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SUMMARY:  21 
Laser ablation is a widely applicable technology for studying regeneration in biological systems. 22 
The presented protocol describes use of a standard laser-scanning confocal microscope for 23 
laser ablation and subsequent time-lapse imaging of regenerating interneuromast cells in the 24 
zebrafish lateral line. 25 
 26 
ABSTRACT:  27 
Hair cells are mechanosensory cells of the inner ear that mediate the sense of hearing. These 28 
cells do not regenerate after damage in humans, but they are naturally replenished in non-29 
mammalian vertebrates such as zebrafish. The zebrafish lateral line system is a useful model for 30 
characterizing sensory hair cell regeneration. The lateral line is comprised of hair cell-containing 31 
organs called neuromasts, which are linked together by a string of interneuromast cells 32 
(INMCs). INMCs act as progenitor cells that give rise to new neuromasts during development. 33 
INMCs can repair gaps in the lateral line system due to cell death, necessitating an experimental 34 
protocol for characterizing such regeneration. A method is described here for selective INMC 35 
ablation using a conventional laser-scanning confocal microscope and transgenic fish that 36 
express green fluorescent protein in INMCs. Time-lapse microscopy is then used to monitor 37 
INMC regeneration and determine the rate of gap closure. This represents an accessible 38 
protocol for cell ablation that does not require specialized equipment, such as a high-powered 39 
pulsed ultraviolet laser. The ablation protocol may serve broader interests, as it could be useful 40 
for the ablation of additional cell types, employing a tool set that is already available to many 41 
users. This technique will further enable the characterization of INMC regeneration under 42 
different conditions and from different genetic backgrounds, which will advance the 43 
understanding of sensory progenitor cell regeneration. 44 
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 45 
INTRODUCTION:  46 
At the core of most progressive hearing loss lies the destruction of sensory hair cells, which 47 
transduce extrinsic auditory stimuli into nerve impulses detectable by the brain. Cochlear hair 48 
cell death causes permanent hearing loss, as adult mammals lack the ability to regenerate these 49 
cells following damage. Conversely, non-mammalian vertebrates such as zebrafish can 50 
regenerate hair cells lost to acoustic trauma or ototoxic insult. The zebrafish mechanosensory 51 
lateral line is a simple and easily manipulated organ system that can be used to study hair cell 52 
regeneration1-3.  53 
 54 
The lateral line consists of small sensory patches called neuromasts, which are connected 55 
during development by a string of elongated cells known as interneuromast cells (INMCs). 56 
Given their proliferative capacity as apparent stem cells that give rise to new hair cell-57 
containing organs, the behavior of INMCs is of great interest to the community4,5. Much of the 58 
research pertaining to INMCs has characterized their suppression by nearby Schwann cells that 59 
wrap around the lateral line nerve as well as proliferative behavior following the knockdown of 60 
associated signaling pathways such as Wnt/β-catenin6-8. While the regulation of INMC 61 
proliferation and differentiation into new neuromasts has been well-described, the 62 
mechanisms governing INMC regrowth after ablation have not been elucidated. This protocol 63 
serves as a means of ablating individual INMCs and analyzing their subsequent regenerative 64 
behavior. 65 
 66 
A variety of methods for destroying hair cells, supporting cells, and entire neuromasts have 67 
been published, along with methodologies for monitoring recovery. Chemical ablation works 68 
well for hair cells, but doses of toxic chemicals such as CuSO4 must be significantly increased to 69 
remove other lateral line cell types9. While electroablation under fluorescence microscopy is an 70 
effective and simple means of destroying INMCs to study regeneration, it is difficult to target 71 
narrowly and, therefore, is likely to produce significant collateral damage. As a result, this can 72 
mask aspects of INMC-specific behaviors10,11. Laser ablation protocols have been employed, but 73 
they require the use of specialized equipment not necessarily present in the average laboratory 74 
or imaging facility (i.e., high-powered pulsed UV lasers12). The method described here can be 75 
performed with any laser-scanning confocal microscope outfitted with the common 405 nm 76 
laser, usually used for imaging DAPI and other blue fluorophores. An advantage of this method 77 
is that confocal imaging can be performed immediately before and after cell damage without 78 
engaging any additional laser control systems or transferring to another microscope equipped 79 
with a pulsed laser.  80 
 81 
A similar method has been described for ablating neurons in the zebrafish spinal cord13. 82 
However, the previous method requires a FRAP module for cell ablation, which is not a 83 
requirement for this protocol. Furthermore, given the distinct properties of different cell types 84 
(i.e., brightness of transgene fluorescence, depth within the body, and cell shape), it is likely 85 
that significant modifications will be needed depending on the cell type used. The protocol 86 
detailed here is more likely to be effective for more superficial cells, as supported by a 87 
demonstration of sensory hair cell ablation using the same method. Also outlined is a 88 



   

