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SHORT ABSTRACT:  21 
We describe the methods for fluorescent labeling of tangentially migrating cells by 22 
electroporation, and for time-lapse imaging of the labeled cell movement in a flat-mount 23 
culture in order to visualize migrating cell behavior in the developing chick optic tectum. 24 
 25 
LONG ABSTRACT:  26 
Time-lapse imaging is a powerful method to analyze migrating cell behavior. After fluorescent 27 
cell labeling, the movement of the labeled cells in culture can be recorded under video 28 
microscopy. For analyzing cell migration in the developing brain, slice culture is commonly used 29 
to observe cell migration parallel to the slice section, such as radial cell migration. However, 30 
limited information can be obtained from the slice culture method to analyze cell migration 31 
perpendicular to the slice section, such as tangential cell migration. Here, we present the 32 
protocols for time-lapse imaging to visualize tangential cell migration in the developing chick 33 
optic tectum. A combination of cell labeling by electroporation in ovo and a subsequent flat-34 
mount culture on the cell culture insert enables detection of migrating cell movement in the 35 
horizontal plane. Moreover, our method facilitates detection of both individual cell behavior 36 
and the collective action of a group of cells in the long term. This method can potentially be 37 
applied to detect the sequential change of the fluorescent-labeled micro-structure, including 38 
the axonal elongation in the neural tissue or cell displacement in the non-neural tissue. 39 
 40 
INTRODUCTION:  41 
The study of cell migration has been progressing with the advancing technique of live imaging. 42 
After fluorescent cell labeling, the temporal movement of labeled cells in a culture dish or in 43 
vivo can be recorded under video microscopy. In the study of neural development, the 44 
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morphological changes of migrating cells or elongating axons have been analyzed using time-45 
lapse imaging. For effective imaging, it is essential to apply a suitable method for fluorescent 46 
cell labeling and tissue preparation, based on the purpose of the experiment and analysis. For 47 
analyzing cell migration in the developing brain, slice culture has been commonly used to 48 
observe cell migration parallel to the slice section, such as radial cell migration1–3. The slice 49 
culture system is also used for detecting tangential cell migration4,5, but it is not suitable for 50 
directional analysis in cases where the cells disperse perpendicular to the slice section.  51 
 52 
The optic tectum is composed of a multilayered structure, formed by radial and tangential cell 53 
migration during embryonic development. Tectal layer formation depends primarily on radial 54 
migration of postmitotic neuronal precursor cells from the ventricular zone, and their final 55 
destination in the layers correlates with their birth date in the ventricular zone6. As for 56 
tangential migration, we previously reported two streams of migrations in the middle and 57 
superficial layers in a developing chick optic tectum. In the middle layers during E6–E8, the 58 
bipolar cells with a long leading process and a thin trailing process migrate dorsally or ventrally 59 
along the axon fasciculus of tectal efferent axons that run dorso-ventrally7. After this axophilic 60 
migration, the cells differentiate into multipolar neurons located in the deep layers. In the 61 
superficial layers during E7–E14, the migrating cells disperse horizontally by reforming a 62 
branched leading process and scatter into multiple directions8. After dispersing migration, the 63 
latter cells eventually differentiate into superficial neurons of various morphologies. In both 64 
cases, a flat-mount culture is efficient to observe cell movement parallel to the pial surface. 65 
 66 
Here, we present a protocol for time-lapse imaging to visualize tangential cell migration in the 67 
developing chick optic tectum7,8. Combination of cell labeling by electroporation in ovo, and a 68 
subsequent flat-mount culture on the cell culture insert enables detection of migrating cell 69 
movement and migration direction. The goal of this method is to facilitate detection of both 70 
individual cell behavior in the long term and the collective action of a group of cells in the 71 
horizontal plane. 72 
 73 
PROTOCOL 74 
 75 
1. Electroporation in Ovo 76 
 77 
1.1. Prepare the expression plasmid DNA for fluorescent labeling in high concentration. Isolate 78 
DNA from 200 mL of bacterial culture by the alkaline lysis method using anion-exchange 79 
columns according to the manufacturer's protocol (Table of Materials). Mix pCAGGS-EGFP and 80 
pCAGGS-mCherryNuc at a final concentration of 4 µg/µL each.  81 
 82 
Note: Endotoxin-free plasmid DNA purification may be preferred for electroporation. 83 
 84 
1.2. Incubate fertile chicken eggs horizontally at 38 °C in 70% relative humidity.  85 
 86 
1.3. After 2.5 days, eliminate 5 mL of albumen (egg white) from the pointed side of the egg 87 
using 20 mL syringe with an 18 gauge needle and seal the needle hole with tape.  88 



