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Abstract
Caenorhabditis elegans is a self-fertilizing hermaphroditic worm. A single C. elegans worm
therefore produces both male and female gametes that fuse to generate embryos. While

sperm production stops at the end of the C. elegans larval development, oocytes are contin-

uously generated and fertilized during the entire reproductive life of the adult worm. The

molecular and cellular mechanisms involved in gametogenesis and the early embryonic
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divisions are highly conserved between worms and humans; thus C. elegans is a powerful

model to study meiotic and mitotic cell divisions in a metazoan system. Additionally, the

optical transparency of the worm combined with the ease of the genome-editing methods

can be used to easily follow the subcellular behavior of any fluorescently tagged protein

of interest using light microscopy approaches. Here we describe two methods for preparing

live samples to study oocyte meiotic and early embryonic mitotic divisions by confocal mi-

croscopy in C. elegans.

1 INTRODUCTION
Cell division is crucial for the development of complex organisms, for homeostasis

of tissues and organs, and for the reproductive capacity of adult individuals.

While most somatic cells proliferate through mitosis, which corresponds to a single

round of chromosome segregation and cytokinesis following genome duplica-

tion, multiplication of sexually reproducing species relies on specialized cells or

gametes that are generated during a specialized cell division process called meio-

sis. Meiosis corresponds to two rounds of chromosome segregation and cytokinesis

following a single genome duplication event, and thus leads to genome haploidiza-

tion (Dumont & Desai, 2012). Defects in chromosome segregation during mitosis

or meiosis can lead to cell and embryonic aneuploidy, which is associated with

numerous cancers and is a leading cause of birth defects and spontaneous abortion

in humans.

The nematode Caenorhabditis elegans is a powerful genetic system: It has a

fast generation time, displays an invariant developmental lineage, and is optically

clear, which makes it ideally suited for studying mitotic and meiotic cell divisions

(Brenner, 1974). Importantly, the core genes required for cell division are conserved

from worms to humans. C. elegans exists in two sexes, hermaphrodite (XX) and

male (X0). Males are produced at a very low rate and result from spontaneous non-

disjunction of the X chromosomes during meiosis. Hermaphrodites produce sperm

during the L4 larval stage (the last stage before adulthood) and then continuously

produce oocytes throughout their adult life. Hermaphrodites can therefore either

reproduce by self-fertilization or by mating with males.

The adult hermaphrodite reproductive system consists of two U-shaped sym-

metric gonad arms that fold to join in a common uterus through two spermathecae

(Yamamoto, Kosinski, & Greenstein, 2006) (Fig. 1). The distal part of the gonad

is a syncytium filled with partially cellularized germ cells. At the distal tip of

each gonad arm, the mitotic zone contains progenitor germ cells that divide mitot-

ically to continuously generate a pool of potential oocytes. As germ cells move away

from the mitotic tip, they undergo the premeiotic S-phase and then enter leptotene

and zygotene of prophase I in the transition zone (Jaramillo-Lambert, Ellefson,

Villeneuve, & Engebrecht, 2007). Chromosomes move to one side of the nucleus
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concomitant with homolog pairing (Dernburg et al., 1998; MacQueen & Villeneuve,

2001). After passing through the transition zone, germ cells gradually grow during

pachytene and undergo progressive cellularization. At the end of pachytene, homol-

ogous chromosomes are visualized as string-like structures linked by the synaptone-

mal complex. During diplotene in the gonad loop, oocyte chromosomes condense to

form six individual bivalents, corresponding to the homologous chromosome pairs.

In the proximal gonad, fully cellularized oocytes form a single queue and progress to

diakinesis, where they arrest until meiotic maturation.

Oocyte prophase I arrest is a universal feature of female meiosis and is released

by hormonal cues that differ between species. In C. elegans, MSP (Major Sperm

Protein), a sperm secreted protein, triggers prophase I arrest release of the fully

grown oocyte immediately adjacent to the spermatheca (Fig. 1) (Kosinski,

Mcdonald, Schwartz, Yamamoto, & Greenstein, 2005; Miller et al., 2001). Release

from prophase I arrest leads to oocyte nuclear envelope breakdown (NEBD) and

assembly of the first meiotic spindle. Both events occur during passage of the oo-

cyte through the spermatheca. Indeed, MSP also stimulates the contractions of the

smooth muscle gonadal sheath cells that surround the developing oocytes in the

proximal gonad (Fig. 1). Sheath cell contractions pull the spermatheca around
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FIG. 1

Anatomy of the C. elegans hermaphrodite reproductive system. (A) Top: Schematic view of a

C. elegans hermaphrodite young adult. Bottom: Enlarged view of the anterior gonad arm.

Nuclei and chromosomes are in magenta. Microtubules are in green. The fully grown oocyte

undergoes NEBD in the proximal-most part of the gonad. The oocyte is then fertilized by

passing through the spermatheca, and undergoes meiotic divisions followed by embryonic

cleavage within the uterine cavity before being laid.
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the proximal-most oocyte to initiate ovulation and promote oocyte fertilization in

the spermatheca. MSP therefore coordinates release from the prophase I arrest

with passage through the spermatheca and fertilization. Meiotic maturation pro-

ceeds in an assembly-line fashion, such that the proximal-most oocytes enter in

the spermatheca one after the other every �23min (Yamamoto et al., 2006),

and the average time from NEBD to the end of the embryo’s first mitotic division

is roughly 70min.

