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27 SUMMARY:
28 Here, we present a protocol for preparing and mounting Caenorhabditis elegans embryos,
29  recording development under a 4D microscope and tracing cell lineage.
30
31  ABSTRACT:
32 4D microscopy is an invaluable tool for unraveling the embryonic developmental process in
33 different animals. Over the last decades, Caenorhabditis elegans has emerged as one of the
34  best models for studying development. From an optical point of view, its size and
35 transparent body make this nematode an ideal specimen for DIC (Differential Interference
36  Contrast or Nomarski) microscopy. This article illustrates a protocol for growing C. elegans
37 nematodes, preparing and mounting their embryos, performing 4D microscopy and cell
38 lineage tracing. The method is based on multifocal time-lapse records of Nomarski images
39 and analysis with specific software. This technique reveals embryonic developmental
40  dynamics at the cellular level. Any embryonic defect in mutants, such as problems in spindle
41  orientation, cell migration, apoptosis or cell fate specification, can be efficiently detected
42  and scored. Virtually every single cell of the embryo can be followed up to the moment the
43  embryo begins to move. Tracing the complete cell lineage of a C. elegans embryo by 4D DIC
44  microscopy is laborious, but the use of specific software greatly facilitates this task. In
45  addition, this technique is easy to implement in the lab. 4D microscopy is a versatile tool
46  and opens the possibility of performing an unparalleled analysis of embryonic development.
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INTRODUCTION:

4D microscopy is a multifocal time-lapse recording system that allows researchers to
register and quantify the cell dynamics of a biological sample both spatially and over time.
Cell cultures, yeasts or living tissues can be subjected to 4D analysis but this technique is
especially suited for analyzing the development of living embryos. The resolution of this
analysis reaches the level of every single cell of the embryo. Each cell division can be
detected, and cell movements can be traced over time. Cell fates are assessed according to
the position and shape that cells acquire. The use of Nomarski optics enhances the contrast
of unstained transparent samples using orthogonally polarized light beams that interfere at
the focal plane. The resulting images appear three-dimensional, illuminated on one side.

Other methods based on the use of confocal microscopy and GFP transgenic animals for
automatic detection of nuclei and generation of cell lineages have been developed?. The
advantage of those systems is obvious: the software greatly overrides the need for manually
marking each nucleus over a period of time (although some manual supervision is required
during the late stages). However, cellular processes involving changes in cell shape or
membrane dynamics, such as those occurring during cell differentiation, migration,
apoptosis or corpse engulfment, remain hidden as a black background in the fluorescent-
labeled nuclei images.

In contrast, 4D Nomarski microscopy (also called DIC microscopy, Differential Interference
Contrast microscopy) shows both nuclei and cell shape changes that occur during the
development of wild type or mutant animals. This allows cell lineage tracing using standard
microscopes, employing only transmitted light. There is no general need to use transgenic
animals except to show specific expression patterns, in which case fluorescent scans can be
intercalated. Therefore, this could be the optimal approach for many labs working on
dynamic cell processes such as embryogenesis or apoptosis that can be highlighted under
DIC microscopy3”.

Several flexible and user-friendly programs are available for capturing microscopic images
and reconstructing cell lineages, 3D models, cell migration paths, etc. in the recorded
sample. In a standard experiment, images are acquired in a series of focal planes, at a
constant distance, the number of which depends on the sample thickness. Temporal
resolution of the analysis can be optimized by increasing scan frequency. There is virtually
no limit for the duration of the recording other than computer storage capacity. For
example, for a C. elegans embryo development analysis, we routinely acquire images on 30
focal planes (1 micron-step each), every 30 seconds for 12 hours.

These systems have been applied to the analysis of several animal embryos such as
Caenorhabditis elegans®*°, Drosophila melanogaster'’, other nematode embryos!?13,
tardigrades!*?® and even early mouse embryos'®. The only requirement is having a
transparent embryo able to develop on the slide preparation under the microscope.

In summary, DIC based 4D microscopy is especially useful for 1) analyzing embryonic
development of small, transparent animals: tracing cell lineage, cell migration paths,
generating 3D models, etc; 2) defining gene expression patterns; 3) studying cell culture
dynamics, from yeast to human cells; 4) analyzing tissue dynamics or embryo fragments; 5)
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qguantifying cell death kinetics and corpse engulfment; and 6) performing comparative
phylogeny analysis based on embryonic developmental characteristics. If there is interest in
any of these topics (or similar ones), 4D microscopy can be used.

PROTOCOL:
1. Grow C. elegans on Petri dishes

1.1. Prepare NGM plates and seed them with E. coli OP50 as the food source (Figure 1).
Grow and maintain C. elegans as described?’. Store seeded plates at 4 °C for up to one
month.

