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Abstract

Amphibian oocytes and embryos are classical models to study cellular and developmental processes. For
these studies, it is often advantageous to visualize protein organization. However, the large size and yolk
distribution make imaging of deep structures in amphibian zygotes challenging. Here we describe in detail
immunofluorescence (IF) protocols for imaging microtubule assemblies in early amphibian development.
We developed these protocols to elucidate how the cell division machinery adapts to drastic changes in
embryonic cell sizes. We describe how to image mitotic spindles, microtubule asters, chromosomes, and
nuclei in whole-mount embryos, even when they are hundreds of micrometers removed from the embryo’s
surface. Though the described methods were optimized for microtubule assemblies, they have also proven
useful for the visualization of other proteins.
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1 Introduction

Amphibian oocytes and embryos are classical model systems to
study cellular organization and vertebrate development. Swammer-
dam was probably the first person to describe cell division when he
observed freshly laid frog eggs: “Next I observed the whole of the
little frog divided, as it were, into two parts by an obvious fold or
furrow” [1, 2]. A unique advantage of amphibian zygotes is their
large size, which is on the order of 1 mm in diameter. This enables
easy observation and manipulation. Hertwig and Pflueger
deformed early frog embryos with glass plates and observed the
reorientation of the cleavage plane leading to the famous Hertwig
rule: the mitotic spindle cleaves the cell perpendicular to its longest
axis [ 3, 4]. Currently Xenopus lnevisis the predominant amphibian
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model system for research. This is due to its year-round availability,
easy in vitro fertilization, large embryos, rapid development, and
ability to adapt to a wide range of laboratory conditions [5].

Besides their classical importance in studying vertebrate devel-
opment, the introduction of Xenopus egg extract in the 1980s
resulted in an important biochemical tool to study basic cell biology
questions in a test tube [6-8]. Xenopus egg extract is essentially
undiluted cytoplasm, which is considered “alive” by many
accounts. Unlike more dilute forms of lysate, e.g., from tissue
culture cells, the Xenopus egg extract can recapitulate many cellular
processes in vitro. Among them are the formation of spindles,
separation of sister chromatids, formation of nuclei, and recapitula-
tion of cytokinesis as well as multiple rounds of cell cycles
[9-12]. Xenopus egg extract has been a critical system to study
spindle composition and formation, and has been more recently
adapted to recapitulate millimeter-sized aster formation and aspects
of cytokinesis in vitro [13-16]. More recently, Xenopus eggs,
embryos, and lysates have become popular for quantitative proteo-
mics experiments [ 17-20]. These systems are particularly attractive
due to the large amount of material they provide at well-defined
cellular or developmental stages. For example a single Xenopus
laevis embryo contains ~30 pg of non-yolk protein [21].

Despite their utility in cell biological and developmental stud-
ies, amphibian eggs and embryos are difficult to image. This is due
to their large size and widely dispersed yolk, rendering the embryos
opaque. Nevertheless, visualizing oocytes and embryos is crucial for
the interpretation of in vitro work and to connect molecular find-
ings with underlying morphological changes. In the late nineteenth
century Oskar Schultze performed pioneering work to image these
structures deep inside the amphibian eggs and embryos. He visua-
lized the meiotic spindle via thin-sectioning and some precursors of
immunofluorescence (IF) [22] (Fig. 1a). However, whole-embryo
imaging is hindered by yolk, which is dispersed throughout. Yolk
contains crystalline proteins with higher density than cytoplasm.
The light diffraction at the yolk-cytoplasm interface results in
opaqueness of the embryo. Even with laser scanning microscopy
live imaging is only possible close to the surface [23-25]. Kirschner
and Murray proposed to replace the water in the embryos with a
solution that matches the yolk’s refractive index (~1.56 vs. ~1.33 of
water). This solution is called “Murray’s clear,” consisting of a 2:1
mixture of benzyl benzoate and benzyl alcohol [26]. Murray’s clear
renders opaque eggs nearly transparent. Making use of this
method, David Gard’s lab pioneered the usage of laser scanning
microscopy and IF in Xenopusembryos [27]. Here, we describe our
adaptations of his lab’s protocols for the imaging of microtubule
structures in early development. We adapted these protocols to
study how the cell machinery can find center and longest axes in
cells that change their size within 5 h from a 1 mm single-cell
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Fig. 1 Comparison of micrographs of the meiotic spindles in amphibians imaged in the nineteenth and twenty-
first centuries. (a) Drawing of Schultze from 1887 based on observations of a meiotic spindle in the Axolotl egg
obtained by thin sectioning and precursor to IF [22]. (b) Whole mount of a Xenopus laevis egg imaged with IF
and laser scanning microscope based on protocols described in this chapter. Microtubules are shown in red,
and DNA and unspecific background staining in green

