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ABSTRACT 

The neural tube in amniote embryos forms as a result of two consecutive events along 

the antero-posterior axis, referred to as primary and secondary neurulation (PN and SN). 

While PN involves the invagination of a sheet of epithelial cells, SN shapes the caudal 

neural tube through the mesenchymal-to-epithelial transition (MET) of neuro-

mesodermal progenitor cells, followed by cavitation of the medullary chord. The 

technical difficulties in studying SN mainly involve the challenge of labelling and 

manipulating SN cells in vivo. Here we describe a new method to follow MET during 

SN in the chick embryo, combining early in ovo chick electroporation with in vivo time-

lapse imaging. This procedure allows the cells undergoing SN to be manipulated in 

order to investigate the MET process, permitting their cell dynamics to be followed in 

vivo. 

 

Keywords: Mesenchymal-to-epithelial transition, Secondary neurulation, Neural tube 

formation, Chick embryo, In ovo electroporation, In vivo time-lapse imaging, Cell 

dynamics. 
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1. Introduction 

During development, the entire vertebrate peripheral nervous system (PNS) is formed 

through the epithelial–to-mesenchymal transition (EMT) of neuroepithelial cells, which 

generates migratory neural crest cells, one of the best studied examples of physiological 

EMT [1-3]. By contrast, the mesenchymal-to-epithelial transition (MET) is the reverse 

process and it plays an important role during organogenesis, as well as in the elongation 

of the caudal nervous system, a process known as secondary neurulation (SN). Indeed, 

the formation of the vertebrate neural tube (NT) involves two different morphogenetic 

events, primary (PN) and secondary neurulation (SN) [4,5]. During PN, the lateral ends 

of the anterior neural plate elevate and the bilateral neural folds fuse with each other to 

form the anterior NT [6-8]. By contrast, in SN mesenchymal neuro-mesodermal 

progenitor cells are recruited to elongate the caudal body axis and drive the caudal 

elongation of the NT. The MET of neuro-mesodermal progenitor cells (NMPCs) is the 

central event of SN, along with the formation of a compact nerve cord and its 

subsequent cavitation to form the caudal NT. In human embryos, the transition from the 

primary to the secondary NT occurs at the lumbosacral level; therefore the development 

of the lumbar, sacral, coccygeal and equinal cord largely involves SN [9-12]. 

Here, we propose that the chick embryo is an ideal model to understand the MET events 

that occur during amniote SN. While manipulating and imaging mammalian embryos is 

still problematic, the chick embryo provides an easily accessible model in which the 

stages of development can be readily identified [13]. At early stages of development the 

avian body plan is very similar to that of mammals, and these embryos have excellent 

optical properties as they are thin and planar [14]. Furthermore, the SN region in the 

chick embryo extends up to the lumbar region [15,16], closely resembling human 

development, whereas SN only occurs at the tail level in mice [17-19]. 
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In the chick, SN starts when undifferentiated NMPCs converge onto the dorsal midline, 

adopt a neural cell identity and undergo MET. The complete MET process can be 

followed in stage HH15 chick embryos, as different degrees of polarisation exist along 

the anteroposterior axis (FIG. 1). The first cells to undergo MET are located in the 

periphery of the medullary cord, while the central cells remain mesenchymal until the 

very end of the process. It is between these two cell populations that small cavities of 

varied size and shape form, later coalescing to form a single central lumen (FIG. 1C-G) 

[20,21]. 

However, the analysis of SN in vivo has always been technically difficult. Cell tracing 

studies have identified the epiblast region occupied by cells that undergo SN in the 

future (the preSN region), located caudo-medially to Hensen’s Node at stage HH9 chick 

embryos [22-26]. However, the NT is still open in the posterior domains of stage HH9 

chick embryos, so for electroporation the DNA must be injected on top of the epiblast 

and the electrodes positioned above and below the embryo (FIG. 2A-B). Earlier 

embryonic stages have always been electroporated ex ovo in this way [27,28], which 

facilitates the electroporation of the flat epiblast, although cultured embryos do not 

grow to stage HH15 with normal body elongation [29]. 

