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Dear Dr. Myers,  

 

we would like to thank you again for your invitation to submit our article „Isolation of primary 

murine skeletal muscle microvascular endothelial cells” for consideration to JoVE.  

Microvascular endothelial cells shape the inner wall of muscle capillaries and regulate 

fundamental processes in the skeletal muscle such as the exchange of fluids and nutrients or 

immune cell migration.  

Therefore, the isolation of primary murine skeletal muscle microvascular endothelial cells is an 

essential method in muscle research, and thus would be of general interest to a wide audience. 
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1) Christoph Kleinschnitz, Universitatsklinikum Essen, Germany, christoph.kleinschnitz@uk-
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SUMMARY:  27 
Microvascular endothelial cells of skeletal muscles (MMECs) shape the inner wall of muscle 28 
capillaries and regulate both the exchange of fluids/molecules and the migration of (immune) 29 
cells between muscle tissue and blood. The isolation of primary murine MMEC, as described here, 30 
enables comprehensive in vitro investigations of the “myovascular unit”.  31 
 32 
ABSTRACT:  33 
The endothelial cells of skeletal muscle capillaries (muscle microvascular endothelial cells 34 
[MMECs]) build up the barrier between the bloodstream and skeletal muscles regulating the 35 
exchange of fluids and nutrients, as well as the immune response against infectious agents by 36 
controlling immune cell migration. For these functions, MMECs form a functional “myovascular 37 
unit” (MVU) with further cell types, such as fibroblasts, pericytes, and skeletal muscle cells. 38 
Consequently, dysfunctions of MMECs and, therefore, the MVU contribute to a vast variety of 39 
myopathies. However, the regulatory mechanisms of MMECs in health and disease remain 40 
insufficiently understood and their elucidation precedes more specific treatments for 41 
myopathies. The isolation and in-depth investigation of primary MMEC functions in the context 42 
of the MVU might facilitate a better understanding of these processes. This article provides a 43 
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protocol to isolate primary murine MMECs of the skeletal muscle by mechanical and enzymatic 44 
dissociation, including purification and culture maintenance steps.  45 
 46 
INTRODUCTION:  47 
Via the bloodstream, cells and organs are supplied with oxygen, substrates, and other necessary 48 
molecules. This interchange takes place in capillaries, the smallest vessels. Capillaries are formed 49 
by an inner endothelial cell (EC) layer whose integrity remains a prerequisite to the successful 50 
regulation of muscle homeostasis between the intravascular and interstitial space. To ensure a 51 
selective transition of soluble factors and cells, ECs constitute a monolayer interconnected by 52 
tight and adherens junctions1. Besides their role as a barrier for nutrients or metabolic products, 53 
ECs regulate the recruitment of leukocytes in inflammatory processes. Inflammation or tissue 54 
damage leads to an upregulation of adhesion molecules on the EC surface and the production of 55 
chemokines facilitating leukocyte attachment and transmigration into the target tissue2. 56 
Consequently, ECs are critically involved in the regulation of inflammatory processes, such as the 57 
defense against pathogens or tissue repair.  58 
 59 
Dysfunctions of ECs are directly associated with vascular diseases, chronic kidney failure, and 60 
venous thrombosis severe pathogen infections. Furthermore, ECs are virtually always involved in 61 
organ-specific autoimmunity, such as diabetes mellitus or multiple sclerosis3. The barrier function 62 
between the bloodstream and organs is, therefore, controlled by a concerted interplay of 63 
different cell types. In the skeletal MMECs, together with muscle cells, fibroblasts and pericytes 64 
form a functional unit, the MVU. Therefore, dysfunctions of the MVU might play a critical role in 65 
the pathophysiology of myopathies. However, a deeper understanding of these regulatory 66 
mechanisms is still missing and currently precludes the identification of new, urgently needed, 67 
therapeutic targets in myopathies.  68 
 69 
To investigate the complex physiological and pathophysiological mechanisms, animal models are 70 
commonly used. However, in vitro models offer the advantage of focusing on the subject of 71 
interest by excluding a variety of confounding factors. To investigate processes in vitro, it is 72 
necessary to isolate pure and viable primary cells. In contrast to cell lines, primary cells isolated 73 
from transgenic animals enable researchers to investigate the consequences of genetic 74 
modifications in vitro.  75 
 76 
Here, a method to isolate primary murine MMECs is described by using mechanical and 77 
enzymatic dissociation followed by magnetic-activated cell sorting (MCS) techniques for 78 
purification. For this purpose, magnetic beads against specific surface markers are used. Platelet 79 
endothelial cell adhesion molecule-1 (PECAM1, CD31) is mainly expressed on ECs and can be used 80 
to enrich this cell type. To warrant a high cell purity, cells of hematopoietic origin are excluded 81 
by a negative selection for protein tyrosine phosphatase receptor type C (PTPRC, CD45). Further, 82 
quality controls, the cultivation of primary murine MMECs, potential applications, and 83 
limitations, as well as special considerations, are presented. 84 
 85 
PROTOCOL:  86 



All animal experiments were approved by the local authorities and conducted according to the 87 
German animal welfare act (84-02.05.20.13.097). 88 
 89 
1. General Remarks on Animal Experiments 90 
 91 
1.1. Perform all mouse experiments in accordance with the guidelines of the respective 92 
institutional animal care and use committee. 93 
 94 
1.2. Keep the mice under standardized conditions and according to international guidelines, such 95 
as the Federation for Laboratory Animal Science Associations (FELASA). 96 
 97 
NOTE: In general, this isolation technique can be used for mice independent of age, gender, or 98 
genetic background. To obtain a sufficient cell number, 4- to 10-week-old males are preferred, 99 
because biological properties can vary with age and gender. 100 
 101 
2. Preparation of the Solutions, Media, and Coating 102 
 103 
2.1. Prepare digestion solution (DS) by mixing 2.2 mL of Dulbecco’s modified Eagle’s medium 104 
(DMEM) with 200 μL of collagenase-dispase and 45 μL of deoxyribonuclease (DNase).  105 
 106 
2.2. Prepare 500 mL of endothelial cell medium (ECM) by mixing 450 mL of DMEM with 50 mL of 107 
fetal calf serum (FCS; approximately 10%), 0.25 mL of basic fibroblast growth factor (bFGF; 20 108 
μg/mL; approximately 0.05%), and 5 mL of penicillin-streptomycin (approximately 1%). Perform 109 
a sterile filtration in a glass tube (with filter pores of 0.2 µm in diameter). Afterward, store the 110 
solution at 4 °C.  111 
 112 
2.3. Coat cell culture plates as described below. 113 
 114 
2.3.1. For the cultivation of freshly isolated primary murine MECs, cover the whole surface of a 115 
6-well cell culture plate with 1 mL per well of a gelatin-based speed coating solution (see Table 116 
of Materials) according to the manufacturer’s instructions, for 3 - 5 min at room temperature 117 
(RT).  118 
 119 
2.3.2. Aspirate and discard the coating solution. Rinse each well with 2 mL of sterile phosphate-120 
buffered saline (PBS), pH 7.1 - 7.5, in two consecutive washing steps. 121 
 122 
2.3.3. Aspirate and discard the PBS. Fill up the wells with a 1 mL volume of ECM. 123 
 124 
3. Isolation of Primary Murine MMECs 125 
 126 
3.1. Euthanize one adult, 4- to 12-week-old male mouse by cervical dislocation without any 127 
anesthesia. The aim is to quickly separate the spinal cord from the brain so as to provide the 128 
animal with a fast and painless death. 129 
 130 