fertilized egg to 25 pm cells at the midblastula transition [13, 14,
28, 29]. Our main modifications are as follows. First, we used a
milder fixation condition that allows faster antibody penetration
and deeper structure imaging even in whole-mount embryos. Fur-
thermore, we reduced sample preparation time from ~1 week to
~3 days. We have primarily used this protocol to image specimens
from Xenopus laevis. However, we also successfully adapted the
protocol to obtain immunographs from Axolotl and Xenopus tro-
picalis [15]. An image of a whole-mount Xenopus egg with an
observable meiotic spindle prepared using the protocol outlined
here is shown in comparison with an immunograph of thin-
sectioning meiotic egg visualized by Schultze in 1887 (Fig. 1).

2 Materials

2.1 Fixation

1. Methanol fixative: 90% Methanol, 10% 0.5 M EGTA pH 7.8
(adjust pH with KOH).

2. Low FG fixative (modified from [27]): 0.25% to 0.50% formal-
dehyde (from 37% stock), 0.1% glutaraldehyde (from 50%
stock), 80 mM PIPES pH 6.8 (adjust pH with KOH), 1 mM
MgCl, 5 mM EGTA, 0.2% Triton X-100.
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Rehydration

Hemisecting

Bleach

Stain

QN U1 W~ W

. 100% Methanol.
. No. 5 watchmaker’s forceps.
. Scalpel.

. Orbital shaker or nutator.

. TBS: 10 mM Tris—HCI, pH 7.4, 155 mM NaCl (make as a 10 x

stock and add 0.65 g/ of NaNj to inhibit bacterial growth).
Store at 4 °C.

2. 100% Methanol.

3. Orbital shaker or nutator.

1. TBS.

2. Agarose cushion.

3. No. 5 watchmaker’s forceps.

4. Scalpel.

1. Bleach solution [30] (make fresh): 1% H,O,, 5% formamide,
150 mM NaCl, 16 mM sodium citrate, pH 7.0 (adjust pH
with NaOH).

2. TBS.

3. Orbital shaker or nutator.

1. TBSNB [27] (make fresh): TBS, 0.1% Igepal CA-630, 1% BSA
(prepare as a 10% stock and store at —20 °C), 2% fetal calf
serum (FCS). Store at 4 °C for up to a week.

2. Tubulin labeling: Antibodies can be purchased pre-labeled
(e.g., Alexa 488—Cat. # 322588, Thermo) or being labeled
with dyes (e.g., APEX™ Antibody Labeling Kits, Invitrogen).
We have successfully used Alexa 488, 547, or 647—longer
wavelengths will result in less background fluorescence. Fol-
lowings are some suggestions:

(a) o-Tubulin monoclonal antibody (B-5-1-2) (T6074,
Sigma)—for microtubules

(b) y-Tubulin monoclonal anti-y-tubulin antibody (T5326,
Sigma)—stains centrosomes

3. DNA staining: The chosen dye should be spectrally separable
from the tubulin label:

(a) TO-PRO-3 (far red) (Invitrogen)
(b) YO-PRO-1 (green) (Invitrogen)
4. TBS.

. Tin foil.

. Orbital shaker or nutator.
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Fig. 2 A 3D printed mounting slide. (a) A 3D drawing of the mounting slide. (b) 3D
printed Onyx (Markforged) slide, which is compatible with Murray’s clear

1. Murray’s clearing solution: 2:1 Benzyl benzoate:benzyl alcohol
(BB:BA). Store at room temperature.

2. 100% Methanol.

1. Murray’s clearing solution.

2. A 3D printed or machined cover slide with opening (Fig. 2 and
see Note 1).

3. 25 mm Circle coverslips (No. 1.5, VWR).
4. Mini block heater (VWR) (see Note 2).

