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30 SUMMARY:
31  Skeletal muscle differentiation is a highly dynamic process, which particularly relies on nuclear
32  positioning. Here, we describe a method to track nuclei movements by live cell imaging during
33  myoblast differentiation and myotube formation and to perform a quantitative characterization
34  of nuclei dynamics by extracting information from automatic tracking.
35
36 ABSTRACT:
37  Nuclear positioning within cells is important for multiple cellular processes in development and
38 regeneration. The most intriguing example of nuclear positioning occurs during skeletal muscle
39 differentiation. Muscle fibers (myofibers) are multinucleated cells formed by the fusion of muscle
40 precursor cells (myoblasts) derived from muscle stem cells (satellite cells) that undergo
41  proliferation and differentiation. Correct nuclear positioning within myofibers is required for the
42  proper muscle regeneration and function. The common procedure to assess myoblast
43  differentiation and myofiber formation relies on fixed cells analyzed by immunofluorescence,
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which impedes the study of nuclear movement and cell behavior over time. Here, we describe a
method for the analysis of myoblast differentiation and myofiber formation by live cell imaging.
We provide a software for automated nuclear tracking to obtain a high-throughput quantitative
characterization of nuclear dynamics and myoblast behavior (i.e., the trajectory) during
differentiation and fusion.

INTRODUCTION:

Skeletal muscle is the largest tissue in the human body, totaling 35%—40% of body mass?. Satellite
cells are muscle stem cells, anatomically characterized by their position (juxtaposed to the
plasma membrane, underneath the basal lamina of muscle fibers), that give rise to proliferating
myoblasts (myogenic progenitor cells), which eventually differentiate and integrate into existing
myofibers and/or fuse to form new myofibers?=. Their discovery and the progress in the study
of their biology has led to significant insights into muscle development and regeneration.

Protocols to isolate and differentiate myoblasts into myotubes have been developed many years
ago and are still widely used to study skeletal muscle differentiation®~’. However, most of these
methods represent static procedures that rely on the analysis of fixed cells and, consequently,
do not allow scientists to fully explore highly dynamic processes, such as myoblast fusion and
myofiber maturation. The most striking example is nuclear positioning, which is tightly regulated,
with nuclei initially in the center of the myofiber and, then, located at the periphery after
myofiber maturation®?. Live imaging is the most appropriate technique to obtain further insights
into such a peculiar phenomenon.

Here, we describe a method that enables scientists to record myoblast differentiation and
myotube formation by time-lapse microscopy and to perform quantitative analyses from the
automatic tracking of myoblast nuclei. This method provides a high-throughput quantitative
characterization of nuclear dynamics and myoblast behavior during differentiation and fusion.
The protocol is divided into four different parts, namely (1) the collection of muscles from the
hindlimbs of mice, (2) the isolation of primary myoblasts that consists in mechanical and
enzymatic digestion, (3) myoblast proliferation and differentiation, and (4) live imaging to track
nuclei within the first 16 h of myoblast differentiation.

In the following procedure, myoblasts are isolated from H2B-GFP mice and treated with 1 pg/mL
of doxycycline to induce H2B-GFP expression, as previously described®®. Alternatively, it is
possible to isolate the myoblasts from other transgenic mice that express a fluorescent protein
in the nucleus or to transfect the cells isolated from wild-type mice to express a fluorescent
protein in the nucleus, as described by Pimentel et al.°.

PROTOCOL:
All procedures involving animal subjects were approved by the San Raffaele Institutional Animal

Care and Use Committee.

1. Dissection of mouse hindlimb muscles
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1.1. Sterilize tweezers and scissors (both straight and curved) by autoclaving.

1.2. Prepare and filter (0.22 um) all the media (blocking medium, digestion medium, proliferating
medium, and differentiating medium) before starting the experiment (see Table of Materials).

