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SUMMARY:  29 
High-intensity training in hypoxia is a protocol that has been proven to induce vascular 30 
adaptations potentially beneficial in some patients and to improve athletes’ repeated sprint 31 
ability. Here, we test the feasibility of training mice using that protocol and identify those vascular 32 
adaptations using ex vivo vascular function assessment.  33 
 34 
ABSTRACT:  35 
Exercise training is an important strategy for maintaining health and preventing many chronic 36 
diseases. It is the first line of treatment recommended by international guidelines for patients 37 
suffering from cardiovascular diseases, more specifically, lower extremity artery diseases, where 38 
the patients’ walking capacity is considerably altered, affecting their quality of life.  39 
 40 
Traditionally, both low continuous exercise and interval training have been used. Recently, 41 
supramaximal training has also been shown to improve athletes’ performances via vascular 42 
adaptations, amongst other mechanisms. The combination of this type of training with hypoxia 43 
could bring an additional and/or synergic effect, which could be of interest for certain 44 
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pathologies. Here, we describe how to perform supramaximal intensity training sessions in 45 
hypoxia on healthy mice at 150% of their maximal speed, using a motorized treadmill and a 46 
hypoxic box. We also show how to dissect the mouse in order to retrieve organs of interest, 47 
particularly the pulmonary artery, the abdominal aorta, and the iliac artery. Finally, we show how 48 
to perform ex vivo vascular function assessment on the retrieved vessels, using isometric tension 49 
studies. 50 
 51 
INTRODUCTION: 52 
In hypoxia, the decreased inspired fraction of oxygen (O2) leads to hypoxemia (lowered arterial 53 
pressure in hypoxia) and an altered O2 transport capacity1. Acute hypoxia induces an increased 54 
sympathetic vasoconstrictor activity directed toward skeletal muscle2 and an opposed 55 
‘compensatory’ vasodilatation.  56 
 57 
At submaximal intensity in hypoxia, this ‘compensatory’ vasodilatation, relative to the same level 58 
of exercise under normoxic conditions, is well established3. This vasodilation is essential to ensure 59 
an augmented blood flow and maintenance (or limit the alteration) of oxygen delivery to the 60 
active muscles. Adenosine was shown to not have an independent role in this response, while 61 
nitric oxide (NO) seems the primary endothelial source since significant blunting of the 62 
augmented vasodilatation was reported with nitric oxide synthase (NOS) inhibition during 63 
hypoxic exercise4. Several other vasoactive substances are likely playing a role in the 64 
compensatory vasodilatation during a hypoxic exercise. 65 
 66 
This enhanced hypoxic exercise hyperemia is proportional to the hypoxia-induced fall in arterial 67 
O2 content and is larger as the exercise intensity increases, for example during intense 68 
incremental exercise in hypoxia.  69 
 70 
The NO-mediated component of the compensatory vasodilatation is regulated through different 71 
pathways with increasing exercise intensity3: if β-adrenergic receptor-stimulated NO component 72 
appears paramount during low-intensity hypoxic exercise, the source of NO contributing to 73 
compensatory dilatation seems less dependent on β-adrenergic mechanisms as the exercise 74 
intensity increases. There are other candidates for stimulating NO release during higher-intensity 75 
hypoxic exercise, such as ATP released from erythrocytes and/or endothelial-derived 76 
prostaglandins. 77 
 78 
Supramaximal exercise in hypoxia (named repeated sprint training in hypoxia [RSH] in the 79 
exercise physiology literature) is a recent training method5 providing performance enhancement 80 
in team- or racket-sport players. This method differs from interval training in hypoxia performed 81 
at or near maximal speed6 (Vmax) since RSH performed at maximal intensity leads to a greater 82 
muscle perfusion and oxygenation7 and specific muscle transcriptional responses8. Several 83 
mechanisms have been proposed to explain the effectiveness of RSH: during sprints in hypoxia, 84 
the compensatory vasodilation and associated higher blood flow would benefit the fast-twitch 85 
fibers more than the slow-twitch fibers. Consequently, RSH efficiency is likely to be fiber-type 86 
selective and intensity dependent. We speculate that the improved responsiveness of the 87 
vascular system is paramount in RSH.  88 



  

 