  

 89 
1.4. Cut the top of the egg shell with curved scissors to open a hole 2 cm in diameter and check 90 
the developmental stage of the embryo under the stereomicroscope (stage 17 of Hamburger 91 
and Hamilton9). Seal the hole again with tape.  92 
 93 
Note: This step can be performed at any time during E2.5–E3.0. Steps 1.3 and 1.4 lower the 94 
level of the embryo in the egg to avoid a tight attachment of the growing embryo and the blood 95 
vessels to the top shell. 96 
 97 
1.5. Continue incubation until E5.5. 98 
 99 
1.6. Before electroporation, prepare 10 µL of the mentioned plasmid DNA colored with 0.5 µL 100 
of Fast Green (25 mg/mL), 10 mL of autoclaved phosphate buffered saline (PBS) containing 101 
penicillin (100 units/mL) and streptomycin (100 μg/mL), and micropipettes made from glass 102 
capillary tubes using a micropipette processor. Cut the distal tip of the micropipette to make an 103 
appropriate size of pore depending on the amount of DNA for injection. 104 
 105 
1.7. Cut the sealed top shell with scissors to reopen a hole 2.5 cm in diameter and set the egg 106 
stably under the stereo microscope. Add a few drops of PBS into the egg. Peel off the allantoic 107 
membrane covering the embryo without hemorrhage using two fine forceps. Remove the 108 
amnion from the head of the embryo.  109 
 110 
1.8. While turning the head with a microspatula, inject 0.1-1 μL of the colored DNA into the 111 
ventricular cavity of the left optic tectum using a micropipette connected to a suction tube.  112 
 113 
Note: The amount of DNA injected depends on the purpose of the experiment. Concentrated 114 
DNA solution should sink and attach along the ventricular wall.  115 
 116 
1.9. Place a pair of forcep-type electrodes (3 mm square electrodes with 7 mm distance) so that 117 
the target area of the optic tectum is placed in between (Figure 1, Step 1).  118 
 119 
Note: The DNA is electroporated to the anode side. 120 
 121 
1.10. Charge a pre-pulse of 30 V, 1 ms with a 5 ms interval and four subsequent pulses of 6 V, 5 122 
ms with a 10 ms interval using the pulse generator.  123 
 124 
Note: The electronic condition depends on the size and distance of the electrodes. It should be 125 
strong enough to achieve efficient transfection, but it must be modest enough to assure the 126 
normal development of the target tissue. 127 
 128 
1.11. Seal the hole with tape and continue incubation. Soak the electrodes in PBS to remove albumen 129 
with an interdental brush in a plastic dish. Repeat 1.7–1.11 for each egg. 130 
 131 
2. Flat-Mount Culture on the Cell Insert 132 



  