3.2. Sever the extremities. 131 
 132 
3.2.1. Use surgical sharp/blunt (with a cutting edge of 42 mm, straight) and sharp/sharp (with a 133 
cutting edge of 23 mm, straight) scissors and straight (serrated, 2 mm x 1.25 mm x 12 cm) and 134 
curved (serrated, 1.3 mm x 1 mm x 13 cm) forceps. 135 
 136 
3.2.2. Disinfect all surgical instruments with 70% ethanol.  137 
 138 
3.2.3. Position the animal on its back and moisten the legs with 70% ethanol. Sever the whole leg 139 
by cutting at the hip joint with the sharp/blunt surgical scissors. Place the extremities in a closed 140 
cell culture dish (35 mm x 10 mm).  141 
 142 
NOTE: From now on, perform every step under a sterile laminar flow hood and work with 143 
sterilized instruments.  144 
 145 
3.3. Isolate the muscle tissue (preferentially, use the musculus quadriceps femoris or musculus 146 
triceps surae from both legs). 147 
 148 
3.3.1. Cut the skin open from the hip to the tip of the toe by using sharp/sharp scissors and curved 149 
forceps. Hold the toe or footpad with the straight forceps. Peel off the skin with the curved 150 
forceps from the toe to the hip. 151 
 152 
3.3.2. Isolate the musculus quadriceps femoris by cutting the tendon from the knee and sever 153 
the muscle along the femur to the hip. Isolate the musculus triceps surae by severing the Achilles 154 
tendon. Hereafter, cut along the tibia to the popliteal fossa and remove the muscle. 155 
 156 
NOTE: If large vessels (Arteria femoralis, Arteria tibialis anterior, Arteria tibialis posterior, Arteria 157 
fibularis) are visible in the isolated muscles, remove the vessels to avoid contamination by 158 
macrovascular endothelium. 159 
 160 
3.3.3. To remove large vessels, hold the part of muscle not containing large vessels with curved 161 
forceps and cut it off next to the vessel. For this protocol, 1 g or less muscle tissue equal to both 162 
quadriceps femoris and triceps surae is recommended.  163 
 164 
3.3.4. Add 2445 µL of DS (from step 2.1) to a cell culture dish (35 mm x 10 mm) and determine 165 
the weight. 166 
 167 
3.3.5. Transfer all muscle pieces to this cell culture dish containing the 2445 µL of DS and 168 
determine the weight. The difference of both measured values provides the dry weight of the 169 
muscle tissue, which must not exceed 1 g.  170 
 171 
3.3.6. Cut the whole muscle tissue into small pieces (≤2 mm cubes, about 100 pieces) by using 172 
the sharp/sharp scissors.  173 
 174 



3.4. Dissociate the muscle tissue. 175 
 176 
NOTE: This step takes about 120 min. 177 
 178 
3.4.1. Store the muscle/DS suspension at 37 °C (in an incubator with 5% CO2) for 1.5 h. Mix the 179 
suspension carefully every 20 min for about 5 min, using a 1 mL insulin syringe. 180 
 181 
3.4.2. Transfer the suspension to a 70 μm nylon cell strainer placed on a 50 mL tube and collect 182 
the flow through. Wash the cell strainer with 8 mL of DMEM and collect the flow through. 183 
 184 
3.4.3. Discard the cell strainer and centrifuge the suspension for 10 min at 300 x g at 20 °C. 185 
Carefully remove the supernatant. 186 
 187 
CAUTION: The pellet is easy to lose. 188 
 189 
3.4.4. Resuspend the cell pellet in 1 mL of an ammonium-chloride-potassium (ACK) lysing buffer 190 
(see Table of Materials) for the lysis of red blood cells and incubate for 30 s at RT. Add 9 mL of 191 
DMEM + 10% FCS to stop the reaction and transfer the cell suspension to a 15 mL tube. 192 
 193 
3.5. Deplete CD45+ cells, following the instructions of the CD45 microbeads’ manufacturer. For 194 
all following steps of CD45+ depletion, use MCS buffer (see Table of Materials). 195 
 196 
NOTE: This step takes about 60 min. 197 
 198 
3.5.1. Determine the cell numbers using a Neubauer cell counting chamber (expect about 5 x 106 199 
cells per gram of muscle tissue).  200 
 201 
3.5.2. Centrifuge the suspension at 300 x g for 10 min at 4 °C. Take off the supernatant completely 202 
and resuspend the cell pellet in 90 µL of MCS buffer (per 107 cells or less). Add 10 μL of CD45 203 
microbeads (per 107 cells or less).  204 
 205 
3.5.3. Mix the cell suspension and incubate it for 15 min in the fridge at 4 - 8 °C. 206 
 207 
3.5.4. Add 1 mL of MCS buffer (per 107 cells or less). Centrifuge at 300 x g for 10 min at 4 °C. 208 
Remove the supernatant completely and resuspend the cells in 500 μL of MCS buffer. 209 
 210 
3.5.5. For magnetic cell separation, use a large magnetic column (LMC) with a reservoir volume 211 
of 8 mL and a capacity of up to 2 x 109 total cells. Position the LMC in the magnetic field of the 212 
separator. 213 
 214 
3.5.6. Rinse the reservoir of the LMC with 3 mL of MCS buffer. After rinsing, place a 15 mL conical 215 
tube below the column to collect the flow through. Apply the whole cell suspension (500 µL) onto 216 
the column and let it flow through completely. 217 
 218 



