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SUMMARY:  30 
Skeletal muscle differentiation is a highly dynamic process, which particularly relies on nuclear 31 
positioning. Here, we describe a method to track nuclei movements by live cell imaging during 32 
myoblast differentiation and myotube formation and to perform a quantitative characterization 33 
of nuclei dynamics by extracting information from automatic tracking.  34 
 35 
ABSTRACT:  36 
Nuclear positioning within cells is important for multiple cellular processes in development and 37 
regeneration. The most intriguing example of nuclear positioning occurs during skeletal muscle 38 
differentiation. Muscle fibers (myofibers) are multinucleated cells formed by the fusion of muscle 39 
precursor cells (myoblasts) derived from muscle stem cells (satellite cells) that undergo 40 
proliferation and differentiation. Correct nuclear positioning within myofibers is required for the 41 
proper muscle regeneration and function. The common procedure to assess myoblast 42 
differentiation and myofiber formation relies on fixed cells analyzed by immunofluorescence, 43 
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which impedes the study of nuclear movement and cell behavior over time. Here, we describe a 44 
method for the analysis of myoblast differentiation and myofiber formation by live cell imaging. 45 
We provide a software for automated nuclear tracking to obtain a high-throughput quantitative 46 
characterization of nuclear dynamics and myoblast behavior (i.e., the trajectory) during 47 
differentiation and fusion. 48 
 49 
INTRODUCTION:  50 
Skeletal muscle is the largest tissue in the human body, totaling 35%–40% of body mass1. Satellite 51 
cells are muscle stem cells, anatomically characterized by their position (juxtaposed to the 52 
plasma membrane, underneath the basal lamina of muscle fibers), that give rise to proliferating 53 
myoblasts (myogenic progenitor cells), which eventually differentiate and integrate into existing 54 
myofibers and/or fuse to form new myofibers2–4. Their discovery and the progress in the study 55 
of their biology has led to significant insights into muscle development and regeneration.  56 
 57 
Protocols to isolate and differentiate myoblasts into myotubes have been developed many years 58 
ago and are still widely used to study skeletal muscle differentiation5–7. However, most of these 59 
methods represent static procedures that rely on the analysis of fixed cells and, consequently, 60 
do not allow scientists to fully explore highly dynamic processes, such as myoblast fusion and 61 
myofiber maturation. The most striking example is nuclear positioning, which is tightly regulated, 62 
with nuclei initially in the center of the myofiber and, then, located at the periphery after 63 
myofiber maturation8,9. Live imaging is the most appropriate technique to obtain further insights 64 
into such a peculiar phenomenon.  65 
 66 
Here, we describe a method that enables scientists to record myoblast differentiation and 67 
myotube formation by time-lapse microscopy and to perform quantitative analyses from the 68 
automatic tracking of myoblast nuclei. This method provides a high-throughput quantitative 69 
characterization of nuclear dynamics and myoblast behavior during differentiation and fusion. 70 
The protocol is divided into four different parts, namely (1) the collection of muscles from the 71 
hindlimbs of mice, (2) the isolation of primary myoblasts that consists in mechanical and 72 
enzymatic digestion, (3) myoblast proliferation and differentiation, and (4) live imaging to track 73 
nuclei within the first 16 h of myoblast differentiation.  74 
 75 
In the following procedure, myoblasts are isolated from H2B-GFP mice and treated with 1 µg/mL 76 
of doxycycline to induce H2B-GFP expression, as previously described10. Alternatively, it is 77 
possible to isolate the myoblasts from other transgenic mice that express a fluorescent protein 78 
in the nucleus or to transfect the cells isolated from wild-type mice to express a fluorescent 79 