After NEBD, chromosome segregation occurs on a spindle-shaped structure

comprised of microtubules. In mitosis and spermatocyte meiosis, the duplicated

centrosomes, the major microtubule-organizing centers (MTOCs), separate to

form the two opposite poles of the bipolar spindle. In most oocytes, however,

spindle assembly and chromosome segregation are preceded by an earlier step

of centrosome elimination (Dumont & Brunet, 2010). Oocyte meiotic spindle as-

sembly therefore occurs in the absence of centrosomes and entails a variety of

alternative structures and mechanisms (for an overview, refer to Dumont &

Desai, 2012; M€uller-Reichert, Greenan, O’toole, & Srayko, 2010; Severson,

Von Dassow, & Bowerman, 2016). In the absence of centrosomes, chromatin

can act as a localized promoter of microtubule assembly (Heald et al., 1996).

The first identified activity implicated in chromatin-dependent microtubule as-

sembly was the small GTPase Ran, which activates a number of microtubule-

associated proteins and motors, altogether termed spindle assembly factors,

around chromosomes (Kalab, Pu, & Dasso, 1999). The second pathway relies

on the Aurora B/C kinase component of the Chromosomal Passenger Complex

(CPC) (Sampath et al., 2004). Phosphorylation of negative regulators of microtu-

bule polymerization by Aurora B/C inhibits their activity around chromosomes,

creating a locally favorable environment for microtubule polymerization and spin-

dle assembly. In C. elegans, depletion of RCC1 (Regulator of Chromosome Conden-

sation 1), the activating Ran GEF (Ran Guanine nucleotide Exchange Factor), causes

gross spindle assembly and chromosome segregation defects inmitotic embryos, but its

effect on oocyte meiotic divisions is unclear (Askjaer, Galy, Hannak, & Mattaj, 2002;

Bamba, Bobinnec, Fukuda, & Nishida, 2002). In contrast, depletion of the CPC pre-

vents bipolar spindle assembly, but the downstream responsible targets have not yet

been identified (Dumont, Oegema, & Desai, 2010). In parallel to the RanGTP and

CPC-based pathways, oocyte-specific structures and mechanisms of microtubule as-

sembly have also been identified. For example, in mouse oocytes, up to 20–30 acen-

triolar MTOCs assemble microtubule asters at NEBD, which later coalesce to form

the bipolar spindle (Dumont et al., 2007; Schuh & Ellenberg, 2007). Acentriolar

MTOCs are absent fromC. elegans oocytes and discrete microtubule asters are not vis-

ible around chromosomes following NEBD (Gigant et al., 2017; Wolff, Tran, Mullen,

Villeneuve, & Wignall, 2016). In contrast, microtubules first assemble as a diffuse

cloud inside the space delimited by the rupturing nuclear envelope at NEBD (Gigant

et al., 2017). The depolymerizing kinesin-13 KLP-7 is essential for this initial step,

probably by controlling the pool of available free tubulin heterodimers. Microtubules
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are subsequently bundled and shaped into a bipolar spindle by microtubule motors and

cross-linkers (Wolff et al., 2016).However, the exactmolecular details of acentrosomal

spindle assembly in the C. elegans oocyte are unclear and will require analyzing early
microtubule assembly and organization following NEBD. Since NEBD occurs before

passage through the spermatheca, following it requires performing in utero live imaging

in immobilized worms. In the first part of this chapter, we will describe a method for

performing in utero live imaging in C. elegans.
In parallel to spindle assembly, chromosomes interact with microtubules and

align on a metaphase plate in the spindle center. During mitosis and meiosis in

most cells, microtubules assembled from the two spindle poles grow toward

the chromosomes, where they interact with chromosome arms and kinetochores

(Musacchio & Desai, 2017). Although there is also significant evidence support-

ing the involvement of kinetochores in chromosome alignment and segregation in

vertebrate oocytes, chromosome segregation appears to involve an atypical

kinetochore-independent mechanism in C. elegans oocytes (Dumont et al.,

2010; Hattersley et al., 2016). Instead, interchromosomal microtubules of the

meiotic anaphase central spindle push chromosomes apart to segregate them

(Laband et al., 2017). Thus in C. elegans oocytes, an “inside-out” pushing mech-

anism of chromosome segregation appears to substitute functionally for the clas-

sical mitotic kinetochore-mediated pulling mechanism. However, kinetochore

activity in C. elegans oocytes is required for proper chromosome orientation

on the metaphase spindle and thus for the accuracy of chromosome segregation,

as in vertebrate oocytes (Dumont et al., 2010). Understanding the molecular de-

tails of chromosome orientation, alignment, and segregation in the C. elegans oo-
cyte will require using targeted depletion of candidate proteins coupled to ex

utero high-resolution live imaging in oocytes. A method for performing ex utero

high-resolution live imaging in C. elegans oocytes and early embryos is presented

in the second part of this chapter.