 133 
2.1. One day before the flat-mount culture, prepare the coated cell culture insert. Float some 134 
cell culture inserts on the autoclaved distilled water in a 10-cm cell culture dish. Load a solution 135 
of 8 µg/mL laminin and 80 µg/mL poly-L-lysine to cover the inserts and leave the floated inserts 136 
in the cell culture CO2 incubator at 37 °C overnight. 137 
 138 
Note: On the following day, the coated inserts can be stored at 4 °C. 139 
 140 
2.2. On day of the culture at E7.0, remove the laminin-poly-L-lysine solution from the insert and 141 
place the insert in a glass bottom dish (Figure 1, Step 2) filled with 1.1 mL of culture medium 142 
(60% reduced serum medium, 20% F12, 10% fetal bovine serum, 10% chick serum, 50 units/mL 143 
penicillin, 50 μg/mL streptomycin). Keep the dish in the cell culture CO2 incubator at 37 °C. 144 
 145 
Note: The medium can be used throughout the culture period for three days without change. 146 
 147 
2.3. Prepare the culture setup. Set a humid chamber unit on an inverted confocal microscope 148 
with a gas flow of 40% O2 and 5% CO2 (gas controller) at 38 °C (temperature controller). 149 
 150 
2.4. Cut the head of the embryo with scissors. Pinch the head out with the forceps into the ice-151 
cold Hanks' Balanced Salt solution (HBSS) in a 6-cm cell culture dish.  152 
 153 
2.5. Isolate the electroporated optic tectum using two fine forceps. Transfer the tectum with a 154 
plastic dropper into another dish filled with ice-cold HBSS. Use the concaved glass dish based 155 
with black silicon as a saucer for cutting.  156 
 157 
2.6. Check the position of the labeling under the fluorescence stereoscopic microscope. Cut out 158 
the tectal tissue surrounding the labeling area with a microsurgical knife. Make sure the 159 
direction of the tissue in the tectum (anterior-posterior, dorsal-ventral).  160 
 161 
2.7. Transfer the labeled tissue with a plastic dropper to the insert so that the pia side is 162 
attached to the insert. Lay the tectal tissue in the desired direction and remove excess HBSS 163 
(Figure 1, Step 2).  164 
 165 
2.8. Repeat 2.4–2.7 in order to prepare other tissues on the same insert. Place the dish in the 166 
prewarmed chamber in the inverted confocal microscope (Figure 1, Step 3). 167 
 168 
3. Time-Lapse Imaging 169 
 170 
3.1. Check the fluorescent labelling and focus the microscopic field in the inverted confocal 171 
microscope. Start the laser confocal units and try sampling the confocal scan to adjust the 172 
direction and position of the tissue along the X and Y-axis in the field. Use the 10X or 20X 173 
objective lens without immersion oil. 174 
 175 



  

3.2. Select the scanning size (e.g., 512x512 dpi). Decide the interval and total range of the 176 
confocal scan along the z-axis. Take a 5 or 10 µm interval for the 100 µm range. Decide the time 177 
interval of the confocal imaging and total imaging duration (e.g., 10 min intervals over 48 h).  178 
 179 
Note: To avoid laser phototoxicity, prohibit scanning in the high scanning size with short z-180 
intervals for the long z-range, or with short time intervals during the long imaging duration. For 181 
example, when applying a high scanning size (e.g., 1024x1024 dpi), decrease the number of 182 
scans along the z-axis. 183 
 184 
3.3. Set the parameters of the confocal running program described in 3.2 and start imaging. 185 
 186 
3.4. After the imaging, combine the confocal images at different z-axis to provide z-stack images 187 
with fine focal adjustment at every time point. 188 
 189 
3.5. Append the z-stack images at different time-point and construct a time-lapse movie in the 190 
AVI format.  191 
 192 
REPRESENTATIVE RESULTS: 193 
Figure 2 shows the visualized superficial tangential migration in a flat-mount culture at an 194 
elapsed time (0, 9, 18, 27 h) after onset of recording. Movie 1 is a time-lapse movie of 10 min-195 
intervals over a period of 28 h and 50 min. The frame is selected for focusing on the migrating 196 
cells from the labeled lower-left corner of the frame to the unlabeled space (Figure 3A). The 197 
mass movement of the migrating cells (GFP; upper left panel, Movie 1) and their nuclei 198 
(mCherry-Nuc; upper right panel) can be observed with the merged movie (lower panel, Movie 199 
1). Directionality of the cell migration can be examined by focusing on the dispersing cells from 200 
the labeled center to all directions (Movie 2, Figure 3B).  201 
 202 
The clear images of the nuclear movement (Movie 2; mCherry-Nuc, right panel) allows us to 203 
trace the cell nuclear migration by automatic tracking using a Particle Tracker plugin10 of a Fiji 204 
image processing application of ImageJ11 (Movie 3, Figure 3B). Temporal changes of the 205 
trajectories of the tangential migration can be visualized to prove the dispersing migration in 206 
omni-directions.  207 
 208 
Individual cell behavior with the sequential morphological change of the leading process, 209 
trailing process and nuclei can be manifested with higher magnification images of 5 min-210 
intervals (Movie 4, Figure 3C).  211 
 212 
Another type of tangential migration in the middle layers7 can be visualized using a similar 213 
protocol (Movie 5, Figure 3D). Bidirectional linear migration along the axon fasciculus running 214 
dorsal to ventral (top to down) is evident7. 215 
 216 
FIGURE & TABLE LEGENDS:  217 
 218 