 89 
Exercise training has been extensively studied in mice, both in healthy individuals and in 90 
pathological mouse models9,10. The most common way to train mice is using a rodent treadmill, 91 
and the traditionally used regimen is low-intensity training, at 40%–60% of Vmax (determined 92 
using an incremental treadmill test11), for 30–60 min12–15. Maximal intensity interval training and 93 
its impact on pathologies have been widely studied in mice16,17; thus, interval training running 94 
protocols for mice have been developed. Those protocols usually consist of about 10 bouts of 95 
running at 80%–100% of Vmax on a rodent motorized treadmill, for 1–4 min, interspersed with 96 
active or passive rest16,18. 97 
 98 
The interest in mice exercising at supramaximal intensity (i.e., above the Vmax) in hypoxia comes 99 
from previous results that the microvascular vasodilatory compensation and the intermittent 100 
exercise performance are both more increased at supramaximal than at maximal or moderate 101 
intensities. However, to our knowledge, there is no previous report of a supramaximal training 102 
protocol in mice, either in normoxia or in hypoxia. 103 
 104 
The first aim of the present study was to test the feasibility of supramaximal intensity training in 105 
mice and the determination of a tolerable and adequate protocol (intensity, sprint duration, 106 
recovery, etc.). The second aim was to assess the effects of different training regimen in normoxia 107 
and hypoxia on the vascular function. Therefore, we test the hypotheses that (1) mice tolerate 108 
well supramaximal exercise in hypoxia, and (2) that this protocol induces a larger improvement 109 
in vascular function than exercise in normoxia but also than exercise in hypoxia at lower 110 
intensities.  111 
 112 
PROTOCOL: 113 
The local state’s animal care committee (Service de la Consommation et des Affaires Vétérinaires 114 
[SCAV], Lausanne, Switzerland) approved all experiments (authorization VD3224; 01.06.2017) 115 
and all experiments were carried out in accordance with the relevant guidelines and regulations. 116 
 117 
1. Animal housing and preparation 118 
 119 
1.1. House 6- to 8-week-old C57BL/6J male mice in the animal facility for at least 1 week prior to 120 
the beginning of the experiments in order for the mice to get used to their new housing 121 
conditions. For practical reasons, mice of the same experimental group are usually housed 122 
together. 123 
 124 
1.2. Keep the mice in a temperature-controlled room (22 ± 1 °C) with a 12 h light/dark cycle with 125 
ad libitum access to food and water. 126 
 127 
2. Determination of the maximal speed and standard assessment of performance 128 
improvement by treadmill incremental test  129 
 130 
NOTE: The following steps are critical to completing the training protocols. 131 
 132 



  

 

2.1. Use a motorized treadmill for mice where mice can be on multiple lanes alongside each 133 
other, with a 0° inclination and mounted with an electric grid set to 0.2 mA at the back of the 134 
lane, in order to encourage the mice to run.  135 
 136 
2.2. Prior to the first test, submit the mice to 4 days of acclimatization to the treadmill, according 137 
to the following protocol. 138 
 139 
2.2.1. On day 1, have mice run for 10 min at 4.8 m/min. 140 
 141 
2.2.2. On day 2, have the mice run for 10 min at 6 m/min. 142 
 143 
2.2.3. On day 3, have the mice run for 10 min at 7.2 m/min. 144 
 145 
2.2.4. On day 4, have the mice run for 10 min at 8.4 m/min. 146 
 147 
2.3. On day 5, submit the mice to an incremental test to exhaustion, according to the following 148 
protocol.  149 
 150 
2.3.1. Let the mice warm up for 5 min at 4.8 m/min (at a 0° inclination). 151 
 152 
2.3.2. Increase the speed by 1.2 m/min every 3 min (e.g., 5 min at 4.8 m/min, then 3 min at 6 153 
m/min, 3 min at 7.2 m/min, 3 min at 8.4 m/min, etc.) until exhaustion, which is reached when 154 
the mouse either spends 3 consecutive seconds on the electric grid or receives 100 shocks 155 
(displayed by the apparatus). 156 
 157 
2.3.3. Write down the achieved speed (considered as the Vmax), duration, distance, number of 158 
shocks, and total time spent on the grid. 159 