In this chapter, we describe two methods for performing live imaging to study

cell division in oocytes and early worm embryos. First, we describe how to immo-

bilize and mount worms for in utero live imaging of early prometaphase I events.

Then, we provide a method for dissecting and mounting C. elegans oocytes and
embryos for ex utero high-resolution live-cell imaging. We describe the practical

setup required for live imaging of adults, larvae, oocytes, and embryos of

C. elegans. We also provide vendors and ordering information for the reagents

and equipment we use.

2 IN UTERO IMAGING OF OOCYTE MEIOTIC DIVISIONS
In order to image meiosis in perfect physiological conditions, in utero live imaging

must be performed on intact hermaphrodite adults. This method is also required to

follow early prometaphase I events that occur after NEBD in fully grown oocytes
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before their passage through the spermatheca. Here, we describe a method

for immobilizing gravid C. elegans hermaphrodite adults that is compatible

with long-term (up to several hours) confocal imaging of oocyte meiotic divisions.

This method can be easily adapted to image any cell type in adult worms. It can also

be used to image male meiosis during postembryonic development in hermaphro-

dite larvae or in adult males (Lacroix et al., 2014; Lacroix, Ryan, Dumont,

Maddox, & Maddox, 2016).

2.1 MATERIALS AND SOLUTIONS
1. Worm strain: To image meiotic divisions, we typically use a transgenic

C. elegans strain that expresses markers for the chromatin (Histone2B:

mCherry) and microtubules (α/β-tubulin::GFP) to monitor chromosome

segregation and spindle assembly/organization during cell divisions, but other

fluorescent markers can be used as desired. Young adults with relatively few

embryos are ideal for in utero imaging because oocytes tend to stay in the same

focal plane during passage through the spermatheca and after entry into the

uterus.

2. For worm anesthesia (Fig. 2A):

a. GlassDepressionSlide 76�22mm,�15mmdiameter concavity, 0.8mmdeep.

b. Sterile autoclaved M9 buffer (22mM KH2PO4, 42mM Na2HPO4,

85.5mM NaCl, 1mM MgSO4). Can be stored at room temperature

indefinitely.

c. 2% (�)-tetramisole hydrochloride (Levamisole, Sigma L9756). Make 83mM

stock in water and store at 4°C for 2 months or at �80°C indefinitely.

d. Worm handling and anesthesia are performed under a stereomicroscope

equipped with a diascopic illumination stand. The precise microscopy

setup will vary depending on the application and budget. We use a Nikon

SMZ800 stereomicroscope equipped with a Plan 1� objective, C-W10X

eyepieces, and a C-DSS diascopic transmitted light illumination stand.

However, less expensive stereomicroscopes with lower magnification

capabilities can be used for handling and anesthetizing worms.

3. For filming-chamber preparation:

a. [Optional] Coverslips coated with 0.01% Poly-L-lysine hydrobromide (Sigma

Cat. #P1524) in water. A filter-sterilized 1% stock solution in distilled water

can be kept at 4°C for up to 2 years.

b. High-quality borosilicate glass coverslips No. 1 (0.13–0.17mm): 22�22mm.

c. Standard glass microscope slides (ISO8037/I): 76�26�1mm.

d. 5% Type D5, DNA-grade Agarose in water or M9 buffer.

e. VaLaP: Mix equal weights of Vaseline (100% pure petroleum jelly),

Lanolin (Sigma Cat. #L7387), and Paraffin wax. Aliquot in 1.5-mL

microtubes. VaLaP can be kept at room temperature protected from light for

several years.
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f. Mold made of a silicon wafer with engraved ridges of appropriate size

depending on the developmental stage and whether males or hermaphrodites

are immobilized (see Fig. 2B). Ridges can be several mm long so that

multiple worms can be aligned head to tail. We recommend designing several

widths on the same mold (a range between 15 and 40μm should cover all

conditions). These molds can be homemade or ordered from companies

providing custom soft photolithography services.