protein in the nucleus, as described by Pimentel et al.9. 80 
 81 
PROTOCOL:  82 
All procedures involving animal subjects were approved by the San Raffaele Institutional Animal 83 
Care and Use Committee. 84 
 85 
1. Dissection of mouse hindlimb muscles 86 
 87 
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1.1. Sterilize tweezers and scissors (both straight and curved) by autoclaving. 88 
 89 
1.2. Prepare and filter (0.22 µm) all the media (blocking medium, digestion medium, proliferating 90 
medium, and differentiating medium) before starting the experiment (see Table of Materials).  91 
 92 
1.3. Put 5 mL of phosphate-buffered saline (PBS) in a 35 mm Petri dish for muscle collection. 93 
 94 
1.4. Sacrifice the mouse by cervical dislocation or by using CO2 and sterilize the skin with ethanol. 95 
Remove the skin from the hindlimbs and upper limbs by using scissors and tweezers, to facilitate 96 
the isolation of muscles. 97 
 98 
NOTE: Muscles can be isolated from neonatal or adult mice. Neonatal mice have an increased 99 
number of satellite cells compared to adult mice. However, the total number of satellite cells that 100 
can be isolated from a single adult mouse is sufficient to perform the experiment described 101 
below.  102 
 103 
1.5. Isolate tibialis, soleus, extensor digitorum longus (EDL), gastrocnemius, quadriceps, and 104 
triceps, and put them in the Petri dish containing PBS. Leave the dish on ice. Carefully remove 105 
tendons and fat with sterilized scissors and tweezers. 106 
 107 
2. Isolation of primary myoblasts  108 
 109 
NOTE: All the procedures for cell culture are done in sterile conditions. 110 
 111 
2.1. Remove the muscles from the PBS. Cut and mince the muscles, by using sterile curved 112 
scissors, until a uniform mass is obtained. Put the muscle pieces into a 50 mL tube.  113 
 114 
2.2. Add 10 mL of the digestion medium to the muscle pieces and incubate at 37 °C for 30 min 115 
under strong agitation (250 min-1) in a water bath, to enzymatically digest the muscles. 116 
 117 
2.3. Add 10 mL of Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine 118 
serum (FBS), 1% glutamine, 1% penicillin/streptomycin, and 1% gentamicin (blocking medium) to 119 
stop the digestion. 120 
 121 
2.4. Centrifuge at 40 x g for 5 min and collect the supernatant in a 50 mL tube. Save the pellet on 122 
ice.  123 
 124 
NOTE: After the centrifugation, the supernatant contains some satellite cells, blood cells, 125 
endothelial cells, and fibroblasts, while the pellet contains pieces of undigested muscle and 126 
connective tissue. To increase the number of isolated cells, the pellet must be subjected to 127 
additional steps of digestion as described below.  128 
 129 
2.5. Centrifuge the supernatant at 650 x g for 5 min. Discard the supernatant and resuspend the 130 
pellet in 1 mL of DMEM containing 10% FBS. Keep the resuspended pellet on ice. 131 
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 132 
2.6. Repeat steps 2.2–2.5 2x for the rest of the pellet obtained in step 2.4 and add the 133 
subsequently resuspended pellets to the first resuspended pellet conserved on ice.  134 
 135 
2.7. Pass the resuspended pellets through a 70 µm filter and then through a 40 µm filter. Add 15 136 
mL of DMEM with 10% FBS, and centrifuge at 650 x g for 5 min.  137 
 138 
2.8. Resuspend the cell pellet in 3 mL of red blood cell lysis buffer to deplete the red blood cells. 139 
Incubate it for 5 min at room temperature. Add 40 mL of PBS to stop the lysis of the red blood 140 
cells, and centrifuge at 650 x g for 5 min. Remove the supernatant and resuspend the pellet in 5 141 
mL of DMEM with 10% FBS. 142 
 143 
2.9. As preplating step, plate the cells in 20 mL of proliferation medium in a 150 mm uncoated 144 
Petri dish. After 1 h of incubation in a cell culture incubator (37 °C, 5% CO2), collect the medium. 145 
 146 
NOTE: Fibroblasts, attaching to the plate, are then discarded, while satellite cells remain in 147 
suspension.  148 
 149 
2.10. Repeat step 2.9 3x and, at the last preplating step, collect the medium which contains the 150 
