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SHORT ABSTRACT: 
A protocol for imaging the dynamic microtubules in vivo using fluorescently labeled End binding protein has been presented. We described the methods to label, image, and analyze the dynamic microtubules in the Posterior lateral microtubule (PLM) neuron of C. elegans.

LONG ABSTRACT: 
In neurons, microtubule orientation has been a key assessor to identify axons that have plus-end out microtubules and dendrites that generally have mixed orientation. Here we describe methods to label, image, and analyze the microtubule dynamics and growth during the development and regeneration of touch neurons in C. elegans. Using genetically encoded fluorescent reporters of microtubule tips, we imaged the axonal microtubules. The local changes in microtubule behavior that initiates axon regeneration following axotomy can be quantified using this protocol. This assay is adaptable to other neurons and genetic backgrounds to investigate the regulation of microtubule dynamics in various cellular processes.

INTRODUCTION: 
Neurons have an elaborate architecture with specialized compartments like dendrites, cell bodies, axons, and synapses. The neuronal cytoskeleton is constituted of the microtubules, microfilaments, and neurofilaments and their distinct organization supports the neuronal compartments structurally and functionally 1–10. Over the years, microtubule organization has been identified as a key determinant of neuronal polarity and function. As neurons undergo structural remodeling during development or regeneration, the microtubule dynamics and orientation determine the identity, polarized transport, growth, and development of various neuronal compartments 7. It is, therefore, imperative to assess the microtubule dynamics and orientation in vivo to correlate with the neuronal remodeling process. 

Microtubules are composed of protofilaments of &#945; and &#946; Tubulin heterodimers with dynamic plus ends and relatively stable minus ends 11, 12. The discovery of the plus tip complex and associated end binding proteins have enabled a platform to assess the microtubule organization 13. End binding proteins (EBP) transiently associate with the growing plus ends of the microtubule and their association dynamics are correlated to the growth of the microtubule protofilaments 14, 15. Due to their frequent association and dissociation, the point spread function of GFP-tagged EBP appears as a “comet” in a timelapse movie 15. Since the pioneering observation in mammalian neurons 16, end binding proteins tagged with fluorescent proteins have been used to determine microtubule dynamics across different model systems and neuron types 17–23.

Due to its simple nervous system and transparent body, C. elegans has proven to be an excellent model system to study neuronal remodeling during development and regeneration. Here we describe methods to label, image, and analyze the microtubule dynamics and growth during the development and regeneration of touch neurons in C. elegans. Using genetically encoded EBP-2::GFP, we imaged the microtubules in the PLM neuron, which allowed us to determine the polarity of the microtubules in two different neurites of this neuron 24. This method allows observation and quantification of the EBP comets as a measure of microtubule dynamics in different cellular contexts, for example, the local changes in microtubule behavior that initiates axon regeneration following axotomy can be assessed using our protocol. This assay is adaptable to other neurons and genetic backgrounds to investigate the regulation of microtubule dynamics in various cellular processes.

PROTOCOL:

1.	Reporter strain: Culture and maintenance

NOTE: To measure the microtubule dynamics and orientation in the PLM neurons, we used the worm strain expressing EBP-2::GFP under the touch neuron specific promoter mec-4 (juIs338 allele)25–27. We use standard worm culture and maintenance methods for this strain 28.

1.1.	Prepare the Nematode Growth Medium (3.0 g/L sodium chloride, 2.5 g/L peptone, 20.0 g/L agar, 10 mg/L cholesterol (diluted from a stock solution of 10 mg/mL)) in water and autoclave the mixture. 

1.2.	Cool the mixture briefly for 10-15 min before supplementing it with 1 mM calcium chloride, 1 mM magnesium sulfate and 25.0 mM potassium phosphate monobasic pH 6.0. 

1.3.	Pour around 9 mL of the mixture into 60 mm Petri dishes using a sterile dispenser followed by storage at room temperature and sterile conditions for a day and subsequent storage at 4 &#176;C.