5. Confocal laser scanning microscope—e.g., LSM Zeiss 880.

3 Methods

3.1 Fixation

We refer the readers to detailed protocols regarding collection of
oocytes, eggs, testes, fertilization, and dejellying in previous pub-
lications [31-34].

Fixation of the Xenopus embryo for IF microscopy requires a com-
promise between optimal preservation of cellular structures, anti-
body reactivity, and permeability of the antibody so that it can reach
the target structures. Adapting from Becker and Gard [27], we
recommend two different fixation conditions. The simpler and
easier-to-reproduce procedure is the fixation with methanol with
EGTA. The fix is performed at room temperature to prevent
microtubule depolymerization. EGTA is added to capture Ca*
ions, which might be released from the endoplasmic reticulum
upon fixation and could lead to microtubule disassembly. The
methanol fixation works well for metaphase and early anaphase/
telophase microtubule. However, this soft fixation with methanol
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Fig. 3 Comparison of background microtubules (green) in the meiotic egg fixed
with methanol or low FG. (a) Egg background microtubule organization in
methanol fixation is poorly conserved. (b) The same microtubule network is
clearly apparent with low FG fixation

often leads to deformed embryos. For instance, when samples are
treated with methanol around the midblastula transition (MBT),
the embryos often disassemble during sample handling. Lastly,
some microtubules, e.g., the background network in the meiosis
IT egg, or late interphase/telophase asters, are only poorly pre-
served and hard to visualize with this fixation (Fig. 3a). We have
obtained the best possible images with the low formaldehyde glu-
taraldehyde (low FQG) fixation. Compared to the Gard protocol we
omit the addition of the microtubule stabilizer paclitaxel. We were
worried about the formation of new microtubules during the fixa-
tion process. With low FG fixation the background microtubules in
the Xenopus egg can be nicely visualized (Fig. 3b). Furthermore,
low FG-fixed embryos retain their shape better and stay intact even
around the MBT. The disadvantage of this fix is that it requires
more effort and results are harder to reproduce. Over-fixation can
prevent deep antibody penetration. We therefore recommend cut-
ting embryos with a scalpel every few minutes to check the progress
while fixing. The embryos are fixed just right when the entire inside
of the embryo is solid, and the entire cutting surface remains even.
As soon as this is achieved, we transfer the embryos into MeOH/
EGTA for postfixation of at least 24 h. Samples can be stored at
4 °C for months in methanol.

Methanol Fixation

1. Collect and submerge up to 20 dejellied embryos/eggs/
oocytes in ~1.8 mLL MeOH/EGTA solution in a 2 mL
Eppendorf tube.

2. Gently flick the tube so that the specimen does not clump
together.

3. Place the Eppendorf tube sideway on the shaker and leave it
shaking gently at room temperature for at least 24 h. Continue
to step 6.
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Low FG Fixation

1. Collect and submerge 40 dejellied embryos/eggs/oocytes in
low FG solution in a petri dish (see Note 3).

2. Place the dish on a shaker, gently shaking.

3. Check the eggs continuously (every few minutes) by cutting
embryos with a scalpel in halves until they just turn solid.

4. The extent of proper fixation is rather specific in low FG
method, e.g., too little then the microtubules are not pre-
served, or too much then the system becomes impenetrable
to antibodies. The exact timing of low FG fixation can vary
significantly depending on the (1) formaldehyde stock, (2) glu-
taraldehyde stock, and (3) exact fixation temperature.

5. Once the desired consistency is achieved, replace low FG solu-
tion with MeOH /EGTA for postfixation. Continue to step 6.

From this point onwards, both methods are the same:

6. Incubate the sample for at least 24 h in MeOH /EGTA while
gently rotating on a nutator.

7. Replace the solution with 100% methanol.
8. STOP POINT store at 4 °C ad infinitum.

Antibodies are not methanol compatible. Prior to labeling, the
sample needs to be rehydrated in a water-based solution. The
rehydration process should be done gradually via multiple changes
of TBS/MeOH solution with increasing TBS volume concentra-
tion to avoid bubble formation and disintegration of specimen.
This is particularly important for methanol-fixed embryos.

