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Abstract

Ctenophores or comb jellies are representatives of an enigmatic lineage of early branching metazoans with
complex tissue and organ organization. Their biology and even microanatomy are not well known for most
of these fragile pelagic and deep-water species. Here, we present immunohistochemical protocols success-
fully tested on more than a dozen ctenophores. This chapter also illustrates neural organization in several
reference species of the phylum (Pleurobrachia bachei, P. pileus, Mnemiopsis leidyi, Bolinopsis microptera,
Beroe ovata, and B. abyssicola) as well as numerous ciliated structures in different functional systems. The
applications of these protocols illuminate a very complex diversification of cell types comparable to many
bilaterian lineages.
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1 Introduction

For over a century, ctenophores were often considered the sister
group of cnidarians and received less attention than other basal
metazoans. The recent genomic revolution and sequencing of
ctenophore genomes [1—4] and multiple transcriptomes [1, 5]
started hot debates about their identity, relationships with other
animals, and origins of ctenophore innovations. The consensus has
not been reached [6-9]. However, the emerging conclusion is that
ctenophores are the earliest surviving animal lineages, indepen-
dently developing enormous complexity in their tissue and organ
organization and behavior [10-12]. There is a reasonable case that
ctenophores independently evolved neurons, synapses, muscles,
and mesoderm [1, 12, 13].

Despite the recent rise in interest, we know very little about the
microanatomical organization in ctenophores, with the latest
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systematic review of their ultrastructure published in 1991
[10]. Even basic microanatomy is unknown for most of these
species. Plus, many of these pelagic organisms are highly fragile,
which by itself presents a significant challenge for histochemical and
molecular characterization in situ [14].

Immunohistochemistry is a relatively simple and powerful tool
for any comparative biological study. This approach is still very
needed to characterize ctenophore cells and tissues. Protocols and
recommendations were reported for larval stages of Muemiopsis
[15, 16]. Here, we summarize practical immunohistochemistry
protocols for ctenophores. We successfully tested this methodolog-
ical approach on 14 adult ctenophore species and their larvae,
focusing on their neuromuscular organization [17-21].

This chapter also provides illustrative examples of neural nets
and receptor types in several reference species of the phylum
(Figs. 2, 3, 4, 5, 6, 7 and 8). These are Pleurobrachin bachei,
P. pileus, Munemiopsis leidyi, Bolinopsis microptera, Bevoe ovata, and
B. abyssicola collected in the Northwestern Pacific and Atlantic
(Fig. 1). In addition, we show ciliated structures in the aboral,
swimming, digestive systems, and meridional canals of ctenophores
(Figs. 3 and 9). The applications of these protocols illuminate a very
complex diversification of cell types in ctenophores. The level of
anatomical complexity within this phylum is comparable to many
bilaterian lineages.
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Fig. 1 Mnemiopsis leydi cydippid stage, juvenile and adult stages of Bolinopsis microptera, Pleurobrachia
bachei, and Beroe abbysicola images with main organs
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Fig. 2 The nervous system in early ctenophore development (revealed by anti-tubulin immunoreactivity in
green; see text and [17, 21]). (a, b) Hatched 4-day-old Mnemiopsis cydippid stage. Note individual neurons
(arrows) that started forming the subepithelial neural network. (c, d) Bolinopsis 3-day cydippid after hatching.
Arrows point to the subepithelial neurons that begin to form the neural network. Abbreviations: ¢r comb row,
m mouth, ttentacle. Scale bars: (a) 50 um; (b) 30 um; (¢) 50 pm; (d) 20 um