3.5.7. Wash the column 3x by adding 3 mL of MCS buffer into the reservoir, and wait until the 219 
column’s reservoir is empty before performing the next washing step. 220 
 221 
3.5.8. Collect the unlabeled cells passing the column to use them for further separation steps 222 
(representing the CD45- fraction). Labeled cells (representing the CD45+ fraction) that have 223 
accumulated in the column can be discarded.  224 
 225 
3.6. Accumulate CD31+ cells, following the instructions of the CD31 microbeads’ manufacturer. 226 
For all following steps of CD31+ accumulation, use MCS buffer.  227 
 228 
NOTE: This step takes about 60 min.  229 
 230 
3.6.1. Determine the cell number, using a Neubauer cell counting chamber (expect about 4 x 106 231 
cells per gram of muscle tissue). 232 
 233 
3.6.2. Centrifuge the obtained unlabeled cell suspension from step 3.5 for 10 min at 300 x g at 4 234 
°C.  235 
 236 
3.6.3. Remove the supernatant completely. Resuspend the pellet in 90 μL of MCS buffer and add 237 
10 μL of CD31 microbeads (per 107 total cells or less). Mix the whole suspension and incubate for 238 
15 min in the fridge at 4 - 8 °C. 239 
 240 
3.6.4. Add 1 mL of MCS buffer and centrifuge at 300 x g for 10 min at 4 °C. Take off the 241 
supernatant and resuspend the cells in 500 µL of MCS buffer. 242 
 243 
3.6.5. For the magnetic cell separation, use a medium magnetic column (MMC) with a reservoir 244 
volume of 3.5 mL and a capacity of up to 2 x 108 total cells. 245 
 246 
3.6.6. Position the MMC in the magnetic field of the separator. Rinse the MMC with 500 µL of 247 
MCS buffer. After rinsing, place a 15 mL conical tube below the column to collect the flow 248 
through. 249 
 250 
3.6.7. Apply the whole cell suspension (500 µL) onto the column and let it completely flow 251 
through. 252 
 253 
3.6.8. Wash the column 3x by adding 500 µL of MCS buffer, and wait until the column’s reservoir 254 
is empty before performing the next washing step. Unlabeled cells passing the column represent 255 
the CD45- CD31- fraction. Store them for further quality controls. 256 
 257 
3.6.9. Remove the column from the separator and place it on a suitable collection tube (15 mL 258 
tube). Pipette 2 mL of MCS buffer onto the column. Immediately flush out the magnetically 259 
labeled cells by firmly pushing the plunger into the column. This CD45- CD31+ fraction represents 260 
the enriched primary murine ECs. 261 
 262 



3.6.10. Centrifuge the cell suspension for 5 min at 350 x g at 20 °C. Remove the supernatant 263 
completely and resuspend the cells (expect around 0.6 x 106 cells per gram of muscle tissue) in 1 264 
mL of ECM (see step 2.2). Transfer the cells (0.5 x 106 to 0.7 x 106 cells) to a single well of a coated 265 
6-well culture plate (from step 2.3) containing 1 mL of ECM.  266 
 267 
3.7. For cultivation, incubate the cells at 37 °C and 5% CO2 in a sterile incubator. Refresh the ECM 268 
every 2 - 3 days. 269 
 270 
4. Primary Murine MMEC Purification 271 
 272 
4.1. Perform a second cycle of CD31+ accumulation, following the manufacturer’s instructions 273 
(CD31 microbeads protocol; see step 3.6). 274 
 275 
4.1.1. Detach the cells with trypsin/EDTA solution when they are at 80% - 90% confluence (usually 276 
after 7 days). For this, rinse each well with 2 mL of sterile PBS, in two consecutive washing steps. 277 
Use 800 μL of trypsin/EDTA solution per well of a 6-well plate and incubate at 37 °C and 5% CO2 278 
in a sterile incubator for 3 - 5 min. Stop enzymatic activity by using 1,200 μL of DMEM containing 279 
a minimum of 10% FCS. 280 
 281 
4.1.2. Centrifuge the cell suspension for 5 min at 350 x g at 20 °C. 282 
 283 
4.1.3. Perform the second CD31-MCS step to increase the purity (according to the instructions of 284 
the CD31 microbeads’ manufacturer; see step 3.6). 285 
 286 
4.1.4. Observe cell confluence via bright-field or standard phase-contrast microscopy using a 20X 287 
magnification and 0.35 lens numerical aperture. See Figure 1. 288 
 289 
NOTE: The cells can be used for respective experiments or kept in culture by passaging. Use the 290 
cells for experiments promptly, in lower passages. It is not recommended to use the cells after 291 
passages 8 - 10.  292 
 293 
5. Quality Control 294 
 295 
5.1. Perform a flow cytometry of primary murine MMECs after the second CD31-MCS step. 296 
 297 
5.1.1. Prepare a fluorescence-activated cell sorting (FACS) tube by adding 1 mL of flow cytometry 298 
(FC) buffer (see Table of Materials). 299 
 300 
5.1.2. Detach the cells with trypsin/EDTA solution when they are at 100% confluence (usually 301 
after 14 days). For this, rinse each well with 2 mL of sterile PBS, in two consecutive washing steps. 302 
Use 800 μL of trypsin/EDTA solution per well of a 6-well plate and incubate at 37 °C and 5% CO2 303 
in a sterile incubator for 3 - 5 min. Stop the enzymatic activity by using 1,200 μL of DMEM 304 
containing 10% FCS. 305 
 306 



