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SUMMARY:
Here we present a robust and detailed method of microtubule dynamics analysis in cells synchronized in prometaphase using live-cell spinning disk confocal microscopy and MATLAB-based image processing. 

ABSTRACT: 
We describe a modification of an established method to determine microtubule dynamics in living cells. The protocol is based on the expression of a genetically encoded marker for the positive ends of microtubules (EB3 labelled with tdTomato fluorescent protein) and high-speed, high-resolution, live-cell imaging using spinning disk confocal microscopy. Cell cycle synchronization and increased density of microtubules are achieved by inhibiting centrosomal separation in mitotic cells, and analysis of growth is performed using open-source U-Track software. The use of a bright and red-shifted fluorescent protein, in combination with the lower laser power and reduced exposure time required for spinning disk microscopy reduce phototoxicity and the probability of light-induced artifacts. This allows for imaging a larger number of cells in the same preparation while maintaining the cells in a growth medium under standard culture conditions. Because the analysis is performed in a supervised automatic fashion, the results are statistically robust and reproducible.

INTRODUCTION:
Microtubules (MTs) are highly dynamic structures found in virtually all eukaryotic cells and in some bacteria1. Together with actin and intermediate filaments, they sculpt the cytoskeleton2,3. Cell division4, molecule transport5, flagellar beating6, the sensation of the surrounding environment through primary cilium7, hearing (kinocilium)8,9, embryogenesis10–12, invasion and metastasis13,14, and even memory formation15–18, and many other processes primarily rely on MTs. Participation of MTs in all these events would be impossible without their remarkable ability to rapidly switch between growth (polymerization) and shrinkage (depolymerization). This property is described as dynamic instability19. MT dynamicity is altered in many pathological conditions20–22. Hence, determining the nature of this property can help to understand disease mechanisms and subsequently their treatment.

A long list of methods has been developed for MT dynamics analysis, most of which are based on imaging techniques23. Initially, wide field light microscopes were used for observing the formation of tubulin polymers in vitro24. The discovery of end-binding (EB)-proteins that collect at MT plus-ends and the development of methods to fluorescently label proteins made it possible to observe the behavior of MTs directly in living cells with wide field and confocal fluorescence microscopes25–27. One EB-protein is end-binding protein 3 (EB3)28; by overexpressing and tracking EB3 fused to a fluorescent protein, MT plus-end assembly rates can be determined29,30.

Confocal laser scanning fluorescence microscopy (CLSM) is frequently used to follow MT dynamics. However, this imaging technique poses a high risk of phototoxicity and photobleaching, two undesirable processes for live cell and dim sample imaging31. In order to obtain a better signal-to-noise ratio, the laser power and the exposure duration should be high enough while not damaging the samples, and this requires sacrificing resolution in exchange for speed. A suitable alternative to CLSM is spinning disk microscopy32. This imaging modality is based on the use of a Nipkow disk33, which consists of a moving disk bearing an array of pinholes, and works equivalently to many CLS microscopes imaging the same sample simultaneously34. Therefore, the light from the laser will illuminate several regions in the sample simultaneously but retain the confocal nature. The Nipkow disk, therefore, allows obtaining images similar to CLSM but faster and using less laser power. The Nipkow disk was further improved by Yokogawa Electric, which introduced a second disk with an array of microlenses on it that individually direct light into a respective pinhole, further reducing phototoxicity and photobleaching35. Thus, spinning disk laser scanning microscopy became a method of choice for live cell imaging, and it makes it possible to obtain images with high signal-to-noise ratio at a high speed31,36, which is crucial for resolving signals such as those from the fast-growing MT ends.

MT dynamics differ temporarily. For example, the mitotic MTs are more dynamic than the interphase ones37,38. Similarly, differences in the growth rate and shrinkage have been observed even within the same cell cycle phase, such as mitosis39,40. Therefore, to avoid false data collection, the measurement of MT dynamics should be limited to a narrow time-window during the cell cycle. For example, measurement of MT dynamics in prometaphase can be achieved by treating the cells with dimethylenastron (DME), a monastrol analogue that inhibits the motor kinesin Eg541 and prevents the formation of the bipolar mitotic spindle42. Inhibition of cells at prometaphase with Eg5 inhibitor DME and other monastrol derivatives does not affect the MT dynamics43–45, which makes DME a useful tool for studying MT dynamics both in fixed and live cells44. 