2 Materials

1. Phosphate-buffered saline (PBS)—0.2 M stock solution,
pH=7.6.

2. Stock 16% paraformaldehyde aqueous solution in 10 mL
ampules (Ted Pella, Catalog # 18505, EM grade). Working
concentration—4% paraformaldehyde in 0.1 M PBS.
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Fig. 3 Aboral organ and polar fields in Beroe ovata. (a, b) Polar fields with tall lobes (arrows) forming a crown
are brightly labeled by tubulin AB (green), horizontal view. Note a subepithelial neural network covering the
entire surface area, which is also stained by AB in green. Phalloidin-labeled muscle fibers are red. (¢, d)
Optical cross-section of the aboral area. Arrows point to the polar field lobes. See more details in
[18, 20]. Abbreviations: ao aboral organ, ap anal pore, cf ciliated furrow, cr comb row, ds digestive system,
pf polar field. Scale bars: 200 um

3. Goat serum as a blocking solution (Sigma, Catalog#: G9023).
Working concentration—6% goat serum in 0.1 M PBS.

4. Primary antibodies. Rat monoclonal anti-tubulin antibody
(AbD Serotec, Cat# MCA77G).

5. Secondary antibodies. Goat anti-rat IgG antibodies: Alexa
Fluor 488 conjugated (Molecular Probes, Invitrogen, Cat#
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Fig. 4 The aboral organ and mouth in Pleurobrachia. (a) Aboral organ (ao) and polar fields (pf) in Pleurobrachia
pileus (horizontal view). (b) Side view of the aboral organ in Pleurobrachia pileus. The aboral organ consists of
many tightly packed and immunoreactive to tubulin AB cells, whose nuclei are stained blue by DAPI. (c, d)
Mouth (m) area of the Pleurobrachia bachei. Note a subepithelial neural network covering the entire surface
area, which is labeled by tubulin AB in green; phalloidin—red. See additional details in [19, 20]. Abbreviations:
ao aboral organ, ap anal pore, cf ciliated furrow, m mouth, pf polar field, tn tentacular nerve. Scale bars: (a)
200 pm; (b) 20 pm; (c) 500 pm; (d) 300 pm

A11006) and Alexa Fluor 568 conjugated (Molecular Probes,
Invitrogen, Cat# A11077).

6. Phalloidin (Alexa Fluor 488 and Alexa Fluor 568 phalloidins
from Molecular Probes, Catalog#: A-12379 and A-12380) for
labeling muscle fibers.
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Fig. 5 Subepithelial neural network in different ctenophore species labeled by tubulin AB (green). The
phalloidin labeling is red, while DAPI is blue. (a, b) Neural network in the body wall of adult Pleurobrachia
bachei. (c) Subepithelial neural network in Beroe abyssicola pharynx wall (green) with parietal muscle fibers
shown in red. The arrow points to the receptor with multiple stereocilia. (d) Subepithelial neural network in
Euplokamis with surface receptors identified by arrows. Scale bars: (a) 200 um; (b) 35 pm; (c) 50 pm; (d)
20 pm

7. Mounting medium VECTASHIELD Hard-Set Mounting
Medium with DAPI (Vector Labs, Cat# H-1500).

8. Glass microscope slides and coverslips.

2.1 Equipment 1. Nikon  Research ~ Microscope  Eclipse  E800  with
Epi-fluorescence using standard TRITC and FITC filters.

2. Nikon C2 laser scanning confocal microscope.
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Fig. 6 Subepithelial neural network in Pleurobrachia pileus (tubulin AB, green; phalloidin labeling is red,
while DAPI is blue). Note the individual neurons with long processes between major strands of the network
(arrows). Arrowheads point to the nuclei inside the strands of the network. Scale bars: (a, b, and ¢) 25 pm;
(d) 10 pm

3 Methods

Fixation—12 b

1. Before fixation and dissection, animals were incubated in high
Mg?* seawater (0.3 M MgCl, in filtered seawater in 1:1 ratio)
for 3040 min. It was essential for such muscular animals like
Beroe with strong withdrawal reactions (see Note 1).
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Fig. 7 Mesogleal neurons in Pleurobrachia pileus (tubulin AB, green; phalloidin labeling is red, while DAPI is
blue). (@) Numerous tubulin-immunoreactive neural type cells in the mesogleal region. (b) Bipolar mesogleal
neuron-like cell. (c, d) Multipolar mesogleal neural type cells. Scale bars: (@) 100 pm; (b, ¢, and d) 20 pm

2. Large ctenophores were dissected in smaller pieces, while small
animals were fixed whole (all Pleurobrachia and smaller Beroe).
The focus during dissecting was on specific organs and areas—
like the aboral organ with polar fields, comb rows, mouth, etc.