  

Figure 1. Protocol flow chart. Step 1: Electroporation in ovo. Step 2: Laying tectal tissue so that 219 
the pia side is attached to the insert. Step 3: Inverted fluorescent microscope with laser 220 
confocal unit. 221 
 222 
Figure 2. Visualization of superficial tangential migration in flat-mount culture. The 223 
tangentially migrating cells (GFP; upper panel) and the nucleus (mCherry-Nuc; lower panel) in 224 
the superficial layers of the optic tectum are shown at 0, 9, 18, 27 h after onset of the culture 225 
from E7.0. The cells at the lower-left corner of the frame are labeled at 0 h (see Figure 3A). 226 
Scale bar: 100 µm. 227 
 228 
Figure 3. Schematic figure illustrating the mount conditions for time-lapse imaging. The shape 229 
of the fluorescent labeling (green), initial direction of cell migration (magenta), and video frame 230 
(black square) were illustrated with magnification of the objective lens (obj) and digital zoom 231 
(zoom) in the upper field, with day of electroporation (EP) and onset of culture (culture) in the 232 
bottom field. (A) Movie 1, (B) Movie 2 and 3, (C) Movie 4, (D) Movie 5. 233 
 234 
Movie 1. Visualization of superficial tangential migration in a flat-mount culture. Movement 235 
of the tangentially migrating cells (GFP; upper left panel) and their nuclei (mCherry-Nuc; upper 236 
right panel) in the superficial layers of the optic tectum after onset of the culture from E7.0. The 237 
merged image is shown in the lower panel. The cells at the lower-left corner of the frame are 238 
labeled at 0 h (see Figure 3A), and the time-lapse images were captured over 28 h and 50 min. 239 
Scale bar: 100 µm. 240 
 241 
Movie 2. Dispersing movement of the tangentially migrating cells (GFP; left panel) and their 242 
nuclei (mCherry-Nuc; right panel) from the center of both panels are shown over 48 h (see 243 
Figure 3B). Scale bar: 100 µm. 244 
 245 
Movie 3. Trajectories of tangential migration. Displacement of the cell nucleus (the right panel 246 
of Movie 2) was tracked to visualize the trajectories of the tangential migration. Scale bar; 100 247 
µm. 248 
 249 
Movie 4. Individual cell behavior in higher magnification. Movement of the individual cells 250 
(GFP; left panel) and their nuclei (mCherry-Nuc; right panel) are shown in higher magnification 251 
over 24 h (see Figure 3C). Branching process of the leading process can be recognized. Scale 252 
bar: 100 µm. 253 
 254 
Movie 5. Middle layer migration. Movement of the tangentially migrating cells (GFP; left panel) 255 
and their nucleus (mCherry-Nuc; right panel) in the tectal middle layers are shown over 24 h 256 
after onset of the culture from E6.0 (see Figure 3D). Linear migration along dorso-ventral axis 257 
(top to down) is remarkable. Scale bar: 100 µm. 258 
 259 
DISCUSSION: 260 