satellite cells in suspension. 151 
 152 
2.11. Centrifuge at 650 x g for 5 min. 153 
 154 
2.12. While the cells are centrifuging, coat two 150 mm Petri dishes with collagen (10 mL of a 155 
0.1% solution in 0.1 M acetic acid). To do so, put the collagen on the plate, incubate for 5 min, 156 
and remove it. Let the plate dry for 30 min.  157 
 158 
2.13. Discard the supernatant obtained in step 2.11 and resuspend the cell pellet in 40 mL of 159 
proliferation medium (Table of Materials). Plate the cells on two collagen-coated 150 mm Petri 160 
dishes (20 mL per dish) and keep the cells in a cell culture incubator (37 °C, 5% CO2, 5% O2) in 161 
proliferation medium for 2–3 days with 1 µg/mL of doxycycline to induce H2B-GFP expression. 162 
 163 
NOTE: This step allows the proliferation of myoblasts to obtain a higher number of cells for 164 
further assays. Cell density is maintained very low to avoid a spontaneous differentiation of 165 
myoblasts into myotubes. 166 
 167 
3. Myoblast proliferation and differentiation assays 168 
 169 
NOTE: When myoblast density is high, some cells initiate elongation, and then, it is necessary to 170 
split the cells. Generally, it is possible to split cells 2x–3x without affecting their phenotype.  171 
 172 
3.1. Discard the medium, wash the cells with 5 mL of PBS, add 2 mL of trypsin (1x), and incubate 173 
the plate at 37 °C in a cell incubator for 5 min. Check under the microscope and, when round cells 174 
detach, add 5 mL of DMEM with 10% FBS to inactivate the trypsin. Count the number of cells 175 
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(usually it is possible to obtain about 1 x 106 cells/mouse). 176 
 177 
NOTE: Incubation with trypsin for 5 min is usually enough to detach the proliferating myoblasts. 178 
 179 
3.2. Subject the cells to one of the assays described below.  180 
 181 
3.2.1. Proliferation assay  182 
 183 
3.2.1.1. Plate 50,000 cells/well in 1 mL/well of proliferation medium in a collagen-coated 12-well 184 
plate and incubate the plated cells in a cell culture incubator (37 °C, 5% CO2). Fix and count the 185 
cells at 24, 48, or 72 h.  186 
 187 
NOTE: The medium is replaced every 48 h to avoid nutrient exhaustion. 188 
 189 
3.2.2. Differentiation assay  190 
 191 
3.2.2.1. Coat a 12-well plate with 350 µL of differentiation medium containing basement 192 
membrane matrix (1:100). Incubate the plate at 37 °C for 30 min and remove the medium.  193 
 194 
3.2.2.2. Plate 200,000 cells/well in the differentiation medium in the matrix-coated plate. 195 
Incubate the cells in a cell culture incubator (37 °C, 5% CO2, 5% O2) until they adhere to the plate 196 
(2 h are generally enough for the cells to adhere and to start differentiation).  197 
 198 
3.2.2.3. To assess differentiation, perform staining for myosin heavy chain and nuclei as 199 
previously described11. Alternatively, perform live-imaging analyses as described below. 200 
 201 
4. Live-imaging of myoblast differentiation and nuclear tracking 202 
 203 
4.1. For live cell imaging, put the cells, obtained in section 3.2.2 and plated in a 12-well plate, 204 
under a confocal microscope, equipped with an incubation system to maintain the cells at 37 °C 205 
in 5% CO2.  206 
 207 
4.2. Use a 20x dry objective (0.7 NA) to get fields of view with hundreds of cells, enough to 208 
monitor myofiber formation. H2B-GFP cells can be imaged with a low-intensity 488 nm Argon 209 
laser.  210 
 211 
NOTE: An open pinhole ensures that the image depth (~10 µm) contains the cell thickness so that 212 
cells are kept in focus throughout the experiment. Using a confocal microscope is advantageous 213 
since it improves the signal-to-noise ratio of the images, although wide-field microscopy could 214 
also be used. Myofiber formation can be monitored through the transmission channel. 215 
 216 
4.3. Acquire images of 16-bit and 1,024 x 1,024 pixels per frame every 6 min for 16 h. For each 217 
acquired position, generate a multiframe.tif file (see example in the Supplementary Files).  218 
 219 