1.3. Put 5 mL of phosphate-buffered saline (PBS) in a 35 mm Petri dish for muscle collection.

1.4. Sacrifice the mouse by cervical dislocation or by using CO; and sterilize the skin with ethanol.
Remove the skin from the hindlimbs and upper limbs by using scissors and tweezers, to facilitate
the isolation of muscles.

NOTE: Muscles can be isolated from neonatal or adult mice. Neonatal mice have an increased
number of satellite cells compared to adult mice. However, the total number of satellite cells that
can be isolated from a single adult mouse is sufficient to perform the experiment described
below.

1.5. Isolate tibialis, soleus, extensor digitorum longus (EDL), gastrocnemius, quadriceps, and
triceps, and put them in the Petri dish containing PBS. Leave the dish on ice. Carefully remove
tendons and fat with sterilized scissors and tweezers.

2. Isolation of primary myoblasts
NOTE: All the procedures for cell culture are done in sterile conditions.

2.1. Remove the muscles from the PBS. Cut and mince the muscles, by using sterile curved
scissors, until a uniform mass is obtained. Put the muscle pieces into a 50 mL tube.

2.2. Add 10 mL of the digestion medium to the muscle pieces and incubate at 37 °C for 30 min
under strong agitation (250 mint) in a water bath, to enzymatically digest the muscles.

2.3. Add 10 mL of Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 1% glutamine, 1% penicillin/streptomycin, and 1% gentamicin (blocking medium) to
stop the digestion.

2.4. Centrifuge at 40 x g for 5 min and collect the supernatant in a 50 mL tube. Save the pellet on
ice.

NOTE: After the centrifugation, the supernatant contains some satellite cells, blood cells,
endothelial cells, and fibroblasts, while the pellet contains pieces of undigested muscle and
connective tissue. To increase the number of isolated cells, the pellet must be subjected to
additional steps of digestion as described below.

2.5. Centrifuge the supernatant at 650 x g for 5 min. Discard the supernatant and resuspend the
pellet in 1 mL of DMEM containing 10% FBS. Keep the resuspended pellet on ice.
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2.6. Repeat steps 2.2—-2.5 2x for the rest of the pellet obtained in step 2.4 and add the
subsequently resuspended pellets to the first resuspended pellet conserved on ice.

2.7. Pass the resuspended pellets through a 70 um filter and then through a 40 um filter. Add 15
mL of DMEM with 10% FBS, and centrifuge at 650 x g for 5 min.

2.8. Resuspend the cell pellet in 3 mL of red blood cell lysis buffer to deplete the red blood cells.
Incubate it for 5 min at room temperature. Add 40 mL of PBS to stop the lysis of the red blood
cells, and centrifuge at 650 x g for 5 min. Remove the supernatant and resuspend the pelletin 5
mL of DMEM with 10% FBS.

2.9. As preplating step, plate the cells in 20 mL of proliferation medium in a 150 mm uncoated
Petri dish. After 1 h of incubation in a cell culture incubator (37 °C, 5% CO,), collect the medium.

NOTE: Fibroblasts, attaching to the plate, are then discarded, while satellite cells remain in
suspension.

2.10. Repeat step 2.9 3x and, at the last preplating step, collect the medium which contains the
satellite cells in suspension.

2.11. Centrifuge at 650 x g for 5 min.

2.12. While the cells are centrifuging, coat two 150 mm Petri dishes with collagen (10 mL of a
0.1% solution in 0.1 M acetic acid). To do so, put the collagen on the plate, incubate for 5 min,
and remove it. Let the plate dry for 30 min.

2.13. Discard the supernatant obtained in step 2.11 and resuspend the cell pellet in 40 mL of
proliferation medium (Table of Materials). Plate the cells on two collagen-coated 150 mm Petri
dishes (20 mL per dish) and keep the cells in a cell culture incubator (37 °C, 5% CO; 5% 0O) in
proliferation medium for 2—3 days with 1 pg/mL of doxycycline to induce H2B-GFP expression.