 160 
NOTE: Typically, Vmax was 28.8 ± 3.7 m/min. 161 
 162 
2.3.4. Mid-training, resubmit the mice to this test in order to readjust the speeds of training to 163 
the updated Vmax of the mice (e.g., if the training protocol lasts 8 weeks, then perform a mid-164 
training incremental test at 4 weeks. In that case, replace one of the scheduled trainings by the 165 
test), and do so again at the end of the study in order to assess performance improvements. 166 
 167 
2.3.5. Implement a 48 h rest period before and after this test.  168 
 169 
NOTE: All the incremental tests were performed in the morning. 170 
 171 
3. Hypoxic environment 172 
 173 
3.1. For the training sessions in hypoxia, place the treadmill in the hypoxic box (Figure 1) linked 174 
to a gas mixer. Use a calibrated oximeter to regularly control the ambient fraction of oxygen (FiO2 175 
[i.e., the level of hypoxia]) in the box. 176 



  

 

 177 
3.2. Set the gas mixer on 100% of nitrogen (N2) and use the oximeter to verify the level of hypoxia. 178 
Once FiO2 = 0.13, change the parameter of the gas mixer from 100% N2 to 13% O2. 179 
 180 
3.3. In order to avoid prolonged passive exposure to hypoxia, place the mice in a temporary 181 
smaller cage with litter and enrichment, and quickly place it in the box once FiO2 = 0.13 has been 182 
reached. Verify that the environment is still at 13% O2 after putting the cage in; if not, readjust 183 
it.  184 
 185 
3.4. Regularly verify the level of O2 over the course of a training session to make sure that it 186 
remains at FiO2 = 0.13 ± 0.002. 187 
 188 
4. Normoxic environment 189 
 190 
4.1. For the training sessions in normoxia, keep the treadmill in the hypoxic box, but remove the 191 
gloves so that there is ambient air (FiO2 = 0.21). The aim is to recreate the same training 192 
environment as the mice in hypoxia. 193 
 194 
5. Supramaximal intensity training 195 
 196 
5.1. Place the mice on individual lanes in the treadmill (at a 0° inclination) and submit them to 197 
the following protocol. 198 
 199 
5.1.1. Have the mice warm up for 5 min at 4.8 m/min, followed by 5 min at 9 m/min. 200 
 201 
5.1.2. Set the speed of the sprints to 150% of the previously determined Vmax. 202 
 203 
NOTE: Typically, the sprint velocity was 42.1 ± 5.5 m/min. 204 
 205 
5.1.3. Train the mice for four sets of 5x 10 s sprints with 20 s of rest between each sprint. The 206 
interset rest is 5 min (Figure 2). 207 
 208 
NOTE: Add a cooldown period if the total workload of the training session needs to match that 209 
of another training group. 210 
 211 
5.2. Perform this training 3x per week, with preferably 48 h between training sessions. 212 
 213 
5.3. Use cotton swabs as a complementary method to electric shocks to encourage the mice to 214 
run. Place a cotton swab in a slit at the top of the lane, between the mouse and the electric grid, 215 
and gently nudge the mouse when it reaches the back of the treadmill. This will avoid the delivery 216 
of electric shocks and stimulate the mice to run in a softer way.  217 
 218 
6. Low-intensity training 219 
 220 



  

 

6.1. Place the mice on individual lanes in the treadmill (at a 0° inclination) and submit them to 221 
the following protocol. 222 
 223 
6.1.1. Have the mice warm up for 5 min at 4.8 m/min, followed by 5 min at 7.2 m/min. 224 
 225 
6.1.2. Set the speed of the continuous running session to 40% of the previously determined Vmax.  226 

 227 
NOTE: Typically, the continuous running velocity was 9.9 m/min. 228 
 229 
6.1.3. Train the mice for 40 min.  230 
 231 
6.1.4. Perform this training 3x per week with preferably 48 h between training sessions. 232 