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NOTE: In the present protocol, commercial software associated with the microscope (Table of 220 
Materials) has been used; use the appropriate software to achieve the same goal when using 221 
other microscopes. 222 
 223 
4.4. Download the software provided as a .zip supplementary file.  224 
 225 
NOTE: The routines are scripts that must be run in MATLAB. The software is an adaptation of a 226 
published software12 optimized for the tracking of the nuclei during myotube formation. This 227 
software is divided into two parts: the first one identifies the nuclei in each frame by segmenting 228 
them, while the second one generates “tracks” (trajectories) of nuclei movement. The complete 229 
code for nuclear segmentation and tracking and a step-by-step guide to getting started are 230 
provided in the Supplementary Files.  231 
 232 
4.5. Extract the zip file and save it in a desired path on the personal computer (PC) in use. Perform 233 
all the below passages on a PC with the necessary software already installed. Note that the .zip 234 
file is composed of three folders as mentioned below. 235 
 236 
NOTE: Segmentation Routines contains the functions to be run for the segmentation. Tracking 237 
Routines, instead, contains the functions required for the tracking. Example Segmentation 238 
Tracking provides the basic scripts and files to get acquainted with the system. The software used 239 
for segmentation and tracking of the nuclei runs properly in MATLAB, R2015a or later versions. 240 
 241 
4.6. To segment the nuclei from the .tif file, name the file, for example, NameFile.tif. 242 
 243 
4.6.1. Open the Example Segmentation Tracking folder and click on DoSegmentation.m. This will 244 
open the command window in MATLAB.  245 
 246 
4.6.2. Check the Current Folder window on the left to see all the elements in the Example of 247 
Segmentation Tracking folder. Double-click on DoSegmentation.m.  248 
 249 
NOTE: Detailed information on the modifications that have to be done in the script can be found 250 
in the StepbyStep.txt file. It is mandatory to modify the script so that the variable filenameinput 251 
is NameFile.tif and folderinput is the folder where the .tif file is contained.  252 
 253 
4.6.3. Run the script (by clicking on the green Run button). The result of the segmentation will be 254 
saved as a file.mat (SegmentedNameFile.mat), while the segmentation of the nuclei can be 255 
visualized in the output figure.  256 
 257 
NOTE: Parameters for the segmentation, described in the script, can be modified if needed. The 258 
quality of the segmentation can be checked using the script CheckSegmentation.m (see the 259 
StepbyStep.txt file). Based on this, if the quality of the segmentation is poor (only a few nuclei 260 
detected), adjust the parameters of the segmentation, clearly indicated in the 261 
DoSegmentation.m script, and repeat the procedure. 262 
 263 
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4.7. To generate the tracks (i.e., the trajectories of each of the nuclei in time), using the nuclear 264 
positions obtained in the segmentation, run the script GenerateTracks.m in the same working 265 
folder. Be sure to add the proper segmentation file as an input, obtained before (see the 266 
StepbyStep.txt file for further information).  267 
 268 
NOTE: As an output, the user will obtain a file TrackedNameFile.mat, with a matrix for the x-269 
coordinates and another matrix for the y-coordinates of the generated tracks. 270 
 271 
4.8. Evaluate the quality of the tracks using CheckTracking.m (see the StepbyStep.txt file for 272 
further information). Use the output figure of this last passage to help visualize each nuclei 273 
position in time. Check on the left for green crosses that indicate each segmented nucleus. To 274 
select one specific nucleus, use the lower scrollbar. Note that the selected nucleus will be circled 275 
in red, while on the right, the trajectory of the selected cell can be followed in time (by using the 276 
upper scrollbar).  277 
 278 
REPRESENTATIVE RESULTS:  279 