NOTE: This step allows the proliferation of myoblasts to obtain a higher number of cells for
further assays. Cell density is maintained very low to avoid a spontaneous differentiation of
myoblasts into myotubes.

3. Myoblast proliferation and differentiation assays

NOTE: When myoblast density is high, some cells initiate elongation, and then, it is necessary to
split the cells. Generally, it is possible to split cells 2x—3x without affecting their phenotype.

3.1. Discard the medium, wash the cells with 5 mL of PBS, add 2 mL of trypsin (1x), and incubate

the plate at 37 °Cin a cell incubator for 5 min. Check under the microscope and, when round cells
detach, add 5 mL of DMEM with 10% FBS to inactivate the trypsin. Count the number of cells
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(usually it is possible to obtain about 1 x 10° cells/mouse).

NOTE: Incubation with trypsin for 5 min is usually enough to detach the proliferating myoblasts.
3.2. Subject the cells to one of the assays described below.

3.2.1. Proliferation assay

3.2.1.1. Plate 50,000 cells/well in 1 mL/well of proliferation medium in a collagen-coated 12-well
plate and incubate the plated cells in a cell culture incubator (37 °C, 5% CO3). Fix and count the
cells at 24, 48, or 72 h.

NOTE: The medium is replaced every 48 h to avoid nutrient exhaustion.

3.2.2. Differentiation assay

3.2.2.1. Coat a 12-well plate with 350 uL of differentiation medium containing basement
membrane matrix (1:100). Incubate the plate at 37 °C for 30 min and remove the medium.

3.2.2.2. Plate 200,000 cells/well in the differentiation medium in the matrix-coated plate.
Incubate the cells in a cell culture incubator (37 °C, 5% CO3,5% 0O3) until they adhere to the plate
(2 h are generally enough for the cells to adhere and to start differentiation).

3.2.2.3. To assess differentiation, perform staining for myosin heavy chain and nuclei as
previously described®!. Alternatively, perform live-imaging analyses as described below.

4. Live-imaging of myoblast differentiation and nuclear tracking

4.1. For live cell imaging, put the cells, obtained in section 3.2.2 and plated in a 12-well plate,
under a confocal microscope, equipped with an incubation system to maintain the cells at 37 °C
in 5% COa.

4.2. Use a 20x dry objective (0.7 NA) to get fields of view with hundreds of cells, enough to
monitor myofiber formation. H2B-GFP cells can be imaged with a low-intensity 488 nm Argon
laser.

NOTE: An open pinhole ensures that the image depth (~10 um) contains the cell thickness so that
cells are kept in focus throughout the experiment. Using a confocal microscope is advantageous
since it improves the signal-to-noise ratio of the images, although wide-field microscopy could
also be used. Myofiber formation can be monitored through the transmission channel.

4.3. Acquire images of 16-bit and 1,024 x 1,024 pixels per frame every 6 min for 16 h. For each
acquired position, generate a multiframe.tif file (see example in the Supplementary Files).
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NOTE: In the present protocol, commercial software associated with the microscope (Table of
Materials) has been used; use the appropriate software to achieve the same goal when using
other microscopes.

4.4. Download the software provided as a .zip supplementary file.

NOTE: The routines are scripts that must be run in MATLAB. The software is an adaptation of a
published software!? optimized for the tracking of the nuclei during myotube formation. This
software is divided into two parts: the first one identifies the nuclei in each frame by segmenting
them, while the second one generates “tracks” (trajectories) of nuclei movement. The complete
code for nuclear segmentation and tracking and a step-by-step guide to getting started are
provided in the Supplementary Files.

4.5. Extract the zip file and save it in a desired path on the personal computer (PC) in use. Perform
all the below passages on a PC with the necessary software already installed. Note that the .zip
file is composed of three folders as mentioned below.

NOTE: Segmentation Routines contains the functions to be run for the segmentation. Tracking
Routines, instead, contains the functions required for the tracking. Example Segmentation
Tracking provides the basic scripts and files to get acquainted with the system. The software used
for segmentation and tracking of the nuclei runs properly in MATLAB, R2015a or later versions.