*Tip: For imaging oocyte meiosis, depending on specific strain size
variations, immobilization of adult C. elegans hermaphrodites is best
performed using ridges between 25 and 35μm width and �20μm depth.

g. Razor blade.

h. Worm pick: While commercial models exist, we prefer to make picks by

inserting 0.5cm of a 3–4-cm piece of platinum wire (Sigma Cat. #267201 for

0.5mm, #267171 for 0.25mm diameter wire) into the tip of a glass 5¾00

Pasteur pipette (Sigma Cat. #S6018) and sealing the pipette around the wire

by carefully melting the glass over an open flame. The end of the wire is

flattened to make a wider surface.

i. Eyelash tool: (Ted Pella Cat. #113) Can be homemade by securing the cuticle

end of a clean eyelash to the narrowest end of a flat toothpick with a small

drop of nail polish (Fig. 3A).

j. Mouth pipette for transferring worms: Sigma Cat. #A5177 for aspirator

assembly, Drummond Scientific Company Cat. #2-000-025 for 25μL
microcapillary disposable pipettes.

k. Whatman paper.

4. For live imaging: The precise microscopy setup will vary depending on the

application and budget. The method described here is compatible with both

upright and inverted microscopes. The use of a confocal microscope is

essential to avoid excessive out-of-focus light originating from other parts of

the worm that either express the fluorescent markers or display significant

autofluorescence. The microscope should have fast-scanning capabilities

(e.g., spinning disc, slit scanning, resonant scanner, grid array scanner) in

order to avoid significant blur caused by rapid movements of the oocyte

during its passage through the spermatheca. We use the following microscope

system:

a. Nikon Ti inverted microscope with a CFI APO LBDA S 40�/NA 1.25

water objective. The use of a water immersion objective is critical in order to

get deep sample penetration into the anesthetized worm and to avoid

excessive spherical aberration due to refractive index mismatch.

b. Yokogawa CSU-X1 spinning disc confocal head equipped with an emission

filter wheel.

c. Photometrics Scientific CoolSNAP HQ2 CCD camera.

d. Piezo-driven motorized stage (PZ-2000 XYZ, Applied Scientific

Instrumentation).
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e. Acousto-optic tunable filter to control two 100mW lasers for excitation at 491

and 561nm for eGFP and mCherry, respectively (Roper Scientific).

f. Metamorph 7 software (Molecular Devices) to control acquisition

parameters.

2.2 SETTING UP THE FILMING CHAMBER
1. Coverslip coating [Optional]: At least 1 day before use, prepare

poly-L-lysine-coated coverslips by incubating them in diluted poly-L-lysine

solution for 30min at room temperature with gentle agitation. Rinse once with

distilled deionized water, and allow coverslips to dry overnight at room

temperature.

2. 15min before use, melt 5% agarose and VaLaP aliquots in a heating block set

to 95°C.
3. While worms are being anesthetized (Fig. 2A, see below), use a transfer pipette

to place a drop of melted 5% agarose in the center of a microscope slide.

Invert the silicon wafer mold onto the drop and press gently to obtain a

0.5–1-mm-thick engraved agarose pad (Fig. 2B).

*Tip: Control of pad thickness is easier if agarose has cooled down for a few
seconds and becomes slightly viscous before transferring the mold.

4. Once agarose has completely solidified, remove the mold and trim excess

agarose from the glass slide using a razor blade (Fig. 2B). The final engraved

pad should be flat, have sharp contours, and be of dimensions that fit under the

[poly-L-lysine-coated] coverslip.

(2) Silicon mold

(5) Remove gently

(3) Let agarose 
solidify

(4) Trim excess
agarose

(7) Microscope coverslip

Microscope glass slide

B

(1) 5% Agarose

(6) Transfer
anesthetized 

worms

Anesthetized wormYoung gravid adult hermaphroditeA
10–20 min

in levamisole

FIG. 2

Mounting worms for in utero imaging of meiosis. (A) Schematic view of worm anesthesia.

Under a stereomicroscope, young gravid adult hermaphrodites are transferred into a solution

of levamisole in M9 buffer for 10–20min. They become rigidly straight once fully

anesthetized. (B) Preparation of the engraved agarose pad. Melted agarose is imprinted

with the silicon mold, and then excess agarose is trimmed. Anesthetized worms are

transferred into the grooves of the agarose pad, and a coverslip is sealed on top of the pad

with VaLaP.
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2.3 ANESTHESIA OF GRAVID ADULT HERMAPHRODITES
FOR IN UTERO FILMING
1. Dilute levamisole in M9 buffer to a final concentration of 0.01%–0.04%

(see levamisole concentration adjustment below). Use a fresh dilution daily.

2. Pipette �100μL of M9 buffer with levamisole in the depression slide. Do not let

the solution evaporate.

3. Under a stereomicroscope and using a worm pick, transfer 10–20 gravid

hermaphrodite worms into the levamisole-supplemented M9 solution.

4. Full anesthesia should take 10–15min, and is achieved when worms are

immobile and rigidly straight (Fig. 2A). Do not disturb worms during anesthesia

as this slows down the process.