To automatically follow nuclear movement during myoblast differentiation in live imaging, the 280 
nuclei should preferentially be fluorescently labeled. It is important to note that using DNA-281 
intercalating molecules is not feasible because these molecules interfere with the proliferation 282 
and differentiation of primary myoblasts13. As an example, proliferation and differentiation have 283 
been analyzed in primary myoblasts cultured with or without Hoechst (Figure 1). It is evident that 284 
proliferation (Figure 1A, B) and differentiation (Figure 1C, middle panel) are strongly impaired in 285 
myoblasts cultured with Hoechst 33342. Conversely, myoblasts isolated from H2B-GFP mice and 286 
cultured with doxycycline have nuclei with green fluorescence and differentiate similarly to 287 
myoblasts isolated from wild-type mice (Figure 1C, right and left panels, respectively).  288 
 289 
Live cell imaging with primary myoblasts expressing the H2B-GFP protein allows the tracking of 290 
nuclei during differentiation (Figure 2 and Supplementary Video 1). Merged images of 291 
transmission and GFP channels at the initial (Figure 2A) and final time points (Figure 2B) during 292 
the differentiation of H2B-GFP myoblasts allow scientists to identify myotubes and, 293 
consequently, nuclei that end up integrating into a myotube (e.g., the nucleus in the blue circle) 294 
or nuclei that do not fuse into a myotube (e.g., the nucleus in the red circle). 295 
 296 
To extract information on nuclei/cell movements from the live cell imaging data, it is possible to 297 
use the provided software to track the trajectories of the nuclei. The software uses the image 298 
from the H2B-GFP channel (the nuclei; Figure 3A) to create a mask and to segment the nuclei in 299 
each frame. For nuclear segmentation in a frame, a “conservative” threshold is selected using 300 
Otsu’s method on the image after Gaussian filtering14. Next, objects are roughly segmented; to 301 
get a finer segmentation, each object is masked again using a threshold based on the average in 302 
its bounding box. A watershed transform is then used to separate nearby objects (Figure 3B). In 303 
our hands, one watershed transform has been unable to separate most nearby nuclei (Figure 3B, 304 
*inset). Thus, we used the area to select the larger objects in the image and apply a new 305 
watershed transformation (Figure 3B, **inset), which is able to separate additional nearby 306 
nuclei. With this approach, most of the nuclei are identified in the image (Figure 3C).  307 
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 308 
To track the nuclei, we improved the routines by incorporating the tracking routines published 309 
by Tinevez15. In short, the tracking algorithm links nuclei detected in consecutive frames with the 310 
aim of minimizing the sum of the distances between the position of each nucleus in a frame and 311 
the position of the same nucleus in the next one, using the “Hungarian algorithm” for such 312 
minimization16. The step is repeated in order to link unlinked nuclei that are up to a certain 313 
maximum number of frames away. A threshold for the maximum distance between the position 314 
of an object in a frame and the next one is also established. For the data presented here, a 315 
maximum distance of five frames and a maximum distance of 20 pixels per step give a high 316 
number of correct tracks (Figure 3D). Importantly, we can use these routines to check the quality 317 
of the tracking. It is also possible to use this script to find cells that have a given behavior, for 318 
example forming (or not) a myofiber, and subsequently analyze the dynamical features of the set 319 
of cells of interest.  320 
 321 
The applied software generates the tracks with the x- and y-coordinates for each cell in frame n, 322 
(𝑥(𝑛), 𝑦(𝑛)), for hundreds of cells (Figure 3D). We can use such information to extract 323 
information about nuclei motion. As an example, the total displacement between the initial 324 
frame (n = 0) and the final frame N is defined as follows.  325 
 326 