 233 
6.1.5. Use cotton swabs as a complementary method to electric shocks to encourage the mice to 234 
run. 235 
 236 
7. Mice euthanasia and organ extraction 237 
 238 
7.1. At the end of the training protocol and at least 24 h after the last incremental test, 239 
anesthetize the mouse in an induction chamber using isoflurane (4%–5% in O2 to induce 240 
anesthesia, and 1%–2% in O2 to maintain anesthesia). Confirm proper anesthetization using the 241 
paw retraction reflex (firmly pinch the animal’s paw; anesthesia is considered proper when the 242 
animal does not react to the stimulus). 243 
 244 
7.2. Using a 25 G needle, perform a percutaneous cardiac puncture, to collect maximum blood 245 
volume as previously described19. 246 
 247 
7.3. Perform a cervical dislocation and remove the skin of the mouse by cutting through the first 248 
layer of skin on the abdomen with round-tip scissors and pulling on the two sides of the incision 249 
(toward the head and the tail).  250 
 251 
7.4. Cut through the peritoneum under the ribcage on the left side of the mouse with thin-point-252 
tip scissors to reach the spleen and extract it if needed. 253 
 254 
NOTE: Dissect out muscles if needed. 255 
 256 
7.5. Dissect out the pulmonary artery. 257 
 258 
7.5.1. Using both small scissors and forceps, remove the thoracic cage and clear the heart-lung 259 
area.  260 
 261 
7.5.2. With “self-closing” tweezers, pinch the heart as close as possible to the apex and pull gently 262 
to stretch the base of the aortic arch and the pulmonary artery. 263 
 264 



  

 

7.5.3. Using the right hand, insert curved tweezers under the pulmonary artery and the aorta, 265 
and then move the tweezers back a little to hold only the pulmonary artery (Figure 3). 266 
 267 
7.5.4. Use the left hand to insert another pair of tweezers to replace the one held with the right 268 
hand.  269 
 270 
7.5.5. Using sharp straight microscissors in the right hand, dissect the pulmonary artery as close 271 
to the heart as possible on one side, and as far away as possible on the other side. 272 
 273 
NOTE: It does not matter which hand holds which instrument, although we have found it easier 274 
to cut with the right hand than with the left. 275 
 276 
7.5.6. Put it in a 2 mL tube with cold phosphate-buffered saline (PBS) buffer and keep on ice.  277 
 278 
7.6. Perform a whole-body perfusion. 279 
 280 
7.6.1. At the top of the right lower limb of the mouse, use tweezers to clear out the external-281 
internal right iliac artery down to the right femoral artery (under the inguinal ligament). Using 282 
sharp straight microscissors, make a full cut in the femoral artery.  283 
 284 
7.6.2. Insert a 5 mL 25 G syringe filled with cold PBS in the left ventricle of the heart and gently 285 
inject the cold PBS to remove the remaining blood from the vessels.  286 
 287 
NOTE: Due to the extraction of the pulmonary artery, it is possible that PBS does not circulate all 288 
the way to the incision.  289 
 290 
7.7. Using tweezers, remove the soft tissue surrounding the aorta from the left and right inguinal 291 
ligaments to the heart as thoroughly as possible.  292 
 293 
NOTE: The heart can be extracted for further analysis if necessary.  294 
 295 
7.8. Using both tweezers and microscissors, dissect out the heart up to the lowest point of the 296 
external iliac artery (in both left and right limbs) and place the entirely dissected-out section in a 297 
10 cm-diameter dish with cold PBS.  298 
 299 
7.9. Using tweezers and/or microscissors, finish cleaning the remaining fat around the aorta and 300 
arteries by gently pulling or cutting it away from the vessels. 301 
 302 
7.10. Using microscissors, cut the left iliac artery at the left-right iliac artery bifurcation and store 303 
it for further analysis.  304 
 305 
7.11. Using microscissors, cut the abdominal aorta under the left renal artery, and place the 306 
extracted vessel in cold PBS buffer on ice (Figure 4).  307 
 308 



  

 

7.12. Keep the remaining cleaned vessel, from the aortic arch to right above the left renal artery, 309 
in storage for further analysis.  310 
 311 
[Place Figure 4 here] 312 
 313 
8. Ex vivo vascular function assessment  314 
 315 
NOTE: A wash corresponds to the emptying and refilling of the chambers with Krebs.  316 
 317 
8.1. According to a previously described protocol20, cut the isolated pulmonary artery, abdominal 318 
aorta, and right iliac artery segments into vascular rings of 1.5–2.0 mm long and 0.5–1.0 mm in 319 
diameter, and mount each ring on two 0.10 mm-diameter stirrups passed through the lumen. 320 
 321 