5.1.3. Determine the cell number, using a Neubauer cell counting chamber, and add a minimum 307 
of 1 x 105 cells to the prepared FACS tube. 308 
 309 
5.1.4. Centrifuge the cell suspension for 10 min at 300 x g at 4 °C. Perform two washing steps by 310 
removing the supernatant, resuspending the cells in 1 mL of FC buffer, and centrifuging for 10 311 
min at 300 x g at 4 °C. 312 
 313 
5.1.5. Prepare a staining mix by adding anti-mouse CD31-FITC antibody (1:100) and anti-mouse 314 
CD45-PE (1:100) with FC buffer. 315 
 316 
5.1.6. Resuspend the cells in 100 μL of staining mix in the FACS tubes. Incubate for 30 min at 4 317 
°C. Add 1 mL of FC buffer. Centrifuge the cell suspension for 5 min at 300 x g at 4 °C. Carefully 318 
remove the supernatant and resuspend the cells in 200 μL of FC buffer. 319 
 320 
5.1.7. Measure the cells in a flow cytometer, following the gating strategy as shown in Figure 2A. 321 
  322 
5.2. Alternatively, perform immunofluorescence staining of primary murine MMECs after the 323 
second CD31-MCS step. 324 
 325 
5.2.1. Coat the coverslips. 326 
 327 
5.2.1.1. Transfer a sterile 13 mm-diameter round glass coverslip into a well of a 24-well plate. 328 
Coat the coverslip by adding 300 µL of speed-coating solution per well. Incubate for 3 - 5 min at 329 
RT. 330 
 331 
5.2.1.2. Aspirate and discard the coating solution. Rinse each well with 2 mL of sterile PBS in two 332 
consecutive washing steps. Aspirate and discard the PBS. 333 
 334 
5.2.1.3. Seed 1 x 105 cells in 1 mL of ECM on the coated coverslip and incubate at 37 °C and 5% 335 
CO2 in a sterile incubator until the cells are 99% confluent. 336 
 337 
5.2.2. Perform fixation and immunofluorescence staining. 338 
 339 
5.2.2.1. Remove the ECM medium of the cultivated cells from step 5.2.1.3. 340 
 341 
5.2.2.2. Fix the cultured cells by adding 300 µL of 4% paraformaldehyde (PFA) with a pH of 7.4 342 
per well, for 10 min at 4 °C. 343 
 344 
CAUTION: PFA is toxic and must be handled with care. 345 
 346 
5.2.2.3. Perform three washing steps by adding 1 mL of PBS per well, and remove the supernatant 347 
after 5 min at RT. 348 
 349 



5.2.2.4. Prepare a blocking solution containing 5% bovine serum albumin (BSA), 0.2% Triton-X, 350 
and 1% goat serum in PBS. 351 
 352 
5.2.2.5. Add 300 µL of blocking solution to each well and incubate for 1 h at RT. 353 
 354 
5.2.2.6. Remove the supernatant and add 200 µL per well of an anti-PECAM-1 (CD31) antibody 355 
(1:200) in 5% BSA and 1% goat serum in PBS, and incubate at 4 °C overnight. 356 
 357 
5.2.2.7. Perform three washing steps by adding 1 mL of PBS per well and removing the 358 
supernatant after 5 min at RT in each step. 359 
 360 
5.2.2.8. Prepare a secondary antibody solution containing Cy3-conjugated anti-rat IgG antibody 361 
(1:500) in 1% BSA and PBS. Add 300 µL per well of the secondary antibody solution and incubate 362 
for 1 h at RT in the dark. 363 
 364 
5.2.2.9. Perform three washing steps by adding 1 mL of PBS per well and removing the 365 
supernatant after 5 min at RT in each step. 366 
 367 
5.2.3. Carefully take out the round glass coverslips with forceps and transfer them to a 368 
microscopy slide. Add an appropriate amount of mounting medium containing 4′,6-diamidino-2-369 
phenylindol (DAPI) on the cell layer and carefully put a cover glass on it (see Table of Materials). 370 
 371 
5.2.4. Observe the cells with an appropriate fluorescence microscope equipped with a 372 
fluorescence light source (120 W) and two filter sets: an excitation/emission filter set with 550/25 373 
nm and 605/70 nm wavelengths to detect Cy3 540/562 nm.  374 
 375 
5.2.5. Use a second filter set with an excitation/emission wavelength of 365/50 nm and 445/50 376 
nm to detect DAPI 350/440 nm. Use a magnification of 40X and 80% intensity of 14.5 mW/cm2 377 
for DAPI with an acquisition duration of 30 ms. For the detection of Cy3, use 80% of 67.5 mW/cm2 378 
with an acquisition duration of 60 ms. 379 
 380 
5.3. Perform quantitative PCR. 381 
 382 
5.3.1. Isolate mRNA. 383 
 384 
5.3.1.1. Follow standard procedures, using an acid guanidinium thiocyanate-phenol (AGTP) 385 
reagent to isolate mRNA. Use a minimum of 0.5 x 106 cells from the CD45- CD31- (step 3.6.8) or 386 
CD45- CD31+ (step 3.6.9) fractions and cultivated primary murine MMECs (step 4.1.3). 387 
 388 
5.3.1.2. Centrifuge the cell suspension for 10 min at 300 x g at 20 °C. Take off the supernatant 389 
completely. Resuspend the cell pellet in 500 µL of AGTP reagent and transfer the cell suspension 390 
to a 2 mL reaction tube. Incubate for 5 min at RT. 391 
 392 
5.3.1.3. Add 100 µL of chloroform and shake vigorously for 15 s. Incubate for 3 min at RT. 393 