4.6. To segment the nuclei from the .tif file, name the file, for example, NameFile.tif.

4.6.1. Open the Example Segmentation Tracking folder and click on DoSegmentation.m. This will
open the command window in MATLAB.

4.6.2. Check the Current Folder window on the left to see all the elements in the Example of
Segmentation Tracking folder. Double-click on DoSegmentation.m.

NOTE: Detailed information on the modifications that have to be done in the script can be found
in the StepbyStep.txt file. It is mandatory to modify the script so that the variable filenameinput
is NamekFile.tif and folderinput is the folder where the .tif file is contained.

4.6.3. Run the script (by clicking on the green Run button). The result of the segmentation will be
saved as a file.mat (SegmentedNameFile.mat), while the segmentation of the nuclei can be
visualized in the output figure.

NOTE: Parameters for the segmentation, described in the script, can be modified if needed. The
quality of the segmentation can be checked using the script CheckSegmentation.m (see the
StepbyStep.txt file). Based on this, if the quality of the segmentation is poor (only a few nuclei
detected), adjust the parameters of the segmentation, clearly indicated in the
DoSegmentation.m script, and repeat the procedure.
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4.7. To generate the tracks (i.e., the trajectories of each of the nuclei in time), using the nuclear
positions obtained in the segmentation, run the script GenerateTracks.m in the same working
folder. Be sure to add the proper segmentation file as an input, obtained before (see the
StepbyStep.txt file for further information).

NOTE: As an output, the user will obtain a file TrackedNameFile.mat, with a matrix for the x-
coordinates and another matrix for the y-coordinates of the generated tracks.

4.8. Evaluate the quality of the tracks using CheckTracking.m (see the StepbyStep.txt file for
further information). Use the output figure of this last passage to help visualize each nuclei
position in time. Check on the left for green crosses that indicate each segmented nucleus. To
select one specific nucleus, use the lower scrollbar. Note that the selected nucleus will be circled
in red, while on the right, the trajectory of the selected cell can be followed in time (by using the
upper scrollbar).

REPRESENTATIVE RESULTS:

To automatically follow nuclear movement during myoblast differentiation in live imaging, the
nuclei should preferentially be fluorescently labeled. It is important to note that using DNA-
intercalating molecules is not feasible because these molecules interfere with the proliferation
and differentiation of primary myoblasts!3. As an example, proliferation and differentiation have
been analyzed in primary myoblasts cultured with or without Hoechst (Figure 1). It is evident that
proliferation (Figure 1A, B) and differentiation (Figure 1C, middle panel) are strongly impaired in
myoblasts cultured with Hoechst 33342. Conversely, myoblasts isolated from H2B-GFP mice and
cultured with doxycycline have nuclei with green fluorescence and differentiate similarly to
myoblasts isolated from wild-type mice (Figure 1C, right and left panels, respectively).

Live cell imaging with primary myoblasts expressing the H2B-GFP protein allows the tracking of
nuclei during differentiation (Figure 2 and Supplementary Video 1). Merged images of
transmission and GFP channels at the initial (Figure 2A) and final time points (Figure 2B) during
the differentiation of H2B-GFP myoblasts allow scientists to identify myotubes and,
consequently, nuclei that end up integrating into a myotube (e.g., the nucleus in the blue circle)
or nuclei that do not fuse into a myotube (e.g., the nucleus in the red circle).