1.4.	Prepare 50 mL of B Broth (5.0 g/L sodium chloride, 10.0 g/L Bacto-Tryptone), autoclave and cool it down before inoculating with a single colony of Escherichia coli (OP50 strain). 

1.5.	Culture the bacteria at 37 &#176;C for 12 hours. Bring the refrigerated NGM plates to room temperature for seeding and using a sterilized glass spreader make a smear of OP50 bacteria onto the NGM plate.

1.6.	Keep the inoculated NGM plates at 37 &#176;C for 12 hours, which will allow the formation of a bacterial lawn for the culturing of C. elegans. These plates can be stored in a 20 &#176;C incubator until usage.

1.7.	Rear the transgenic strain on the seeded NGM plates. 

1.8.	Sterilize a platinum wire pick on flame and pick 20-25 gravid adult hermaphrodites for transfer to a freshly seeded plate.

1.9.	Once transferred, shift the plate to a 20 &#176;C incubator for 1 h. Then, extract the adults from these plates. These plates will now contain eggs that are age-matched.

1.10.	Shift the plates to the 20 &#176;C incubator for rearing until they reach the developmental stage of interest which in this case is the L4 stage at 43.5 hours after egg-laying. For more worms, rear multiple plates to avoid crowding. 

1.11.	At the desired developmental stage, these worms can be mounted for imaging of the EBP-2::GFP comets.

2.	Sample preparation: Mounting of worms for imaging of EBP-2 comets

NOTE: To enable live observation of the EBP comets in the PLM neurons, we mounted the worms on agarose pads to minimize their mobility while not compromising the physiology of the neuron. Among the various immobilization methods, we have chosen 0.1 &#181;m Polystyrene bead solution readily available commercially. We have outlined the mounting procedure used specifically for EBP-2::GFP observation.

2.1.	Prepare a solution of 10% agarose by melting 0.2 g of agarose in 2 mL of 1x M9 buffer (0.02 M KH2PO4, 0.02 M Na2HPO4, 0.008 M NaCl, 0.02 M NH4Cl) in a 5 mL glass test tube over a flame. This test tube can easily fit into a heating block which keeps the agarose in the molten state until usage. 

2.2.	Using a wide-mouthed dropper, dispense a drop (around 100 &#181;L) of this molten agarose over a clean glass slide of 35 mm x 25 mm dimensions. 

2.3.	While it is in the molten state, press the drop with another glass slide to create a thin film of the agarose between the glass slides. The agarose solidifies as a film of around 0.5 – 1.0 mm in thickness in around 30 seconds. 

2.4.	Once the agarose solidifies, hold the bottom slide in the non-dominant hand and the top slide in the dominant hand. Flip up the top slide while holding the bottom slide steady as a result of which the agarose pad sticks to one of the two slides.

2.5.	If the formed agarose pad is larger than the coverslip size (18 mm x 18 mm), then trim the edges of the pad to obtain the required dimensions to ensure proper placement of the coverslip. These agarose pads are for the immediate use and not to be stored. 

2.6.	Visually inspect the agarose pad for a smooth surface which are moist and suitable for mounting. If the agarose pad is exposed to air and becomes dried, the surface of the agarose pad appears wrinkled. In such a scenario, prepare fresh agarose pad as mentioned in steps 2.2-2.6. 

2.7.	On the agarose pad, put 2 &#181;L of 0.1 &#181;m polystyrene bead solution as the mounting medium.

2.8.	Pick 3-4 worms using a platinum wire pick and shift them onto an unseeded NGM plate. This process ensures the removal of surface bacteria that hinders the immobilization during mounting. 

2.9.	Once the worms crawl out of their surface bacteria, pick them up for mounting using a platinum wire pick and resuspend them in the drop of polystyrene beads on the agarose pad.

2.10.	Carefully, place an 18 mm x 18 mm coverslip on the worms. To prevent evisceration of the mounted worms, do not move the coverslip after placement.