Here we combine the method of MT dynamics analysis in prometaphase cells described by Ertych et al.44 with dual spinning disk imaging. This method allows measurement of the MT dynamics in prometaphase cells collected from a single focal plane with a higher imaging rate, yet without photobleaching and minimal phototoxicity. Furthermore, as a fluorescent reporter, we use tandem dimer Tomato fluorescent protein (tdTomato) which has improved brightness and photostability in comparison to the green fluorescent protein (EGFP) and is excited with lower energy light46. Therefore, tdTomato requires less laser power for excitation and is less phototoxic. Altogether, we further improve the method by reducing the phototoxicity and improving the resolution and postprocessing required for the MT dynamics analysis. Additionally, we create a basis for future modifications of the method by combining it with other synchronization techniques.

PROTOCOL: 
[bookmark: _Hlk18405594]
1. Seeding of HeLa cells

1.1. Prepare 2 mL of 5 μg/mL fibronectin solution in phosphate buffered saline (PBS) and add 450 μL of it into each well of a 4 well chambered coverslip (#1.5). Incubate the slide for 15 min at 37 °C and 5% CO2.

1.2. Rinse asynchronously growing HeLa cells with Dulbecco’s Phosphate Buffered Saline (DPBS) and incubate with trypsin-EDTA (0.05%: 0.02%; w:v) for 5 min at 37 °C. Stop the enzymatic reaction by the addition of Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS) at 3:1 (v:v) ratio of added trypsin-EDTA. 

NOTE: HeLa cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated FCS at 37 °C and 5% CO2 and were routinely passaged once they reached 80–90% confluency as described above.

1.3. Determine the cell concentration using a Neubauer chamber. Mix a 50 μL aliquot of the cell suspension with trypan blue at 1:1 (v:v) ratio, resuspend, and transfer 10 μL of the suspension into the chamber. Count only the trypan blue-negative cells inside of the four large squares (for details see Phelan et al.47). Derive the cell concentration from the counted cell number using the following formula:



1.4. Pellet the cells by centrifugation at 300 x g for 2 min. Resuspend with fresh RPMI 1640 in order to obtain 1 x 106 cells/mL. 

1.5. Remove the fibronectin from the chambered coverslip, wash the wells twice with DPBS, and seed 50,000 cells per well. 

1.6. Return the chambered coverslip with the cells to the incubator and grow them for 24 h at 37 °C and 5% CO2.

2. Expression of pEB3-tdTomato in HeLa cells.

2.1. Prepare a 1.5 mL microcentrifuge tube. For each tube, dilute 2 μg of pEB3-tdTomato48 with transfection buffer (synthetic product in aqueous solution) to a final volume of 396 μL. 

2.2. Add 4 μL of transfection reagent (non-lipidic, containing polyethylenimine) to the first tube, and vortex the mixture immediately for exactly 10 s. 

2.3. Briefly spin down the tube with a microcentrifuge and incubate at room temperature (RT) for 10 min. 

2.4. Remove the HeLa cells from the incubator. Dropwise, add 100 μL of the transfection mixture to each well of a 4 well chambered coverslip, and return the cells to the incubator.

2.5. After 4 h of incubation at 37 °C and 5% CO2, supplement the cells with fresh growth medium and incubate for at least 24 h at 37 °C and 5% CO2.

NOTE: It is necessary to optimize transfection conditions for each cell type. The expression levels need to be low enough to allow the identification of single MT growing ends. Alternatively, a cell line stably expressing EB3-tdTomato can be used in the experiments; this would reduce variability in expression levels of EB3-tdTomato between preparations and between cells from the same preparation49.

3. Synchronization and live-cell imaging of pEB3-tdTomato–expressing HeLa cells.

3.1. Prepare a 2.5 μM solution of dimethylenastron (DME) in phenol-red free Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FCS and 2 mM L-glutamine or an alternative glutamine supply. 