1.2.  Adjust the plates to the desired temperature before adding the worms.

1.2.1. To transfer the worms, remove a chunk of agar from an old plate and place it on a
fresh plate.

1.2.2. Alternatively, capture single animals with a sterile worm picker (a 1-inch piece of 32-
gauge platinum wire with a flattened tip, mounted onto the tip of a Pasteur pipette) and
place them on the new plate.

1.3. Grow the worms at the desired temperature.

1.3.1. Grow C. elegans worms at 20 °C, the standard temperature. However, to analyze the
development of thermo-sensitive mutants, perform an overnight incubation, usually at 25
°C. Adjust the duration and temperature of this incubation as needed, depending on the
specific mutant.

2. Prepare the 4D microscopy recording before mounting the embryos (Figure 2)

2.1. Set up the microscope and temperature controls before preparing the embryo. C.
elegans embryos divide very quickly. Be prepared to begin recording immediately after
mounting the embryos.

2.2.  Adjust the recording temperature to either 15 °C, 20 °C or 25 °C.

2.2.1. Routinely record the embryos at 25 °C. Record thermo-sensitive mutants at the
restrictive temperature to show their phenotypes. Record a WT control (if done in a
different preparation) at the same temperature as the mutants.

NOTE: WT embryos develop faster at 25 °C and slower at 15 °C without additional
differences in cell lineage. Place microscopes in a temperature-controlled room. Additional
control by cooling or heating the slide is highly desirable. This can be achieved by circulating
water at a specific temperature through a metal ring around the microscope objective and
condenser. The objective and the preparation are in direct contact through the immersion
oil and the temperature transfer is efficient. This system allows for precise control of the
recording temperature and for performing temperature shifts during embryo development.
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2.3.  Define the record parameters in the microscopy software.

2.3.1. Forastandard C. elegans recording (without fluorescent scans), select:
z-stacks of 30 focal planes, at a distance of 1 micron each.

30 second intervals between the beginning of each z-stack.

1500 z-stacks (12.5 hours of record).

NOTE: Both commercial as well as open source microscope control programs can be used to
define this workflow for capturing images. Now the microscope is ready to record.

3. Prepare and mount the embryos

3.1. Prepare a thin, homogeneous agar pad as the first step in obtaining a nice image
(Figure 3).

3.1.1. Prepare 50 ml of a 4.5% agar solution in deionized water. Heat to boiling in the
microwave and pour 0.5 -1 mlinto 3 ml glass tubes.

3.1.2. Carefully seal the tubes with wax film to avoid desiccation. Sealed agar tubes can be
stored at room temperature for up to two months.

3.1.3. On the lab bench, have a heat block at 80 °C with:
a test tube of pure petroleum jelly (melted), with a fine paint brush inside.

a test tube with distilled water containing a Pasteur pipette.

NOTE: This ensures that all the required materials will be hot, and the agar will not solidify
in the process of making the pad.

3.1.4. Remove the wax film from the top of one of the agar tubes, and carefully heat it over
an alcohol burner to melt the agar. Exercise caution as hot agar expelled from the glass tube

could cause burns.

3.1.5. Once the agar is melted, place the tube in the heat block to keep the agar in liquid
form.

3.1.6. Alternatively, place the agar tubes into the heat block 1h before the experiment to
melt them without using a burner. The melted agar should be discarded after one day.

3.1.7. Place a microscope slide (Slide A) between two others on a piece of plastic.
3.1.8. Take another slide (Slide B) and hold it with your fingers in one hand.

3.1.9. With the other hand, place a small drop of melted agar in the center of Slide A using
the warm Pasteur pipette.
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3.1.10. Immediately press slide B onto the agar drop to create a very thin pad between
Slides A and B. Keep these slides sandwiched together until step 3.2.3.

3.2. Mount the embryos.

3.2.1. Collect 5-10 gravid hermaphrodites with the picker and place them in a watchmaker
glass filled with water.

3.2.2. Use a scalpel to cut open the hermaphrodite nematodes and extract early eggs (1-4
cells) from the uterus, under the stereomicroscope.

3.2.3. Take the slide from step 3.1.10 and gently slip Slide B off to expose the agar pad on
Slide A.

3.2.4. Place an early egg in the center of the agar pad by pipetting with a capillary tube.

3.2.5. Alternatively, pipette a drop containing a set of embryos onto the agar pad and then
search for early-stage embryos. Do this step under the stereomicroscope.

3.2.6. If necessary, move the egg by nudging it with an eyelash glued to the end of a
toothpick.

3.2.7. Remove excess water with the capillary pipette.

NOTE: A capillary pipette can easily be prepared by heating a Pasteur pipette over an
alcohol burner and pulling it from both ends.

