700 x g, remove the supernatant and add 1 mL of TYH 228 

buffer. Repeat the centrifugation step, remove the supernatant, and transfer each sperm 229 

suspension aliquot into one 5 mL centrifuge tube with 3 mL of BSA/TYH. 230 

 231 

2.7.4. Place 180 µL of TYH buffer into each corner well (A1, A12, H1, H12) of a ConA-coated 232 

plate. Place 180 µL of sperm suspension into each empty well of the ConA-coated plate (1.2 x 106 233 

sperm/well).  234 

 235 

2.7.5. Centrifuge the sperm plate at 250 x g for 1 min, rotate the plate by 180°, and centrifuge 236 

again at 250 x g for 1 min (lowest braking rate 1). 237 

 238 

2.7.6. Remove the calibration plate from the extracellular flux analyzer and add the sperm plate. 239 

Continue the assay. 240 

 241 

2.8. Data extraction and analysis 242 

 243 

2.8.1. After finishing the assay, remove the cartridge, open the results file, click the Export tab 244 

and export the completed run as a GraphPad Prism file (Supplemental File 2: Primary example 245 

data used for Figure 3). 246 

 247 

2.8.2. Duplicate the ECAR and OCR file by clicking on the New tab and then the Duplicate 248 

Family… tab (Figure 3A). 249 

 250 

2.8.3. Delete the first 7 rows of data (Figure 3B).  251 

 252 

2.8.4. Normalize to the data point before the cAMP/IBMX injection by baseline subtracting row 253 

1. Click on the Analyze tab, then on the Remove baseline and column math tab. Highlight 254 

Selected row(s): First Row, Calculation: Ratio:Value/Baseline, and Subcolumns: Ignore 255 

Subcolumn. Click OK (Figure 3C). 256 

 257 

REPRESENTATIVE RESULTS:  258 

This method uses an extracellular flux analyzer to monitor real-time changes in the rate of 259 

glycolysis and oxphos during mouse sperm capacitation. Figure 4 shows an exemplary 260 

experiment where sperm were capacitated in the presence of glucose as the only energy 261 

substrate and 2-DG and antimycin and rotenone as pharmacological modulators. The energy 262 



   

substrate in the extracellular flux analyzer TYH buffer and the pharmacological modulators can 263 

be freely selected depending on the goal of the experiment. Non-capacitated mouse sperm in 264 

BSA/TYH were attached to the bottom of a ConA-coated transient microchamber via their head. 265 

In this example, basal ECAR and OCR values on average between all the detected wells were 266 

12.76 ± 2.75 mpH/min and 23.64 ± 2.78 pmol/min, respectively. 267 

 268 

After a mock injection with TYH buffer, followed by injection of 2-DG and ant/rot to inhibit 269 

glycolysis and oxidative phosphorylation, respectively, sperm capacitation was induced by 270 

injection of db-cAMP/IBMX.  271 

 272 

The representative results show that in the presence of glucose, capacitation is accompanied by 273 

a 7-fold increase in Extracellular Acidification Rate (ECAR), which is inhibited by blocking glycolysis 274 

with 2-DG (Figure 4A). Capacitated sperm show a 20-fold increase in Oxygen Consumption Rate 275 

(OCR) compared to non-capacitated sperm (Figure 4B), demonstrating that mouse sperm 276 

enhance both glycolysis and oxidative phosphorylation to support the increasing energy demand 277 

during capacitation. The rise in ECAR during sperm capacitation is inhibited by the glycolysis 278 

inhibitor 2-DG, but not affected by the oxidative phosphorylation inhibitors antimycin A and 279 

rotenone (Figure 4C), indicating that the change in ECAR is mainly driven by H+ release from 280 

glycolysis. The increase in OCR is, as expected, blocked by antimycin A and rotenone (Figure 4D), 281 

but it is also inhibited by 2-DG (Figure 4B) revealing that the increase in oxphos during sperm 282 

capacitation is dependent on glycolytic activity.  283 

 284 

FIGURE AND TABLE LEGENDS:  285 

Figure 1: Principle of the extracellular flux analyzer. (A) Due to the breakdown of glucose to 286 

lactate during glycolysis and the generation of CO2 via the TCA cycle, changes in glycolysis and 287 

oxphos are accompanied by H+ excretion into the extracellular media. The XFe96 Analyzer detects 288 

these changes in extracellular H+ concentration as ECAR. In parallel, changes in extracellular O2 289 

concentration due to O2 consumption by oxidative phosphorylation is measured as OCR. Blocking 290 

glycolysis with 2-deoxyglucose (2-DG) or respiration with the complex I and complex III inhibitors 291 

rotenone and antimycin A reveals which metabolic pathways support the increasing energy 292 

demand during sperm capacitation. (B) Mouse sperm are attached via their heads to the bottom 293 

of a ConA-coated microchamber; their flagella are freely moving. While changes in the 294 

extracellular H+ and O2 concentration are detected by H+- and O2-sensitive fluorophores 295 

immobilized to a sensor probe, up to four different compounds can be injected sequentially.  296 