8.2. Suspend the vessel rings in vertical organ chambers filled with 10 mL of modified Krebs-322 
Ringer bicarbonate solution (118.3 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM 323 
KH2PO4, 25.0 mM NaHCO3, and 11.1 mM glucose) maintained at 37 °C and aerated with 95% O2–324 
5% CO2 (pH 7.4). One stirrup is anchored to the bottom of the organ chamber and the other one 325 
is connected to a strain gauge for the measurement of isometric force in grams. 326 
 327 
8.3. Bring the vessels to their optimal resting tension: stretch the rings to 0.5 g for the pulmonary 328 
artery, 1.5 g for the iliac artery, and 2 g for the abdominal aorta, and wash them after a 20 min 329 
period of equilibration. Repeat the stretch-equilibration-wash steps 1x.  330 
 331 
8.4. To test the viability of the vessels, contract the rings with 235 µL of KCl (10-1 M) for 10 min, 332 
wash them for another 10 min, and contract again with 235 µL of KCl (10-1 M) for about 20 min 333 
until reaching a plateau. 334 
 335 
8.5. Wash the vessels again for 10 min and add 58.4 µL of indomethacin (10-5 M) (an inhibitor of 336 
cyclooxygenase activity) for at least 20 min in order to avoid possible interference of endogenous 337 
prostanoids. 338 
 339 
8.6. Add cumulative doses of phenylephrine (Phe) from 10-9 (10 µL) to 10-4 M (or 10-9 to 10-5 M 340 
for the pulmonary artery; 9 µL for all concentrations above 10-9 M) to contract the vessels. 341 
 342 
8.7. After the last dose of Phe, wait for about 1 h until the vessels reach a relatively stable 343 
contraction state (plateau). 344 
 345 
8.8. Add cumulative doses of the endothelium-dependent vasodilator acetylcholine (ACh), from 346 
10-9 (58.5 µL) to 10-4 M (40 µL for all concentrations above 10-9 M), to induce NO-mediated 347 
relaxation. 348 
 349 
8.9. At the end of the relaxation curve, wash the vessels for 10 min, and add 58.4 µL of 350 
indomethacin (10-5 M), as well as 184 µL of NG-nitro-L-arginine (NLA, 10-4 M), which is an inhibitor 351 
of the NOS, for at least 20 min. 352 



  

 

 353 
8.10. Contract the vessels again with a unique dose of 10 µL of Phe (10-5 and 10-4 M for the 354 
pulmonary artery and 10-4 M for the abdominal aorta and the iliac artery) for 1 h, to induce a 355 
relatively stable contraction. 356 
 357 
8.11. Add a unique dose of 40 µL of ACh (10-4 M) until reaching a plateau. 358 
 359 
8.12. Wash the vessels again for 10 min, before adding 58.4 µL of indomethacin (10-5 M) and 184 360 
µL of NLA (10-4 M) for 20 min.  361 
 362 
8.13. Contract the vessels with 10 µL of Phe (10-5 and 10-4 M) for 1 h. 363 
 364 
8.14. Add cumulative doses (10-9 [58.4 µL] to 10-4 M [40 µL for all concentrations above 10-9 M]) 365 
of the NO donor diethylamine (DEA)/NO, in order to assess the endothelium-independent NO-366 
induced relaxation. 367 
 368 
8.15. At the end of the experiment, store the vessels in liquid nitrogen for future analyses if 369 
needed. 370 
 371 
REPRESENTATIVE RESULTS:  372 
To our knowledge, the present study is the first to describe a program of supramaximal intensity 373 
training in normoxia and in hypoxia for mice. In this protocol, mice ran four sets of five 10 s sprints 374 
with a 20 s recovery in between each sprint. The sets were interspersed with 5 min of recovery 375 
periods. It was unknown whether the mice would be capable of sustaining such a protocol and 376 
complete it properly. However, according to Figure 5, the body weight gain of the mice 377 
undergoing the supramaximal intensity training was similar to that of the mice undergoing the 378 
low-intensity training, both in normoxia and in hypoxia.  379 
 380 
The wellness of the animals was monitored twice a week, using score sheets, based on the 381 
following criteria: appearance, natural behavior, and body weight. Each of those criteria was 382 
graded up to a score of 3, and a mouse with a score of 3 in any of those criteria was considered 383 
in pain and/or distress due to the sustained protocol and had to be euthanized. No mouse ever 384 
reached a score of 3 over the course of any of the training regimens (Table 1). 385 
 386 
As presented in the introduction, it has been hypothesized that supramaximal training, in 387 
particular when combined with hypoxia, would induce a compensatory vasodilation. This 388 
phenomenon aims at providing sufficient O2 to the contracting muscles, thereby compensating 389 
for the imbalance between O2 supply and demand that is enhanced by the combination of 390 
supramaximal intensity training and hypoxia. In order to investigate this hypothesis, we used the 391 
second technique presented here, the ex vivo vascular function assessment, on the pulmonary 392 
artery, the abdominal aorta, and the right iliac artery. Figure 6 shows the dose-response curves 393 
obtained at the end of the protocol, on the abdominal aorta of a mouse from the group training 394 
at supramaximal intensity in hypoxia. This graph shows the whole process of contraction-395 
relaxation observed after the addition of different pharmacological agents (KCL, Phe, ACh, NLA, 396 