3.2. Replace the growth medium in the chambered coverslip with 500 μL of the growth medium containing 2.5 μM DME and incubate the cells at 37 °C and 5% CO2.

3.3. After 3.5 h of incubation with DME, transfer the cells to the microscope, mount the chambered coverslip into an environmental chamber with dark panels for imaging at 37 °C and 5% CO2, and further incubate until the total incubation time is 4 h. 

NOTE: The maintenance of the temperature at 37 °C without fluctuation is crucial for the experiment.

3.4. Perform the time-lapse imaging on an inverted microscope equipped with a 100x 1.49 N.A. oil immersion objective, a dual spinning disk confocal system, and a reliable autofocus system for continuous maintenance of the focal plane. Define the imaging parameters as follows.

NOTE: We use an Electron Multiplying Charge-Coupled Device camera (EM-CCD).

3.4.1. For EB3-tdTomato excitation, use a 561 nm laser line with 200 ms exposure time. Collect the emitted light through a quadruple bandpass (405, 488, 561, 640 nm) dichroic mirror and a 600/52 nm emission filter. 

NOTE: Laser power can be adjusted for each imaged cell to prevent image saturation. In all time-lapse movies given here the laser power was set to 5.3 mW.

3.4.2. Find a cell in prometaphase and focus in the Z-plane corresponding to the center of the monopolar mitotic spindle. Acquire images every 0.5 s over a total of 1 min with no binning and no illumination between the exposures.

4. [bookmark: _Hlk11951417]Analysis of the MT dynamics using U-Track v2.2.0

4.1. To analyze the MT dynamics a numerical computing environment software is required (e.g., MATLAB). 

NOTE: Basic understanding of the software is sufficient for the analysis. Comprehensive help material and tutorials are available on the developer’s website (https://uk.mathworks.com/products/matlab/getting-started.html).

4.2. Download (https://github.com/DanuserLab/u-track) and install the open-source U-Track v2.2.0 software following the detailed instructions given in the "Readme_u-track.pdf" file50–52.

4.3. Launch the numerical-analysis software and add U-Track v2.2.0 folder with subfolders into the software search path.

4.4. From the command window call "movieSelectorGUI". This opens a dialogue window from which the raw files generated by the image acquisition software at the microscope can be imported (Supplementary Figure 1, Figure 2, Figure 3, Figure 4). 

NOTE: The U-Track software is compatible with other image data formats. It uses Bio-Formats, which recognizes different life science data formats53.

4.5. The size of each image is read from the metadata automatically. Manually enter the numerical aperture of the objective (in this case 1.49) and the time interval (0.5 s) used for imaging (Supplementary Figure 1B). Additionally, information on the excitation wavelength, the fluorophore, and the exposure time can also be provided, but they are not critical for further analysis. 

4.6. Once all the images are loaded, save the entered time-lapse series as a movie list by selecting the "Save As Movie List". On the right side of the dialogue window select the "U-Track" option and press "Continue" (Supplementary Figure 1C). 

NOTE: The values are optimized for HeLa cells. If switching to a different cell line, the values should be defined again. Alternatively, use the settings recommended by the software developers. The detailed explanation of each of the parameters and how they should be defined can be found in the technical report provided with the previous version of the software, plusTipTracker50.

4.7. From the pop-up window select "Microtubule Plus-Ends" and press "Ok" (Supplementary Figure 1C). The new dialogue window allows determining the parameters for the three steps of the analysis (Supplementary Figure 1D), which are detection, tracking, and track analysis.

4.8. In step 1 choose "Settings" and from a drop-down menu select "Comet Detection" as a detection method (Supplementary Figure 2B).

4.8.1. From the new dialogue window define the parameters for the difference of Gaussians filter and the watershed segmentation as follows (Supplementary Figure 2C): Mask process to be used for the detection = None; Low-pass Gaussian standard deviation = 1 pixel; High-pass Gaussian standard deviation = 3 pixels; Minimum threshold = 3 standard deviations; Threshold step size = 0.25 standard deviations. Select "Apply Settings to All Movies" and "Apply".