 297 

Figure 2: Schematic representation of the exemplary experiment. Changes in ECAR (mpH/min) 298 

and OCR (pmol O2/min) are detected in non-capacitated and capacitating sperm using an 299 

extracellular flux analyzer. Cycle 1: Basal ECAR and OCR values. Cycles 2-5: System stabilization 300 

after TYH mock injection. Cycles 6-8: Drug incubation. Cycles 9-27: Sperm capacitation. Arrows 301 

indicate injections. 2-DG: final concentration 50 mM, AntA/Rot: final concentration 0.5 µM, db-302 

cAMP: final concentration 1 mM, IBMX: final concentration 500 µM. 303 
 304 

Figure 3: Data analysis. (A) Raw data of changes in ECAR during mouse sperm capacitation. (B) 305 

Data after removal of the first 7 data points. (C) Data normalized to the data point before 306 



   

cAMP/IBMX injection. Data is shown as mean of 7-8 wells ± S.E.M. Injections are indicated with 307 

an arrow. 308 
 309 

Figure 4: Changes in glycolysis and oxidative phosphorylation during mouse sperm 310 

capacitation. (A) Normalized ECAR in non-capacitated and capacitating mouse sperm in the 311 

presence and absence of 50 mM 2-DG. (B) Normalized OCR in non-capacitated and capacitating 312 

mouse sperm in the presence and absence of 50 mM 2-DG. (C) Normalized ECAR in non-313 

capacitated and capacitating mouse sperm in the presence and absence of 0.5 µM antimycin A 314 

and rotenone. (D) Normalized OCR in non-capacitated and capacitating mouse sperm in the 315 

presence and absence of 0.5 µM antimycin A and rotenone. Data is shown as mean ± S.E.M 316 

normalized to the data point before db-cAMP/IBMX injection; n = 6. Injections are indicated with 317 

an arrow. 318 

 319 

Table 1: Measurement Details 320 

 321 

Supplemental Figure 1: Capacitation of mouse sperm in extracellular flux analyzer TYH buffer. 322 

Phosphorylation of tyrosine residues of mouse sperm detected at different time points during 323 

capacitation (0 – 90 min) after incubation in (A) TYH with 25 mM HCO3
-, 3 mg/mL BSA and 20 mM 324 

HEPES or in (B) Extracellular flux analyzer TYH with 5 mM db-cAMP, 500 µM IBMX, and 1 mM 325 

HEPES, detected with an -phosphotyrosine antibody.  326 

 327 

Supplemental file 1: Wave assay template to detect changes in glycolysis and oxidative 328 

phosphorylation during mouse sperm capacitation. The wave desktop software can be 329 

downloaded for free after filling out a registration form (www.agilent.com/en/products/cell-330 

analysis/cell-analysis-software/data-analysis/wave-desktop-2-6) and installed on windows 7, 8 331 

or 10, Mac OSx 10.11 (or higher) with Parallels 12 (or higher). Thereby, wave templates can be 332 

generated independently from the extracellular flux analyzer, exported and then imported into 333 

the wave software of any extracellular flux analyzer. 334 

 335 

Supplemental file 2: Graph pad prism file exported from wave software with exemplary data 336 

analysis. 337 

 338 

DISCUSSION:  339 

The loss of sperm capacitation in the absence of certain metabolic substrates or critical metabolic 340 

enzymes revealed energy metabolism as a key factor supporting successful fertilization. A 341 

metabolic switch during cell activation is a well-established concept in other cell types, however, 342 

we are just beginning to understand how sperm adapt their metabolism to the increasing energy 343 

demand during capacitation. Using an extracellular flux analyzer, we developed an easily 344 

applicable tool to monitor changes in glycolysis and oxidative phosphorylation in real-time during 345 

sperm capacitation. The detection of changes in extracellular H+ and O2 with fluorophores 346 

immobilized to a sensor probe is minimally invasive and the four individually operated injection 347 

ports allow manipulation with pharmacological inhibitors or activators at distinct time points 348 

before or during the capacitation process. This protocol gives only one example of a mouse sperm 349 

capacitation experiment. To simplify the interpretation of the results we chose the show an 350 

http://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-analysis/wave-desktop-2-6
http://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-analysis/wave-desktop-2-6