Page 2 of 11  revised November 2018 
 

regeneration assay to assess INMC recovery rates after ablation, which was not a feature of the 89 
aforementioned study. 90 
 91 
The laser-based cell ablation protocol detailed herein captures the regenerative capacity of 92 
INMCs through the optimization of laser conditions, pre- and post-ablation imaging, and time-93 
lapse microscopy. These elements come together to comprehensively portray INMC regrowth 94 
and gap closure in its entirety. While this protocol is used here to destroy INMCs, it may be 95 
applied to other work that requires reliable and effective assessment of cellular ablation. It is 96 
also an accessible technology, since it can be conducted on any confocal microscope equipped 97 
with a 405 nm laser.  98 
 99 
PROTOCOL:  100 
 101 
All animal work was approved by the Pace University Institutional Animal Care and Use 102 
Committee under protocol 2018-1. 103 
 104 
1. Preparation of zebrafish larvae 105 
 106 
1.1. Set up mating 3–5 days prior to conducting the experiment, such that larvae will be 2 days 107 
post-fertilization (dpf) to 4 dpf in age when mounted for laser ablation.  108 
 109 
NOTE: The Et(krt4:EGFP)sqEt20 (abbreviated as ET20) enhancer trap line, in which 110 
interneuromast cells are clearly labeled with enhanced green fluorescent protein (eGFP), allows 111 
for relatively easy cell identification and ablation11,14. For confirmation of laser ablation 112 
specificity and flexibility, ET20 fish are bred with Tg(neuroD:tdTomato) fish, in which the lateral 113 
line nerve is labeled with red fluorescent protein or with Tg(myo6b:βactin-GFP) to label sensory 114 
hair cells with GFP15,16. 115 
 116 
1.2. After embryo collection the following day, incubate embryos at 28.5 °C in E3 medium 117 
containing 0.0001% methylene blue until ready to anesthetize and mount. 118 
 119 
2. Preparation of low gelling agarose and tricaine solutions 120 
 121 
2.1. To a 250 mL glass Erlenmeyer flask, add 48 mL of 1x E3 medium, 2 mL of 15 mM tricaine 122 
stock solution, and 0.5 g of low-melting agarose. 123 
 124 
2.2. Microwave the solution on high for 30 s and swirl (wearing heat-protective gloves) to 125 
dissolve the agarose. Repeat the 30 s heating cycles until agarose is fully dissolved. 126 
 127 
2.3. Store the agarose in an incubator heated to 42 °C until ready to use.  128 
 129 
3. Anesthetization of zebrafish larvae 130 
 131 
3.1. To a 50 mL conical tube, add 24 mL of 1x E3 medium and 1 mL of tricaine stock solution (15 132 



   