  

The protocol described above is optimized for detecting cell migration in superficial layers6,8. It 261 
is applicable for detecting middle layer migration streams (Movie 5)6,7, just by shifting the 262 
timing of the electroporation (E5.5 to E4.5) and the onset of culture and imaging (E7.0 to E6.0).  263 
 264 
The presented procedure is composed of cell labeling by electroporation in ovo, flat-mount 265 
culture and time-lapse confocal imaging (Figure 1). First of all, it is a prerequisite that the 266 
culture conditions should be optimized to keep the tissue healthy and growing normally as in 267 
vivo. It is also crucial to ensure that the orientation of the tissue is suitable for detecting cell 268 
migration. For such purposes, we apply a flat-mount culture on cell insert, which facilitates 269 
observation of horizontal cell dispersion and supplies rich medium with high oxygen. After 270 
ensuring the culture condition and orientation, it is critical for visualization to adjust the 271 
conflicting conditions of better fluorescent labelling with the least electronic and photo 272 
damages. For better labeling, we can choose an expression vector with an efficient promoter 273 
and electroporate concentrated DNA. For achieving least damage, it is important to moderate 274 
the electric condition of the electroporation, lower the DNA concentration, and minimize the 275 
total time of laser irradiation.  276 
 277 
An advantage of this protocol using the flat-mount culture on the cell insert is that we can 278 
observe tangential cell migration in the long term. Generally, it is difficult to determine how 279 
long the tissue in culture maintains the physiological conditions in comparison to that in ovo. At 280 
the very least, superficial tangential migration continues over 72 h after onset of culture at 281 
E7.0, which shows normal cellular dispersion similar to that in ovo8. In addition, fresh tissue is 282 
prepared at the start of the culture and imaging to observe migration at later stages. It is also 283 
advantageous that cell displacement can be followed over a long period because the cells 284 
remain moving horizontally in the superficial flat sheets of the tectum, which is close to the 285 
objective lens. Using the confocal system also facilitates tracking cell movement along the z-286 
axis. On the other hand, a disadvantage of this method is that the flat-mount culture may not 287 
always be relevant to recapitulate other types of migration such as radial migration. When the 288 
method is applied to observe radial migration in the tectal slice on the insert, the thickness of 289 
the tectal tissue does not increase as rapidly as that in ovo. The slice culture method in the 290 
collagen gel may be better to recapitulate such layer development. 291 
 292 
Since our method enables the observation of horizontal movement parallel to the culture 293 
insert, it can potentially be applied for detecting sequential change of the fluorescent-labeled 294 
micro-structure, including the axonal elongation in the neural tissue or cell displacement in the 295 
non-neural tissue. For example, after labeling commissural axons in the developing neural tube 296 
by electroporation, movements of pre- and post-crossing axons over the floor plate can be 297 
visualized in the open-book culture incising the roof plate. Provided that the appropriate 298 
culture condition on the cell insert is available for reproducing in vivo conditions, our method 299 
provides an effective technique to visualize horizontal movements of various cell types and 300 
structures. 301 
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Editorial comments: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues.  

Response: We have checked the manuscript and marked modifications from 58506R1 

by red characters. 

 

2. Figure 1: Currently the text and pictures in Figure 1 do not line up well. Specifically, 

steps 1, 2, 3 do not correspond to the pictures (A, B, C, D). If possible, please include a 

picture to show step 1. Also it may be more helpful to the viewers/readers if the text is 

placed directly below the corresponding picture. 

Response: We have reorganized Figure 1 after including a picture of Step 1. 

 

3. Figure 3: Please change "Video Figure" to "Movie". 

Response: It was changed thoroughly. 

 

4. Movie 3: Please provide a scale bar and define the scale bar in the figure legend. 

Response: Scale bar was added with the description in the figure legend. 
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