To extract information on nuclei/cell movements from the live cell imaging data, it is possible to
use the provided software to track the trajectories of the nuclei. The software uses the image
from the H2B-GFP channel (the nuclei; Figure 3A) to create a mask and to segment the nuclei in
each frame. For nuclear segmentation in a frame, a “conservative” threshold is selected using
Otsu’s method on the image after Gaussian filtering!4. Next, objects are roughly segmented; to
get a finer segmentation, each object is masked again using a threshold based on the average in
its bounding box. A watershed transform is then used to separate nearby objects (Figure 3B). In
our hands, one watershed transform has been unable to separate most nearby nuclei (Figure 3B,
*inset). Thus, we used the area to select the larger objects in the image and apply a new
watershed transformation (Figure 3B, **inset), which is able to separate additional nearby
nuclei. With this approach, most of the nuclei are identified in the image (Figure 3C).
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To track the nuclei, we improved the routines by incorporating the tracking routines published
by Tinevez®®. In short, the tracking algorithm links nuclei detected in consecutive frames with the
aim of minimizing the sum of the distances between the position of each nucleus in a frame and
the position of the same nucleus in the next one, using the “Hungarian algorithm” for such
minimization'®. The step is repeated in order to link unlinked nuclei that are up to a certain
maximum number of frames away. A threshold for the maximum distance between the position
of an object in a frame and the next one is also established. For the data presented here, a
maximum distance of five frames and a maximum distance of 20 pixels per step give a high
number of correct tracks (Figure 3D). Importantly, we can use these routines to check the quality
of the tracking. It is also possible to use this script to find cells that have a given behavior, for
example forming (or not) a myofiber, and subsequently analyze the dynamical features of the set
of cells of interest.

The applied software generates the tracks with the x- and y-coordinates for each cell in frame n,
(x(n),y(n)), for hundreds of cells (Figure 3D). We can use such information to extract
information about nuclei motion. As an example, the total displacement between the initial
frame (n = 0) and the final frame N is defined as follows.

Displacement of a trajectory=| | (x(N), y(N)) — (x(0),y(0))] |
Here, “||-||” stands for the norm of the vector (Figure 4A).

The velocity of each nucleus in frame n is as follows.
Up = (x(n+ 1, y(n+ 1)) = (x(), y(1)) & (Vnx, Vn,y)
Then, we can define the length of a trajectory for a given cell as follows.
Length of trajectory= Yceu trackl [Vnl|

As an example of how these simple parameters can already give relevant information, we
computed the length of nuclei trajectories of myoblasts incubated with or without Hoechst. It
appears that the total length of the trajectories is slightly higher for cells stained with Hoechst,
although the difference is not significant (Figure 4B). However, when we computed the total
displacement during a time lapse, we observed that the total displacement of cells stained with
Hoechst was significantly smaller than that of unstained cells (Figure 4C). This indicates that the
movement of stained cells has a lower directionality. To further strengthen this hypothesis, we
guantified the directionality of the motion of a cell by computing the angle of the velocity in each
frame (Figure 4A).

0, = atan(vy, 5 /Vn x)
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We also quantified the variation of the angle between frames.
Aby = Ony1 — On
The total angle variation along a trajectory can then be defined as follows.
Total angle variation= Y11 track |246n|

As predicted, the total angle variation for the unstained cells is significantly smaller compared to
cells stained with Hoechst (Figure 4D). Hence, this simple measure of directionality, obtained
from a straightforward calculation, indicates that the myoblasts stained with Hoechst are less
prone to maintain the direction of their displacement, which reflects their impaired ability in
forming myotubes (Figure 1).

In short, live cell imaging data generated as described here provide a quantitative link between
nuclear dynamics and the ability to form myotubes and can be used as input for a high-
throughput quantitative characterization of nuclear dynamics and myoblast behavior during
differentiation and fusion.

FIGURE AND TABLE LEGENDS:

Figure 1: Incubation with Hoechst interferes with the proliferation and differentiation of
myoblasts. (A) Representative images of primary myoblasts stained with Hoechst after 24 h in
proliferation medium (left panel) or cultured for 24 h in proliferation medium with Hoechst (right
panel), and (B) the relative quantification. Data are the mean + SEM, and the statistical
significance was assessed with Student’s t-test. *P < 0.05. (C) Representative images of primary
wild-type myoblasts, cultured for 24 h in differentiating medium without (left panel) or with
Hoechst (middle panel), and of H2B-GFP myoblasts cultured for 24 h in differentiating medium
(right panel) and stained with Hoechst (blue) and an anti-myosin heavy chain antibody (MyHC;
red). The scale bars = 500 um.