Page 3 of 11  revised November 2018 
 

mM) to a final concentration of 600 µM. Swirl to mix. 133 
 134 
3.2. Load one of the six wells of a flat-bottomed cell culture plate with 8 mL of E3 containing 135 
600 µM tricaine.  136 
 137 
3.3. Use a transfer pipette to move zebrafish larvae into a 74 µm mesh-bottomed transfer 138 
insert.  139 
 140 
3.4. Transfer the mesh-bottomed insert into the well of the six-well plate containing the E3 + 141 
tricaine solution. Allow the larvae to remain in the well for a minimum of 3 min or until fully 142 
anesthetized. Test anesthesia by tapping the insert. Larvae should not startle and swim in 143 
response to the tap. 144 
 145 
4. Fluorescent screening of anesthetized zebrafish larvae  146 
 147 
4.1. Pipette one anesthetized larva per well onto 12 well hydrophobic-coated slides for 148 
screening. Ensure that there is minimal curvature of the meniscus formed in each well of the 149 
slide to reduce optical distortion when screening. This can be done by removing a small volume 150 
of E3 from each well after placing the larvae. 151 
 152 
4.2. Under a 10x objective on an upright microscope (equipped with a mercury arc lamp, metal-153 
halide lamp, or LED light source and an appropriate filter cube), screen for larvae that express 154 
eGFP in the neuromasts and interneuromast cells of the lateral line system.  155 
 156 
4.2.1. Select larvae with stronger expression resulting in brighter eGFP, which presumably are 157 
homozygous for the transgene. 158 
 159 
NOTE: In the ET20 line, eGFP is expressed in a ring of mantle cells surrounding each neuromast, 160 
as well as, the narrow strip of interneuromast cells connecting these organs. Stronger eGFP 161 
expression (brighter fluorescence) contributes to more effective ablation. 162 
 163 
4.2.2. To examine the specificity of ablation, use double-transgenic larvae with both the ET20 164 
and Tg(neuroD:tdTomato) transgenes. If screening for Tg(neuroD:tdTomato) carriers, use the 165 
RFP filter cube set to identify a bright red patch just posterior to the ear representing the 166 
posterior lateral line ganglion. 167 
 168 
4.2.3. To ablate hair cells in the lateral line neuromasts, use the Tg(myo6b:βactin-GFP) 169 
transgenic line and screen for GFP localization in the center of each neuromast. 170 
 171 
4.3. Select larvae with stereotypical spacing of the neuromasts. Differences in the spacing 172 
between neuromasts may indicate abnormal neuromast deposition during development, 173 
suggesting defective migratory behavior or cell proliferation in the lateral line primordium17. 174 
Such defects may also affect migratory or regenerative behavior of the INMCs following 175 
ablation.  176 
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 177 
NOTE: Common defects in spacing include an unusually large distance between the anterior-178 
most neuromast deposited by the first migrating primordium (prim1L1) and the second 179 
neuromast deposited by the same primordium (prim1L2), often associated with crowding of the 180 
more posterior neuromasts. 181 
 182 
5. Mounting larvae for laser ablation and imaging 183 
 184 
5.1. Pipette 3 - 4 anesthetized larvae into a small droplet of E3/tricaine solution in the center of 185 
a cover slip-bottomed dish (35 mm dish with a 14 mm number 1.5 coverslip). Remove excess 186 
solution so that the larvae remain in a small droplet, just large enough to contain them. 187 
 188 
5.2. Transfer the dish to the stage of a binocular stereo microscope and manipulate the zoom 189 
and focus so that all larvae are in the field of view.  190 
 191 
5.3. Remove the Erlenmeyer flask containing the low melting point agarose from the heated 192 
incubator. Use a transfer pipette to transfer agarose solution onto the cover slide to produce a 193 
thin layer. Draw off excess agarose until the liquid just fills the well at the bottom of the dish, 194 
taking care not to aspirate any larvae. 195 
 196 
5.4. Quickly arrange the larvae in the agarose solution using a hair knife or hair loop so that 197 
they are aligned with each other and oriented with rostral to the left.  198 
 199 
5.5. Gently press the larvae down against the glass with the hair knife, such that they lie in 200 
profile with their right sides down. Larvae older than 3 dpf tend to float due to their inflated 201 
swim bladders, so they may need to be repeatedly pressed down against the glass until the 202 
agarose begins to gel.  203 
 204 
5.6. After about 60 s, the agarose will start to solidify, and the larvae will not be able to be 205 
reoriented. Allow approximately 5 min at room temperature for the agarose on the cover slide 206 
to completely solidify. Once the agarose has solidified, use a transfer pipette to fill the dish 207 
halfway with E3 containing 1x tricaine.  208 
 209 
6. Locating prospective targets and pre-ablation imaging 210 
 211 
6.1. Turn on the power to the laser-scanning confocal microscopy system and initialize through 212 
the integrated imaging software. Select the 63x Plan-Apochromat oil immersion objective 213 
(numerical aperture 1.40) or similar. Apply immersion oil and secure the dish in a circular stage 214 
insert such that the larvae face with their rostral aspect to the left.  215 
 216 
6.2. Under bright-field or differential interference contrast illumination, select one of the 217 
mounted larvae for imaging. Adjust the focus with the focus knob such that the skin on the side 218 
of the fish closest to the coverslip is in focus, recognizable by the fingerprint-like pattern of 219 
periderm cells. 220 
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 221 
6.3. Once in focus, switch to epifluorescent illumination in the GFP channel. Locate the 222 
posterior lateral line by GFP expression along the horizontal myoseptum. Rings of fluorescent 223 
cells indicate neuromast mantle cells, and elongated strands of cells are interneuromast cells. 224 
 225 
6.4. Beginning with the primIL1 neuromast, usually located just dorsal to the yolk, use the stage 226 
control joystick or other stage movement control to visually scan caudally along the horizontal 227 
myoseptum.  228 
 229 
6.4.1. Follow the string of interneuromast cells until reaching the region between the primIL3 230 
and primIL4 (L3 and L4) neuromasts (Figure 1A).   231 
 232 
NOTE: Other regions can also be targeted, but this section of the trunk and tail tends to be 233 
closest to the cover glass and, therefore, most amenable to ablation.  234 