 394 
5.3.1.4. Centrifuge the suspension for 15 min at 12,000 x g at 4 °C. 395 
 396 
5.3.1.5. Carefully take off the upper aqueous phase (containing RNA) and transfer it to a 1.5 mL 397 
reaction tube. Add 250 µL of isopropanol and incubate for 10 min at RT. 398 
 399 
5.3.1.6. Perform a centrifugation step at 12,000 x g for 10 min at 4 °C. 400 
 401 
5.3.1.7. Take off the supernatant and add 1 mL of 75% ethanol carefully. Centrifuge at 7,500 x g 402 
for 5 min at 4 °C. 403 
 404 
NOTE: The pellet is easy to lose.  405 
 406 
5.3.1.8. Remove the supernatant completely. Let the pellet dry on air for 5 - 10 min. 407 
 408 
NOTE: Ethanol needs to be removed, but do not dry the pellet too much. 409 
 410 
5.3.1.9. Dissolve the pellet in 30 µL of diethylpyrocarbonate-treated water and heat it for 10 min 411 
at 55 °C. 412 
 413 
NOTE: The RNA concentration and purity can be measured by a spectral photometer. 414 
 415 
5.3.2. Perform cDNA synthesis (reverse transcriptase PCR). 416 
 417 
5.3.2.1. Prepare a master mix containing 10 µL of PCR buffer (5x), 2.5 µL of deoxyribonucleoside-418 
triphosphate (dNTP [10 mM]), 0.5 µL of a random mixture of single-stranded primer (0.2 µg/µL), 419 
1 µL of RNase inhibitor (40 U/µL), 0.4 reverse transcriptase (200 U/µL), and 5.6 µL of 420 
diethylpyrocarbonate-treated water (see Table of Materials). 421 
 422 
5.3.2.2. Dilute 500 ng of RNA in 30 µL of diethylpyrocarbonate-treated water in 0.2 mL PCR tubes 423 
and add the whole 20 µL of the master mix. 424 
 425 
5.3.2.3. Use a PCR cycler to perform the following steps: 10 min at 25 °C, 30 min at 50 °C, 5 min 426 
at 85 °C, and hold at 4 °C. 427 
 428 
5.4. Perform quantitative PCR (qPCR). 429 
 430 
NOTE: Perform the qPCR of the samples in duplicates or triplicates.  431 
 432 
5.5. Use a primer with two different fluorescence dyes. Use a primer with an absorption of 495 433 
nm and an emission of 517 nm for the gene of interest. 434 
 435 
5.6. For the detection of the satellite cell marker gene expression, use primers for paired box 436 
protein 7 (Pax7) and M-cadherin (Cdh15) (see Table of Materials). 437 



 438 
5.7. For the detection of the endothelial cell marker gene expression, use primers for claudin-5 439 
(Cld5), occludin (Ocln), and zonula occludens-1 (Tjp1 or ZO1) (see Table of Materials). 440 
 441 
5.8. As a reference gene for 18S rRNA, use a primer with an absorption of 538 nm and an emission 442 
of 554 nm in wavelength. 443 
 444 
5.9. Prepare a qPCR master mix for each gene of interest with the respective primer. The master 445 
mix contains 10 µL of qPCR buffer (2x), 1 µL of the primer for the gene of interest (10 µM), 1 µL 446 
of the primer for 18S rRNA, and 4 µL of nuclease-free water. 447 
 448 
5.10. Add 16 µL of the master mix to a single well of a 96-well reaction plate. Add 4 µL of cDNA 449 
(obtained from step 5.3.2) per well containing the master mix.  450 
 451 
5.11. Use a real-time PCR cycler, performing the following steps: the holding stage with 50 °C for 452 
2 min and 95 °C for 10 min and the cycling stage with 40 cycles of 95 °C for 15 s and 60 °C for 1 453 
min. 454 
 455 
REPRESENTATIVE RESULTS:  456 
One day after isolation, primary murine MMECs and residual other cells form conglomerates and 457 
adhere to the bottom of culture dishes (Figure 1A, day 1). From day 7 onward, flat and elongated 458 
cells can be observed. However, contamination of other, mostly spheroid cells, is still visible 459 
(Figure 1A, day 7). Thus, another cycle of CD31 positive selection via MCS is required. Hereafter, 460 
primary murine MMECs proliferate to a density of approximately 80% - 90%. Upon confluence, 461 
they typically form a nonoverlapping monolayer of longitudinally aligned cells (Figure 1A, day 462 
14). Proliferation stops upon confluence due to contact inhibition. After 14 days, about 5 x 105 to 463 
10 x 105 cells can be used for further investigations.  464 
 465 
Quality control via flow cytometry, using fixable viability dye FVD780 (to stain for dead cells), 466 
PECAM1 (to stain for CD31), and PTPRC (to stain for CD45, as a marker for cells of hematopoietic 467 
origin), showed values for both viability and purity ranging around 70% each for cells immediately 468 
after the isolation (Figure 2A). Cells cultivated after another CD31 positive selection via MCS 469 
showed satisfying values for purity, as well as for viability, ranging up to 95% each (Figure 2B).  470 
 471 
To evaluate the accuracy of the selection steps, obtained cells were further investigated for the 472 
gene expression of the muscle satellite cell marker genes paired box protein 7 (Pax7) and M-473 
cadherin (Cdh15) on mRNA level by quantitative PCR (qPCR). Primary murine MMECs (pmMMEC) 474 
and differentiated primary murine muscle cells (pmMC) were used as negative and positive 475 
control, respectively. Murine muscle cells were commercially purchased. As expected, only the 476 
CD45- CD31- fraction, as well as the pmMC, expressed Pax7 and Cdh15, whereas CD45- CD31+ and 477 
the primary murine MMECs were negative for these markers (Figure 2C). 478 
 479 
ECs derived from capillaries in the endomysium of skeletal muscle express tight junction 480 
proteins4,5. By using qPCR, the expression of claudin-5 (Cld5), occludin (Ocln), and zonula 481 