3.2.8. Carefully cover the preparation with a coverslip. To avoid air bubbles, place one edge
of the coverslip on the slide and gently slide a scalpel along the adjacent edge to slowly and

obliquely drape the coverslip onto the preparation.

3.2.9. Use a pipette to fill 3/4 of the space surrounding the agar pad with water. Leave 1/4
of the space with air.

3.2.10. Seal the coverslip with petroleum jelly to avoid desiccation during long recording
periods.

3.2.11. Use the fine brush to extend a thin layer of melted petroleum jelly around the edge
of the coverslip.

NOTE: Now the preparation is ready for recording.
4. Adjust the DIC and start the 4D microscopy recording

4.1. Place the slide on the microscope stage. Focus the embryo using the low
magnification objective (5x or 10x).
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4.2. Change to the 100x immersion objective.
4.3.  Adjust the optical components of the microscope to get a Nomarski image.
4.3.1. Focus the condenser.

4.3.2. Completely open the aperture of the condenser and close the field diaphragm (this
will provide a higher numerical aperture and therefore, greater resolution).

4.3.3. Check that both polarizers on the microscope are oriented to cause the maximum
light extinction.

4.3.4. Turn the Wollaston prism to get a nice three-dimensional image of the embryo,
illuminated on one side. Turn the prism in the other direction to get the effect of having the
embryo illuminated on the other side.

NOTE: These steps can be performed on a test sample before the recording so that only fine
tuning is required on the specimen being analyzed.

4.4. Launch the image capture in the microscope.
5. Analyze the 4D-movie (Figure 4).

NOTE: Once the recording is complete, use cell lineage tracing software to reconstruct and
analyze cell lineage.

Cell lineage tracing software is a powerful tool for performing detailed analyses of
embryonic development or dynamics in cell cultures or tissue fragments. The program
extracts and quantifies several data sets on the sample’s cellular dynamics that include
generation of the complete cell lineage of each and every recorded cell, including cell
divisions, cell cycle length, migration or apoptosis as well as its kinetics. In addition, cell
differentiation can be scored by the cell’s morphological changes or by expression of specific
markers. Basically, the software screen displays two windows: on the left window, the 4D
movie can be played forward and backward or up and down to either the top or bottom
levels so that each cell can be followed in time and space throughout the recording. On the
right widow, the cell lineage is generated. Clicking on a cell nucleus in the 4D movie
generates a point in the lineage window that stores the information of the cell name, fate
and spatial coordinates. The cell lineage of a specific cell is generated by playing the 4D
movie forward and clicking periodically on the nucleus to mark the mitosis of that specific
cell over time. Repetition of this process for each of the recorded cells generates the
complete cell lineage of the embryo or sample. The stored information for spatial
coordinates of each cell is later used to reconstruct 3D embryo models and cell migration
paths.

5.1. Open the lineage tracing software and create a new project by going to the upper bar
menu and selecting:
File | New project.
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5.2. Select the cell lineage template depending on the recording temperature: DB0O8 for
recording at 25 °C, DB10 for recording at 20 °C and DB12 for recording at 15 °C.

5.3. Set the recording parameters in the emerging window: scan count (usually 1500), time
between scans (30 seconds), level count (30) and distance between levels (1 micron).

5.4. Select the image file and format.
5.4.1. Select the image directory where the images were saved.

5.4.2. Choose whether images should be saved as single images (one image per level and
time) or as multi-image z-stacks.

5.4.3. Determine the file naming and image format. Routinely, single images are saved
under the following names:

X0000LO0C1 (for scan 0, level 0, channel 1)

X0000L01C1 (for scan O, level 1, channel 1)

X0000L02C1 (for scan 0, level 2, channel 1)

X0001LO0C1 (for scan 1, level 0, channel 1)
X0001L01C1 (for scan 1, level 1, channel 1)

X0300L04C1 (for scan 300, level 4, channel 1)
NOTE: Saving the images in a compressed format saves space on your hard disk.

5.5. Define the light channels: 1 for DIC optics, 2 for GFP, 3 for RFP, etc. Add those that were
used in the 4D-recording. Click on “channel processing enabled” to detect them.

5.6. Start tracing the cell lineage of the embryo. The screen now contains two major
windows: the video window and the cell lineage window.

5.6.1. On the lineage window, select a lineage branch and use the mouse to click the cell
nucleus corresponding to this cell on the video window.

5.6.2. Follow the cell spatially and over time by playing the 4D-movie forward, backward, or
up or down a level, using the cursor keys.

5.6.3. Periodically click on the cell nucleus. This generates a point in the lineage branch and
registers the spatial coordinates of the cell at this time. As a result, cell lineage progresses,
and 3D reconstructions of the embryo are possible.