 235 
6.4.2. If imaging several larvae, set the first stage position, then inactivate the multiple stage 236 
positions option by deselecting the appropriate check box.  237 
 238 
6.4.3. Repeat steps 6.4.1–6.4.2. for each desired stage position (each larva). 239 
 240 
6.5. After cell bodies in the L3–L4 region have been identified, switch to the acquisition mode. 241 
 242 
6.5.1. Activate a GFP imaging track using the 488 nm or 491 nm laser.  243 
 244 
6.5.2. Add a transmitted light (transmitted light photomultiplier tube or T-PMT) channel to the 245 
activated 488 nm laser track by activating the T-PMT checkbox under the “Imaging Setup” 246 
dropdown menu. 247 
 248 
6.5.3. Set the laser power to 6%, pinhole size to 1 Airy unit equivalent, and digital gain to 750 249 
for imaging ET20 larvae. Exact gain and laser power may vary for any given larva, depending 250 
upon how close to the cover slip they are mounted and the brightness of fluorescence. Adjust 251 
the gain such that cell bodies are saturated to capture otherwise dim projections and filipodia.  252 
 253 
6.5.4. Adjust the parameters to a frame size of 1024 pixels x 1024 pixels, digital zoom of 0.7 254 
(145.2 µm x 145.2 µm image size). Set averaging to 2 to improve image quality. 255 
 256 
6.6. Check the z-stack box to bring up the z-position dropdown menu. While fast scanning, 257 
focus out until the interneuromast cells are just out of focus. Set the first slice, then focus 258 
through the sample until the interneuromast cells are once again out of focus. Set the last slice. 259 
Ensure that it encompass a z-stack of approximately 25 µm. Set the imaging interval to 1 µm.  260 
 261 
6.7. Start experiment to capture a pre-ablation z-stack (Figure 1B). If stage positions have been 262 
added, inactivate the positions option so that only the current position is imaged. Save the file 263 
once it is captured. 264 
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 265 
7. Laser ablation of cell bodies 266 
 267 
7.1. Click on “Show all Tools”.  This option is located at the top of the acquisition interface.  268 
 269 
7.2. Click on the dropdown menu for “Imaging Set Up”. In “Imaging Set up”, click on “Add a 270 
new track” (represented as “+”).  271 
 272 
7.3. In “Imaging Set Up”, click on the dropdown menu for “Dye”. Select DAPI as the dye. 273 
 274 
7.4. Click on the dropdown menu for “Channels” and deselect all other tracks by unclicking 275 
their respective checkboxes. Ensure that only the DAPI track is selected.  276 
 277 
7.5. In the DAPI track, click on 405 for the “Laser setting”. Increase the laser power to 75%. 278 
Unclick the DAPI channel to turn off the laser while scanning for candidate cell bodies for 279 
ablation.  280 
 281 
7.6. With the body of an interneuromast cell centered in the field of view, zoom in the scanning 282 
frame to 20x–22x. The frame position may need to be adjusted to keep the cell body in the 283 
center as the zoom is applied. Stop live scanning as soon as the cell body fills the field of view. 284 
 285 
NOTE: The cell body should occupy the entire field of view. At this zoom level, the GFP will 286 
bleach rapidly. Minimize laser exposure time by working quickly. Use zoom rather than 287 
selecting a region of interest to increase laser power distribution over a small area. 288 
 289 
7.7. Check the 405 nm laser shutter box to activate the track. Adjust the laser power to 75%. 290 
Set a timer for 45 s. Activate continuous scanning and start the timer. Stop scanning 291 
immediately at 45 s. 292 
 293 
8. Post-ablation imaging and time-lapse microscopy to study regeneration  294 
 295 
8.1. Click on the dropdown menu for “Channels”. In channels, unclick the “DAPI” track to 296 
inactivate the ablation laser. Click on the dropdown menu for “Acquisition mode”.  297 
 298 
8.2. In acquisition mode, click on “Zoom”.  299 
 300 
8.3. Decrease the zoom to 0.7 either by using the slider or by typing in “0.7.” 301 
 302 
8.3.1. To ensure successful cell ablation, increase the gain to 900 and fast scan the field of view.  303 
 304 
NOTE: No GFP should be visible within the targeted cell or cells. If fluorescence is still observed, 305 
return to steps 7.1–7.3. 306 
 307 
8.3.2. Using the same or similar settings as those described for pre-ablation imaging, capture 308 
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and save a post-ablation image (Figure 1C). If the image reveals remnants of fluorescent cells or 309 
additional cell bodies that needs to be removed, repeat the laser ablation steps to create a 310 
visible gap in the string of interneuromast cells. 311 
 312 
8.3.3. Inspect the T-PMT channel image to further confirm cellular damage. Damaged cells will 313 
have a granular appearance, and frequently the nuclei will swell or become irregular in shape 314 
(Figure 2). 315 
 316 
8.4. After capturing a pre-ablation image, ablating the cells as necessary, and capturing a post-317 
ablation image for each individual stage position, set up the time-lapse microscopy by 318 
activating both stage position and time options for image capture. Set the time parameters to 319 
24 h or another desired endpoint and 15 min intervals. Start experiment to acquire images and 320 
save the resulting file when complete (on the following day). 321 
 322 
8.5. If larvae are to be further studied or raised, carefully remove them from the agarose using 323 
fine forceps, then transfer into E3 medium without tricaine for recovery. If they are not to be 324 
used further, euthanize according to the approved animal protocol (rapid and sustained 325 
immersion in an ice bath is a common method) and dispose of them as required by the 326 
institution. 327 
 328 
9. Image analysis 329 
 330 
9.1. Open a post-ablation z-stack file in the preferred image processing software (Table of 331 
Materials). Split the channels such that each channel is in a separate viewing pane. 332 
 333 
9.2. In the GFP channel window, use the line tool to draw a straight line between the tips of the 334 
remaining INMCs. This may be aided by scrolling up and down through the z-stack or by 335 
performing a maximum-intensity projection prior to drawing the line. 336 
 337 
9.3. Use the “Measure” tool to obtain the distance between INMC ends in the x- and y-planes. 338 
 339 
9.4. Scroll through the z-slices in the original z-stack to determine the distance between INMCs 340 
in the z-plane. 341 