   

exemplary experiment where glucose was used as the only energy source. The conditions are 351 

variable depending on the goal of the experiment, and up to 12 different conditions (i.e., different 352 

energy sources like glucose vs. glucose and pyruvate) can be measured in parallel. Additionally, 353 

four independent injection ports allow the injection of pharmacological activators and/or 354 

inhibitors at any desired time point before or during capacitation.  This opens the possibility to 355 

use the extracellular flux analyzer as a semi high-throughput screening device. Similar to mouse 356 

sperm, in other species like human or bovine it is still enigmatic how sperm change their 357 

metabolism during capacitation. The protocol can be easily adapted; thus, we recommend 358 

optimizing the sperm concentration each time before starting a real experiment. 359 

 360 

The protocol´s biggest limitation is that high-quality results can only be achieved in the absence 361 

of bicarbonate. Bicarbonate in seminal fluid is the physiological signal that initiates the sperm’s 362 

capacitation signaling cascade following ejaculation. Bicarbonate activates the soluble adenylyl 363 

cyclase (sAC; ADCY10), which catalyzes the conversion of ATP into cAMP23. The increase in cAMP 364 

then drives a signaling cascade mediated by Protein Kinase A, which ultimately leads to 365 

downstream tyrosine phosphorylation of target proteins (e.g., ion channels, metabolic enzymes, 366 

and structural proteins24,25). This restriction against bicarbonate is overcome by injecting the 367 

product of bicarbonate-activated sAC, cAMP. We use 5 mM of the cell-permeable cAMP analog 368 

db-cAMP in parallel with the broad-specificity phosphodiesterase inhibitor IBMX, which prevents 369 

rapid degradation of db-cAMP by phosphodiesterases. This combination effectively initiates the 370 

cAMP-regulated capacitation signaling pathway post sAC activation with a similar kinetic as 371 

bicarbonate (Supplementary Figure 1). In parallel to bicarbonate, a cholesterol acceptor (e.g., 372 

BSA) is used to in vitro capacitate freshly ejaculated sperm or sperm dissected from the cauda 373 

epididymis. Albumin cannot be injected because it clogs the injection port and, therefore, needs 374 

to be added to the sperm buffer before plating the cells. Performing the experiment in the 375 

presence or absence of BSA revealed that the increase in ECAR and OCR during sperm 376 

capacitation is independent of the cholesterol acceptor. However, the presence of BSA in the 377 

sperm buffer decreased fluctuations in the detected ECAR and OCR values between different 378 

wells and experiments; thus, we highly recommend including BSA in the sperm buffer to increase 379 

reproducibility. 380 

 381 

Isolating sperm from the cauda epididymis results in the contamination of sperm with epididymal 382 

fluid. To avoid artificial results due to seminal fluid components, we recommend washing sperm 383 

two times before using them for an experiment. Sperm concentration and plating is another 384 

critical factor determining the success of the experiment. For reliable results, the manufacturer 385 

recommends initial ECAR values to be larger than 10 and OCR values to be larger than 20. The 386 

sperm concentration used in this protocol was optimized so that the average basal ECAR and OCR 387 

values of the 7-8 wells measured per condition are above 10 and 20, respectively. Freely moving 388 

sperm disturb the detection of changes in extracellular H+ and O2. Thus, it is crucial to adhere all 389 

sperm with their head to the bottom of the plate. We found success adhering sperm by coating 390 

the plate with ConA, a plant lectin that specifically interacts with the outer acrosomal membrane 391 

and is commonly used for acrosome assays26, and by gently spinning the plate (see step 2.7.3). 392 

With this method, sperm are localized to the bottom of the well solely via their head so they can 393 

still freely move their flagella and change their flagellar beating pattern during capacitation.  394 



   

 395 

Sperm constantly extrude H+ and O2 in both, the non-capacitated and the capacitated state. To 396 

determine the initial ECAR and OCR as accurately as possible, it is crucial to start the experiment 397 

as quickly as you can after the last washing step. This can be accomplished by loading the sensor 398 

cartridge while the sperm are swimming out and by starting the method in the extracellular flux 399 

analyzer before the first washing step. Calibrating the instrument takes approximately the same 400 

time as washing and plating the cells and spinning the plate. The manufacturer recommends an 401 

equilibration phase to allow the system to stabilize before the first real data point is measured. 402 