5.6.4. Mark mitosis by clicking the return key. Then select one of the daughter cells and
follow it as before.
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5.7. Repeat the process (steps 5.6.1 to 5.6.4) for the rest of the embryonic cells to trace the
complete cell lineage, or to follow specific cells of interest such as those undergoing
apoptosis.

5.8. Compare the mutant lineage with the stereotyped WT C. elegans cell lineage.

REPRESENTATIVE RESULTS:

To characterize embryonic development of a C. elegans mutant for the gene gsr-1, that
encodes the enzyme glutathione reductase, required to regenerate reduced glutathione
(GSH) and involved in maintaining redox homeostasis in the nematode, we performed 4D
microscopy of a gsr-1 (tm3574) deletion mutant that is a loss of function allele causing an
early embryonic arrest phenotype®. Both WT and balanced gsr-1 (tm3574) mutant C.
elegans nematodes were grown on NGM plates seeded with E. coli OP50 as the food
source’. gsr-1 (tm3574) worms were grown as heterozygous at 20 °C for two generations
and then segregating homozygous worms (which are able to grow up to adulthood thanks to
the maternal load) were shifted to 25 °C for an overnight incubation prior to embryo
analysis. Worm plates were incubated within cardboard boxes to avoid condensation
(Figure 1). Gravid nematodes were cut open to extract young embryos.

To compare embryonic development of the mutant versus the stereotyped WT under
identical conditions, a WT (as control) and a gsr-1 (tm3574) embryo were placed on the
same preparation next to each other. 4D microscopy workflow was run on a standard
motorized upright microscope outfitted with DIC optics. The selected recording parameters
on the microscope control program were: z-stacks of 30 focal planes at 1 micron distance
each, 30 second intervals between the beginning of each z-stack and 1500 z-stacks (12.5
hours of recording). The recording temperature was adjusted to 25 °C (both in the room and
on the microscope stage) (Figure 2).

Once the recording was completed, the images file was opened, and cell lineage was
reconstructed using lineage tracing software by clicking on cell nuclei shown in the video
window (Figure 4). The traced gsr-1 (tm3574) mutant embryonic cell lineage was compared
with the C. elegans WT lineage depicted in the background. A major result was the
detection of a progressive delay of the cell cycle during embryonic development. As a
consequence, mutant embryos arrested at intermediate stages whereas WT embryos
progressed and finally hatched as larvae.

Preparation and direct observation of embryos under the microscope or immunostaining
with antibodies against late embryonic markers could reveal the presence of a high
percentage of young embryos in the mutant compared to the WT. Embryo arrest could then
be inferred as the most plausible explanation. However, direct proof and exact
qguantification of the cell cycle delay can only be elegantly and easily shown and quantified
through a 4D microscopy experiment. Other important features of embryonic development
such as cell differentiation or apoptosis (Figure 5) can also be visualized in a dynamic way
using 4D microscopy which offers a detailed analysis of multiple aspects of development in a
single experiment.

FIGURES AND TABLE LEGENDS:
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Figure 1. C. elegans nematodes growing under laboratory conditions.
Nematodes are grown on E. coli-seeded NGM plates, stored in cardboard boxes and
incubated either at 15 °C, 20 °C or 25 °C.

Figure 2. Screenshot of 4D microscopy recording software: Example of two different
microscope control software programs (A and B). These programs create workflows to
control the microscope and image capturing during 4D microscopy recording.

Figure 3. Serial photographs of agar pad preparation and mounting of the C. elegans
embryo showing:

A. Prepared agar tubes.

B-C. Preparation of the agar pad,

D. Slide partially filled with water.

E. Sealing the slide with petroleum jelly.

F. Final preparation.

Figure 4. Serial screen shots of cell lineage tracer software: The program allows
reconstruction of the embryonic cell lineage of a cell cycle delay mutant (left) and a WT
(right) C. elegans embryo.

A. An early step of the development.

B-C. Development of both embryos progresses over time.

D. WT embryo develops properly and starts elongation whereas the mutant arrests.

In all cases the program displays the video window and the lineage window.

Figure 5. Lentil refractile shape of apoptotic cells in a C. elegans WT embryo.

Cell fate, defined by morphological characteristics, can be assessed by 4D microscopy. The
image shows a C. elegans embryo in the bean stage. Living cells show smooth-shaped nuclei
surrounded by a granular cytoplasm. In contrast, apoptotic cells (yellow arrows) condense
and adopt a lentil-like, refractile shape.