Here we propose a new method for the in vivo analysis of MET during SN that 

overcomes all these technical difficulties. The method involves combining early in ovo 

chick embryo electroporation with time-lapse imaging in a culture set-up specifically 

adapted to avian embryos [30,31,14]. This technique allows any cells undergoing SN to 

be manipulated in vivo in order to investigate the MET process, and it permits cell 

dynamics to be followed in vivo. Briefly, stage HH9 chick embryos are electroporated 

in ovo to transform the preSN region, injecting the DNA onto the surface of the concave 

cavity that exists at the posterior end of the embryo, where the primary NT is still open. 
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The electrodes are then positioned carefully above and below the embryo (FIG. 2A-B), 

and an electrical current is applied so that the posterior cells incorporate the plasmid 

DNA. Subsequently, the eggs are sealed and incubated for 24h, until the embryos reach 

stage HH15 (FIG. 2D-G). The next day the eggs are opened again and the embryos are 

removed using a filter paper ring (FIG. 3A-B), which not only facilitates their 

manipulation but also provides the mechanical support essential to generate the correct 

tensions and deformation that occur during normal embryo elongation [29]. Embryos 

attached to these rings are then cleaned to avoid any yolk and debris interfering with 

their visualization, and they are transferred to pre-prepared imaging plates containing 

Agar/Albumen culture media (FIG. 3C). Finally, the embryos are placed in a culture 

chamber (FIG. 3D-E) and examined under an upright wide-field microscope. The 

system we describe here allows 6 specimens to be visualized simultaneously and they 

can be analysed over long periods of time, these embryos developing at approximately 

the same rate as they do in ovo (FIG. 4, MOVIE S1). In the videos generated with this 

system, the cells undergoing MET can be visualised and tracked during the process of 

SN (FIG. 5, MOVIE S2-S3). 

 

2. Materials 

2.1. Electroporation of chick SN cells in ovo 

1. Fertilized eggs are obtained from the White-Leghorn chicken strain. 

2. Electroporation mixture containing the plasmid DNA. Here we use plasmids 

containing pSox2:eGFP [32-34] and the TopFlash:d2eGFP [35,36] reporters as 

examples. Before injection, the DNA plasmids are diluted to 2 g/l in 60% 

sucrose prepared in H2O, adding 1:10 of Fast Green FCF. 
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3. TSS-20 Ovodyne Electroporator operated by a footswitch or equivalent 

equipment generating square electrical pulses. 

4. Electrodes (FIG. 2C). We separated a pair of commercial platinum electrodes 

(CUY610P1.5-1, Nepagene or equivalent) and only used one side as the positive 

electrode. We incorporated a sharpened and bent 90º tungsten needle (Fine 

Science Tools) into a holder and used it as the negative ‘microelectrode’ [37,38]. 

5. Glass capillaries with a filament (GD-1, Narishige or equivalent) are used to 

make injection needles with a glass capillary puller (PC-10, Narishige or 

equivalent). 

6. Aspirator tube assemblies for calibrated microcapillary pipettes (Sigma-Aldrich, 

A5177-5EA or equivalent). 

7. 1% Penicillin/Streptomycin (P/S) in MilliQ H2O. 

8. Syringe, thin forceps, curved scissors and plastic tape. 

2.2. Imaging plate preparation 

1. Millicell cell culture plate inserts (0.4 mm: Millipore, PICMORG50). 

2. 25 mL of thin albumen from eggs incubated overnight. 

3. 10% glucose in MilliQ H2O. 

4. 0.6% Granulated Agar (Difco, 0145-17-0) in MilliQ H2O. 

5. 5M NaCl in MilliQ H2O. 

6. P/S, undiluted. 

7. Water bath, 50 mL Falcon tubes and Pasteur pipettes. 

2.3. Mounting and in vivo time-lapse imaging 

1. Filter paper rings prepared from 2 x 2 cm squares of Whatman grade 1 filter 

paper in which a clover-leaf shaped hole is made in the centre with a paper 

punch, cutting the corners so that they fit in the round imaging plates (FIG. 3A). 
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2. PBS 1× (1 L): 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 800 mL of 

MilliQ H2O, adjusted pH to 7.4 and to 1 L, sterilized by autoclaving and stored 

at room temperature. 

3. 5 mL of thin albumen from eggs incubated overnight. 

4. 5 mL of 123 mM NaCl in MilliQ H2O. 