4.9. In step 2, the parameters for linking, gap closing, merging and splitting, and Kalman filter functions are defined in three steps as highlighted in pink, green, and blue, accordingly (Supplementary Figure 3B). For these steps, select the "Microtubule Plus-end Dynamics" and from the "Setting" option define the values as indicated in Supplementary Figure 3C–E, respectively. 

4.9.1. For problems with dimensionality, choose "2" from the drop-down menu. Use Maximum Gap to Close = 5 frames; Minimum Length of Track Segments from First Step =3 frames. As before, select "Apply Settings to All Movies" and click on "Apply".

4.10. In step 3 of the analysis, the detected MT tracks are classified (Supplementary Figure 4). As a track analysis method, choose "Microtubule Dynamics Classification" and define the parameters through the "Setting" button as indicated in Supplementary Figure 4B,C. After that, choose the "Apply Settings to All Movies" box and click on "Apply".


4.11. Once all the parameters are defined, from the "Control Panel–U-Track" window (Supplementary Figure 1D) select the "Apply Check/Uncheck to All Movies" and "Run All Movies" boxes and press "Run". This will initiate the MT analysis of the time-lapse series.

4.12. Once the movie processing is completed, a message "Your movie(s) have been processed successfully" is displayed. Press "Ok", then "Save". 

4.13. Now it is safe to quit the numerical-analysis software. The results from the movie processing are stored in subfolder structures as m-files in the folder where the raw files are stored. 

5. Statistical analysis of the MT dynamics

5.1. Import the m-files into a preferred statistic analysis program. 

NOTE: In our case, we first import the files in a standard spreadsheet to make them readable. The m-files contain statistical information (median, mean, and standard deviation) on different parameters (e.g., growth speed, MT dynamicity). The detailed list of the parameters is given in the technical report provided with the previous version of the software, plusTipTracker50,52. The generated m-files can also be imported into other data processing software. 

5.2. Choose the "growth speed mean" parameter and import it into a table for statistics and display. Enter the information on other parameters, (e.g., "dynamicity") either in a new table or in a new column of the same grouped table and plot. 

REPRESENTATIVE RESULTS: 
Following the given protocol outlined in Figure 1A, the pEB3-tdTomato plasmid was transiently expressed in asynchronously growing HeLa cells. The cells were synchronized 48 h after the transfection at prometaphase through DME treatment (Figure 1B). This step ensured that the measurement of MT dynamics was always done at the same phase of the cell cycle. The time-lapse movies were further processed and analyzed with U-Track v2.2.0 as described in its supplementary documentation50–52. Although the plus-end binding proteins trace only MT growth phases, the U-Track v2.2.0 extrapolates the information on the pause and shrinkage events by linking sequential growth phases and reconstructing the full trajectories26,50. The algorithm is based on the spatially and temporally global tracking framework described by Jaqaman et al.51.

It is important to note that the sensitivity and accuracy of the analysis are strongly dependent on several analysis parameters. As an example, the time-lapse movies were analyzed as described in the protocol (Figure 1C, Video 1 "Before", and Video 2 "After" the analysis), and the resulting growth speed and dynamicity (collective displacement of gap-containing tracks over their entire lifetime) are plotted in Figure 1E,F, respectively (black circles). Then the parameters described to greatly affect the analysis50, such as "Maximum Gap Length" and "Maximum Shrinkage Factor" were modified for the same set of time-lapse movies (Videos 3 and 4, respectively). The corresponding values of growth speed and dynamicity are given in Figure 1E,F as red squares and blue triangles, respectively. The resulting growth speed was not deeply affected. However, the values obtained for dynamicity were significantly different when "Maximum Gap Length" was modified, while it remained unchanged upon altering the "Maximum Shrinkage Factor". As shown in Figure 1D, in all three cases the detection of the MT subtracks was similarly robust. Yet, the reconstruction of the full MT trajectories was mostly affected when "Maximum Gap Length" was set to 15 (Figure 1D, inset images). Further, in order to assess whether the imaging conditions interfered with the MT behavior, the first (1–61 frames) and the second (61–121 frames) halves of the time-lapse series were analyzed separately and the corresponding growth speed and dynamicity values were compared (Figure 1G,H, respectively). As expected, no significant differences were detected between the two parts of the time-lapse series. In videos 1–8 time-lapse images of a mitotic cell synchronized in prophase and expressing EB3-tdTomato are given (duration = 1 min; interval = 0.5 s). 