Figure 2: Live imaging of H2B-GFP myoblasts during differentiation. Merged images of
transmission and GFP channels at (A) the initial (t = 0 h) and (B) final time points (t = 16 h) during
the differentiation of H2B-GFP myoblasts (20x objective). Some examples of myotubes are
highlighted with black arrows in panel B. The scale bars = 50 um. (C) Magnified dotted areas from
panels A and B in which it is possible to identify a single nucleus that ends up integrating into a
myotube (in blue) or not (inred)att=0h,t=8h,and t = 16 h. The scale bars = 50 um.

Figure 3: Segmentation of H2B-GFP myoblasts tracking during differentiation. (A) Example of a
frame of the time lapses showing the nuclei of approximately 400 cells. (B) Example of nuclei
masking and segmentation. Bright objects are segmented using both a global and a local
threshold, and a watershed transformation is applied to separate nearby nuclei. Nearby nuclei
might be difficult to segment (*inset), so a second watershed-based segmentation is performed
in objects of large areas to segment a higher number of nuclei (**inset). (C) Detected nuclear
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positions (red crosses), that are later used in the tracking algorithm. (D) Tracks generated using
the tracking algorithm that minimizes the sum of the distances between each object’s position in
two consecutive frames. A maximum possible value of such distance for each object is provided
as an input that allows scientists to link nuclei separated by more than one frame. The scale bars
=50 pum.

Figure 4: Quantitative analyses of nuclei dynamics uncover the impaired ability of myoblasts
incubated with Hoechst to maintain cell directionality. (A) Description of parameter
measurements. It is possible to define the velocity of a nucleus by considering the position in two
consecutive frames. The trajectory angle and the angle variation can then be readily calculated
from the positions as indicated in the scheme. (B) Distribution of the trajectories length, (C) total
displacement, and (D) variation of the trajectories angle of myoblasts incubated without Hoechst
(green line) or with Hoechst (blue line). The two distributions are not significantly different, while
the total displacement is significantly higher, and the variation of the angle is significantly lower
for unstained cells (one-sided Kolmogorov-Smirnov test, *p < 0.05 and **p < 0.005).

Supplementary Video 1: Live imaging of H2B-GFP myoblasts during differentiation. Imaging of
H2B-GFP myoblasts cultured in differentiating medium from the initial (t = 0 h) to final time points
(t = 16 h) using transmission and GFP channels (20x objective).

DISCUSSION:

Muscle fibers (myofibers) are multinucleated cells that are formed by the fusion of muscle
precursors cells (myoblasts) derived from muscle stem cells (satellite cells) that undergo
proliferation and differentiation?™. To assess myoblast differentiation, the common procedure
consists of culturing myoblasts in differentiating medium and fixing the cells at different time
points to perform immunofluorescence staining for MyHC, a marker of differentiation, and
staining of nuclei with DNA-intercalating molecules (e.g., Hoechst)°. This method is useful to
evaluate myoblast differentiation by measuring different parameters, such as the differentiation
index (number of MyHC-positive cells/total cell number) or the fusion index (number of
myotubes with at least two nuclei/total cell number). However, myoblast fusion and myotube
formation are highly dynamic processes that rely on the motility of the nuclei®. Indeed, nuclear
positioning within myofibers is required for proper muscle regeneration and function'’. The
mobility of myoblasts and of their nuclei might turn out to be a critical parameter to evaluate
myoblast differentiation and to uncover novel defects in muscular disorders. Hence, it is essential
to develop novel procedures to study cell behavior and nuclear movement during myoblast
differentiation and myofiber formation.