 342 
9.5. Calculate the total distance between INMC ends using the Pythagorean theorem (a2 + b2 = 343 
c2). The hypotenuse is the total distance (or gap size). 344 
 345 
9.6. Enter the resulting distance measurement into a spreadsheet application for data analysis. 346 
 347 
9.7. Review the time-lapse microscopy files collected in step 8.2–8.3 using either the integrated 348 
imaging software on the confocal system or freely available image analysis software. Identify 349 
the timepoint at which the gap between interneuromast cells was filled in by cell projections. 350 
This can be aided by examination of multiple z-slices to confirm closure of the gap in all 351 
dimensions. 352 
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 353 
9.8. To achieve the most accurate measurement of time to gap closure, use the post-ablation 354 
image time stamp (visible in Finder or File Explorer) as the zero time point; measuring time 355 
from the beginning of the time-lapse image stack may result in underestimating time to closure, 356 
depending upon how much time elapsed while ablating additional stage positions, etc. 357 
 358 
9.9. Derive the rate of closure by simply dividing the original gap size (µm) by the hours or 359 
minutes required for complete gap closure. 360 
 361 
REPRESENTATIVE RESULTS:  362 
 363 
In order to ablate INMCs and record regeneration, screened GFP-expressing zebrafish larvae of 364 
the ET20 transgenic line were mounted at 2- or 3-days post-fertilization for ablation as 365 
described in step 5.4. Several fish can be mounted simultaneously so that multiple time lapses 366 
can be captured in a single experiment. The region of the lateral line located between primIL3 367 
and primIL4 neuromasts was identified, and pre-ablation images were captured as described in 368 
steps 6.5–6.7 (Figure 1A,B).  369 
 370 
Three cell bodies were targeted for laser ablation to create a gap in the INMC string of 371 
approximately 40 µm. Post-ablation scanning with high gain and subsequent imaging confirmed 372 
that no cell bodies remained in the ablated region, leaving a gap between elongated projections 373 
of the adjacent INMCs (Figure 1C). Cell death was further demonstrated by examining the T-374 
PMT channel after ablation. Damaged and dying cells were marked by swollen and irregularly 375 
shaped nuclei as well as a granular appearance (Figure 2, outlined). In some cases, time-lapse 376 
imaging also revealed the recruitment of large amoeboid cells that were likely macrophages 377 
(Figure 2, asterisk). Dark areas surrounding the ablated INMCs indicated photobleaching in 378 
overlying periderm cells. These cells did not appear to be damaged or destroyed by laser 379 
irradiation in these experiments; rather, their fluorescence was temporarily reduced. Time-380 
lapse microscopy reveals that these cells normally recover after ablation and do not change 381 
shape or otherwise appear damaged (unpublished results, Volpe et al.). 382 
 383 
To support the specificity of INMC destruction, ablations were performed in double-transgenic 384 
ET20 and Tg(neuroD:tdTomato) larvae in which the lateral line nerve (which runs just microns 385 
below the interneuromast cells) is labeled with red fluorescent protein. Ablations of several 386 
cells that created sizeable gaps in the INMC string had little or no effect on the lateral line nerve 387 
based on red fluorescence (Figure 3). Flexibility of the technique for ablating superficially 388 
localized cells was demonstrated by selective destruction of individual sensory hair cells within 389 
neuromasts of the lateral line. Using essentially the same protocol detailed above (sections 7 390 
and 8), single hair cells in transgenic Tg(myo6b:βactin-GFP) larvae were destroyed without 391 
apparent damage to adjacent cells (Figure 4). The ablated hair cells did not recover 392 
fluorescence after time-lapse microscopy, and their nuclei were noticeably granular and 393 
misshapen after laser exposure (Figure 4B). Similar to INMC ablations, apparent macrophages 394 
were frequently recruited to the laser exposure site (unpublished results, Volpe et al.). 395 
 396 
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Following laser ablation and post-ablation image capture, gap size was measured using freely 397 
available image analysis software. The measure tool demonstrated gap sizes ranging from just a 398 
few microns up to 100 microns, depending upon the width of individual INMCs and how many 399 
cells were chosen for ablation (Figure 5). Timelapse microscopy was employed to record INMC 400 
behaviors during regeneration. In 50 trials, 15 gaps (30%) were closed by regeneration within a 401 
24 h period. In most cases, INMCs that were able to recover did so within the first several hours 402 
of imaging. Recovery was defined as the timepoint at which projections from neighboring cells 403 
came into contact, which occurred 8 h after ablation for a gap of approximately 40 µm (Movie 404 
1). Z-stacks were carefully examined to ensure that cell-cell contact occurred within a single z-405 
plane, avoiding possible artifacts due to z-projections. Logistic regression analysis revealed that 406 
the probability of gap closure correlated with gap size (p = 0.453), with smaller gaps being more 407 
likely to heal. A gap of 55.5 µm yielded a closure probability of 50% (Figure 5). 408 
 409 
In 70% of cases, INMCs were unable to completely close the gap created by ablation. However, 410 
even in these cases we were able to monitor the formation of long projections from 411 
neighboring INMCs, which resemble in some respects extending neuronal growth cones (Movie 412 
2). Thus, these experiments can also provide insight into the behaviors of INMCs after damage. 413 
 414 
FIGURE AND TABLE LEGENDS:  415 
 416 
Figure 1: Selective ablation of interneuromast cells by laser irradiation. (A) Interneuromast 417 
cells between neuromasts primIL3 and primIL4 were selected for ablation. These cells display a 418 
characteristic spindle shape with elongated projections overlapping adjacent cell bodies. (B) 419 
Pre-ablation imaging identified cell bodies that could be ablated to produce a gap. (C) Post-420 
ablation imaging confirms successful ablation as indicated by the absence of cell bodies in the 421 
gap region. Scale bars = 10 µm. 422 
 423 
Figure 2: Post-ablation imaging demonstrates cell death in response to laser exposure in GFP-424 