5. Soft tissues (Kimtech Science Kimwipes, or equivalent), thin forceps, fine 

scissors, Pasteur pipettes, electrical insulation tape and 100 mm petri dishes. 

6. Culture chamber [14] created from a Corning ® Costar ® polystyrene 6-well 

plate (Sigma, CLS3736 or equivalent). To favour the optics, the plastic in the lid 

is replaced with glass. In each well, a 23 mm hole is made in the centre of the lid 

by pushing a heated cork borer through the plastic, smoothing the rough edges 

and sealing a 25 mm diameter glass #1 coverslip over the hole using Marine 

Adhesive (Zolux Silicone “SA 500”) (FIG.3D). 

2.4. Image processing and analysis 

1. ZEN software (Zeiss) Version 2.3 blue edition with the experiment designer 

option or any equivalent option allowing time-lapse imaging with multiple XYZ 

positions. 

2. Image J/Fiji software [39,40]. 

3. BioFormat plugin [41] (https://imagej.net/Bio-Formats). 

4. Image5D (Joachim Walter - https://imagej.nih.gov/ij/plugins/image5d.html) 

plugins. 

5. Stack focuser (Michael Umorin - https://imagej.nih.gov/ij/plugins/stack-

focuser.html) plugin. 

6. MultiStackReg plugin (Brad Busse and Kota Miura - 

http://bradbusse.net/downloads.html). 

https://imagej.net/Bio-Formats
https://imagej.nih.gov/ij/plugins/image5d.html
https://imagej.nih.gov/ij/plugins/stack-focuser.html
https://imagej.nih.gov/ij/plugins/stack-focuser.html
http://bradbusse.net/downloads.html
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7. StackReg plugin [42] (http://bigwww.epfl.ch/thevenaz/stackreg/). 

8. Grid/Collection stitching plugin [43] 

(https://imagej.net/Image_Stitching#Grid.2FCollection_Stitching). 

9. Manual Tracking plugin (Fabrice P. Cordelières -

https://imagej.nih.gov/ij/plugins/track/track.html). 

 

3. Methods 

3.1. Electroporation of chick SN cells in ovo 

1. Incubate eggs horizontally at 38.5 °C in an atmosphere of 70% humidity until stage 

HH9. 

2. Remove 5 mL of albumen from the egg with a syringe. 

3. Open a window at the top of the shell with curved scissors to visualize the embryo. 

4. Make a small hole with thin forceps in the posterior region of the area opaca, just 

outside of the area pellucida. Avoid touching the embryo (FIG. 2A). 

5. Pour 200 mL of 1% P/S onto the embryo to improve electrode conductivity (see Note 

1). 

6. Inject the DNA solution onto the epiblast with a glass capillary by blowing air 

through the aspirator tube. Introduce the DNA into the small concave region at their 

posterior end of the stage HH9 embryo, where the neural tube is still open (FIG. 2A-B: 

see Notes 2 & 3). 

7. Carefully insert the platinum electrode connected to the positive lead (+) below the 

embryo through the hole made previously, parallel to its antero-posterior axis (FIG. 2A-

B). 

8. Position the tungsten microelectrode connected to the negative lead (-) on top of the 

embryo, also parallel to the embryo’s antero-posterior axis (FIG. 2A-B). 

http://bigwww.epfl.ch/thevenaz/stackreg/
https://imagej.nih.gov/ij/plugins/track/track.html
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9. Deliver five 50 ms square pulses of 5V at intervals of 50 ms with the electroporator 

(see Note 4). 

10. Seal the window in the shell with tape and incubate embryos until they reach stage 

HH15 (+24h). 

3.2. Imaging plate preparation 

1. Heat a water bath to 50 ºC. Collect 25 mL of thin albumen from the eggs incubated 

overnight in a sterile 50 mL tube and stir it for 15 mins at RT (see Note 5). 

2. Add 0.75 mL of 10% glucose to the albumen and place the mixture in the water bath. 

3. Boil 25 mL of 0.6% BactAgar in MilliQ H2O and add 0.615 mL of 5M NaCl. 

Transfer this solution into another sterile 50 mL tube and place it into the water bath to 

equilibrate to 50 ºC. 

4. Mix the solutions of Albumen/Glucose and Agar/NaCl in a sterile 50 mL tube and 

add 100 l of P/S (see Note 6). 