1. Rehydrate embryos/eggs/oocytes in a sequence of 25%, 50%,
75%, and 100% TBS /methanol. Sample should be incubated in
each solution for at least 30 min.

2. Store the samples in TBS.
3. SHORT-TERM STOP POINT.

Hemisecting is useful because the large size of Xenopus oocytes,
eggs, and embryos could hamper the penetration of antibodies—
particularly after fixation with aldehyde. In addition, properly
mounted hemisected oocytes and eggs allow visualization of
regions of interest buried deep inside that would otherwise be
inaccessible for short-working-distance objectives. When fixing
later stage embryos with methanol, whole mount is highly recom-
mended (see Note 4).

Routinely, we hemisect embryos/eggs/oocytes with a sharp
scalpel prior to bleaching or staining; hence we retain the ability to
tell the difference between the animal and vegetal poles (see Note 5).



24 Thao Nguyen et al.

3.4 Bleach Embryos

1. Transfer the embryos to a petri dish with an agarose bed filled
with buffer (100% TBS). The soft agarose bed helps to keep
embryos intact during hemisecting.

2. Hemisect embryos along the desired axis with a scalpel.

3. After cutting, return oocytes to Eppendorf tubes filled
with TBS.

4. SHORT-TERM STOP POINT.

The pigments of Xenopus oocytes, eggs, and embryos attenuate
laser illumination and obscure fluorescence. Pigmentation of fixed
Xenopus oocytes can be eliminated by bleaching them with a solu-
tion of H,O, (see Notes 6 and 7). Once bleached, the animal and
vegetal hemispheres of the embryos /eggs /oocytes are often almost
indistinguishable. If one works with albino embryos, this step is
unnecessary (sec Note 8).

1. Carefully aspirate the TBS.

2. To minimize accidental aspiration of samples, use a micropi-
pette tip (preferably 200 pL) to reduce the bore of the Pasteur
pipet tip.

3. Place the samples in the bleaching solution for a few hours or
overnight. The required time varies depending on the number
of samples in the bleaching solution and the amount of pig-
mentation. We suggest incubating the samples with the tubes
on their sides on the shaker at room temperature (Fig. 4).

4. Carefully aspirate the bleaching solution.
. Wash twice for ~15 min with TBS.
6. SHORT-TERM STOP POINT.

ul

Fig. 4 Embryos before and after bleaching. (a) Post-rehydration, pre-bleaching
embryos incubated in TBS. (b) Post-bleaching embryos incubated in TBS
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Processing Xenopus embryos/eggs/oocytes for IF requires sub-
stantial antibody incubation time, with corresponding increase in
the duration of intermediate washes, to allow the desired penetra-
tion (see Note 9). After staining, we dehydrate the prepared speci-
men with methanol to be able to transfer the embryos into the
hydrophobic Murray’s clear (sec Note 10).

Multiple antibodies against cytoskeletal proteins with appropri-
ate fixation conditions and working dilutions are listed in Table 1 in
Becker and Gard’s paper [27]. In this document, we only discuss
antibodies against microtubules and dyes for DNA staining. We
typically start with a 1:200 dilution of a 1 pg/pL antibody stock
solution. The dilution can later be adjusted to either minimize
background or increase brightness (see Note 11).

Here we exemplify the protocol with an Alexa-488-labeled
a-tubulin antibody and the DNA dye TO-PRO-3 (s¢¢ Note 12).

1. Submerge ~10 embryos in approximately 400 pL. TBSNB.

2. Incubate primary labeled antibody (Alexa-488-labeled tubulin
antibody) at 1:200 dilution (stock 1 pg/pL) in TBSNB.

3. Cover in tin foil and lay it down sideways on the shaker.

4. Incubate at 4 °C while gently shaking for at least 12 h (better
24 h).

5. Wash in TBSNB for at least 24 h (better 48 h) at 4 °C with a few
times replacing buffer.

6. Keep the tube on gentle shaking mode and covered in tin foil.

7. Incubate in TBSNB for 30 min with TO-PRO-3 at 5 pM
concentration.

8. Wash in TBSNB for 1 h.
9. Wash twice in TBS for 10 min.

The yolk renders embryos/eggs/oocytes opaque and prevents
visualization of structures no more than a few micrometers below
the cell surface. The refractive index of Murray’s clear closely
matches that of yolk, thereby rendering Xenopus oocytes and eggs
nearly transparent [26] (see Note 13).