labeled interneuromast cells. Transmitted light photomultiplier imaging (T-PMT) indicates the 425 
presence of a necrotic cell with a granular appearance (encircled), as well as, the recruitment of 426 
irregularly shaped cells that are likely macrophages (*). Merging of GFP and T-PMT channels 427 
confirms that cell death and macrophage activity occurred at the site of ablation. Scale bars = 428 
10 µm. 429 
 430 
Figure 3: Specificity of interneuromast ablation. (A) Pre-ablation GFP-labeled interneuromast 431 
cells (green) and tdTomato-labeled lateral line nerve (red) in a double-transgenic 432 
Tg(ET20;NeuroD:tdTomato) larva. Cell bodies in close proximity to the lateral line nerve were 433 
targeted for ablation. (B) Post-ablation imaging demonstrates ablation of targeted cell bodies 434 
with an intact lateral line nerve. Scale bars = 10 μm. 435 
 436 
Figure 4: Ablation of sensory hair cells using confocal microscopy. (A) Pre-ablation imaging 437 
identified a GFP labeled sensory hair cell (*) targeted for ablation in double-transgenic Tg(ET20; 438 
myo6b:βactin-GFP) zebrafish. Transmitted light photomultiplier tube (T-PMT) imaging discloses 439 
normal hair cell morphology, with a round cross-section. (B) Post-ablation imaging confirms 440 
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successful ablation of the targeted hair cell. A T-PMT image indicates irregularity in hair cell 441 
shape and increased granularity after laser exposure, suggesting cell death rather than 442 
photobleaching. Scale bars = 10 μm. 443 
 444 
Figure 5: Logistic regression modeling the probability of gap closure as a function of gap width 445 
(in µm) in RStudio.  A score of 0 represents complete gap closure, whereas a score of 1 446 
represents incomplete gap closure. Results indicate that the effect of gap width on the ability of 447 
interneuromast cells to close respective gaps is statistically significant (p = 0.0453, n = 24 total; n 448 
= 12 closed gaps, n = 12 incompletely closed gaps).  449 
 450 
Movie 1: Time-lapse microscopy demonstrating gap closure (~40 µm) after 16 h. Images were 451 
captured every 30 min, and a maximum-intensity z-projection was made for all timepoints. 452 
 453 
Movie 2: Time-lapse microscopy of an INMC gap that did not close. The elongated and 454 
branching projections of the remaining INMCs are shown. 455 
 456 
DISCUSSION:  457 
The protocol describes a versatile method for laser cell ablation that can be performed on any 458 
confocal microscope equipped with a near-ultraviolet laser (405 nm wavelength). This protocol 459 
addresses limitations of previously employed methods such as electroablation (which causes 460 
more widespread damage11) and pulsed UV-laser ablation (which requires additional 461 
specialized equipment12). Pre- and post-ablation confocal imaging provide rapid feedback 462 
regarding success of the experiment. Subsequent time-lapse microscopy offers a simple assay 463 
for regeneration in a cell type critical for sensory system development. 464 
 465 
It is of vital importance to prescreen for transgenic zebrafish that express GFP strongly in 466 
neuromasts and INMCs. Larvae with bright fluorescence and approximately even spacing of the 467 
primI-derived neuromasts are ideal candidates for laser ablation. Even in these fish, there are 468 
occasionally dimmer INMCs that may at first escape detection. These cells can remain behind 469 
after laser ablation, preventing the formation of a true gap between INMCs. The digital gain 470 
should be adjusted to reveal these dimmer cells during pre-ablation imaging such that they can 471 
also be targeted with the 405 nm laser (step 8.2).  472 
 473 
Similarly, laser targeting sometimes will not entirely destroy a cell; rather, it will bleach the 474 
fluorescence, resulting in a failure to create a real gap. These cells will generally increase in 475 
fluorescence during timelapse microscopy. Gain adjustment in the post-ablation imaging step 476 
along with T-PMT imaging (Figure 2) help ensure that all cells targeted have been effectively 477 
removed. It frequently requires two or three individual cell ablations to produce a gap in the 478 
INMC string. Cell death can be detected by blebbing or a granular appearance in the targeted 479 
cells; although, this may require a brief waiting period after laser targeting (and in some cases, 480 
apparent apoptotic or necrotic figures are observed shortly thereafter). 481 
 482 
A limitation of this procedure is that it may require multiple experimental trials before laser 483 
conditions are optimized and INMC regeneration is successful. The laser power and total dwell 484 
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time of the laser may each require slight adjustment for different samples. It has been found 485 
that excessive laser application can impair the ability of the lateral line to repair itself. This 486 
includes both 1) overexposure of individual cells to laser irradiation, presumably causing 487 
additional damage to surrounding tissues, as well as 2) the ablation of too many cells in the 488 
string, leading to a larger gap. Users must achieve a balance between sufficiently irradiating 489 
cells to ensure their destruction and not overexpose the cells, which can slow or prevent 490 
regeneration. With the appropriate settings, it has been found that the INMCs can be removed 491 
without visible damage to the posterior lateral line nerve, indicating that collateral damage is 492 
minimized with this protocol unlike electroablation11. In no cases were new neuromasts 493 
forming in the gap observed, presumably because the lateral line nerve remains intact and 494 
underlying glial cells remain and inhibit the proliferation of INMCs6-8,11. 495 
 496 
It is demonstrated that this method of confocal laser ablation may be applied to other cell types 497 
as well, particularly in those superficially located within the animal including sensory hair cells 498 
(Figure 4). A similar protocol may be used to ablate skin cells to examine wound repair or 499 
neurons for axonal regeneration studies, as previously described13. It is anticipated that this 500 
technique will become a useful addition to the experimental repertoire of laboratories that 501 
possess a confocal microscope but no other specialized equipment for laser ablation.  502 
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Name of Material/Equipment Company Catalog Number