5. Use a sterile Pasteur pipette to pour 1.5 mL of the Albumen/Agar mix onto the cell 

culture inserts on a flat surface (see Note 7), leaving the Albumen/Agar imaging plates 

at RT to cool until the gel becomes solid and then storing them at 4 ºC (see Note 8). 

3.3. Mounting and in vivo time-lapse imaging 

1. Reopen the tape-sealed window in the egg, and carefully remove the thick albumen 

surrounding and covering the embryo with a soft tissue (see Note 9). 

2. Place a paper ring on top of the vitelline membrane so that the embryo is located in 

the center of the clover-shaped hole (FIG. 3A-B), and cut through the vitelline 

membrane and around the whole perimeter of the filter paper ring with a small pair of 

scissors, carefully pulling the filter with the embryo attached away from the yolk (see 

Note 10). 
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3. Place the embryo ventral side up in a petri dish containing 1x PBS, and clean the 

remaining yolk and debris by blowing streams of PBS over the embryo with a Pasteur 

pipette (see Note 11). 

4. Select the embryos with the best overall morphology and the greatest level of 

transgene expression for imaging (see Note 12). 

5. Transfer the selected embryos to an Agar/Albumen imaging plate dorsal side up 

(FIG. 3C), and fill each well of the culture chamber with 1.5 mL of a solution of 5 ml 

thin albumen and 5 ml of 123 mM NaCl. 

6. Transfer the embryos in the imaging plates to the wells of the culture chamber (see 

Note 13) and add 1x PBS between the wells to maintain a moist environment inside the 

culture chamber. Seal the culture chamber with electrical insulation tape so that up to 6 

embryos can be imaged at the same time (FIG. 3D-E: see Note 14). 

7. Visualize the embryos under an upright wide-field microscope Axio Imager 2 (Zeiss) 

equipped with a motorized stage and an incubation chamber. Set the temperature to 39.5 

ºC so that the temperature at the level of the embryo is around 37.5 °C (see Note 15). 

8. Use the Experiment designer module of the ZEN software to set up the acquisition 

parameters, creating one experimental block for each embryo (i.e.: one 6-well plate = 6 

blocks). Define the acquisition parameters for each block after focusing and positioning 

the embryo in the centre of the field of view (see Note 16).  

9. Define a last “blank” block situated in the middle of the imaging plate with the 

objective in a higher position. 

10. Create a “delay block” as the final block and define the delay, which will be the 

time interval in the time-lapse movie. This delay is synchronised with the preceding 

blocks and it can be used to pause the process in order to correct drift or loss of focus 

(see Note 17). 
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11. Define the number of acquisition loops, which will correspond to the number of 

time points in the time-lapse video. The motorized stage is now set automatically to 

move to each previously defined block position, where the given numbers of tiles, 

channels and slices will be acquired, a process that will be repeated for each loop in 

every given time interval. 

12. With a 5x objective, acquire 10 z images every 10 minutes at a resolution of 1024 x 

1024, binning 4 x 4 (FIG. 4, MOVIE S1). With a 20x objective, acquire 10 z images 

every 6 minutes at a resolution of 1024 x 1024, binning 4 x 4 (FIG. 5: see Note 18). 

 3.4. Image processing and analysis 

1. Time stitch the images of each embryo acquired with the ZEN software. 

2. Open the Tiff file in ImageJ/Fiji using the BioFormat Importer plugin. 

3. Convert each tile to the Image5D format (In ImageJ: Plugin tab/Image5D/Stack to 

Image5D) and apply the Stack focuser plugin, which allows the best focused parts to be 

selected and projected onto the same plane (see Note 19). Then convert the best focused 

projection in the Image5D format to the hyperstack format (In ImageJ: Plugin 

tab/Image5D/Image5D to stack and then Image tab/Hyperstack/Stack to Hyperstack and 

redefine the dimensions). Repeat the process for each time point of the time-lapse. 

4. Stitch together the best focused tiles using the Grid/Collection stitching plugin in 

order to reconstruct the whole best focused time-lapse movie. 

5. Finally, correct the drift along the time-lapse video using the MultiStackReg plugin 

that is based on the StackReg plugin (see Note 20). The best focused time-lapse movie 

is now aligned (FIG. 5A-B, MOVIE S2). 