Since the protocol includes 8 measurement cycles before capacitation is initiated, to save time, 403 

the equilibration step is excluded from this protocol.  404 

 405 

The ability to inject solutions during the assay and to observe their effects on respiration and 406 

glycolytic rate in real-time is a key feature of the extracellular flux analyzer. Loading the sensor 407 

cartridge is one of the critical steps in the protocol and should be carried out carefully. To ensure 408 

proper injection into all wells, each series of ports needs to contain the same volume, including 409 

the background wells. Loading the ports with a multichannel pipette requires some practice but 410 

decreases variability and loading time considerably. We highly recommend using the port loading 411 

guide but to inject only four ports simultaneously. It is also important to appreciate that during 412 

loading, the injection volumes are gradually increased to compensate for the increasing volume 413 

in the well. While loading the sensor cartridge, it is important to not fully insert the tips into the 414 

port. This might prematurely push injection solution through the port orifice. While establishing 415 

the method we found that injecting liquid into a sperm well causes unwelcome injection artifacts, 416 

probably due to dilution of the sperm in the well and/or displacing sperm from the well bottom. 417 

The first injection causes the largest injection artifact, so we included a mock injection with sperm 418 

buffer into all wells at the beginning of the protocol.       419 
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Port Number of cycles Mix (min) Wait (min) Measure (min)

A: Basal ECAR/OCR no port 1 2:00 0:00 3:00

B: Mock injection 1 4 2:00 0:00 3:00

C: Drug injection 2 3 2:00 0:00 3:00

D: Capacitation 3 18 2:00 0:00 3:00
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Name of Material/ Equipment Company Catalog Number Comments/Description

Reagents

2-Deoxy-D-glucose Sigma-Aldrich D8375 2-DG

3-Isobutyl-1-methylxanthine Sigma-Aldrich I7018 IBMX; prepare a 500 mM stock solution in DMSO (111.1 mg/ml) and store in small aliquots

Antimycin A Sigma-Aldrich A8674 AntA; prepare a 5 mM stock solution in DMSO (2.7 mg/ml) and store in small aliquots

Bovine serum albumin Sigma-Aldrich A1470 BSA

Calcium chloride Sigma-Aldrich C1016 CaCl2

Concanacalin A, Lectin from Arachis hypogaea (peanut) Sigma-Aldrich L7381 ConA

Glucose Sigma-Aldrich G7528

Hepes Sigma-Aldrich H0887

Isothesia Henry Schein Animal Health 1169567761 Isoflurane

Magnesium sulfate Sigma-Aldrich M2643 MgSO4

N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate 

sodium salt Sigma-Aldrich D0627 db-cAMP

Potassium chloride Sigma-Aldrich P9333 KCl

Potassium dihydrogen phosphate Sigma-Aldrich P5655 KH2PO4

Rotenone Cayman Chemical  Company 13995 Rot; prepare a 5 mM stock solution in DMSO (2mg/ml) and store in small aliquots

Sodium bicarbonate Sigma-Aldrich S5761 NaHCO3-

Sodium chloride Sigma-Aldrich S9888 NaCl

Equipment and materials

12 channel pipette 10-100 μL eppendorf ES-12-100

12 channel pipette 50-300 μL vwr 613-5257

37 °C, non-CO2 incubator vwr 1545

5 mL cetrifuge tubes eppendorf 30119380

50 mL conical centrifuge tubes vwr 76211-286

Centrifuge with plate adapter Thermo Scientific IEC FL40R

Dissection kit World Precision Instruments MOUSEKIT

Table of Materials Click here to access/download;Table of Materials;JoVE_Materials.xlsx
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Inverted phase contrast microscope with 40X objective Nikon

OctaPool Solution Reservoirs, 25 ml, divided Thomas Scientific 1159X93

OctaPool Solution Reservoirs, 25 mL, divided Thomas Scientific 1159X95

Seahorse XFe96 Analyzer Agilent

Seahorse XFe96 FluxPak Agilent 102416-100 Also sold as XFe96 FluxPak mini (102601-100) with 6 instead of 18 cartidges.



IBMX; prepare a 500 mM stock solution in DMSO (111.1 mg/ml) and store in small aliquots

AntA; prepare a 5 mM stock solution in DMSO (2.7 mg/ml) and store in small aliquots

Rot; prepare a 5 mM stock solution in DMSO (2mg/ml) and store in small aliquots



Also sold as XFe96 FluxPak mini (102601-100) with 6 instead of 18 cartidges.