occludens-1 (Tjp1 or ZO1) of confluent primary murine MMECs after the second CD31-MCS step 482 
was evaluated. PmMC were used as controls (Figure 2D). Primary murine MMECs expressed high 483 
levels of Cld5, Ocln, and Tjp1, whereas pmMC only show a low expression of Tjp1. Furthermore, 484 
immunofluorescence staining as quality control confirmed the surface expression of the 485 
endothelium-specific marker PECAM1 in primary murine MMECs (Figure 2E). 486 
 487 
FIGURE AND TABLE LEGENDS:  488 
 489 
Figure 1: Morphology of primary murine MMECs. (A) Representative image of cultured primary 490 
murine MMECs by phase-contrast microscopy from days 1 to 14. d1 = day 1, d7= day 7, d14 = day 491 
14. 492 
 493 
Figure 2: Quality control of primary murine MMECs. Gating strategy for flow cytometric analysis 494 
of primary murine MMECs (A) immediately after isolation and (B) on day 15, using (I) FSC/SSC, 495 
(II) FVD780, and (IIIa) CD45 and (IIIb) CD31 (dashed lines = isotype control). (C) Expression level 496 
of Pax7 and M-cadherin (Cdh15) in CD45- CD31- and CD45- CD31+ fractions after MCS isolation, 497 
as well as in primary murine MMECs (pmMMEC) and primary murine muscle cells (pmMC). 498 
Expression levels are shown as ΔCt values (sample‒18S rRNA); n.d. = not determined. (D) 499 
Expression levels of tight junction proteins claudin-5 (Cldn5), occludin (Ocln), or zonula 500 
occludens-1 (Tjp1 or ZO-1) of pmMMEC and pmMC, shown as ΔCt values. (E) 501 
Immunofluorescence staining for PECAM1 (red) in cultivated primary murine MMECs, 24 h after 502 
the second CD31 positive selection. Nuclear staining with DAPI-containing (blue) mounting 503 
medium; left: anti-PECAM1/DAPI, right: negative control/DAPI.  504 
 505 
DISCUSSION:  506 
Microvascular ECs provide barrier functions in all tissues, and their dysfunction results in the 507 
disease of the associated organs3. Moreover, organ-specific studies of microvascular ECs could 508 
pave the way for new therapeutic strategies. Therefore, a deeper understanding of microvascular 509 
EC function under physiological and pathophysiological conditions is of great scientific interest. 510 
The modulation of leukocyte/endothelium interaction is successfully used to treat multiple 511 
sclerosis patients with natalizumab, an antibody which prevents lymphocyte adhesion and, 512 
thereby, transmigration6. However, various myopathies, including the inflammatory subtypes, 513 
still remain only poorly treatable to date. Therefore, the elucidation of EC properties, specifically 514 
in skeletal muscle endothelium, could help to expand available treatments to myopathy or result 515 
in novel therapeutic approaches. 516 
 517 
Immortalized endothelial cell lines (IECLs) have been established and used for several in vitro 518 
models. These cell lines offer some advantages compared to primary microvascular ECs due to 519 
immortalization and fast proliferation. Furthermore, primary cultured cells can undergo 520 
senescence and lose or change their morphology or physiological function after some time or 521 
passages. However, IECLs only maintain some endothelial cell properties and cannot resemble 522 
the variety of different organ-borne primary microvascular ECs. Of note, they are rarely derived 523 
from skeletal muscles. To date, only a single publication describes a human skeletal microvascular 524 
endothelial cell line, named TSM155. In contrast, murine microvascular ECs have not been 525 



described so far. Finally, primary cells from transgenic animals provide the opportunity to study 526 
genetic modifications in vitro. However, primary cell cultures also hold certain pitfalls. First, 527 
contamination with cells of no interest can interfere with the validity of experimental findings. 528 
Therefore, the accuracy of several selection steps and a high purity of the isolated cells must be 529 
guaranteed. Cell suspension after dissociation of muscle tissue contains erythrocytes and 530 
different mononuclear cell types, such as immune cells, satellite cells, pericytes, fibroblasts, and 531 
ECs7. Therefore, cell fractions after the CD31-MCS step were tested for markers exclusively 532 
expressed by muscle satellite cells. As expected, CD45- CD31- fraction and primary muscle cells 533 
showed Pax-7 and Cdh15 expression, whereas CD45- CD31+ and cultivated primary murine 534 
MMECs were negative for these markers after a second CD31-MCS step. Furthermore, a quality 535 
control of isolated or cultured cells is inevitable, to guarantee reliable and reproducible 536 
experiments. Several methods for quality control of primary murine MMECs are available: 537 
besides the microscopy of morphological properties, flow cytometry, PCR, and 538 
immunofluorescence staining for characteristic EC markers (e.g., CD31, Sca-1) can be used. The 539 
purity assessment of freshly isolated primary murine MMECs was only about 60% - 70%, whereas 540 
a viability of about 70% could be detected. The microscopy of these cells partially shows cell 541 
conglomerates, which might consist of contaminating cells such as fibroblasts or pericytes 542 
attached to ECs. After 7 days, mainly flat and elongated cells and spheroid cells can be observed. 543 
However, two CD31-MCS passages resulted in a high viability and purity. Alternative approaches 544 
to increase purity, such as puromycin-containing media, failed in primary murine MMECs while 545 
being effective in murine brain microvascular ECs8. 546 
 547 
Since microvascular ECs derived from capillaries express tight junction proteins, the gene 548 
expression of Cld5, Ocln, and Tjp1 in primary murine MMECs compared to differentiated muscle 549 
cells was examined. As expected, all tight junction molecules were detected in primary murine 550 
MMECs. In comparison, muscle cells demonstrated only a low expression of Tjp1, whereas no 551 
expression of Cld5 and Ocln could be determined. Similar expression patterns were previously 552 
demonstrated in whole murine skeletal muscle. Here, an expression on gene and protein level 553 
could be detected for Tjp1 but not for occludin9. Further functional features, such as 554 
transendothelial resistance, could be measured. 555 
 556 
The herein described protocol features only the isolation of microvascular ECs from murine 557 
muscle tissue. However, it might be transferred to various other species as, for example, a similar 558 
protocol was published for rat microvascular ECs derived from epididymal fat pads. Here, a CD31 559 
positive selection via MCS was preceded by density gradient centrifugation10. Similar approaches 560 
were successful in macrovascular EC isolation from rat femoral arteries11. A recently published 561 
method to isolate microvascular ECs of heart and lung tissue uses CD31 and endoglin (CD105) as 562 
antigens for MCS12. However, the purity of ECs could not be increased further by using additional 563 
CD105 magnetic bead separation. Another possibility to isolate and purify primary murine 564 
MMECs is multicolor FACS. A distinct population of Sca-1+, CD31+, CD34dim, and CD45- cells from 565 
murine muscles could be isolated and was characterized as primary murine MMECs13. An 566 
advantage of this method is a pure EC population which can be directly used or cultured for 567 
further experiments (note that FACS leads to increased cell death due to higher cell stress). 568 
Further, dead cells or conglomerates of different cell types can significantly reduce the isolated 569 