DISCUSSION:

One of the major challenges in modern biology is understanding the development of
multicellular organisms. C. elegans has emerged as one of the best suited models for
studying the fine coordination between cell proliferation and cell differentiation in the
developing embryo. From an optical point of view, its transparent body and its small size
make this nematode an ideal specimen for DIC microscopy. Other organisms with similar
characteristics have also been subjected to 4D microscopy analysis't1213:141516

For those developmental studies, gene inactivation by either forward or reverse genetics
provides a clue to its involvement in embryogenesis. Once a gene has been proven to play a
role in development, the next step is to define its exact role in the establishment of the
correct body plan. Immunostaining is the selected approach for most models. This
technique elucidates problems in cell differentiation or expression of specific markers.
However, a major limitation of this approach is that it only provides a static view of the
expression of a single or more markers at a fixed point in development. A dynamic view of
these markers throughout development can only be obtained by staining different embryos
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at different time points. In addition, cell lineage reconstruction is not possible in such fixed
samples.

4D microscopy is a complementary approach for studying embryonic development. This
technique reveals development dynamics at a cell level resolution. Any defect in the embryo
such as problems in spindle orientation, cell migration, apoptosis, cell fate specification, etc.
will show up in a 4D movie that can be visualized forward and backward, quantified and
scored by the researcher. Using this technique, virtually each and every cell in the embryo
can be followed up to the moment that the embryo begins to move. Embryos subjected to
4D microscopy with only visible light and Nomarski optics do not incur photodamage.
Fluorescent scans can also be intercalated within the recording to detect when and where a
gene is expressed. Embryos that suffer significant photodamage are identified by the cell
cycle extension that causes strong UV irradiation compared to a standard WT lineage
embryo. In that case, photodamage can be reduced by lowering the UV lamp intensity and
increasing camera sensitivity or exposure time. Morphological characteristics and molecular
markers can help clarify the embryonic development of any mutant.

Setting up a 4D microscopy system is easy to implement in the lab and, after some practice,
enables an unmatched analysis of cell dynamics and lineage tracing of cell cultures and living
transparent specimens at a resolution level of each and every cell in the microscope field.
Cell lineage tracing on DIC images is still processed by hand. It is time consuming and,
although the software detects lineage errors such as different lineage branches marking the
same cell, mistakes are possible. While automatic detection of GFP-labeled cells is well
developed?, complementary lineage tracing software based on unmarked cells and visible
light images is still in the early stage and not really useful for a full embryo analysis. Without
any doubt, application of image recognition systems to the field of visible light microscopy
will bring about a great advance in this field.
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Name of Material/Equipment Company Catalog Number Comments/Description
GCG WT C. elegans strain. Can be requested
(Caenorhabditis at GCG (Caenorhabditis Genetics
Caenorhabditis elegans (N2) Genetics Center) N2 Center): https://cgc.umn.edu/
gsr-1(tm3574) C. elegans mutant strain.
GCG Can be requested at GCG
(Caenorhabditis (Caenorhabditis Genetics Center):
Caenorhabditis elegans (VZ454) Genetics Center) VZ454 https://cgc.umn.edu/

This is the software to reconstruct the
embryo cell lineage. For a detailed
explanation check at:
http://www.simi.com/en/products/cell-
research/simi-biocell.html
Cell Lineage Tracing software SIMI Simi BioCell
Miscroscope camera for both
Microscope camera Hamamatsu Orca-R2 transmitted and UV light
This software controls the microscope to
perform the 4D image capture. Can be
requested at: Caenotec Prof. Ralf
Schnabel
Kleine Dorfstr. 9 38312 Borf3um,
Germany, Ph: ++49 151 11653356
Microscope control software Caenotec Time to Live r.schnabel(at)tu-bs.de
This software controls the microscope to
perform the 4D image capture. Can be
downloaded at: https://micro-
manager.org/
Microscope control software Micro-manager Micro-manager
Motorized upright microscope to
Motorized microscope Leica Leica DM6000 perform 4D microscopy
Standard equipment in a
Molecular Biology lab.
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Steromicroscope to manipulate
Stereomicroscope Leica MZ16FA nematodes and prepare embryos.
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Email: juan.cabello@riojasalud.es

Logrofio, Spain, 7th September 2020

Vineeta Bajaj, Ph.D.
Editor

Journal of Visualized Experiments.

Dear Dr. Bajaj,

Thank you very much for your interest in our work and for the opportunity to submit a revised
version of our manuscript. We also would like to thank the reviewers for their helpful comments.

In this new version, we have addressed all the concerns raised by the reviewers and editors. Please,
find below the point bu point response letter and the revised manuscript.

Yours sincerely,

Juan Cabello

Editorial comments:

You will find Editorial comments and Peer-Review comments listed below. Please read this entire
email before making edits to your manuscript.

NOTE: Please include a line-by-line response to each of the editorial and reviewer comments in the
form of a letter along with the resubmission.

Editorial Comments:

* 1.- Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammatical errors.
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Done. We have carefully reviewed the text and corrected all the errors found.