2.11.	Mount the prepared slide on the microscope for imaging.

3.	Imaging setup and acquisition

NOTE: EBP comets travel with an approximate velocity of 0.22 &#181;m/s as observed in the mammalian and PLM neurons of C. elegans 16, 18. To optimally sample the events in a time lapse acquisition as per Nyquist criteria 29, spatial and temporal scales of 0.09 &#181;m and 0.43 s, respectively, are required. For the prevention of phototoxicity or photobleaching, we used Spinning Disk acquisition. We have described our imaging setup and acquisition settings below. 

3.1.	Capture the images using an inverted microscope equipped with a spinning disk unit and camera. Turn on the setup as per the manufacturer’s instruction.

3.2.	Turn on the software that controls the setup.

3.3.	As this is an inverted microscope, place the slide with the mounted worms on the stage with a low magnification objective (5x or 10x) with the coverslip facing down.

3.4.	Set up the light path to eye or visible mode which uses illumination from halogen lamp for transmitted light and mercury arc lamp for reflected light. 

3.5.	Focus and center a worm in the view field under the brightfield.

3.6.	Put the immersion oil and change the magnification to 63x (1.4NA/Oil) and refocus the worm tail in the brightfield for the PLM neurons. 

3.7.	Turn on the fluorescence of the mercury arc lamp for a brief refocusing of the PLM neurons. Place the correct set of reflector (AF488) in the light path for the visualization of GFP.

3.8.	Set the microscope to the camera acquisition by directing the light path to the camera.

NOTE: Controlling steps 3.4-3.7 through the Thin Film Transistor (TFT) screen of the microscope is quick and prevents unnecessary exposure to the illumination. Alternatively, control the illumination, reflector through the software.

3.9.	After the focusing of the PLM neuron in the view field, in the software interface select the illumination of 488 nm laser with 30% power and 300 ms exposure for the camera with Electron Multiplying (EM) gain value 70. Depending upon the reporter expression, vary these parameters as required. Store the settings as a configuration for subsequent imaging sessions.

3.10.	The Channels tab stores the tracks each with a specific illumination and camera setting. The highlighted track allows a live visualization whereas for acquiring an image the track needs to be ticked on. Highlight a channel with brightfield (DIC) for live visualization of the tail of the worm in the workspace. The sample is focused and centered in the live imaging window of the workspace.

3.11.	Highlight the channel with 488 nm laser excitation for a quick focusing of the PLM neuron in the live imaging window. Once focused, begin the time lapse acquisition by setting the time series parameters as mentioned in 3.12.

3.12.	Using 488 nm laser illumination, set up an experiment with time series for 2 minutes and no time interval between frames. To maintain the temporal scales of image acquisition, we only acquired GFP fluorescence only. 

3.13.	Using the Start Experiment tab, begin the acquisition. Using a 63x magnification restricts the spatial resolution to 0.21 &#181;m which is sampled by the camera at the pixel size of 0.09 &#181;m. Acquire a time lapse at 3.3 frames/s for optimally sample the event. The time lapse image had 396 time frames acquired over a duration of 2 min. Following the acquisition, save the image in ‘.czi’ format, which can be later be accessed by ZEN 2 or ImageJ.

4.	Observation and analysis

4.1.	Preview the timelapse acquisition in the software or open it in Image J through its Bioformats plug-in. 

NOTE: We have described the process of image analysis in Image J.

4.2.	Install the Bioformats plug-in in ImageJ.

4.2.1.	Alternatively, export the “.czi” format file into .tif for file compatibility in ImageJ. Export function in ZEN2 results in individual frames of the image as discrete .tif files. We avoid this method to prevent the formation of a large number of files.

4.3.	Open the image in ‘.czi’ format directly in Image J through its ‘Bioformats’ plugin. The image opens as a multi-image stack. If using the “export’ function of ZEN2, then reconstitute the images as a multi-image stack using the following workflow in ImageJ: ImageJ Program &gt; Image Menu &gt; Stacks Submenu &gt; Images To Stack. 