*Tip: Incubation time and levamisole concentration could vary slightly and
may need adjustment depending on specific worm strain and developmental
stage. Worms correctly positioned within grooves and covered with a poly-L-
lysine-coated coverslip usually do not move even once the drug has been washed
out (see below). However, laser excitation can lead to spastic worm movement.
For optimal immobilization, we therefore recommend carefully adjusting the
levamisole concentration for each experiment.

2.4 MOUNTING IMMOBILIZED ADULTS FOR LIVE IMAGING
Important! At this step, the volume of M9 buffer surrounding the worms is critical.

Buffer in excess will impede correct positioning of the worms in the engraved

grooves. Insufficient buffer will lead to drying out of the agarose pad and of immo-

bilized worms. Drying worms, oocytes, and embryos display abnormal autofluores-

cence and will eventually die.

1. Rapidly transfer anesthetized worms with an eyelash tool or a mouth pipette in a

small drop (5–10μL) of M9 buffer+ levamisole directly on the agarose pad.

2. Place the worms in the grooves using the eyelash tool (Fig. 2B). Proper

orientation of the worms can be adjusted with the eyelash and is critical for

filming oocytes. Fully grown oocytes should be placed as close as possible to the

imaging coverslip.

*Tip: If necessary, use a piece of Whatman paper to absorb buffer in excess.
It will create a buffer flow that can displace worms. Use the eyelash tool to
minimize worm movements and maintain them on the pad. Placing multiple
worms on the pad increases the likelihood of finding a worm in an orientation
conducive for filming.

3. Once the worms are aligned and oriented in the pad grooves, gently lay a [poly-L-

lysine-coated] coverslip over the worms.

*Tip: Lowering the coverslip at an angle onto the pad but parallel to the
groove axis will prevent worm displacement. Moving the coverslip will displace
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the worms from the grooves, so once the coverslip is on the pad, it must not be
shifted.

4. Use a 200-μL pipette to gently place a small drop of melted VaLaP at each corner

of the coverslip. VaLaP should not be in direct contact with the agar pad.

After drying, VaLaP will secure the position of the coverslip on the glass slide

and relative to the agar pad.

5. Use a 200-μL pipette and flow 100μL of M9 buffer under the cover glass to wash

out levamisole. Inject M9 buffer on one side of the coverslip and aspirate

excess liquid on the other side using a piece of Whatman paper. Alternatively,

imaging can be performed in the presence of levamisole; however, worms

properly positioned within the agarose grooves will not move even in its absence.

The optional use of a poly-L-lysine-coated coverslip will help maintain

immobile worms after levamisole washout.

6. Seal all remaining edges of the coverslip with VaLaP to close the chamber and

prevent buffer evaporation.

2.5 IMAGING OOCYTE MEIOTIC DIVISIONS IN IMMOBILIZED WORMS
1. Place a small droplet of clean water onto the objective. Transfer the slide-

mounted worms onto the microscope. Imaging is performed through the glass

coverslip. Find worms using transmitted light and identify oocytes that are about

to undergo NEBD.

2. Identifying imminent ovulation and NEBD: The rate of ovulation, which

corresponds to the passage of the fertilized oocyte through the spermatheca,

will vary depending on various factors (including ambient temperature, worm

strain, worm age, etc.). The earmark for imminent exit of the oocyte from the

prophase I arrest, NEBD, and fertilization is the appearance of periodic

contractions of the sheath cells, which surround the oocyte. Sheath cell

contractions will lead to oocyte deformation and to periodic oscillations of the

oocyte posterior pole in and out of the spermatheca. We typically begin

fluorescent imaging at this step. Eventually the oocyte will fully pass through the

spermatheca, undergo fertilization, and begin female meiotic divisions.

3. Imaging parameters: A balance between depth (Z-axis) sampling, time

resolution, and photobleaching (that eventually leads to phototoxicity and

oocyte death) should be achieved. We typically image the full field of view

(which fully contains the oocyte) with 4 confocal sections at 2-μm intervals

(6μm total), which is sufficient to contain the entire meiotic spindle and

chromosomes. The proper focus while the oocyte passes through the spermatheca

is manually maintained during filming. Acquisitions are performed every 20s,

which allows following the oocyte and spindle during passage through the

spermatheca and does not lead to significant phototoxicity. Representative

images of this filming method are presented in Fig. 4A and B.
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3 EX UTERO IMAGING OF OOCYTE MEIOTIC DIVISIONS
AND EARLY EMBRYO MITOSIS
After ovulation and passage through the spermatheca, the two successive meiotic di-

visions and early embryonic mitotic divisions take place within the worm’s uterus.

Embryos are therefore accessible for ex utero imaging by dissecting them out of the

uterus.