* 2.- Protocol Language: Please ensure that ALL text in the protocol section is written in the
imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”,
“Measure that” etc.) Any text that cannot be written in the imperative tense may be added as a
“Note”, however, notes should be used sparingly and actions should be described in the imperative
tense wherever possible.

1) Some examples NOT in the imperative: Lines 108-111, 114-118, 121-123,132-134, etc.

Done.

We reviewed the protocol and changed all the protocol language to the imperative tense. Where
necessary, we added a few notes to clarify certain aspects.

« 3.- Protocol Detail: Please note that your protocol will be used to generate the script for the
video, and must contain everything that you would like shown in the video. Please ensure that all
specific details (e.g. button clicks for software actions, numerical values for settings, etc) have
been added to your protocol steps. There should be enough detail in each step to supplement the
actions seen in the video so that viewers can easily replicate the protocol. Examples:

1) 5.7: How is lineage tracing done?

Thank you for this comment.

In order to perform lineage tracing for the rest of the embryo’s cells, the process described for
lineage tracing for a single cell in section 5.6 is repeated for each of the embryo’s cells. We did not
make this clear in the previous version of the manuscript, but the current version is better.

Section 5.7 now reads:

5.7. Repeat the process (steps 5.6.1 to 5.6.4) for the rest of the embryonic cells to trace the complete cell lineage, or to
follow specific cells of interest such as those undergoing apoptosis.

* 4.- Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and
spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story of
your protocol steps.

1) The highlighting must include all relevant details that are required to perform the step. For
example, if step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be included in the
highlighting.

2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from
one highlighted step to the next.

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces
when calculating the final highlighted length.



4) Notes cannot be filmed and should be excluded from highlighting.

Done!

We have highlighted the most relevant parts of the text to create the narrative for the video,
according to the editor’s instructions.

« 5.- Discussion: JOVE articles are focused on the methods and the protocol, thus the discussion
should be similarly focused. Please ensure that the discussion covers the following in detail and in
paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the
technique, 3) significance with respect to existing methods, 4) future applications and 5) critical
steps within the protocol.

Thank you for this guidance. We have modified the discussion so that it better adheres to the
journal’s criteria. In particular, we changed the part at the end where we discuss the technique’s
limitations, the critical steps and the future lines of investigation.

* 6.- Figures:
1) Add scale bars to all micrograph.
2) Remove the text “Figure #” from all figures.

Done!

* 7.- References:

1) Please move the in-text http weblinks (e.g., Line 110, 119, 219, etc. ) into the reference list, and
use superscripted citations.

2) Please edit your references to comply with JOVE instructions for authors. Citation formatting
should appear as follows: (For less than six authors, list all authors. For more than 6 authors, list
only the first author then et al.): [Lastname, F.I., LastName, F.l., LastName, F.l. Article Title.
Source. Volume (Issue), FirstPage — LastPage, (YEAR).]

3) Please spell out journal names.

Done!

* 8.- Commercial Language:JoVE is unable to publish manuscripts containing commercial
sounding language, including trademark or registered trademark symbols (TM/R) and the mention
of company brand names before an instrument or reagent. Examples of commercial sounding
language in your manuscript are Vaseline, Parafilm, micromanager (www.micro manager.org),
TimeToLive (Caenotec), BioCell, Leica DM6000, etc

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding
language in your manuscript with generic names that are not company-specific. All commercial



products should be sufficiently referenced in the table of materials/reagents. You may use the
generic term followed by “(see table of materials)” to draw the readers’ attention to specific
commercial names.

Done!

All commercial names have been removed and replaced with generic terms.

* 9.- Table of Materials:

1) Please revise the table of the essential supplies, reagents, and equipment. The table should
include the name, company, and catalog number of all relevant materials/software in separate
columns in an xls/xlIsx file. Please include items such as animal strains, and software used.

2) Please sort in alphabetical order.

Done!

* 10.- If your figures and tables are original and not published previously or you have already
obtained figure permissions, please ignore this comment. If you are re-using figures from a previous
publication, you must obtain explicit permission to re-use the figure from the previous publisher
(this can be in the form of a letter from an editor or a link to the editorial policies that allows you to
re-publish the figure). Please upload the text of the re-print permission (may be copied and pasted
from an email/website) as a Word document to the Editorial Manager site in the "Supplemental files
(as requested by JOVE)" section. Please also cite the figure appropriately in the figure legend, i.e.
"This figure has been modified from [citation]."”

Our figures are original and have not been previously published.

Comments from Peer-Reviewers:

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript by Escrich et al describes a method used to image C. elegans embryonic
development by Nomarksi imaging in time. Embryonic development is of wide scientific interest
and C. elegans is a well-established and widely used model organism in this area of research. As
such, it is beneficial to have a clear description of the methods used by different labs to mount and




prepare C. elegans embryos for imaging and of which softwares are used. The method described in
this manuscript is clear and, in particular with video, easy to follow. All necessary steps to
reproduce the procedure appear to be well explained. The manuscript is well written. | have no
specific comments.