cell numbers by FACS. Additionally, it is reported that primary murine MMECs isolated by FACS 570 
were unsuccessfully cultured at commonly used culture conditions of 21% O2 and 5% CO2. Here, 571 
the oxygen level had to be adjusted to 5% for a sufficient cultivation13. Moreover, the FACS 572 
technique is more complex and time-consuming, and the infrastructural prerequisites are 573 
expensive. 574 
 575 
The musculus quadriceps femoris and the musculus triceps surae of male mice in the age of 4 - 576 
12 weeks are most suitable for the isolation of primary murine MMECs as they are easily 577 
accessible and large enough for the isolation of sufficient cell numbers (5 x 105 to 10 x 105 per 578 
gram of muscle). Therefore, it must be ensured that conditions are comparable in independent 579 
experiments. As described above, primary cells can undergo senescence. Hence, use cells for 580 
respective experiments promptly, in lower passages. After passages 8 - 10, primary murine 581 
MMECs change their morphology, demonstrate slow proliferation rates, and lose their contact 582 
inhibition as signs of dedifferentiation and senescence. 583 
 584 
Further, there are some notes about troubleshooting for this protocol. Sterile working is essential 585 
to avoid contaminations. Quality controls are necessary to monitor the purity and viability of 586 
isolated cells. Used materials in this protocol must be stored and applied according to the 587 
manufacturer’s instructions. Additionally, the age and sex of the used animals, as well as different 588 
muscle groups, might influence the quality and comparability of the isolated cells in experiments. 589 
 590 
The described protocol should be considered as a platform method to isolate the primary 591 
microvascular ECs of skeletal muscles. Isolated cells can be used for several applications to gain 592 
further insights into blood-muscle-barrier function. The cells are suitable for both protein and 593 
RNA expression studies, as well as functional assays (including transmigration and adhesion 594 
studies). However, this protocol was optimized for studies focusing on inflammatory processes, 595 
and hence, slight modifications might be necessary with respect to different research areas. 596 
 597 
To model the complex spatial and functional cellular interactions within the MVU, primary 598 
murine MMECs can be cultivated in more complex three-dimensional cell culture systems 599 
together with other cell types. Prospectively, it should also be possible to generate MVU 600 
organoids as it already has been described for other tissues14. However, the successful isolation 601 
of primary murine MMECs is vital when aiming for this next step. 602 
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Name of Material/ Equipment Company Catalog Number

0,25% Trypsin-EDTA Thermo Fisher 25200-056
ACK buffer

Anti-mouse CD31-FITC (clone MEC13.3) Biolegend 102506

Anti-mouse CD45-PE (clone 30-F11) Biolegend 103106

bFGF Peprotech 100-18B

BSA Sigma Aldrich A4503

CD31 MicroBeads mouse Miltenyi Biotec 130-097-418

CD45 MicroBeads mouse Miltenyi Biotec 130-052-301

Collagenase-Dispase Roche 10269638001

Corning Costar TC-Treated Multiple 6-Well Plates Corning 3516

Cy3-conjugated anti-rat IgG antibody dianova 712-166-153

DAPI (ProLong Gold antifade reagent with DAPI) Thermo Fisher P36935

Desoxyribonuclease Sigma Aldrich D4513

Diethylpyrocarbonat treated water Thermo Fisher AM9916

DMEM, containing Glutamin Supplement and pyruvate Thermo Fisher 31966-021

dNTP Mix (10 mM) Thermo Fisher R0192

EDTA Sigma Aldrich E5134

FACS tubes Sarstedt 551,579

Falcon 70 μm Cell Strainer Corning 352350
FC buffer

Fetal calf serum Sigma Aldrich F6178
Fixable Viability Dye eFluor780 Thermo Fisher 65-0865-14
Forceps (serrated, straight, 12 cm) Fine Science Tools 11002-12

Forceps (serrated, straight, 12 cm) Fine Science Tools 11009-13

Insulin syringe 100 Solo 1ml (Omnifix) Braun 9161708V

large magnetiv columns (LS columns) Miltenyi Biotec 130-042-401

MCS buffer

Medium magnetic column  (MS column) Miltenyi Biotec 130-042-201

Nuclease free water Thermo Fisher R0581

PBS Sigma Aldrich

PCR buffer (5x) Thermo Fisher EP0742
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Pecam1 rat α-mouse SantaCruz Sc-52713

Penicillin-Streptomycin Sigma Aldrich P4333

primary murine muscle cells celprogen 66066-01

Primer Cdh15 (M-Cadherin) Thermo Fisher Mm00483191_m1

Primer Cldn5 (claudin-5) Thermo Fisher Mm00727012_s1

Primer Ocln (occludin) Thermo Fisher Mm00500912_m1

Primer Pax-7 Thermo Fisher Mm01354484_m1

Primer Tjp-1 (Zonula occludens 1) Thermo Fisher Mm00493699_m1

Primer 18s rRNA (Eukaryotic endogenous control) Thermo Fisher 4310893E

qPCR buffer (Maxima Probe/ROX qPCR Master Mix (2X) Thermo Fisher K0231

Random mixture of single-stranded primer Thermo Fisher SO142

Reverse Transcriptase (200 U/μL) + PCR buffer (5x) Thermo Fisher EP0742

Rnase Inhibitor (40 U/μL) Thermo Fisher EO0381

Scissor (cutting edge 23 mm, sharp/sharp) ) Fine Science Tools 14088-10

Scissor (cutting edge 42 mm, sharp/blunt) Fine Science Tools 14001-13

Speed Coating solution PeloBiotech PB-LU-000-0002-00



Comments/Description

ready to use

150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA in water at a pH of 7.3

Isotype control: FITC Rat IgG2a, κ Isotype Ctrl

Isotype control: PE Rat IgG2b, κ Isotype Ctrl

Basic fibroblast growth factor

Collagenase from V. alginolyticus,  Dispase from B. polymyxa

Deoxyribonuclease I from bovine pancreas

warm up to 37 °C before use

1 mL

0.1% BSA, 0.2% NaN3, 2 mM EDTA 

Fetal calf serum 

for CD45-MACS-step

0.5% BSA, 2 mM EDTA in PBS at a pH of 7.2

for CD31-MACS-step

Phosphate buffered saline, ready to use

in a kit with the reverse transcriptase 



100 µg/mL

FAM labeled 

FAM labeled 

FAM labeled 

FAM labeled 

FAM labeled 

VIC labeled

2 x 1,25 mL; for 200 reactions each

Random Hexamer Primer
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Münster, 17 October 2018 

 
Dear Dr. DSouza,  

 

we would like to thank you for considering our manuscript for publication and your positive and 

constructive feedback. We are now happy to submit a 2nd revised version of our manuscript 

„Isolation of primary murine skeletal muscle microvascular endothelial cells” by 

Müntefering et al. to the Journal of Visualized Experiments. In this revision following key points 

were addressed: 

1. We modified the structure of the manuscript and removed all trademarked names.  

2. Protocols for mRNA Isolation, cDNA synthesis and qPCR were added.  

3. Further details for the different steps are now provided increasing comprehensibility of 

the protocol.  