  

 

and [DEA]/NO) in the organ baths.  397 
 398 
Figure 7 shows the dose-response relaxation curve for the right iliac artery to increasing 399 
concentrations of ACh. The two represented groups are the supramaximal-intensity-in-normoxia 400 
group (SupraN) and the supramaximal-intensity-in-hypoxia group (SupraH). The preliminary 401 
results show that SupraH tended to improve ACh-induced relaxation compared to SupraN, with 402 
significant differences at 10-5 M and 10-4 M. 403 
 404 
FIGURE AND TABLE LEGENDS:  405 
 406 
Figure 1: Hypoxic setup. The treadmill is placed inside the homemade glovebox, which is linked 407 
to a gas mixer.  408 
 409 
Figure 2: Description of a supramaximal intensity training session. The mice performed four sets 410 
of five 10 s sprints, interspersed with 20 s of rest. The interset rest was 5 min. This figure is 411 
adapted from Faiss et al.21. 412 
 413 
Figure 3: Schematic representation of the technique to retrieve the pulmonary aorta. (1) Place 414 
the tweezers under both the pulmonary artery and the aorta. (2) Pull back the tweezers in the 415 
direction of number 2 in order to keep the tweezers under the pulmonary aorta only. (3) Final 416 
position of the tweezers.  417 
 418 
Figure 4: Picture of the dissected vessels. Extracted vessel from the top of the abdominal aorta 419 
(underneath the left renal artery) to the end of the right iliac artery, ready to be placed in cold 420 
PBS buffer on ice. (1) Abdominal aorta. (2) Right common iliac artery. (3) External iliac artery. (4) 421 
Internal iliac artery. (5) Femoral artery.  422 
 423 
Figure 5: Body weight evolution over the course of the experiment. In green, the low-intensity 424 
training groups; in red, the supramaximal intensity training groups. There was no significant 425 
difference between any of the groups at any of the time points (n = 4 mice per group; the data 426 
are presented as mean ± SD). Statistical analysis was performed using a two-way repeated 427 
measure ANOVA).  428 
 429 
Figure 6: Vascular function assessment curves. Succession of contraction and relaxation phases 430 
induced throughout the entire protocol, expressed in grams. Representative recording of the 431 
variations in vessel tension in response to the applied substances, in a ring of the abdominal aorta 432 
isolated from a mouse trained at supramaximal intensity in hypoxia. 433 
 434 
Figure 7: Pharmacological responses of an isolated iliac artery preconstructed with 435 
phenylephrine (Phe) to acetylcholine (ACh). Cumulative dose-response relaxation curve of the 436 
right iliac artery to increasing concentrations of ACh (10-9 to 10-4 M). The results are expressed as 437 
mean ± SD of the percentage of change in the tension induced by the vasodilator, with n = 3 in 438 
SupraN and n = 4 in SupraH. Statistical analysis was performed using a two-way ANOVA for 439 
repeated measures test. *p < 0.05 vs. SupraN. 440 



  

 