Displacement of a trajectory=||(𝑥(𝑁), 𝑦(𝑁)) − (𝑥(0), 𝑦(0))|| 327 

 328 
Here, “||·||” stands for the norm of the vector (Figure 4A).  329 
 330 
The velocity of each nucleus in frame n is as follows. 331 
 332 

𝑣⃗𝑛 = (𝑥(𝑛 + 1), 𝑦(𝑛 + 1)) − (𝑥(𝑛), 𝑦(𝑛)) ≝ (𝑣𝑛,𝑥, 𝑣𝑛,𝑦)  333 

 334 
Then, we can define the length of a trajectory for a given cell as follows.  335 
 336 

Length of trajectory= ∑ ||𝑣⃗𝑛||𝐶𝑒𝑙𝑙 𝑡𝑟𝑎𝑐𝑘  337 
 338 
As an example of how these simple parameters can already give relevant information, we 339 
computed the length of nuclei trajectories of myoblasts incubated with or without Hoechst. It 340 
appears that the total length of the trajectories is slightly higher for cells stained with Hoechst, 341 
although the difference is not significant (Figure 4B). However, when we computed the total 342 
displacement during a time lapse, we observed that the total displacement of cells stained with 343 
Hoechst was significantly smaller than that of unstained cells (Figure 4C). This indicates that the 344 
movement of stained cells has a lower directionality. To further strengthen this hypothesis, we 345 
quantified the directionality of the motion of a cell by computing the angle of the velocity in each 346 
frame (Figure 4A). 347 
 348 

𝜃𝑛 = atan(𝑣𝑛,𝑦/𝑣𝑛,𝑥)  349 

 350 
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We also quantified the variation of the angle between frames. 351 
 352 

Δ𝜃𝑛 = 𝜃𝑛+1 − 𝜃𝑛 353 
 354 
The total angle variation along a trajectory can then be defined as follows. 355 
 356 