Editorial comments: 
The manuscript has been modified and the updated manuscript, 60815_R0.docx, is attached and 
located in your Editorial Manager account. Please use the updated version to make your revisions. 

We revised the manuscript according to the suggestions of the reviewers. Responses to the reviewer’s 
comments are added in cursive. 

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

After revising the manuscript, we proofread the text for grammar and spelling errors. 

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. 
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from 
[citation].” 

These figures have not yet been published elsewhere; can we reserve the right to publish them elsewhere 
or delay publication of this JOVE article until after our other manuscript is published? 

3. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol steps 
(including headings and spacing) in yellow 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. 

We amended the protocol section of the manuscript accordingly. 

4. JoVE cannot publish manuscripts containing commercial language. This includes company names of 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. Examples of commercial language in your manuscript include Agilent Seahorse, etc. 

We removed the brand name Agilent from the manuscript and use the generic term Seahorse XFe96 
Analyzer instead. 

5. Please specify the anesthesia or euthanasia method. 

We specified the anesthesia and euthanasia method (181/182) and added isoflurane to the 
Jove_Materials excel file. 
 
 
Reviewers' comments:  
Reviewer #1: 
Manuscript Summary: 
Good method to determine metabolic energy changes in sperm/ 
 
Major Concerns: 

Rebuttal Letter Click here to access/download;Rebuttal Letter;rebuttal letter
Balbach et al.docx
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None 
 
Minor Concerns: 
None 
 
 
Reviewer #2: 
Manuscript Summary: 
The SeaHorse system is applied to track energetic metabolism in spermatozoa subjected to capacitation 
conditions. The system tracks changes in glycolysis and OXPHOS using H+ and O2 sensitive fluorophores. 
The use of this system is supported by previous publications. 
 
Major Concerns: 
The lack of bicarbonate in the media, perhaps necessitates a proper control for capacitation in a 
separate experiment comparing the cAMP analogue with bicarbonate tracking changes in motility 
patterns, tyrosine phosphorylation or response of acrosome induced reaction after a Ca2+ ionophore 
challenge.  

We revised the manuscript to include a new supplemental figure demonstrating the efficacy of 5 mM db-
cAMP, 500 µM IBMX and 1 mM HEPES in TYH compared to standard capacitation conditions (see fig. S1). 
These results confirm that 5 mM db-cAMP, 500 µM IBMX and 1 mM HEPES are capable of capacitating 
sperm consistent with the seminal studies on capacitation published in Visconti et al, 1995, where the 

authors successfully capacitate mouse sperm using similar conditions (1 mM db-cAMP, 100 M IBMX, 25 
mM HEPES). We added the respective citation (84).  

Figures of the different parts that the system has, will facilitate the comprehension of the protocol. As 
stated in the printed version is hard to follow what part of the system they are talking about. Don know 
if this is present in additional files, I could not open it. 

A schematic representation of the reaction chamber and the Seahorse XFe96 Analyzer sensor cartridge 
probe tip is shown in Figure 1b. Further information and diagrams are provided by the manufacturer 
(Agilent), and it would not be appropriate to use the product literature in this manuscript. 

 Minor Concerns: 
Use of validating additional experiments measuring lactate ATP, and capacitation in subsamples 
subjected to the same conditions will improve the robustness of the assay 

The revised manuscript now includes the best-established molecular readout for capacitation (tyrosine 
phosphorylation), and we feel any further validation would be unnecessary. In fact, methods developed 
here will enable researchers to validate the previously postulated changes in lactate and ATP during 
capacitation. 

 

Reviewer #3: 
Manuscript Summary: 
In this manuscript, Balbach et al. described a detailed protocol of measuring extracellular acidification 



rate (ECAR) and oxygen consumption rate (OCR) by seahorse XF Analyzer to monitor changes in 
glycolysis and oxidative phosphorylation of sperm cells in real-time. This will be a very useful 
resource/visualization for the unexperienced, potential users in the field. In addition, they show that 
mouse sperm enhance both glycolysis and oxidative phosphorylation during capacitation, which 
provides plausible explanation how sperm provide extra energy to maintain the motility when 
hyperactivated. 
 
Major Concerns: 
1. The strategy of ECAR/OCAR measurement used in this paper is different from the standard method 
using the same analyzer with other cells or the previous publication by Tourmente (2015) where the 
whole procedure is done in one well continuously. For example, oligomycin, FCCP and antimycin 
A/Rotentone are added consecutively which gives a visualized readout for OCR. The authors should 
justify the current design. 