1. Dehydrate samples in methanol in two changes.
. Wash with MeOH for at least 15 min.
. Repeat MeOH wash for 15 min for at least three times.

. Aspirate the methanol.

Gl N

. Add ~1 mL Murray’s clear to the samples. Allow them to clear
and sink slowly to the bottom of the tube as they are infiltrated
by Murray’s clear solution (taking about 5-15 min). Do not
stir the embryos in the solution.
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3.7 Mount

6. When embryos have sunk, carefully remove the supernatant
(Murray’s clear mixed with methanol) and replace the top of
vial with new Murray’s clear (sec Note 14).

7. At this point, the embryos should become transparent and
somewhat difficult to identify in the solution (se¢ Note 15).

8. SHORT-TERM STOP POINT (sec Note 16).

Because of their size and physical properties, mounting Xenopus
embryos/eggs/oocytes for high-resolution microscope poses some
challenges. Therefore, they must be securely mounted between the
coverslips to prevent movement during image collection period.
We suggest orienting them so that the region of interest is at the
closest proximity to the objective. Imaging with inverted micro-
scopes is preferable. With upright microscopes the thickness of the
mounting slide might need to be adjusted. For mounting whole
oocyte /eggs/embryos, we suggest using double-sided chambers
which have the dimensions of a typical glass and a thickness of
1.2 mm for whole mount or 0.8 mm for hemisected [27], with
coverslips attached to both sides. For interested readers, we provide
here (Supplementary Material) a 3D printable file of such a double-
side chamber which is ready to use for a machine shop or common
3D printing vendors, e.g., https://www.3dhubs.com/. In our
hands, Onyx (Fig. 2)—a 3D printable, filament made from nylon
with micro-carbon reinforcement—works well, is cost effective, and
is easy to obtain.

1. To make the mounting slide (Fig. 5), cut a small piece of
parafilm (25 x 40 mm).

2. Place the parafilm beneath the mount; use a scalpel to go
around the edge of the hole; cut out a circular piece. Discard
the circular part and keep the cutout piece of parafilm.

3. Place the parafilm on top of the mount so that the circular hole
and the chamber are aligned. Then place the coverslip on top of
the parafilm.

4. Place the assembly on a heating block (~60 °C) for ~10 min
with the coverslip facing downward. The heat will melt the
parafilm to help glue the glass to the slide.

5. Once the parafilm melts, take the slide off the heating block.
Gently push the glass against the mount to ensure sealing any
gap. The mounting slide is ready for use.

6. Transfer the embryos (with the Murray’s clear solution) onto
the appropriate slide.

7. Add more Murray’s clear solution until a convex meniscus
forms (see Note 17).

8. Close the open side with a coverslip. Make sure that no air
bubbles are trapped.
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Fig. 5 Assembly of a mounting slide. (a) Components include (1) a mounting slide, (2) a cutout piece of
parafilm, (3) a circular piece of parafilm—discard, and (4) a coverslip. The assembly is put together in the
order from the bottom to the top: slide, parafilm, and coverslip. (b) Place the assembly with the coverslip
facing downward on a heating block until the parafilm melts. (¢) The result is a mounting slide with the bottom
sealed by a coverslip

9. Gently press down on the coverslip to seat it properly.
10. Aspirate any excess Murray’s clear expelled from the well.

11. Slides are immediately ready to view on the confocal micro-
scope or storage for a few days in the dark at room temperature
(see Note 18).

12. SHORT-TERM STORAGE.

How to optimally acquire laser scanning images has been
extensively discussed elsewhere [35, 36]. In addition, postproces-
sing of confocal images is also discussed in detail in reference [37].