6. Individual cells are followed spatiotemporally using the Manual Tracking plugin of 

the Image J software (FIG. 5C-D, MOVIE S3). 

4. Notes 
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1. It is best to perform steps 4 and 5 before placing the electroporation mixture on the 

epiblast to avoid its diffusion. 

2. Repeated injection of DNA through the membranes may block the needle, in which 

case, clean the tip with a wet tissue or cotton swab. 

3. The electroporation mixture can be passed over the top of the epiblast by blowing air 

through the aspirator tube or with the help of a syringe. 

4. Maintain the electrodes moist with 1% of P/S in MilliQ H2O to diminish the 

resistance between the electrodes. 

5. To prepare the imaging plates, collect the thin albumen at the time of electroporation 

with a syringe, as both procedures are performed on the same day. Thin albumen can 

also be collected by cracking an egg incubated overnight into a petri dish and recovering 

it with a Pasteur pipette. 

6. Wait for the two solutions to equilibrate to the same temperature as the hot agar could 

“cook” the thin albumen if they are mixed too early. 

7. Try to fill the culture inserts in a way that the culture medium dries as flat as possible, 

avoiding the introduction of bubbles. 

8. Imaging plates should be prepared fresh, no more than 2 days in advance. The plates 

can be stored at 4 ºC in sterile 35mm petri dishes. 

9. The albumen prevents the membranes from attaching to the filter paper so try to 

remove as much as possible. However, if the embryo is already dry and it is touched 

again with the tissue, the blastoderm may attach and break and the embryo will be lost. 

10. Pull the filter paper with the embryo away from the yolk obliquely. It is best to pull 

in the direction of the yolk flow produced by the cutting of membranes or along the 

anteroposterior embryonic axis. 
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11. Do not blow streams of PBS directly onto the embryo. Clean it by blowing away 

from the centre where the embryo is located, towards the sides of the filter paper. 

12. Electroporated embryos can be screened and selected in the egg, in PBS or in 35mm 

petri dishes embedded in the Agar/Albumen mix. These can be done when preparing the 

imaging plates. 

13. Dip the bottom of the plates in PBS before transferring them to the culture chamber 

to avoid forming bubbles under the imaging plates. 

14. Before sealing the culture chamber and to avoid any condensation during image 

acquisition, the coverslip should be sprayed with an antifog solution typically used for 

scuba diving masks. 

15. Place the 6-well plate into the incubation chamber of the microscope but do not start 

the video recording straight away. Leave the embryos to recover for at least 1h. 

16. Define the number of slices, number of tiles, number of channels, laser power and 

exposure time. Images are acquired in a mosaic format, with different tiles representing 

each field of view. 

17. Frequently check the time-lapse image acquisition during the first hours of imaging 

as the focus may be lost due to the embryo settling down and due to its elongation. 

Refocus as often as necessary, during the pausing time. 

18. In vivo time-lapse imaging of SN cells can be performed using other systems using 

some mounting modifications. For example, for confocal imaging we mount the 

embryos in Lab-Tek
®

 2-well glass chamber slides. 

19. The Stack focuser plugin detects the sharpest details of each image in a z-stack. 

20. Registration is calculated on the channel displaying the highest contrast and it is 

then applied to the other channels. 
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FIGURE LEGENDS 

FIGURE 1. Chick secondary neurulation (SN). (A) Drawing of a HH15 chick 

embryo showing the caudal region where SN is taking place. The progression of SN can 

be followed along the antero-posterior axis of the same embryo. (B) Dorsal view of the 

boxed region in A showing the distribution of actin (Phalloidin) in white. The cells in 

posterior regions are mesenchymal cells (MCs), those in the intermediate regions are 

undergoing the mesenchymal-to-epithelial transition (MET) and the anterior cells are 

neuroepithelial cells (NECs). The transverse sections in C-G correspond to different 

levels along the antero-posterior axis. Scale bar = 40 m (C-G) Transverse sections at 

different antero-posterior levels showing the distribution of actin. Scale bar = 40 m 