Instead of using the Seahorse XFe96 analyzer to report basal ECAR/OCR values of non-capacitated mouse 
sperm as described in Tourmente et al. we adapted the method so that it allows real-time monitoring of 
changes in ECAR and OCR during sperm capacitation. This not only provides the ECAR and OCR of 
capacitated sperm after 90 min of capacitation but also allows observations of changes in ECAR and OCR 
in real-time during capacitation. Thus, this method is complementary to Tourmente et al. and provides 
more information than the standard method. We amended the manuscript to make this point more clearly 
(69 - 75). 

2. In this paper, the authors use db-cAMP and phosphodiesterase inhibitor, IBMX, to induce capacitation 
because of the technical limitation of using the standard capacitation buffer with bicarbonate. Did authors 
examine the efficiency of cAMP/IBMX on sperm capacitation? For example, how much cells develop 
hyperactivated motility? 

As described above in response to Reviewer #2, we compared the capacitation-induced tyrosine 
phosphorylation in TYH buffer containing 25 mM HCO3

-, 3 mg/ml BSA and 20 mM HEPES and Seahorse TYH 
buffer containing 5 mM db-cAMP, 500 µM IBMX and 1 mM HEPES (see Fig. S1). This experiment confirms 
the capacitation of mouse sperm under the described experimental conditions. 

3. Figure1A, Antimycin A inhibits the flow of electrons through complex III of the ETC by blocking the 
passage of electrons from cytochrome b to cytochrome c, while Rotenone inhibits the transfer of 
electrons from iron-sulfur centers in complex I to ubiquinone. The annotation was not displayed 
correctly. 

We thank the reviewer for catching this mistake and modified Fig. 1A and the manuscript accordingly (283-
284). 
 

4. Figure1A, H2O+CO2H++HCO3- 

We thank the reviewer for catching this mistake and modified Fig. 1A accordingly. 
 
5. In the manuscript, the rationale for revised TYH medium was used by removing of bicarbonate and 
BSA were described. However, the reason why pyruvate was removed from TYH medium was not 
described? 



We agree with the reviewer that studying the contributions of additional carbon sources define interesting 
experiments, but these studies exceed the scope of this manuscript. In this manuscript, we show one 
exemplary experiment in the presence of the most simple nutrient conditions supporting capacitation; i.e., 
glucose alone (see Goodson et al. 2012 as reference). To make the reviewer’s point that additional studies 
would be useful for discovering nutritional requirements during capacitation, we amended the manuscript 
by discussing how the protocol could be modified (254-256, 341-347). 

6. It is not clear whether we can reliable compare ECAR and OCAR measurement from non-capaciated 
sperm to capacitated cells from Figure 3 and 4, all the injection points should be indicated as in Figure 2 
to clarify. 

We added arrows to indicate the injection points in Fig. 3 and 4. 
 
7. Did authors capacitate sperm all following 2-DG and AntA/Rot treatment? Have authors ever 
capacitate sperm before inhibitors application to make it clear that the blockers inhibit the capacitation 
process or indeed metabolism after capacitation? 

We agree with the reviewer that these would be very interesting experiments (i.e., studies which determine 
the relative contributions of oxphos and glycolysis during and after capacitation), but these studies exceed 
the scope of this JOVE manuscript describing a new method. In this manuscript, we show a single 
exemplary measurement where 2-DG and Ant/Rot were added before capacitation was initiated to 
demonstrate that we are truly measuring glycolysis and oxphos. Similar to point 5 above, we amended the 
manuscript stating that it is possible to add pharmacological modulators at any time point before or during 
capacitation (345-347). 

Minor Concerns: 
1. Line 137, 138: please spell out db-cAMP, 2-DG, Ant/Rot, and their corresponding function. They are 
used first in main body of manuscript. 

We amended the manuscript accordingly. 

2. Line 113: Is there a time limit for the coated plate? 

We have stored plates up to four weeks and added this information to the protocol. 

3. Line131: to 37 ̊C ---at 37 C̊ 
 
We amended the manuscript accordingly. 

 
Reviewer #4:  
Manuscript Summary: 
The manuscript describes a method to measure metabolism in sperm. It addresses some of the issues 
involved in the approach and provides reasonable solutions. This is a well written manuscript. 
 
Major Concerns: 
None 



 
Minor Concerns: 
There are other species such as the bovine in which glycolysis inhibits capacitation and may have been 
of interest to include but could be mention.  