 441 
Table 1: Typical score sheet of a mouse training at supramaximal intensity in hypoxia. We used 442 
score sheets to monitor the welfare of the mice. A score of 3 in any of the criteria indicated 443 
(appearance, natural behavior, and body weight) or a total score of 5 (by addition of the score of 444 
each category) meant the animal was suffering and had to be euthanized. 445 
 446 
DISCUSSION:  447 
The first objective of this study was to assess the feasibility of hypoxic high-intensity training in 448 
mice and to determine the adequate characteristics of the protocol that would be well tolerated 449 
by mice. Purposely, since there is no data using supramaximal (i.e., more than Vmax) intensity 450 
training in mice, we had to perform trials based on previous protocols developed with athletes, 451 
which consisted of four to five sets of five all-out sprints (about 200% of Vmax), interspersed with 452 
20 s active recoveries, with an interset active recovery of 5 min21,22. Therefore, the initial protocol 453 
consisted of six sets of six 10 s sprints at 200% of Vmax, interspersed with 20 s of passive recovery 454 
and with an interset passive recovery of 3 min, performed five times per week. After a few try-455 
out runs at 200% of the Vmax, considering the mice had trouble sustaining such a high intensity, 456 
we decided to lower the speed to 150% of the Vmax. With that exercise intensity, we tried to run 457 
the mice over the length of a full protocol and adjusted both the number of sprints within each 458 
set and the number of sets per session. Finally, we increased the recovery time between sets and 459 
decreased the frequency of the training sessions. Following a trial-and-error method, we 460 
established a final optimal protocol that is very similar to the one used on athletes and made 461 
possible for mice to tolerate this supramaximal intensity test. 462 
 463 
There is a slight possibility that the performance of the mice might be severely underestimated, 464 
as observed from large differences between previous studies utilizing animal exercise 465 
protocols23,24. However, in the present study, based on pre-experiment values, it would have 466 
been impossible to impose a higher relative intensity on the animals considering the need to 467 
complete the entire repeated sprint session. Moreover, the Vmax values reported in this study 468 
(28.8 ± 3.7 m/min) seem to be in the range of values previously reported in the same C57BL/6J 469 
strain25–28. For example, Lightfoot et al.25 reported values of ~28 m/min and Muller et al.27 values 470 
of 28.3 m/min. Therefore, we are confident that the supramaximal intensity corresponds to 471 
sprint training intensity in these mice. 472 
 473 
Although critical speed (CS) has been shown (1) to be a valuable mean for prescribing exercise 474 
intensity in healthy humans and patients29 and (2) to be perfectly determined in mice23,24,30, the 475 
exercise intensity prescription based on the determination of Vmax remains relevant. It is known 476 
that, in mice, the determined VO2peak and VO2max depend on the protocol, and, as with humans, 477 
VO2max can be determined with a ramp exercise protocol11. Since the aim of the present study 478 
was to determine the feasibility of supramaximal repeated sprint in mice, and despite the 479 
relevance of CS, we do not believe that using Vmax would be a flaw regarding the objectives of 480 
this study. 481 
 482 
While observing mice behavior, it became clear that the electric grid at the rear of the treadmill 483 
admittedly encouraged mice to run; however, it also seemed to contribute to their fatigue. 484 



  

 

Indeed, the grid being slightly shifted from the running band, the mice had to generate an extra 485 
effort to get back on the lane. We decided to complement this stimulation with another, softer, 486 
one, namely the cotton swab stimulation, which decreased the number of shocks received by the 487 
animals and prevented them from having to get back from the grid to the lane. Despite the 488 
recommendation by Kregel et al.31, it remains unclear whether stress is reduced using the air puff 489 
stimulation compared to the electric grid32. 490 
 491 
As far as we know, only one study has used “sprint interval training”33. However, since the highest 492 
intensity in that study corresponded to 75%–80% of Vmax and the sprint duration was 1.5 min, 493 
that protocol was very different from the present one (i.e., 150% of Vmax; 10 s). It was unknown 494 
whether supramaximal intensity would be tolerated by the mice. In the present study, we provide 495 
results showing that the animals did perform very well in this supramaximal intensity training, 496 
both in hypoxia and normoxia. For instance, Figure 5 shows an increase in body weight over the 497 
training period similar to that observed in the low-intensity groups. Similarly, Table 1 reflects the 498 
level of welfare with a score lower than 3 in all groups. Altogether, those physiological 499 
parameters indicate that both hypoxia and supramaximal intensity training were very well 500 
tolerated by mice. 501 
 502 
The second objective of the present study was to assess the vascular function of the pulmonary 503 
artery, the abdominal aorta, and the iliac artery, using isometric vessel tension studies20. This 504 
technique allows determining whether the intervention of interest impacted the ability of the 505 
vessels to contract and relax in response to pharmacological drugs. As shown in Figure 7, the iliac 506 
artery was relaxed using increasing concentrations of ACh. The observed curves reflect a 507 
progressive increase in the relaxation of the vessels, more marked for the SupraH group. If any 508 
of the observed curves had been completely flat and around 0% of relaxation, it could mean that 509 
the drug was not delivered to the organ chamber, or that the vessels had been damaged during 510 
the dissection or the mounting on the stirrups, or that one of the drugs was not administered at 511 
the optimal dose or for long enough.  512 
 513 
The supramaximal intensity training in hypoxia is now transferred to mice and could potentially 514 
be used on pathological models in order to improve various parameters, including vascular 515 
function, which can be assessed using isometric vessel tension studies.  516 
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Animal Welfare Monitoring Sheet 