4.4.	Preview the image as a movie using the Play icon at the left bottom corner of the image window. The comets can be seen as bright mobile punctae in the cell body and processes of the PLM neuron. If the comets are visible clearly, proceed to step 4.8 otherwise follow steps 4.5-4.7. 

4.5.	Convert the color profile of the image using the Lookup Table (LUT) to a grayscale image: ImageJ program &gt; Image menu &gt; Lookup Tables submenu &gt; Select Grays.

4.6.	Invert the LUT profile of the image for easy visualization:  ImageJ program &gt; Image menu &gt; Lookup Tables submenu &gt; Invert.

4.7.	Adjust the brightness and the contrast of the image for seeing the comets: ImageJ program &gt; Image menu &gt; Adjust submenu &gt; Brightness and Contrast. 

4.7.1.	Move the sliders of Minimum, Maximum, Brightness, and Contrast for the desired scaling of the intensities across the image. We quantified the images with comets visible distinctly.

4.8.	The basic version of ImageJ has startup tools represented as icons. Locate and right-click the icon with a line to open a dropdown menu and select the Segmented line. Draw the segmented line on the regions of interest (ROI) with its origin on or near the cell body of the neuron. 

4.8.1.	For later considerations, save the segmented line ROI through the ROI manager using the following workflow: ImageJ &gt; Analyze &gt; Tools &gt; ROI manager &gt; Select the drawn trace in the image and click Add in the ROI manager window &gt; More in the ROI manager window &gt; Save.

4.9.	Before generating the kymograph, as the spatial and temporal scales are different remove the scaling to obtain the measurements in pixels using the following:
ImageJ &gt; Analyze &gt; Set scale &gt; Click to remove scale &gt; Ok. 

4.10.	Using the Reslice function under the Image &gt; Stacks dropdown menu, generate a kymograph. The kymograph is a representation of the segmented ROI in time. The horizontal axis represents the distance and the vertical axis represents the time. The diagonal traces represent the moving comets. Generally, the kymograph takes the color profile of the image otherwise assign a color profile as described in steps 4.5-4.6 for the visualization of the diagonal traces. 

4.11.	Using the Straight line function in the drop-down menu of the Line tool (refer to step 4.9) draw straight lines over each of the diagonal traces and append them in the ROI manager.

4.12.	Under the Analyze tab, go to Set Measurements and select Mean Intensity and Bounding Rectangle parameters for measuring the traces.

4.13.	In the ROI manager window, click Measure which will open a Result window which will yield the mean intensity of ROI, the X and Y coordinates of the line traces, Width, Height, Angle, and Length of the line traces. This window can be saved as a .csv format and later imported into a data analysis program.

4.14.	In the spreadsheet program, the results window opens with the values distributed in rows and columns. The relevant values are the width, height, and angle of the traces. The width gives the displacement of the trace, height gives the duration and the angle represents the vector. As the width and height values are in pixels, multiply them with the spatial and temporal scales, respectively, for obtaining the standard measurable parameters.

4.15.	As the left side of the kymograph is proximal to the cell body, depending on the angle, classify comets into plus-end-out or minus-end-out (i.e., away from the cell body or towards the cell body, respectively). Classify angles between 1&#176; to -89&#176; and -91&#176; to -179&#176; will be classified as plus-end-out and minus-end-out, respectively. Collate data from multiple kymographs in a spreadsheet for a study and statistically represent.

REPRESENTATIVE RESULTS:
As a representative example, we have described in vivo observation of the EBP comets in the steady-state and regenerating axons of the PLM neurons. PLM neurons are located in the tail region of the worm with a long anterior process that forms a synapse and a short posterior process. PLM neurons grow in the anterior-posterior direction close to the epidermis and are responsible for the gentle touch sensation in the worms. Due to their simplified structure, and amenability to imaging and microsurgery, PLM neurons have been extensively investigated for their microtubule cytoskeleton 30, axonal transport 31, 32, and regeneration 33, 34, neuronal polarity 35–37, behavior and aging 38, 39 and many other neuronal processes. We used PLM neurons to assess microtubule dynamics and orientation in vivo in a transgenic expressing EBP-2::GFP under the mec-4 promoter.