Imaging oocytes outside the parent worm is advantageous because: (1) potential

blur caused by worm or oocyte movements is eliminated, (2) deeper intracellular

penetration with lower spherical aberration is achieved due to closer proximity be-

tween the objective and the oocyte/embryo, and (3) a higher signal-to-noise ratio and

overall better image quality are obtained in the absence of fluorescence from the

worm body. However, during female meiotic divisions (until anaphase II) the egg-

shell has not yet fully formed (Stein & Golden, 2015). Oocytes are thus still perme-

able and sensitive to osmotic concentration and medium composition variations, and

to mechanical perturbations (Olson, Greenan, Desai, Muller-Reichert, & Oegema,

2012). In this second part, we describe a method for imaging live C. elegans oocytes
dissected out of their parent worm in a hanging drop of osmotically controlled

medium. This method preserves oocytes from mechanical compression and allows

the use of an inverted microscope. We provide dissection techniques in order to

access oocytes as early as mid-prometaphase I. This method is also applicable to

early embryos up until hatching and beginning of larva locomotion.

3.1 MATERIALS AND SOLUTIONS
1. For the filming chamber:

a. Homemade metal slide holder (76�25�1mm, centered 21�21mm

imaging window), with super-glued 18�18mm coverslips on either side

of window on long axis. This holder can be ordered at any university or

institute mechanical workshop or from any company that provides

custom-designed metal work (Fig. 3A).

b. High-quality borosilicate glass coverslips No. 1 (0.13–0.17mm): 24� 60 and

22�22mm.

c. Vaseline dispenser for gasket: Fill a 5-mL syringe with Luer lock with 100%

pure petroleum jelly, and attach an 18G�1½00 needle.
2. Dissection tools:

a. No. 15 blade scalpel (e.g., Bard-Parker 371615) or a pair of 18G�1½00 needle
(Terumo Neolus NN-2613R).

b. Eyelash tool (�2).

*Tip: Stiffness of the eyelash will drastically influence dissection. Stiff
eyelashes allow for easier extrusion, but also risk damaging fragile oocytes.

c. Dumostar Dumont Tweezers #5, 11cm, straight, 0.1�0.06mm tips.
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3. Meiosis Medium (MM): L-15 blastomere culture medium

5 mL total volume stock solution:

• 0.5mg/mL Inulin from dahlia tubers (CAS Number 9005-80-5).

• 25mM HEPES, pH 7.5; BioPerformance Certified, �99.5% (titration), cell

culture tested (CAS Number 7365-45-9).

• 60% Leibovitz’s L-15 Media (Gibco 11415-049). With Galactose, Phenol

Red, L-Glutamine, and Sodium Pyruvate. Without Glucose, HEPES, and

Sodium Bicarbonate.

• 20% Fetal Bovine Serum, Heat Inactivated. Aliquot 1mL of 100% FBS in

1.5-mL tubes, store at �20°C indefinitely.

Preparation: Mix and aliquot Meiosis Media components above under a tissue

culture hood. Prepare 1mL stock aliquots in 1.5-mL sterile tubes, and store at

�20°C up to 1 year. Do not filter. Thaw and mix well a 1mL aliquot and make

single-use 50μL working aliquots. Store at �20°C.
4. Dissection scope: Worm dissection is performed under a stereomicroscope

equipped with a diascopic transmitted light illumination stand. A variable

zoom range with high magnification is helpful to stage dissected oocytes and

embryos (see below). However, higher magnification objectives imply lower

working distance and a smaller field of view, which can be inconvenient during

dissection. We usually perform dissection at a 20� magnification. We use a

Nikon SMZ800 stereomicroscope equipped with a Plan 1� objective, C-W10X

eyepieces, and a C-DSS diascopic transmitted light illumination stand.

5. For live imaging: The method described here is compatible only with inverted

microscopes. Both wide-field and confocal microscopy can be used, the latter

providing better overall image quality. The microscope should have fast-

scanning capabilities (e.g., spinning disc, slit scanning, resonant scanner,

grid array scanner) in order to limit excessive light-induced toxicity.We typically

use a spinning disc confocal microscope (same configuration as for in utero

imaging) equipped with a Nikon CFI APO LBDA S 60�/NA 1.4 oil objective.

6. Immersion oil: Cargille Type A immersion oil, Cat. #16482.

3.2 SETTING UP THE FILMING CHAMBER: (SEE FIG. 3B–D)
1. Pipette 1μL water onto each adhered coverslip on the metal slide holder

(Fig. 3B).

2. Press a 24�60mm coverslip onto the adhered coverslips over the water droplets.

Coverslips will adhere by capillary action.

3. Use the Vaseline dispenser to draw a 1–1.5cm diameter ring in the coverslip

center over the imaging window (Fig. 3C).