Here, we describe a method that enables scientists to follow myoblast differentiation and
myotube formation by live cell imaging and to perform quantitative analyses from the automatic
tracking of nuclei. The advantage of this method is the possibility to track during the
differentiation of fluorescent nuclei of myoblasts, isolated from H2B-GFP mice, without any cell
transfection or additional staining. The H2B-GFP mice are commercially available and,
consequently, easily accessible. Alternatively, it is possible to isolate the myoblasts from other
transgenic mice that express a fluorescent protein in the nucleus or to transfect the cells isolated
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from wild-type mice to express a fluorescent protein in the nucleus, as previously described®.
These different options further extend the potential applications of the method presented here.

The current protocol relies on the culture of primary myoblasts, and consequently, a high
variability might be observed in the following experimental procedures, also due to the potential
presence of nonmyogenic cells after the isolation from muscles'®. To overcome this limitation, it
is possible to isolate myoblasts by cell sorting as previously described'®. Another critical point in
the method described here is the difficulty to generate a perfect tracking of nuclei when cells are
close to each other, such as during myotube formation. However, the software routines
discussed here allow scientists to visually inspect the quality of the tracking and, if necessary, to
select a subset of cells of interest for a subsequent analysis. Further improvement of the software
might be required to provide a complete characterization of nuclear dynamics during myofiber
formation.

In conclusion, this method is useful to provide quantitative insight into nuclei dynamics during
myoblast differentiation by comparing different conditions, as we reported with Hoechst
incubation. This example illustrates the ability to extract meaningful dynamic data from time-
lapse experiments.
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Ej The Author is NOT a United States government employee.

D The Author is a United States government employee and the Materials were prepared in the
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ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0  Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’'s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, 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.

10. 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 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
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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.

11. 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
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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.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a USS$S1,200 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.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Careccia et al., JoVE 58888

Reply to Editorial comments:

1. The editor has formatted the manuscript to match the journal's style. Please retain the
same.
The format has been retained.

2. Please address specific comments marked in the manuscript.
All comments have been addressed in the manuscript (highlighted in red, below the
comments) and the track changes has been used to identify all the manuscript edits.

3. For the computational section, please be as specific as you can with respect to your
experiment.

The computational section has been extensively detailed in the current revised version of the
manuscript.

4. Please proofread the manuscript carefully for any grammar or spelling issues.
A proofread of the manuscript has been done.

5. Once everything is done, please ensure that the highlight is no more than 2.75 pages
including headings and spacings.
The highlight text is less than 2.5 pages.

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

No figure from a previous publication has been used.
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Guide for software use

Permissions, etc.);StepByStep.txt

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.
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Click here to access/download;Supplemental File (Figures,

L]


https://www.editorialmanager.com/jove/download.aspx?id=942834&guid=62361bf5-cb51-4678-b722-bd82ef60d511&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=942834&guid=62361bf5-cb51-4678-b722-bd82ef60d511&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
CheckSegmentation.m


https://www.editorialmanager.com/jove/download.aspx?id=942835&guid=491c5ead-76da-4862-8e9d-081ce03e2d0a&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
CheckSegmentation.m


https://www.editorialmanager.com/jove/download.aspx?id=942836&guid=491c5ead-76da-4862-8e9d-081ce03e2d0a&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
CheckTracking.m


https://www.editorialmanager.com/jove/download.aspx?id=942837&guid=59557246-4381-41fd-97ae-20d3f85685e6&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
CheckTracking.m


https://www.editorialmanager.com/jove/download.aspx?id=942838&guid=59557246-4381-41fd-97ae-20d3f85685e6&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
DoSegmentation.m


https://www.editorialmanager.com/jove/download.aspx?id=942839&guid=37bc185f-a59e-4d94-9f82-80f9f83c6826&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
DoSegmentation.m


https://www.editorialmanager.com/jove/download.aspx?id=942840&guid=37bc185f-a59e-4d94-9f82-80f9f83c6826&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
Example.tif


https://www.editorialmanager.com/jove/download.aspx?id=942841&guid=49c14f88-f04b-4ebc-b949-0c9e29c6515d&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
Example.tif


https://www.editorialmanager.com/jove/download.aspx?id=942842&guid=49c14f88-f04b-4ebc-b949-0c9e29c6515d&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
GenerateTracks.m


https://www.editorialmanager.com/jove/download.aspx?id=942843&guid=039f2c2e-cb06-4119-ba9c-5e3fc7f65420&scheme=1