12-well PTFE Printed Slides Electron Microscopy Sciences 63425-05

15 mM Tricaine stock solution Sigma E10521

1X E3 + 600 µM Tricaine 

1X E3 media

60 X E3 media All components purchased from Sigma-
Bx60 Compound microscope with mercury 

arc lamp fluorescence

Olympus 

LSM 700 confocal microscope equipped 

with 405 nm, 488 nm, and 555 or 561 nm 

lasers

Carl Zeiss Microscopy, LLC

FIJI/ImageJ Image processing software Multiple contributors

Dissecting needle modified into hair knife Fisher Scientific 19010

Microsoft Excel software Microsoft Corp.

Glass bottom 35 mm dishes with no. 1.5 

coverslip, 20 mm window 

Mattek Corporation P35G-1.5-20-C

Immersol 518F Immersion Oil Fisher Scientific 12-624-66A

Low Gelling Agarose Sigma Life Science A9414-256

Corning Netwell Insert with 74 um 

Polyester Mesh, 24 mm Insert 

Millipore Sigma CLS3479-48EA

Rstudio software Rstudio PBC

SMX-168-BL Stereo microscope Motic 

Transfer Pipette Fisher Scientific 13-711-7M
ZEN software Carl Zeiss Microscopy, LLC
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revised.xlsx
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Comments/Description

15 mM Tricaine in reverse osmosis water

Dilute 15 mM Tricaine stock 25X in 1X E3 media 

Dilute 60X E3 media to 1X in reverse osmosis water  (16.7 ml/L)

34.4 g Nacl, 1.52 g Kcl, 5.8 g CaCl2.2H2O, 9.8 g MgSO4.7H20 in 1 liter reverse-osmosis 

A 5 mW 405 nm laser was used for ablation; Ablations and imaging were performed 

through a 63x Plan-Apochromat objective with an NA of 1.40

Downloadable at https://fiji.sc/

An eyelash was glued onto the end of a wood-handled dissecting needle

Google sheets is a no-cost alternative to Microsoft Excel

35 mm petri dish, 20 mm glass window

Downloadable at https://rstudio.com/
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Dr. Kyle Jewhurst 
Journal of Visualized Experiments 
1 Alewife Center, Suite 200 
Cambridge, MA 02140 
 
Dear Dr. Jewhurst, Dr. Bajaj, and Editorial Staff, 
 
 Please find attached our resubmission of the manuscript, “A confocal microscope-based laser 
ablation and regeneration assay for zebrafish interneuromast cells,” JoVE 60966. We appreciate the 
editorial comments and valuable feedback from the reviewers, and feel that this review process has 
allowed us to considerably strengthen our manuscript. We have addressed to the best of our ability the 
concerns raised by reviewers, as detailed below. 
Editorial comments: 

1. We have thoroughly proofread the manuscript to ensure that there are no typographical or 
grammatical errors. 

2. We have removed commercial language from the protocol, relegating all such information to the 
revised Table of Materials. 

3. We have changed the text of the protocol to use the imperative tense in each step. 
4. We have removed personal pronouns from the protocol; some personal pronouns remain in the 

Results and Discussion sections, but presumably this is not an issue. 
5. We have broken down some of the longer steps into simpler, 2-3 step procedures. 
6. We believe that we have been explicit in describing how each step is performed. 
7. In step 5.1, we have added that the fish are anesthetized for this step. 
8. We have broken down steps 5.4, 6.4, and 6.5 into sub-steps for simplicity. 
9. We have not broken down step 7 into individual mouse clicks because these are commonly used 

tools in confocal microscopy, and entering each mouse click would surely make the protocol well 
over the ten page limit. We feel that we have provided enough detail for the casual confocal 
microscope user to follow.  If the editors feel that these still need to be broken down further, we 
will do so at the expense of brevity. 