To demonstrate the versatility of the protocol we provide a few
examples of Xenopus oocytes and embryos shown in Fig. 6. We
believe for many IF experiments in amphibian systems, the outlined
protocols are a useful starting point. A few previously published
examples of IF imaging against, e.g., a mitotic regulator—AurkB, a
mitotic kinesin—Kif20A, an actin-binding factor—Anln, and a
cadherin-binding protein—Sept9 have successfully shown adapt-
ability of these methods to other proteins [38, 39]. Please note
that the difficult imaging conditions in amphibian oocytes and
embryos might hinder visualization of low-abundant proteins.
Some hints on whether imaging is possible can be obtained from
proteomics studies with estimation of protein abundance in eggs
and embryos [18, 40]. The proteins we were successfully able to
image have estimated expression levels in the egg of at least 20 nM.
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Fig. 6 Exemplary IF images of Xenopus oocytes and embryos. (a—¢ were fixed in methanol, and d in low FG.)
(@) A close-up of the mitotic spindle in early anaphase from a one-cell-stage embryo. Chromosomes are
shown in red, and microtubules in yellow. (b) An image of a methanol-fixed embryo at stages 32-34.
Microtubules are shown in green, and DNA in red. (c) IF of a Xenopus ovary showing oocytes at various
stages of growth. DNA and unspecific background is stained in green, microtubules are shown in blue, and
intermediate filaments in red. (d) A two-cell embryo during anaphase/telophase. a-tubulin and y-tubulin
stainings are shown in yellow and red, respectively

4 Notes

1. A 3D model file is available in Supplementary Material.
2. Set heating block to ~60 °C.

3. We suggest to start with more specimens than needed
because low FG fixation requires a few extra specimens for
consistency check throughout fixation progress. We suggest
using 2—-3 specimens per inspection.

4. Hemisecting, however, may be unfavorable in later embryonic
stages prior to gastrulation. At this point, embryos contain
many cells that are loosely intact, and hemisecting increases
their chance of falling apart.
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. We prefer to perform the cutting on an agarose cushion to hold

the oocyte /egg/embryo in place, and to support the embryo
leading to a cleaner cutting surface. Nevertheless, for simplicity,
cutting directly on the plastic surface of a petri dish works
reasonably well.

. Perform the bleaching step prior to adding fluorophore to

prevent bleaching of the fluorophore.

. Peroxide bleach is very reactive with clothing and causes painful

chemical burns on contact with skin. Gloves and protective
glasses should be worn, and care taken when using bleach. In
addition, be aware of whether the used antibodies/epitopes are
compatible with peroxide bleach.

. In an unbleached, non-albino embryo, animal hemisphere is

pigmented while vegetal hemisphere is not. There is no easy
procedure to distinguish the two hemispheres in a bleached or
albino embryo.

. To reduce time, we prefer to work with directly labeled primary

antibodies. Directly labeled antibodies can be obtained com-
mercially, or generated with amine-reactive dyes (e.g., APEX™
Antibody Labeling Kits, Invitrogen) [41]. In our experience,
antibody incubation times of 12-24 h and washes of 24-48 h
are satisfactory for either hemisected or whole-mount samples.

It is important to use dry methanol. If water is introduced into
the clearing solution the specimen will not become fully
transparent.

Diluted primary antibodies can be reused several times.

The most commonly used dyes for DNA such as Hoechst and
DAPI are not compatible with Murray’s clear. We have used
TO-PRO-3 (far-red) and YO-PRO-1 (green) and observed
good results for DNA staining of mitotic chromosomes. How-
ever, in our experience staining of nuclei in interphase is more
finicky and harder to reproduce.

Murray’s clear dissolves many plastics, including polystyrene
and cellulose acetate [27]. Polypropylene tubes (e.g., Eppen-
dorf tubes and some Falcon tubes) are resistant and should be
used for all steps utilizing the clear. Finally, benzyl benzoate is
an eye and skin irritant and should be handled with care.

The methanol-filled samples are lighter than Murray’s clear;
hence they are floating. Over time the methanol exchanges
with Murray’s clear and the samples will sink to the bottom.
The methanol will stay close to the surface and can be easily
removed.

If the samples remain cloudy still, they may not be completely
dehydrated. Pass them through a few changes of methanol to
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remove clearing solution and the remaining aqueous buffer;
then re-clear with Murray’s clear.

16. We observed that the sample might regain some opacity if
stored in Murray’s clear for too long.

17. At this point it might be advantageous to reorient the embryos
as desired for imaging under a dissecting microscope.

18. Handle with care to keep the specimen in place.
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