Thank you for your positive comments. We are thrilled that you liked this article.

Reviewer #2:

Manuscript Summary:

This is a comprehensive article describing how to perform 4D microscopy to record C. elegans
embryonic development. It will be a very helpful protocol for time-lapse recording of cell fate and
subcellular events such as cytoskeletal reorganization, vesicle trafficking, chromatin condensation
and others.

Thank you for your positive comments.

Specific Concerns:
1. It would be nice to add a figure showing the process of cutting open the gravid mothers and
sgqueezing out embryos.

Thank you for this comment.

You are correct that this addition would be especially helpful to a reader who is not familiar with C.
elegans. However, this process has been shown in other articles published in this journal (see the
response to Comment #1 from Referee #3). Thus, we prefer to reference those articles in that
section (references 9 and 10) so that any interested reader may find further details on how to extract
embryos from gravid mothers.

2. Better add a discussion about how to minimize photo damage to embryos and how to identify
embryos that suffer photo damage over long-time and frequent exposure.

Thank you for your comment.
We have added a paragraph to the discussion to further clarify this point.

The discussion now reads:

Embryos subjected to 4D microscopy with only visible light and Nomarski optics do not incur photodamage.
Fluorescent scans can also be intercalated within the recording to detect when and where a gene is expressed. Embryos
that suffer significant photodamage are identified by the cell cycle extension that causes strong UV irradiation
compared to a standard WT lineage embryo. In that case, photo damage can be reduced by lowering the UV lamp
intensity and increasing the camera sensitivity or exposure time. Morphological characteristics and molecular markers
can help clarify the embryonic development of any mutant.

3. Figure 5 legend should be in more detail. For example, indicate that the yellow arrows label
apoptotic cells.



Thank you for this comment.

We agree that the figure’s description was not sufficiently clear. We have lengthened and better
explained it to make it clearer to a reader who is perhaps not an expert in C. elegans apoptosis.

It now reads:

Cell fate, defined by morphological characteristics, can be assessed by 4D microscopy. The image shows a C. elegans
embryo in the bean stage. Living cells show smooth-shaped nuclei surrounded by a granular cytoplasm. In contrast,
apoptotic cells (yellow arrows) condense and adopt a lentil-like refractile shape.

4. The SIMI Biocell software needs some more introduction.

Thank you for this comment.

You are correct that a more detailed introduction to the analysis software would help the reader
understand how to operate it and the possibilities it offers.

We have included this information in a note and section 5 thus now reads:

Note: Once the recording is complete, use cell lineage tracing software to reconstruct and analyze cell lineage.

Cell lineage tracing software is a powerful tool for performing detailed analyses of embryonic development or
dynamics in cell cultures or tissue fragments. The program extracts and quantifies several data sets on the sample’s
cellular dynamics that include generation of the complete cell lineage of each and every recorded cell, including cell
divisions, cell cycle length, migration or apoptosis as well as its kinetics. In addition, cell differentiation can be scored
by the cell’s morphological changes or by expression of specific markers.

Basically, the software screen displays two windows: on the left, the 4D movie can be played forward and backward or
up and down to either the top or bottom levels so that each cell can be followed in time and space throughout the
recording. On the right-hand screen, the cell lineage is generated. Clicking on a cell nucleus in the 4D movie generates a
point in the lineage window that stores the information of the cell name, fate and spatial coordinates. The cell lineage of
a specific cell is generated by playing the 4D movie forward and clicking periodically on the nucleus to mark the
mitosis of that specific cell over time. Repetition of this process for each of the recorded cells generates the complete
cell lineage of the embryo or sample. The stored information for each cell’s spatial coordinates is later used to
reconstruct 3D embryo models and cell migration paths.

Reviewer #3:

Manuscript Summary:

This protocol describes how to mount C. elegans embryos for 4D DIC microscopy and use the
commercial software package SIMI°BioCell to track cell division times using manual annotation.

Major Concerns:

Large part of this protocol has already been published other Jove article, e.g.
https://www.jove.com/v/2625/imaging-c-elegans-embryos-using-an-epifluorescent-microscope-
open

or
https://www.jove.com/t/2852/time-lapse-microscopy-of-early-embryogenesis-in-caenorhabditis-
elegans



Therefore, it is not clear to this reviewer, why publication of another protocol is useful. The
description of the cell lineage tracing is rather short and very specific to a commercial software
package and, as such not very transferable.

The protocol that we are presenting here is different from the ones described in previous articles in
this journal.