We agree such studies would be very interesting, but they would exceed the scope of this JOVE manuscript 
describing a new method. We included a section in the protocol stating the same protocol can easily be 
adapted to sperm from other species like bovine or human (348-351). 

When you use IBMX to increase cAMP in sperm you often change kinetics of capacitation and this was 
not mentioned. 

To address this point, we compared the time course of capacitation-induced tyrosine phosphorylation in 
TYH buffer containing 25 mM HCO3

-, 3 mg/ml BSA and 20 mM HEPES and Seahorse TYH buffer containing 
5 mM db-cAMP, 500 µM IBMX and 1 mM HEPES (see Fig. S1). This experiment confirms that the kinetic of 
capacitation is similar between capacitation induced by HCO3

- and db-cAMP/IBMX. 

 

Reviewer #5: 
The authors present a protocol to assess glycolysis and oxidative phosphorylation in mouse spermatozoa 
under conditions that presumably promote capacitation, using a Seahorse XFe96 analyzer. 
Improvements in both the protocol (more work is needed) and in the way it is presented are required. 
 
There are three major issues with the protocol, as presented by the authors: 
 
(a) It is not known how many sperm they have in each well and, therefore, there is no normalization of 
data using sperm numbers. The procedure for attachment of sperm to the well is unreliable and the 
authors do not take measures to adjust for differences between wells or between experiments. 
 
(b) It is not known if the sperm are really capacitated. Although they assume that the sperm are 
undergoing capacitation under the conditions of incubation, they do not show any validation which is 
important because conditions of incubation in the Seahorse (removal of HCO3 which the authors replace 
with 1 mM Hepes) are not explored in parallel by using molecular handles of capacitation. 
 
(c) There is no indication of cell viability or vigour of motility during the experiment. 
 
SPECIFIC COMMENTS 
The authors quote Tourmente et al (2015) as a previous study in which a Seahorse was used to study 
sperm metabolism in the mouse, and it seems to me that most of the protocol is actually based on the 
methods in that paper. I suggest this is acknowledged. 
 
We revised the introduction to more clearly state that the current method is adapted from the method of 
Tourmente et al. (71-73). 
 
Experimental design is not clear in Fig. 2: it looks as a linear design rather than several alternatives after 
cycle 5.  
 



We exchanged the ‘/’ in Fig. 2 with ‘or’ to make clear we inject alternative conditions after cycle 5 and 
cycle 9. 
 
In addition, their approach is rather peculiar when testing cell responses.... they inhibit glycolysis or 
oxphos before starting capacitation but they do not test the response of cells to inhibitors at some point 
in capacitation. 

As we responded to Reviewer #4, this manuscript shows a single exemplary measurement where 2-DG and 
Ant/Rot were added before capacitation was initiated to demonstrate that we are truly measuring 
glycolysis and oxphos. Further studies would exceed the scope of this JOVE manuscript describing a new 
method, and we amended the manuscript stating that it is possible to add pharmacological modulators at 
any time point before or during capacitation (345-347). 

A photograph showing sperm attached to the well (or a video showing them moving/beating) should be 
included. It is important to see what is the degree of homogeneity and density in seeding the authors 
get with their method. 
 
We are unclear how such a photograph would add to the method as written here. As described below, 
instead of assuming anything about quantitative seeding, we normalize each well to itself, which provides 
a more robust and quantitative way to normalize the data. We anticipate a video capture of the wells 
during videography of the method. 
 
Lines 213-215 (2.7.3): Authors should indicate what is the sperm concentration after these steps. 
 
In 2.7.4. we state that the final sperm concentration per well is 1.2 x 106. 
 
Lines 221-222 (2.7.5): Indicate if brake is on (this is important for distribution of cells). 
 
We use the lowest braking rate 1 and added this information to the manuscript (230). 
 
The protocol does not include a step (after the experiment) in which cells are counted and hence there 
is no normalization for sperm numbers. This is very important and, without doing this, the authors are 
assuming (wrongly) two crucial things: 
(i) That they are placing 1.2 million sperm in each well after 2 washes/resuspensions. This is unrealistic 
because cells are lost and the concentration will not always be the same and will vary between 
experiments. When sperm are washed at 250xg there will inevitably be some sperm loss. 
(ii) That sperm attachment is homogeneous; that is, that all sperm attach and that they attach to both 
bottom and walls (with the volume of ConA solution they are using there is likely attachment of sperm 
to the walls). 
So, altogether, a major problem here is that the authors do not know how many sperm they are basing 
their measurements on. 
 