4. Text indicated in blue fonts shows changes in the manuscript.  

5. We highlighted steps (3 and 4) in yellow for filming.  

 

We think that we were able to sufficiently address all your editorial comments (for details see 

point-to-point reply below) and are looking forward to hearing from you in due course.  

 

Please do not hesitate to contact me in case of any additional questions. 

 

Sincerely,  

Tobias Ruck, MD 
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Point-to-point-reply 
Editorial comments (EC):  
 
EC1: MACS is a trademarked name and has been replaced with MCS throughout. 

 We totally agree. 

EC2: The structure and language has been modified slightly to meet JoVEs style 

requirements. We have highlighted portions for filming. 

 We agree. 

EC3: After anesthetization? Mention anesthesia technique and any drug dosage 

 Mice are euthanized without any anesthesia. The aim is to quickly separate the spinal 

cord from the brain so as to provide the animal with a fast and painless death. 

EC4 How is sterility maintained? Are tools sterilized? Is the surgical area prepped? Mention 
animal position. 

 Sterile working is maintained by working under a sterile laminar flow hood directly after 
severing of the extremities. Surgical instruments are disinfected by 70% ethanol. 
Animal position is now described.  

EC5: How? Mention surgical tools used? 
 We now specify how to sever the leg and which tools are required. 

EC6: How? Unclear exactly what is done. Please mention tools used. 
 Large vessels can only be removed by isolating parts of the muscle which do not 

contain large vessels. We clarified this point in the protocol.  
EC7: Please tools used for isolation. 

 We added all used surgical tools and describe how to use them for the isolation of the 
muscle groups. 

EC8: Cubes?   
 Ideally the muscle is cut into cubes with an edge length of >2 mm.  

EC9: How many pieces per well? 
 The muscle can be cut into more than 100 pieces. Important is the size of > 2mm3 of 

the pieces.  
EC10: Dry weight? Or weight in PBS? 

 The protocol is designed for up to 1 g of dry weight muscle. Therefore, we added 
necessary steps to determine the dry weight of the muscle.  

EC11: How much per gram of tissue? 
 The volume of dissociation solution was added. 

EC12/EC18/EC27: How? Mention counting technique used. 
 To determine the cell number we used a Neubauer cell counting chamber. This is now 

indicated. 
EC13/EC17/EC19: Text indicated in red font shows significant overlap with previous 
publications or user manuals. Please use novel text. 

 We apologize for this mistake. We now use a novel text to describe the steps.  

EC14/EC20: What kind of column? Mention specifications and also add it to the table of 
materials. 

 To avoid trademarked names, we now describe the column specifications as reservoir 
volume and capacity for total cells to isolate. 

EC15: Define? Lymphocyte separation? 

 LS column has been replaced by large magnetic column (LMC) for a better 

understanding.  

EC16: How much? 

 Cell suspension volume is now described.  

EC21: Define. 
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 The term MS columns is replaced by medium magnetic column (MMC) and defined by 

reservoir volume and capacity of total cells to isolate.  

EC22: How much? Are the unlabeled cells collected/discarded after this? It looks like you use 
them much later. Is there a step missing? Is this the cell suspension from 3.4.9? 

 We apologize for this misunderstanding. We amended the description to clarify the 

correct sequence of steps. 

EC23: How long after cell suspension application? 

 We now describe the washing steps after application of the cell suspension in more 

details.  

EC24: The appropriate amount or 2 mL? conflicting 
 We revised the conflicting description.  

EC25: Refresh?  

 „Change“ was replaced by “refresh”.  

EC26: Mention magnification and lens N.A. 

 Magnification and lens numerical aperture were added.  

EC28: Do you centrifuge again? Please mention the settings. 

 We describe the washing steps now in more details.  

EC29: Define this and also add it to the table of materials. 
 The FC buffer was described at the beginning of the steps5.1.1. and is defined in the 

table of materials.  

EC30: If this step is to be filmed, the gating strategy needs to be described in detail here. 
Please mention all software selections and button clicks. 

 This step should not be filmed. Only the isolation steps of the primary endothelial cells.  

EC31: WE require figures to be listed in the order that they are referenced. Please update the 
order of listing. Currently Figure 2 is called out before figure 1. 

 To avoid misunderstanding this information was deleted at this point.  

EC32: This sound come before 5.2.1, right? 

 We apologize for this misunderstanding. We describe these steps now in more details.  

EC33: Here you described how the plates are coated not cover slips. Please clarify. 
 The coating step is for cover slips. The paragraph was amended accordingly. 

EC34: Until what confluency%? 

 We added the percentage of confluence (=99%). 

EC35: After reaching what time point? 

 Cells are used after reaching 99% confluence. We clarified this.  

EC36: How much PFA per well? 

 The volume of PFA per well is now mentioned.  

EC37/EC38/ EC39/EC43: How much? / To each well?/ What is the volume added per well? 

 The volume for each well was added to the protocol.  

EC40/EC44: Please update 

 The washing steps were updated accordingly.  

EC41/EC42: Secondary? 

 Second antibody was replaced by secondary antibody.  

EC45: Mention microscope magnification, fluorescence excitation settings (wavelength and 
intensity), emission filter settings, acquisition duration etc. 

 We thank the editor for this suggestion and added the missing details.  

EC46: Please describe how this is done. If you use a kit, please say so and add the kit to the 

table of materials. 

 We inserted the missing steps for mRNA isolation. 
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EC47: Collection of CD31- cells was not described. 

 We added the mentioned collection of the CD45- CD31- cell fraction to the respective 

step 3.6.14.  

EC48/EC50: Please describe the steps. Mention PCR primers and reaction conditions. 

 We added the missing steps and primer to perform the PCR.  

EC49: Please remove or replace the commercial name. 

 TaqMan probes were removed and replaced with by non-commercial names.  

EC51: What were the sources of these cells? 

 The cells were commercially purchased, the corresponding information was added to 

the table of materials.  

EC52: Define the color coding. What do blue and red stains represent? 

 Color coding was defined and added to the figure legend as well.  

EC53: References? 

 An appropriate reference was added.  