Total angle variation= ∑ |Δ𝜃𝑛|𝐶𝑒𝑙𝑙 𝑡𝑟𝑎𝑐𝑘  357 
 358 
As predicted, the total angle variation for the unstained cells is significantly smaller compared to 359 
cells stained with Hoechst (Figure 4D). Hence, this simple measure of directionality, obtained 360 
from a straightforward calculation, indicates that the myoblasts stained with Hoechst are less 361 
prone to maintain the direction of their displacement, which reflects their impaired ability in 362 
forming myotubes (Figure 1).  363 
 364 
In short, live cell imaging data generated as described here provide a quantitative link between 365 
nuclear dynamics and the ability to form myotubes and can be used as input for a high-366 
throughput quantitative characterization of nuclear dynamics and myoblast behavior during 367 
differentiation and fusion.  368 
 369 
FIGURE AND TABLE LEGENDS:  370 
 371 
Figure 1: Incubation with Hoechst interferes with the proliferation and differentiation of 372 
myoblasts. (A) Representative images of primary myoblasts stained with Hoechst after 24 h in 373 
proliferation medium (left panel) or cultured for 24 h in proliferation medium with Hoechst (right 374 
panel), and (B) the relative quantification. Data are the mean ± SEM, and the statistical 375 
significance was assessed with Student’s t-test. *P < 0.05. (C) Representative images of primary 376 
wild-type myoblasts, cultured for 24 h in differentiating medium without (left panel) or with 377 
Hoechst (middle panel), and of H2B-GFP myoblasts cultured for 24 h in differentiating medium 378 
(right panel) and stained with Hoechst (blue) and an anti-myosin heavy chain antibody (MyHC; 379 
red). The scale bars = 500 µm. 380 
 381 
Figure 2: Live imaging of H2B-GFP myoblasts during differentiation. Merged images of 382 
transmission and GFP channels at (A) the initial (t = 0 h) and (B) final time points (t = 16 h) during 383 
the differentiation of H2B-GFP myoblasts (20x objective). Some examples of myotubes are 384 
highlighted with black arrows in panel B. The scale bars = 50 µm. (C) Magnified dotted areas from 385 
panels A and B in which it is possible to identify a single nucleus that ends up integrating into a 386 
myotube (in blue) or not (in red) at t = 0 h, t = 8 h, and t = 16 h. The scale bars = 50 µm. 387 
 388 
Figure 3: Segmentation of H2B-GFP myoblasts tracking during differentiation. (A) Example of a 389 
frame of the time lapses showing the nuclei of approximately 400 cells. (B) Example of nuclei 390 
masking and segmentation. Bright objects are segmented using both a global and a local 391 
threshold, and a watershed transformation is applied to separate nearby nuclei. Nearby nuclei 392 
might be difficult to segment (*inset), so a second watershed-based segmentation is performed 393 
in objects of large areas to segment a higher number of nuclei (**inset). (C) Detected nuclear 394 
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positions (red crosses), that are later used in the tracking algorithm. (D) Tracks generated using 395 
the tracking algorithm that minimizes the sum of the distances between each object’s position in 396 
two consecutive frames. A maximum possible value of such distance for each object is provided 397 
as an input that allows scientists to link nuclei separated by more than one frame. The scale bars 398 
= 50 µm. 399 
 400 
Figure 4: Quantitative analyses of nuclei dynamics uncover the impaired ability of myoblasts 401 
incubated with Hoechst to maintain cell directionality. (A) Description of parameter 402 
measurements. It is possible to define the velocity of a nucleus by considering the position in two 403 
consecutive frames. The trajectory angle and the angle variation can then be readily calculated 404 
from the positions as indicated in the scheme. (B) Distribution of the trajectories length, (C) total 405 
displacement, and (D) variation of the trajectories angle of myoblasts incubated without Hoechst 406 
(green line) or with Hoechst (blue line). The two distributions are not significantly different, while 407 
the total displacement is significantly higher, and the variation of the angle is significantly lower 408 
for unstained cells (one-sided Kolmogorov-Smirnov test, *p < 0.05 and **p < 0.005). 409 
 410 
Supplementary Video 1: Live imaging of H2B-GFP myoblasts during differentiation. Imaging of 411 
H2B-GFP myoblasts cultured in differentiating medium from the initial (t = 0 h) to final time points 412 
(t = 16 h) using transmission and GFP channels (20x objective). 413 
 414 
DISCUSSION:  415 
Muscle fibers (myofibers) are multinucleated cells that are formed by the fusion of muscle 416 
precursors cells (myoblasts) derived from muscle stem cells (satellite cells) that undergo 417 
proliferation and differentiation2–4. To assess myoblast differentiation, the common procedure 418 
consists of culturing myoblasts in differentiating medium and fixing the cells at different time 419 
points to perform immunofluorescence staining for MyHC, a marker of differentiation, and 420 
staining of nuclei with DNA-intercalating molecules (e.g., Hoechst)5. This method is useful to 421 
evaluate myoblast differentiation by measuring different parameters, such as the differentiation 422 
index (number of MyHC-positive cells/total cell number) or the fusion index (number of 423 
myotubes with at least two nuclei/total cell number). However, myoblast fusion and myotube 424 
formation are highly dynamic processes that rely on the motility of the nuclei8. Indeed, nuclear 425 
positioning within myofibers is required for proper muscle regeneration and function17. The 426 
mobility of myoblasts and of their nuclei might turn out to be a critical parameter to evaluate 427 
myoblast differentiation and to uncover novel defects in muscular disorders. Hence, it is essential 428 
to develop novel procedures to study cell behavior and nuclear movement during myoblast 429 
differentiation and myofiber formation. 430 
 431 
Here, we describe a method that enables scientists to follow myoblast differentiation and 432 
myotube formation by live cell imaging and to perform quantitative analyses from the automatic 433 
tracking of nuclei. The advantage of this method is the possibility to track during the 434 
differentiation of fluorescent nuclei of myoblasts, isolated from H2B-GFP mice, without any cell 435 
transfection or additional staining. The H2B-GFP mice are commercially available and, 436 
consequently, easily accessible. Alternatively, it is possible to isolate the myoblasts from other 437 
transgenic mice that express a fluorescent protein in the nucleus or to transfect the cells isolated 438 
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from wild-type mice to express a fluorescent protein in the nucleus, as previously described9. 439 
These different options further extend the potential applications of the method presented here. 440 
 441 
The current protocol relies on the culture of primary myoblasts, and consequently, a high 442 
variability might be observed in the following experimental procedures, also due to the potential 443 
presence of nonmyogenic cells after the isolation from muscles18. To overcome this limitation, it 444 
is possible to isolate myoblasts by cell sorting as previously described19. Another critical point in 445 
the method described here is the difficulty to generate a perfect tracking of nuclei when cells are 446 
close to each other, such as during myotube formation. However, the software routines 447 
discussed here allow scientists to visually inspect the quality of the tracking and, if necessary, to 448 
select a subset of cells of interest for a subsequent analysis. Further improvement of the software 449 
might be required to provide a complete characterization of nuclear dynamics during myofiber 450 
formation. 451 
 452 
In conclusion, this method is useful to provide quantitative insight into nuclei dynamics during 453 
myoblast differentiation by comparing different conditions, as we reported with Hoechst 454 
incubation. This example illustrates the ability to extract meaningful dynamic data from time-455 
lapse experiments. 456 
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DMEM Sigma D5671