For checking the steady-state dynamics of the microtubules, we picked the worms expressing the Pmec-4-EBP-2::GFP reporter. The worms were mounted in 0.1 &#181;m polystyrene beads on 10% agarose pads. The coverslip was added gently, and the worms were imaged on the spinning disk microscope. The PLM neurons were centered and focused on 63x and imaged with a frame rate of 3.3 frames per second. The anterior process of the PLM showed a majority of the comets moving away from the cell body whereas the posterior process showed a bidirectional movement of the comets (Figure 1). Based on the direction of the comets, the anterior process of the PLM contains unipolar plus-end-out microtubules while the posterior process has mixed polarity (plus and minus-end-out) of microtubules (Figure 2) 24.

As an application of the assay, we explored the microtubule dynamics and orientation in the regenerating axons of PLM neurons. Previous studies have established methods of laser mediate axotomy using various types of lasers including, UV, nanosecond, picosecond, and femtosecond lasers 32, 40–46. For this study, we used a femtosecond laser to sever the anterior process of the PLM neurons 46. Following the injury, the worms were recovered onto seeded NGM plates. The worms were then imaged at multiple time points after injury for the observation of EBP-2::GFP comets. At 2 h after injury, a severed axon was visible however, the comets were drastically reduced in number as compared to an uninjured axon. At 11 h after injury, the axons have elicited a regeneration response in the form of axonal regrowth where a large number of EBP-2::GFP comets were observed (Figure 3).

Figure 1: Observation and analysis of EBP comets.
(A)	Schematic of the PLM neuron showing its position with respect to the worm anatomy. 
(B)	The point of reference is selected as per the neuron type. In this case, the cell body of the PLM neuron serves as the reference point for the regions of interest in anterior or posterior processes. Comets (magenta circles) are visible as punctae in the cell body, anterior and posterior processes of the PLM neuron. A segmented line tracing the neurite of interest (anterior process) is drawn to extract a kymograph.
(C)	A typical ROI can be converted into a kymograph which is a distance-time image with diagonal traces representing the moving comets. With respect to the cell body, the plus-end-out comets are traced in cyan whereas minus-end-out comets are traced in pink. For spatial reference, the segmented ROI is represented on top of the raw kymograph.
(D)	Measurement parameters include the width, height, angle, and length of the trace that can be translated into microtubule parameters.
(E)	Analysis parameters are extracted from the measurement parameters of width, height, and angle of the traces. 

Figure 2: Steady-state dynamics of the microtubules in the PLM axon.
(A)	Snapshots of a representative time series of EBP-2::GFP comets in the PLM neurons showing some of the EBP-2::GFP comets (colored arrows) in the anterior and posterior processes of the PLM neuron
(B)	Two regions in the anterior process (ROI-A, and ROI-B) are converted to kymographs in which the traces corresponding to the comets marked in 2(A). The traces have been color and number coded with respect to the moving comets in 2(A). Lower graphic panel represents the observed traces distinguished based on their direction of the movement. Plus end out comets are marked in cyan whereas minus end out comets are marked in pink. For reference, location of the cell body is depicted at the bottom.
(C)	ROI-C in the posterior process is converted into the kymographs with traces corresponding to the moving comets in posterior process in the Figure 2(A). Rightmost panel represents the plus end and minus end out traces with respect to the position of the cell body marked at the bottom.
Notice that all the traces in the axonal regions (ROI-A, and ROI-B) are moving away from the cell body representing plus-end-out microtubules (cyan traces). On the contrary, in the posterior process (ROI-C), the traces are bidirectional representing the mixed polarity with plus (cyan traces) and minus-end-out (pink traces) microtubules.