Authorization n° 

Experimentators: Baseline

Date 24/07 31/07

Body weight baseline: Day 01 08

ANIMAL ID: Score 0 0

Types of interventions: / /

APPEARANCE

Normal 0 X X

General lack of grooming 1

Piloerection 2

Hunched posture 3

NATURAL BEHAVIOUR

Normal 0 X X

Less mobile and/or isolated 2

Vocalization, self mutilation, restless or still 3

BODY WEIGHT

% of body weight change compared to mean body weight of the control group

                                             0-5% weight loss 0 X X
                                             6-10% weight loss 1

                                             11-15% weight loss 2

                                             >15% weight loss 3

TOTAL SCORE 0 0

Signature (initials)

CRITERIA FOR MICE EUTHANASIA 

Any mice with a total combined score ≥5

Any mice with one or more individual maximum score of 3 
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MidExp End of Exp

03/08 07/08 10/08 14/08 17/08 21/08 24/08 28/08 31/08 04/09

12 15 19 22 25 29 32 36 39 43

0 0 0 1 0 1 1 1 1 1

/ (1) / / / / / / / (3)

X

X X X X X X X X X X

X X X X X X X X X X

X X X X

X X X X X X

0 0 0 1 0 1 1 1 1 1

Type of interventions: (1) Tail vein blood collection

(2) Forced treadmill running test

(3) Cardiac puncture blood collection



 



Name of Material/ Equipment Company Catalog Number Comments/Description

Cotton swab Q-tip

Gas mixer Sonimix 7100

LSI Swissgas, Geneva, 

Switzerland

Gas-flow: 10 L/min and 1 

L/min for O2 and CO2, 

respectively

Hypoxic Box Homemade Made in Plexiglas

Motorized rodents treadmill Panlab LE-8710Bioseb, France

Oximeter Greisinger GOX 100

GREISINGER electronic Gmbh, 

Regenstauf, Germany

Sedacom software Bioseb, France

Strain gauge

PowerLab/8SP; 

ADInstruments
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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 
Name:    
 
Department:   
 
Institution:  
 
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 

 

 

 

 

 

 

 

 

Grégoire Millet

Sport Science Institute (ISSUL)

University of Lausanne

Professor

27.08.2018

gmillet
Tampon 



Editorial comments: 

 

We thank you for reviewing our manuscript, and for providing supportive comments and 

suggestions that have helped us to improve the manuscript. We thank you for the consideration 

you have for our work. We have considered your comments and made amendments when 

necessary in the revised manuscript. We appreciate your further perusal of the revised 

manuscript. We have provided our responses to your comments that are in bold. Amended 

sentences are in italic with the additional wordings in red. 

1. Please include typical numbers for Vmax and sprint speed in the Protocol itself. 

 

The following sentences were added to the manuscript: 

 

"Note: Typically, Vmax was 28.8±3.7 m/min." Page 5, line 190. 

 

"Note: Typically, sprint velocity was 42.1±5.5 m/min." Page 4, line 147. 

 

2. Please provide a protocol (or reference) for the low intensity training mentioned in the 

results. 

 

The following steps were added to the protocol: 

 

6. "Low intensity training 

 

6.1. Place the mice on individual lanes on the treadmill (0° inclination) and submit them to the 

following protocol: 

 

6.1.1. Warm up mice for 5 min at 4.8 m/min followed by 5 min at 7.2 m/min. 

 

6.1.2. Set the speed of the continuous running session to 40% of the previously determined 

Vmax.  

 

Note: Typically, continuous running velocity was 9.9 m/min. 

 

6.1.3. Train mice for 40 min.  

 

6.1.4. Perform this training 3 times per week with preferably 48 h between training 

sessions. 

 

6.1.5. Use cotton swabs to encourage mice to run as a complementary method to electric 

shocks." Page 5, lines 205-220.  

 

 

3. Figure 7: Please include a space between all values and units (e.g., KCl 100 mM). 

 

Done. 

 

4. Please ensure you have included all Figures in this revision (the last one only included 

the revised Figures 3 and 8).  
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Done. 