4. Place a 5μL droplet of MM in the ring center. The droplet should be centered

as much as possible over the imaging window to avoid accidental lifting of

the metal slide holder by the objective during the search for oocytes and focusing

process (Fig. 3D).
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FIG. 3

Worm dissection and mounting for ex utero imaging of meiosis. (A) Metal slide holder

and eyelash tools required for hanging drop mounting of oocytes or embryos. The metallic

holder has a hollow square in its center juxtaposed with two adhered 18�18mm glass

coverslips. (B) 1μL of water is pipetted on each adhered coverslip. (C) Drops of water allow a

24�60mm coverslip to adhere on the metallic holder by capillarity. A ring of Vaseline is

drawn to create a gasket. (D) A 5-μL drop of meiosis medium (MM) is pipetted in the center of

the Vaseline gasket. (E) Gravid adult hermaphrodites are transferred into the droplet.

(F) Worms are dissected within the droplet. (G) Oocytes and embryos are extruded from

the gonad using eyelash tools. (H) Oocytes or embryos of appropriate stage are isolated using

eyelash tools. (I) A 22�22mm coverslip is positioned over the droplet and gently

pressed until it contacts the MM droplet. This coverslip will adhere to the Vaseline. The

chamber is ready to use.



3.3 DISSECTION OF GRAVID ADULT HERMAPHRODITES FOR EX UTERO
FILMING OF FEMALE MEIOSIS AND EARLY EMBRYO MITOSIS:
(SEE FIG. 3E–I)
Important! Dissect healthy worms only. Worms should not be starved. Ovulation

slows down and stops upon starvation. Select adults with a single visible row of

embryos.

1. Using tweezers, transfer one gravid hermaphrodite adult into the MM droplet on

the slide under the stereomicroscope (Fig. 3E).

*Tip: Great care must be taken during this transfer to prevent accidentally
rupturing the worm’s cuticle before dissection, which would lead to premature
release of oocytes and embryos outside of the MM droplet. Selecting adults
outside of the bacterial lawn decreases the quantity of bacteria transferred into
MM, lowering background fluorescent signal during live imaging.

2. Use a scalpel or needle to bisect the hermaphrodite as close to the vulva as

possible. This should cause embryos outside of the spermatheca to extrude out of

the uterus into the MM (Fig. 3F).

3. Use two eyelash tools, or tweezers and an eyelash tool, to extrude oocytes

while bracing the worm cuticle. Use one eyelash tool to extrude oocytes in a

squeegee motion (Fig. 3G).

4. Identify stages of interest (Fig. 4D, see Section 3.4 for identification of

oocyte stages) and gently push them using an eyelash tool into an embryo- and

worm-detritus-free area.

*Tip: At this step, it is very important to remove any large moving chunk of
worm or any crawling larva from the drop of MM as their movements can
generate a liquid flux, or they may physically contact the oocyte/embryo of
interest and displace it from the live imaging field (Fig. 3H).

5. Place a 22�22mm coverslip over the Vaseline gasket and MM droplet and

gently press coverslip until MM droplet is in contact with the coverslip. The

22�22mm coverslip should fully contact the Vaseline and seal the MM droplet

to prevent evaporation (Fig. 3I).

6. Verify location of oocytes/embryos of interest within the droplet. This will

help finding them when switching to high magnification/low field of view

under the microscope.

3.4 STAGING OOCYTES AND EMBRYOS
Important! To minimize time loss between dissection and filming, oocytes or em-

bryos at the desired stage should be identified under the stereomicroscope. A high

magnification stereomicroscope can be very helpful at this step. Also note that time

will be needed to transfer the slide from the stereomicroscope to the confocal micro-

scope, and to find the field that contains oocytes/embryos of interest. You should

therefore identify oocytes/embryos that are in earlier stages at the moment of dissec-

tion than what is desired for filming (refer to Fig. 4D). Zygotes and embryos have a
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Live imaging of  oocyte meiotic divisions and embryo mitosis in utero vs ex utero 
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FIG. 4

Live imaging of oocyte meiotic divisions and embryo mitosis in utero vs ex utero. (A) Partial

view of the gonad of an anesthetized adult hermaphrodite filmed with fluorescence

microscopy. Thin dotted line denotes boundary of the worm in the film. Tubulin in green,

Histone 2B (DNA) inmagenta. Scale bar, 5μm. (B) Still images of indicated stages of meiosis

I and II and first mitosis in utero. Tubulin in green, Histone 2B (DNA) in magenta. Scale

bar, 5μm. (C) Still images of indicated stages of meiosis I and II and first mitosis ex utero.

Tubulin in green, Histone 2B (DNA) inmagenta. Scale bar, 5μm. (D) Still brightfield images of

indicated stages of meiosis I and II and first mitosis ex utero. Scale bar, 5μm.
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fully assembled eggshell and are thus insensitive to osmotic concentration or buffer

composition variations (Stein & Golden, 2015). Zygote and embryo dissection can

therefore be performed in any buffer (including water). However, performing dissec-

tion in MM or any osmotically controlled medium that supports meiotic divisions

allows filming zygotes/embryos that were still in meiosis at the time of dissection

(Maton et al., 2015).