Figure 3: Microtubules during axonal regeneration in PLM neurons.
(A) Schematic representation of the axotomy procedure using a femtosecond laser. The laser creates an injury followed by the initiation of the regrowth. Major regeneration responses are scored as Type 1 fusion, Type 2 fusion, and Regrowing axons. 
(B) Representative images of PLM neurons expressing EBP-2::GFP in the uninjured (0 h), axotomized (2 h post axotomy), and regrowth conditions (11 h post axotomy). The ROI traced for the kymographs have been marked on the images.
(C) Representative kymographs of axonal regions traced on the uninjured, injured, regrowing, and Type 1 fusedaxons. Notice that the number of EBP-2::GFP comets significantly decreased in the injured axons followed by their robust movement (increased growth length and duration) in the regrowing axon. Individual traces can be quantified and classified as per their direction (cyan and pink traces).

DISCUSSION: 
Understanding the microtubule dynamics has been a key focus in the field of cytoskeletal research over the years. Microtubules undergo nucleation and catastrophe along with a continuous process of dynamic instability 47–50. Much of this information has been obtained through in vitro assays like light scattering readouts of free vs polymerized tubulin, microtubule growth assays from fluorescent tubulin, etc. 51. While the live observation of fluorescent and non-fluorescent microtubules is feasible in thin cells, in vivo measurements of microtubule dynamics are challenging.

Using this transgenic strain, other touch neurons like PVM, ALM, and AVM can also be assessed for the microtubule orientation. The imaging, and analysis procedures described here can be adapted to other neuron types in C. elegans with an appropriate reporter transgenic however, the variability in the comet dynamics across different neurons is expected 52–55. This method is also applicable to non-neuronal cell types in C. elegans 56–59. In non-neuronal cell types like epidermis or embryo, the microtubule dynamics are observed in two dimensions 56–59. For such events, images of the time series are projected into a single image using Z-projection or Stack difference images to extract the ROI for the kymographs. 

We observed that the commercially available anesthetics like Levamisole hydrochloride, Tetramisole are not suitable for immobilization of the worms as they attenuate the comet dynamics drastically. Microbeads on 10% agarose pads are a suitable choice for immobilization during imaging 60, 61. However, longer exposure to a higher percentage of agarose and microbeads may lead to physical stress to the worms. Also, it is advisable to bring the microbead solution to room temperature before mounting as cold shock may lead to a change in the microtubule dynamics 62–66. Moisture in the agarose pads is a sensitive factor for immobilization, as worms may get desiccated in dryer agarose pads and moist agarose pads may not restrict worms’ mobility. The experimenter can visually inspect the agarose pad for smooth and leveled surface before mounting 67. The mounting procedure can further be improved by reducing the bacteria associated with the worms. The surface adherent bacteria hinder the immobilization of the worm whereas the gut bacteria result in autofluorescence that may occlude the signal of EBP-2::GFP comets. So it is preferable to grow the worms on freshly seeded OP50 plates and remove the surface bacteria by putting the worms on unseeded NGM plates or washing them with M9 buffer or floatation in sucrose solution 68, 69. 

Among the observation parameters, the spatial and temporal scales are critical to optimally sample the comets 29. EBP-2::GFP is sensitive towards photobleaching thus unnecessary exposure to light should be prevented. Live imaging with fluorescent probes also causes phototoxic damage due to the production of free radicals. This might hamper the microtubule dynamics and may be fatal to the worm. A low exposure acquisition setup can be used to circumvent the problems of photobleaching and phototoxicity. The analysis parameters will be valid for multidimensional comet movements as well, however, one needs to determine the point of reference correctly. 

Each of the modules described in this study can be adapted to other reporters that detect the minus ends of microtubules, a vesicular organelle within axon or dendrites, etc. This technique can also be applied to other organisms or tissues with appropriate transgenesis and imaging system. The information of microtubule dynamics is valid in other cellular processes like cell division, cell migration, maintenance of cellular architecture, and other microtubule-based processes. Various clinical conditions have been associated with microtubule organization and dynamics 7, accurate information of which may strengthen pharmacological approaches.
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