fetal bovine serum Life technologies 10270106

gentamicin Sigma G1397

Horse serum Invitrogen 16050-098

Hoechst life technologies 33342

IMDM Sigma I3390

L-glutamine Sigma G7513

Matrigel Corning 356231

penicillin-streptomycin Sigma P0781

red blood cells lysis medium Biolegend 420301

Digestion medium

collagenase 40 mg

dispase 70 mg

PBS 20 ml

filtered 0.22um

Blocking medium

DMEM

Fetal bovine serum 10%

L-glutammine 1%
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This is an introduction for the use of our tracking software.  

 

The software can be modified and reproduced, as long as the source is 

cited (Careccia et al., JoVE, 2019).  

 

The software runs properly in Matlab, R2015a or later versions.  

 

Below a step by step guide of how to use it.  

 

There are three folders:  

 

"Segmentation Routines" contains the functions to be run for the 

segmentation.  

 

"Tracking Routines" instead contains the functions required for the 

tracking, most of which come from the "Simple Tracker" software from 

Jean-Yves Tinevez.  

 

"Example Segmentation Tracking" provides the basic scripts and files to 

get acquainted with the system. They allow the tracking of cells in the 

small multiframe tif file Example.tif. 

It can be easily 

adapted to be run in other data files. All next steps are reffered to 

scripts contained in "Example Segmentation Tracking" folder. 

 

First, one can use the script "DoSegmentation.m". To do so, the script 

has to be modified so that the name and the destination of the input .tif 

file are correctly stated. Similarly,  

the directory of the "Segmentation Routines" should be changed.  

 

The result will be saved as a file .mat, like "SegmentExample.mat".  

 

The quality of the segmentation can be checked using the script 

"CheckSegmentation.m", making sure that the names of the .tif and .mat 

files are now the proper ones.  

 

To generate the tracks, run the script "GenerateTracks.m", again modyfing 

it in such a way that it takes the proper segmentation file as an input, 

for example the "SegmentExample.mat".  

 

The quality of the tracks can be evaluated using "CheckTracking.m", again 

by properly changing the name of input files, directory, etc... 

 

For any querys, do not hesitate to contact me at 

samuel.zambrano@gmail.com.  

 

SZ, Milan, November 2018.  
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