(C’-G’) Schematic representation of chick SN showing major cell and tissue 

rearrangements. Neural progenitors are shown in light blue, the surrounding mesoderm 

is in brown and the notochord appears in dark blue. (C’-D’) Chick SN starts with the 

convergence of neuro-mesodermal progenitors in the centre of the tissue and the 

formation of a solid medullary chord (grey arrows). (E’) Cells located dorsally and at 

the periphery of the medullary chord are the first to undergo the MET. Epithelialization 

propagates ventrally, although the cells in the centre of the tissue remain mesenchymal 

and small lumens open up between the peripheral epithelial and central mesenchymal 

cell populations. (F’) The small cavities formed coalesce in a dorsoventral gradient to 
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form a single central lumen and the mesenchymal cells that remain in the centre are 

finally cleared from the lumen. (G’) The result of this MET and central clearing process 

is that a hollow neural tube is formed that is surrounded by neuroepithelial cells. 

FIGURE 2. Chick in ovo electroporation of SN cells. (A) The DNA mix (green) is 

injected into the concave region of the epiblast at the caudal end of a HH9 chick 

embryo. The positioning of the electrodes is shown, whereby the positive platinum 

electrode is placed below the embryo through a hole made in the vitelline membrane, 

while the tungsten needle connected to the negative electrode is positioned on top of the 

embryo. Both electrodes are positioned parallel to the antero-posterior axis of the 

embryo. (B) Scheme of a transverse section of a chick embryo at the level of the dotted 

line in A. The epiblast is electroporated by applying the current from top to bottom (red 

arrow). (C) Image of the two electrodes used. (D) Schematic representation of a HH15 

chick embryo showing the region electroporated using our method 24 hours-post-

electroporation (hpe). (E) Dorsal view of the boxed region in D following the 

electroporation of pSox2:eGFP. Both the caudal neural tube and the SN region are 

efficiently electroporated. Scale bar = 200 m. (F-G) Transverse sections at the two 

levels indicated in D showing the electroporation of TopFlash:d2eGFP. F is at the level 

where the lumen is forming, and where both peripheral epithelial (red arrows) and 

central mesenchymal cells (orange arrow) are labelled. G shows the efficient 

electroporation of the posterior progenitor cells. Scale bar = 40 m. 

FIGURE 3. Embryo culture for in vivo time-lapse imaging. (A) Paper rings are 

prepared by making a clover leaf hole in the centre of 2 x 2cm squares of Whatman 

grade 1 filter paper with a paper punch and cutting off the corners. (B) The paper ring is 

laid over the embryo inside the egg, so that the embryo is positioned in the centre. (C) 

After carefully cutting out the embryo attached to the paper ring, it is then transferred 
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dorsal side up into an imaging plate containing Albumen/Agar. (D) Selected embryos 

(up to 6) are then transferred to the culture chamber for imaging. (E) The culture 

chamber is finally sealed with insulation tape. Scale bar = 0.5 cm. 

FIGURE 4. Normal chick embryo development. Frames from a 5x WT video 

showing normal chick embryo tail bud elongation and blood vessel formation (hh:mm) 

(see Movie S1). The embryo was at HH13 when the video begins and it develops to 

HH16. Scale bar = 500 m. 

FIGURE 5. In vivo analysis of SN cells. (A) First frame from a 20x video showing a 

pSox2:eGFP electroporated embryo (see Movie S2). The somites, neural tube, SN 

region and tailbud are indicated. (B) Frames of the same movie as development 

proceeds, with the tailbud growing caudally and SN advancing. (C) Tracks obtained 

from the embryo in A-B using the Manual Tracking plug-in of the ImageJ software (see 

Movie S3). (D) Frames from the video in A-B at a higher magnification. Single cells are 

easily followed over time. The cells enclosed by dotted lines correspond to the light 

blue and magenta tracks in C. The blue cell divides and generates two daughter cells. 

Scale bars = 50 m. 

MOVIE S1. In vivo time-lapse imaging of a WT chick embryo (5x) over 10h showing 

normal tail bud elongation and blood vessel formation (hh:mm). Related to Figure 4. 

MOVIE S2. In vivo time-lapse imaging of a pSox2:eGFP electroporated embryo (20x) 

over 10h. Related to Figure 5. 

MOVIE S3. In vivo time-lapse imaging of a pSox2:eGFP electroporated embryo 

showing the tracks obtained using the Manual Tracking plug-in of the ImageJ software. 

Related to Figure 5. 

 