1. The earliest meiosis I stage that can be dissected out of the parent hermaphrodite

corresponds to mid-prometaphase I. These oocytes are often still in the

spermatheca at the time of dissection. Extrusion out of the spermatheca is

performed by gently pressing on the worm cuticle and leads to significant

deformation of the oocyte anterior pole. Oocytes in prometaphase I can therefore

be recognized by the tapered/deformed anterior end, which also displays a lighter

color than the rest of the cytoplasm (Fig. 4D, top image). The lighter zone

corresponds to the position of the meiotic spindle, which correlates with a zone

of organelle and vesicle exclusion. Oocyte will rapidly recover a normal shape

after dissection, but the light zone and a small anterior cortical bump

(corresponding to the spindle position) will remain until anaphase I onset.

At anaphase I, a growing anterior bump that corresponds to the extruding polar

body will become visible. Meiosis II oocytes display a visible first polar body

and are largely uniform in shape until anaphase II onset. Until NEBD and the

onset of the first mitotic division, the zygote displays visible maternal and

paternal pronuclei, which correspond to two round organelle-/vesicle-free

zones.

3.5 LIVE IMAGING OF OOCYTE MEIOTIC DIVISIONS AND EMBRYO
MITOSIS
2. Place a small droplet of immersion oil onto the objective. Transfer the slide-

mounted oocytes/embryos onto the microscope. Imaging is performed through

the imaging window and the 24�60mm bottom coverslip. Using the 60� oil

objective and transmitted light, find oocytes/embryos of interest.

3. If the oocyte/embryo of interest is at an earlier stage than expected, wait until

desired stage is reached before starting the live imaging to avoid unnecessary

light exposure. Otherwise start imaging immediately.

4. Imaging parameters: Oocytes are highly sensitive to phototoxicity. It is

imperative to find settings that minimize phototoxic effects while filming. As

above, a balance between depth (Z-axis) sampling, time resolution, and

photobleaching should be achieved. Adjust exposure time and laser power to

achieve signal-to-cytoplasmic background ratio between 5:1 and 10:1 for each

fluorophore of interest. If a CCD camera is used, pixel binning will significantly

improve the signal-to-noise ratio. We typically use 2�2 binning, which is a

good compromise between signal improvement and decreased resolution.
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Adjust time resolution to minimize exposure while allowing analysis of the

biological process of interest. Certain protein depletions or drug treatments may

increase light-induced sensitivity and further limit exposure tolerance.

Phototoxic effects in oocytes include increased polar body extrusion failure and

background cytoplasmic fluorescence. We typically image a region of interest

containing 1–2 whole oocytes with 4 confocal sections at 2-μm intervals

(6μm total), which is sufficient to contain the entire meiotic spindle and

chromosomes. The focus is manually maintained on the meiotic spindle and

chromosomes throughout imaging. Acquisitions are performed every 10–20s,
which, in our experience, does not lead to significant phototoxicity for

two-channel acquisitions. Representative images of this filming method are

presented in Fig. 4C.

4 CONCLUSIONS
In this chapter, we have outlined two methods for filming oocyte meiotic divisions

and embryo mitosis in C. elegans. In utero imaging allows following meiotic mat-

uration in a physiological context, and can be used to monitor events occurring

as early as at the release from prophase I arrest (Fig. 4A and B). Ex utero imaging

is technically simpler, provides better resolution and signal-to-noise ratio, but is

limited to oocytes that have already passed through the spermatheca and thus to

post-mid-prometaphase I events (Fig. 4C). It is, however, the method of choice

for filming postmeiotic embryos, which are surrounded by a permeable eggshell.

The choice of method to use thus depends mainly on the timing of the events that

will be imaged.

Frommid-prometaphase I to anaphase II, which represents the bulk of the meiotic

divisions, most oocytes have passed the spermatheca but eggshell assembly is still

ongoing (Olson et al., 2012). Oocytes between these two stages must therefore be

maintained in ideal osmotic conditions to prevent osmotic shock, which leads to

gross chromosome segregation and cytokinesis defects. Both methods can be used

for oocytes between these stages providing that an osmotically controlled medium

is used ex utero (such as MM that we describe here).

The ease of the genome-editing methods (MosSCI transgenesis, CRISPR genome

editing, etc.) in C. elegans can be used to easily follow the subcellular behavior

of any fluorescently tagged protein of interest by light microscopy approaches

(Dickinson & Goldstein, 2016; Frokjaer-Jensen, 2015; Paix, Folkmann, Rasoloson,

& Seydoux, 2015). Combining fluorescent tagging of key proteins with the two

methods described in this review allows studying any aspect of meiotic and mitotic

cell divisions. As the in utero imaging method uses intact immobilized worms, this

technique can easily be extended to study any biological cell process in every cell type

of the worm.
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