Example Segmentation Tracking

Click here to access/download
Supplemental Coding Files
GenerateTracks.m


https://www.editorialmanager.com/jove/download.aspx?id=942844&guid=039f2c2e-cb06-4119-ba9c-5e3fc7f65420&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
functionOneRoundWSBigObjects.m


https://www.editorialmanager.com/jove/download.aspx?id=942845&guid=ca1f9a18-ee69-4697-aac8-ee4ebfe9bfe9&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
segment_fromlmage.m


https://www.editorialmanager.com/jove/download.aspx?id=942846&guid=398b8ca8-2379-41d8-a1d8-1a4adc9f88f1&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
segment_fromlmage_refined.m


https://www.editorialmanager.com/jove/download.aspx?id=942847&guid=6fcd1296-c6b2-4489-80f0-d9c22f62f13e&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
segment_fromlmage_refinedWS.m


https://www.editorialmanager.com/jove/download.aspx?id=942848&guid=e81a9d8f-eacc-4a27-a6d1-1ef008775f43&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
segment_fromMask.m


https://www.editorialmanager.com/jove/download.aspx?id=942849&guid=d063ef98-4c7d-4a52-893c-4cf6954b08a1&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
SegmentShinyObjects.m


https://www.editorialmanager.com/jove/download.aspx?id=942850&guid=417dccca-7e53-464e-ad73-6240da94b412&scheme=1

Segmentation Routines/Tracking Routines

Click here to access/download
Supplemental Coding Files
TIFread.m


https://www.editorialmanager.com/jove/download.aspx?id=942851&guid=76f7f164-58d3-4d41-8d34-e2b3d918b6d9&scheme=1

Segmentation Routines

Click here to access/download
Supplemental Coding Files
track_and_quantify_2channels.m


https://www.editorialmanager.com/jove/download.aspx?id=942852&guid=561bc893-eaf1-43ae-9d27-31bb052b8c42&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
ExampleOfUse.m


https://www.editorialmanager.com/jove/download.aspx?id=942853&guid=b3a35bb2-0a17-4884-8e83-97a4ba54ef7f&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
hungarianlinker.m


https://www.editorialmanager.com/jove/download.aspx?id=942854&guid=cda3b1b7-bb8d-44c1-9477-866653542ef5&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
MatricesXandYfromTracks.m


https://www.editorialmanager.com/jove/download.aspx?id=942855&guid=0197da5e-8f9b-434e-bc7a-e3c018dfa460&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
MatricesXandYInterpfromTracks.m


https://www.editorialmanager.com/jove/download.aspx?id=942856&guid=fe26ea92-87df-4a86-ae7b-cf75af67c053&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
munkres.m


https://www.editorialmanager.com/jove/download.aspx?id=942857&guid=32556eac-ce98-429a-b8fd-5eb79db9c342&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
nearestneighborlinker.m


https://www.editorialmanager.com/jove/download.aspx?id=942858&guid=1ac6e454-1e23-4c54-8740-0dc0af51067c&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
plot_trajs_singlecells.m


https://www.editorialmanager.com/jove/download.aspx?id=942859&guid=fef28bd2-7c4e-4db7-9526-0c6ce4396a2a&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
rawtracks.mat


https://www.editorialmanager.com/jove/download.aspx?id=942860&guid=24633e36-d1b2-4f92-ba83-76d768476ea8&scheme=1

Tracking Routines

Click here to access/download
Supplemental Coding Files
simpletracker.m


https://www.editorialmanager.com/jove/download.aspx?id=942861&guid=006d94a5-b8cd-42d6-ab50-fcb0022d6527&scheme=1