10. We have highlighted approximately 2.75 pages of the protocol, but are happy to reduce the 
highlighted portion further if we have inadvertently included too many steps for filming. 

11. None of our figures have been previously published in any form. 
12. The figure legends each include a title and a short description of the data included therein. 

 
Reviewer 1: 

Major concerns: None 
Minor concerns:  
1. We have included a new figure demonstrating cell death after laser irradiation (Figure 2) and 

have added step 8.2 to ensure that the cell is no longer fluorescing after ablation. 
2. We have added a figure (Figure 3) to demonstrate that nearby tissues, namely the lateral line 

nerve, are unaffected by focused laser ablation. We have further added a section in the 
representative results section (lines 344-348) detailing the photobleaching and survival of 
periderm cells. 
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3. We have added the specifications of the 405 nm laser to both the protocol (Step 7.1) and the 
Table of Materials. 

4. The reason for using high zoom rather than a region of interest for ablation is now included in 
Step 7.2 (lines 255-256). 

5. We have modified our protocol to use the freely-available FIJI software package for analyzing 
gap size, eliminating the costly Imaris software (section 9). 

6. We have removed the term “failed experiments” from our manuscript (lines 375-378). 
7. We have completed both incomplete sentences pointed out by the Reviewer (Steps 6.1 and 7.3, 

formerly step 7.2). 
 
Reviewer 2: 
 Major concerns: 

1. Figure 1, referred to as not “particularly useful or interesting,” has been replaced. 
2. Figure 3 has also been replaced. 
3. We have provided data showing that the targeted cells die (Figure 2) and that the ablation is 

selective (Figure 3). 
4. We have included data on the reproducibility of the results and the likelihood of gap closure 

(lines366 and 375, Figure 5) as well as evidence of cell death (Figure 2). 
5. We have addressed the question regarding the advantage of our technique over 

electroablation (greater selectivity) and the observation of new neuromast formation in a 
previous study (lines 454-459). 

6. We have removed the steps in which larvae are rinsed with E3 medium as suggested. 
7. We have provided additional details on the imaging setup, including the pinhole size (step 

6.5.3) and numerical aperture of the objective (step 6.1 and Table of Materials). We have also 
explained why we use high zoom for ablations (step 7.2). 

8. As described above, we have switched out the costly Imaris software for FIJI in our image 
analysis section (section 9). 

9. We have provided results for 50 trials (30% closure rate) and the correlation between gap size 
and likelihood of gap closure (Figure 5) as evidence of reproducibility. 

10. We now make reference to additional previous studies in our Discussion section (line 426, 427, 
457, 459). 

Minor concerns: 
1. We have completed the two incomplete sentences noted by the Reviewer (Steps 6.1 and 7.3, 

formerly step 7.2). 
 
Reviewer 3: 
 Major concerns:  

1. We have demonstrated hair cell ablation as an additional application of our technique (Figure 
4). 

2. We are uncertain what is meant by “the legal implications of the work.” Does this refer to 
animal care and use? As mentioned on lines 99-100, all animal work was approved by the 
Institutional Animal Care and Use Committee. This would presumably vary from institution to 
institution, but we have no knowledge of how such experiments would be considered by 
different committees, nor in different countries. 

Minor concerns: 
1. Figure 1 has been replaced. 

 
Reviewer 4: 
 Major concerns:  

1. We have now included a figure showing that the ablated cell is dying, and that apparent 
macrophages are recruited to remove the cellular debris (Figure 2). 



Minor concerns: 
1. We have added a period to the sentence cited on line 112. 
2. We have removed the E3 rinses from our protocol. 
3. The sentence cited as line 192 has been completed. 
4. The positions option (lines 216-216) will vary depending upon the software in use; however, it 

is impossible to address what this option may be called in all possible software packages. We 
do refer to the specific software used to perform this protocol in the Table of Materials. 

5. We have completed the sentence formerly on line 240, now line 253. 
6. We were unable to identify the font change mentioned; we believe that the entire manuscript 

is in the correct font. 
7. As described above, we have added a period to the offending sentence. 
8. We have replaced the word “removed” with “destroyed” on line 442. 
9. It is unclear what is meant by “what the differences are” between neuromasts in figure 2. 

These are simply the common annotations for sequential neuromasts along the lateral line. 
10. The mesh wells for transferring zebrafish larvae are listed in the Table of Materials and will 

appear in the accompanying video. 
 
This revision was developed in consultation with all coauthors, each of whom has approved of this final 
version. Please let us know if you have any remaining questions or concerns regarding our resubmitted 
manuscript. 
 

Best Regards, 
 

 
 
 
 

 
Aaron B. Steiner, Ph.D. 
asteiner@pace.edu 
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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 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. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. 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.
10. 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 use, 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.
11. 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
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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 
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.  
12. 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 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. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of 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 US$1,200 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.
14. 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.