Methods to normalize sperm numbers at the end of the assay are less accurate than the internal 
normalization performed in the method described here. For example, classical normalization methods such 
as cell number counting or quantifying protein or DNA concentration include inherent biases. Because 
sperm cannot be counted directly in the wells of the 96-well plates used, counting sperm requires removing 
the sperm from the ConA-coated well bottoms of each well. Not only is this needlessly labor-intensive, but 
it will be error-prone since sperm recovery from each of the ConA-coated wells will be variable. Similarly, 



quantifying sperm content in each well by measuring the concentration of protein or DNA would be biased 
because it does not distinguish between live and dead sperm. We excluded using assays measuring viable 
cells, such as MTT or ATP assays, for normalization because they are based on cell metabolic activity, which 
changes during capacitation and in response to the pharmacological treatments being tested. Instead, we 
normalize each individual well to the ECAR and OCR value measured at the time point immediately before 
capacitation is initiated; thus, all data are reported as the fold change in ECAR and OCR of non-capacitated 
and capacitated sperm. Using this normalization method, the results of the experiment are independent 
of the cell number and well to well variation is mitigated because each condition has its own baseline. 
 
Supplementary material: please include screenshots for data extraction and analysis rather than than 
files as included now. 
 
Since the data extraction will be shown in the video we don’t think it is necessary to include a screenshot. 
Instead of showing screenshots of the data analysis we include an actual exported data file so that the 
reader can reproduce the analysis steps using a widely available graphing software. 
 
Raw OCR data are needed. Only fold change for OCR is given (Fig. 4, whereas raw data and fold change 
are shown for ECAR. It is very important to see what kind of results authors get with their methods. 
 
We included the averaged basal ECAR and OCR values in the manuscript (258-259). 
 
Line 350: For reliable results, the manufacturer recommends initial ECAR values to be larger than 10 and 
OCR values to be larger than 20. Clearly this is not the case in the results given so measurements are 
below error values. 
 
Fig. 3A shows a basal ECAR value of 13.73 ± 2.99 for TYH and 11.79 ± 2.51 for TYH + db/cAMP/IBMX. 
Although we are aware that the error bar of the second condition is below 10, the mean value is above 
10 and therefore in the range indicated by the manufacturer. We amended the manuscript clarifying that 
we optimized the assay for a basal ECAR and OCR value over 10 and 20 averaged over the ≥7 wells for 
each condition (377-379). 
 
Line 352: "Freely moving sperm disturb the detection of changes in extracellular H+ and O2." Please 
justify. It should not be so. 
 
Since the fluorophores are immobilized to the sensor cartridge probe tip, changes in H+ and O2 can only 
be reliably measured if H+ and O2 have unlimited access to those fluorophores. Freely moving sperm in 
the microchamber not only limit the diffusion of H+ and O2 in the Seahorse TYH buffer but can also 
restrict the access to the immobilized fluorophores by blocking the probe tip surface.  
 
Lines 380-383: The authors state in the Discussion: "While establishing the method we found that 
injecting liquid into a sperm well causes unwelcome injection artifacts, probably due to dilution of the 
buffer in the well and/or displacing sperm from the well bottom. The first injection causes the largest 
injection artefact so we included a mock injection with sperm buffer into all wells at the beginning of the 
protocol." 
This reinforces the perception that the authors do not know how many sperm they have (and on which 
measurements are made) because attachment is loose and sperm are detaching from the bottom of the 
well. 
 



See comment above. 
 



Editorial comments: 

 

The manuscript has been modified and the updated manuscript, 60815_R1.docx, is attached and 

located in your Editorial Manager account. Please use the updated version to make your revisions. 

 

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

spelling or grammar issues. 

We checked the manuscript again for spelling and grammar errors. 

 

2. JoVE cannot publish manuscripts containing commercial language. This includes company names of 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. Examples of commercial language in your manuscript include Seahorse, etc. 

We apologize for not removing the full term the first time and replaced Seahorse XFe96 Analyzer with 

extracellular flux analyzer. We were wondering if it is in accordance with Jove’s policies to keep seahorse 

as one of the keywords. We think this is crucial for a potential reader to find the manuscript. Please let us 

know if we should remove the term from the keywords as well. 

 

3. Please mention how proper anesthetization is confirmed. 

We included this information into the protocol. 

 

4. Please do not highlight any steps describing euthanasia or anesthesia. 

We amended the protocol accordingly. 
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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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phosphorylation during mouse sperm capacitation
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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 of 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.

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 
CORRESPONDING AUTHOR 
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Department:   
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Title:   
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site 
2. Fax the document to +1.866.381.2236 
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 
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