Obviously, the experiment begins with mounting the embryos to be recorded on the microscope—
there’s no way around this. Both articles that the referee cites also have this part in common and
that does not in any way detract from their originality. Both of those articles focus on imaging early
C. elegans development of either WT or dye-stained embryos.

In contrast, the protocol described in this article is original because it traces the complete cellular
lineage of the embryos as they develop. This protocol allows scientists to reconstruct the entire
cell genealogy of a C. elegans embryo. Currently, this is the only model that can be used to
reconstruct embryonic development, finetuning the resolution level to that of each individual cell.
And, our protocol explains exactly how we do this.

Any defect in cellular proliferation (be it at the general or tissue-specific level), apoptosis or cellular
migration is easily detectable, quantifiable and can be graphically illustrated. There is no other
protocol previously published by this journal that describes how to perform these analyses.

The protocol that we present in this manuscript allows scientists to easily replicate the complicated
experiments (in WT or the mutant of interest) published by John Sulston (Sulston, J.E.,
Schierenberg, E., White, J.G., Thomson, J.N. The embryonic cell lineage of the nematode
Caenorhabditis elegans. Developmental Biology. 100(1),64-119 (1983)) which led him to win the
Nobel Prize. Sulston had to perform his experiments using a labor-intensive method, mounting
hundreds of embryos by hand and following the lineage of each one. Our protocol allows
researchers to record a single embryo and reconstruct the complete cellular lineage with the help of
specialized software and using a simple upright microscope without the need for Confocal
technology that is required in such procedures as those described by Mace, D.L., Weisdepp, P.,
Gevirtzman, L., Boyle, T., Waterston, R.H. A high-fidelity cell lineage tracing method for obtaining
systematic spatiotemporal gene expression patterns in Caenorhabditis elegans. G3: Genes,
Genomes, Genetics (Bethesda). 3(5), 851-863 (2013).

We use C. elegans as the investigative model in our laboratory, but this same protocol is applicable
to the study of the yeast lifecycle, monitoring proliferation and differentiation in cell cultures or the
development of other transparent animals that can grow and develop under the lens of a microscope.
Thus, its utility is not limited to researchers who study C. elegans but extends to other scientists
using different research models.

Use of the standard upright microscope outfitted with Nomarski optics makes this procedure
accessible to any laboratory without the need to acquire expensive confocal equipment, which can
only be purchased from specific commercial entities, in order to perform these studies.

Line 169, Please absolutely include a note that when heating agarose over a burner, there is a risk of



burns from hot agarose being expelled from the glass tube!! The preferred way of doing this is to
just put the agarose into the heat block ~1h before the experiment to melt it without burner.

Done.

This is an important safety note and we have changed the text as the referee suggests. Section 3.1.4.
now reads:

Remove the wax film from the top of one of the agar tubes, and carefully heat it over an alcohol burner to melt the agar.
Exercise caution as hot agar expelled from the glass tube could cause burns.

Once the agar is melted, place the tube in the heat block to keep the agar in liquid form.

Alternatively, place the agar tubes into the heat block 1h before the experiment to melt them without using a burner.
The melted agar should be discarded after one day.

Line 191, Mouth pipetting is forbidden in the laboratory setting in the US and other countries, so
consider and describe an alternative

Done.

We corrected the text as the referee suggested. Now this section reads:

3.2.4. Place an early egg in the center of the agar pad by pipetting with a capillary tube. Alternatively, pipette a drop
containing a set of embryos onto the agar pad and then search for early-stage embryos. Do this step under the
stereomicroscope.

If necessary, move the egg by nudging it with an eyelash glued to the end of a toothpick.

Remove excess water with the capillary pipette.

Minor Concerns:

Line 58, "Images are ... " In this sentence, the intro suddenly switches from a general description of
DIC imaging and its advantages to details that are specific to the protocol and the software used.
This should be moved to a position further down.

Thank you for this comment.

We corrected the structure of the Introduction in accordance with the referee’s suggestion. We feel
that this makes for a clearer narrative that flows better.

Line 179, please include a note how to avoid air bubbles when dropping the coverslip onto the agar
pad

Done.

Now this part reads:

Carefully cover the preparation with a coverslip. To avoid air bubbles, place one edge of the coverslip on the slide and
gently slide a scalpel along the adjacent edge to slowly and obliquely drape the coverslip onto the preparation.

All the steps under "4. Adjust the DIC and start the 4D microscopy recording™ should be done on a
test sample before the actual recording. Adjusting the DIC parameters well can take several



minutes. If done before, only fine tuning (or no further tuning) of the parameters is required once
the sample is on the slide and more divisions can be captured.

Thank you for this comment.

We added a note to this effect. Now the end of that section reads:

Note: These steps can be performed on a test sample before the recording so that only fine tuning is required on the
specimen being analyzed.