FIGURE AND TABLE LEGENDS:
Figure 1: Analysis of the MT dynamics in HeLa cells synchronized in prometaphase. (A) An outline of the steps of the protocol. (B) The schematic representation of the mechanism of DME mediated formation of a monopolar mitotic spindle. (C) A montage of the first 10 frames of the time-lapse movie processed with U-Track software with every second frame shown. The detected trajectories of the MT growth are marked with red. (D) The time series projection of the raw image file and after MT tracking using the settings described in the protocol ("optimal"), and when changing either "Maximum Gap Length" or "Maximum Shrinkage Factor" are given. The insets represent the full MT trajectories, which consist of the growth (red), pause (light blue), shrinkage (yellow), fgap reclassified as growth (green) and bgap reclassified as pause (dark blue) events. The growth speed means (E) and the dynamicity (F) values are shown, and the results using either of the suggested optimal criteria (black circles), maximal gap length set to 15 (red squares), or the maximal shrinkage factor set to 1.0 (blue triangles) are plotted (n = 45 cells; mean ± SEM; one-way ANOVA analysis with Tukey post hoc test for multiple comparison). The growth speed means (G) and the dynamicity (H) values are shown for the first (1–61 frames) and second (61–121 frames) halves of the time-lapse movies (n = 45 cells; mean ± SEM; unpaired t-test with Welch's correction). 

Video 1. A representative time-lapse raw image of a prometaphase cell before the analysis.

Video 2. Detection and tracking of the MTs in a cell in Video 1 using the suggested settings for U-Track software. The same time-lapse image in Video 1 processed with U-Track v2.2.0 software using the described settings, and the detected growth tracks are marked in red.

Video 3. Detection and tracking of the MTs in a cell in Video 1 using a nonoptimal value for the "Maximum Gap Length". The same time-lapse image in Video 1 processed with U-Track v2.2.0 software using the same settings as before, but with the "Maximum Gap Length" set to 15. The rest of the parameters were not altered.

Video 4. Detection and tracking of the MTs in a cell in Video 1 using a nonoptimal value for the "Maximum Shrinkage Factor". The same time-lapse image in Video 1 processed with U-Track v2.2.0 software using the same settings as before, but with the "Maximum Shrinkage Factor" set to 1. The rest of the parameters were not altered.

Video 5. An example of a time-lapse series of a cell with cell debris. After the analysis, some cell debris was also detected by the software during MT tracking.

Video 6. Raw data corresponding to Video 5.

Video 7. An example of a time-lapse series of a cell with a high expression of EB3-tdTomato resulting in poor definition of growing tips. 

Video 8. Raw data corresponding to Video 7.

Supplementary Figure 1. The workflow of the analysis using U-Track software. (A) A schematic of the steps employed by the software. (B) A screenshot of the Bio-Formats importer showing how to import the time-lapse files. (C) After uploading the files, U-Track with the MT plus-ends module is selected. (D) A screenshot of the control panel of U-Track where the settings for comet detection, tracking, and track analysis are defined. 

Supplementary Figure 2. Description of the first step of the analysis, the comet detection. (A) An outline of the major events performed by the algorithm. (B, C) Screenshots from the software are given with the optimal values indicated. 

Supplementary Figure 3. Description of the second step of the analysis, the comet tracking. (A) The main steps performed by the algorithm are outlined. (B) A screenshot of the "Tracking" panel is given. The Maximum Gap Close corresponds to the Maximum Gap Length and is set to 5. The tracking of three substeps highlighted with red, green, and blue rectangles. (C,D,E) The numerical values necessary for each substep are entered here. The Maximum Shrinkage Factor is set to 1.5 as indicated in (D). 

Supplementary Figure 4. Description of the last step of the analysis, track analysis. (A) The MT dynamics classification and reclassification of the compound tracks is performed during this step. (B,C) Screenshots of the track analysis and the corresponding settings are shown.

DISCUSSION: 
Here, we describe a modification of a method first established by Ertych et al.44. Along with several other modifications, we combine this technique of MT dynamics analysis with dual spinning disk confocal imaging. The use of the dual spinning disk improves the resolution of growing MTs while reducing phototoxicity36. We further reduce the photobleaching and laser light-induced damage of the cells by switching to a longer wavelength fluorescent reporter. The tdTomato fluorescent protein has a higher coefficient of photostability and brightness in comparison to an EGFP46. Finally, the measurement of MT dynamics is limited to only one Z-plane due to the limitations of the follow-up analysis with U-Track. The U-Track software is designed to detect the fluorescently-labelled MT tips in an XYZ-axis50,51. Therefore, taking a Z-stack time-lapse series and creating maximal projection time-lapse series is prone to generate false results. Signals detected in different Z-planes and not belonging to the same growing MT are brought together in the maximal projection, thus creating a false trajectory of MT growth. 

The synchronization protocol used here induces a high density of MTs by restricting the mitotic spindle to a monopolar structure. The mitotic MTs are highly dynamic structures with phases of growth and shrinkage, with a pause at the transition between them19,54,55. Due to the high density of the growing MTs, detection of the pause events followed by either shrinkage or growth is prone to false results if the tracking parameters are set incorrectly. The U-Track software tracking modules detect so-called subtracks (episodes of continuous growth) and then classifies them as compound tracks with pause events termed "gaps". Applegate et al. discuss two parameters critical for the tracking and subtrack linking50. These are "Maximum Gap Length" and "Maximum Shrinkage Factor". If the subtrack being followed reappears in the growing direction of the MT in the subsequent time-steps, then it is classified as a forward gap. On the other hand, if the subtrack reappears opposite to the growth direction, it will be classified as a backward gap. The Maximum Gap Length defines the number of the frames to be searched for the forward and backward gaps. As mentioned, the high density and by nature high dynamicity of the mitotic MTs sets the limitation, and smaller values should be defined. As shown in Figure 1E the dynamicity is affected the most. The dynamicity is calculated as collective displacement of all gap-containing tracks over their global lifespans. The second parameter, the Maximum Shrinkage Factor, has little to no effect on either dynamicity or growth speed (Figure 1D,E). 

In general, when studying MT growth properties, careful attention should be paid to the imaging conditions. First, the MTs are very sensitive to temperature and depolymerize when exposed to cold growth medium56–59. Therefore, to avoid the collection of false results, the temperature should be strictly controlled throughout the entire experiment. Second, the ionic composition of the medium used during the experiments can affect MT growth58,60. For example, exposure to calcium ions affects the MT dynamics in different ways61,62. Hence, the composition of the growth medium used in all experiments should be the same. Similarly, the parameters of the analysis should be defined once and maintained constant for all the repetitions. Additionally, the time-lapse movies generated after the analysis should be visually inspected, and any movie with background noise giving rise to false positives (Videos 5 and 6) or with high expression of tdTomato resulting in poor resolution of the MT growing tips (Videos 7 and 8) should be excluded from further statistical analysis.

Recently, the combination of lattice light-sheet microscopy of a mitotic spindles at subsecond intervals, together with sophisticated image processing allows the analysis of MT assembly rates in three dimensions63,64. This has obvious advantages over CLSM, but further improvements will be required before the method becomes of general use, such as the expansion of strategies used in U-Track to the third dimension26,50,63. 

The protocol of MT dynamics detection we describe here can be a method of choice for drug screening. The method is robust, and it successfully removes human bias compared to the analysis performed manually. The automation of the movie processing allows the analysis of thousands of MT tracks within each cell, thus increasing the statistical power of the analysis. Furthermore, the method can be modified by changing, for instance, the synchronization protocol and obtaining cells from different phases of the cell cycle. This can, for example, be a useful tool for screening MT targeting chemotherapeutic drugs when the effect on interphase and dividing cells should be distinguished. 
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