3. The tissue was placed in 20-30 mL vials with closed lids.

4. Seawater or high Mg** seawater was removed from the vials
with a suction pipette, and 4% paraformaldehyde in PBS was
immediately added into vials (se¢ Note 1).
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Fig. 8 Surface receptors in Beroe abyssicola. (a, b) Receptors with multiple stereocilia labeled by phalloidin in
red (arrows), DAPI is blue. The cell body of the receptor is labeled by tubulin AB (green). (¢) Receptor with a
single large stereocilium labeled by phalloidin (arrow) on the top of tubulin-ir cell. (d) Numerous receptors with
a single large and labeled by phalloidin cilium (arrows) are found on the lips and in large congregates
(arrowheads) on the outside body surface. Scale bars: (a, b, and ¢) 10 pm; (d) 100 pm

5. The vials with tissue in fixative solution were placed in the
refrigerator and left overnight or for 12 h at 5 °C. The tissue
can stay in a fixative for a day. However, long fixations for 2 days
or more are not advisable.

6. After fixation, the tissue was rinsed in 0.1 M PBS. The fixative
was removed from vials with suction pipettes and properly

disposed of—under the hood and using gloves. Then clean
PBS was added for 40 min.
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Fig. 9 Non-neuronal structures in ctenophores: Macrocilia and ciliated pores in meridional canals. Tubulin AB
is green, phalloidin is red, while DAPI is blue. (a, b) Microcilia inside the mouth of Beroe abyssicola. The long
cylindrical body of macrocilia is stained by tubulin AB and attached to the phalloidin-labeled bundles of actin
(arrows) inside the macrociliary cells. (c, d) Meridional canal pores (ciliated rosettes) in Beroe abyssicola. Each
pore consists of two superimposed rings (arrows) with eight ciliated cells. Two groups of cilia are labeled by
tubulin antibody: shorter intravascular cilia, which project into the meridional canal, and much longer
intramesogleal cilia that protrude into the mesoglea. Muscle fibers are stained in red. Abbreviations: mc
meridional canal, imc intramesogleal cilia, /vc intravascular cilia. Scale bars: (@) 200 um; (b) 10 um; (c, d)
20 pm

7. There should be at least three rinses with a total minimum time
of 2 h. At this stage, the tissue can be stored in a refrigerator for
a few days.
Blocking solution—12 b to 1 day
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After fixation and rinses, the large pieces of tissue and the whole
fixed small animals were dissected and trimmed as necessary for
the final viewing. The tissue was removed from the vials, placed
in the small Petri dishes, and looked at under a dissecting
microscope. The final size of tissues should be relatively flat
and small to be viewed effectively under the confocal micro-
scope later. At the same time, one should keep in mind the
necessity to preserve the functional continuity of the data (e.g.,
not to cut polar fields in half).

The cleaned and trimmed pieces of tissue were then placed
again in the 20-30 mL vials with the clean 0.1 M PBS contain-
ing 0.2% Triton-X 100. Incubation of the tissue in Triton-X
100 solution for 6-12 h was necessary for improving the
subsequent antibody penetration (see Note 2).

PBS in vials was then replaced with 6% goat serum in PBS as a
blocking solution. The specimens were kept in a refrigerator at
5°C for 12 h (up to 1 day).

Primary antibodies—2 days

The old blocking solution was removed from the vials.

The primary antibodies were then diluted in 6% goat serum in
PBS (blocking solution) and added into vials with specimens.
The final dilution depended on the type of primary antibodies.
For example, we used the final dilution of 1:40 for the rat
monoclonal anti-tubulin antibody. The tissue should stay in
primary antibodies for about 2 days in a refrigerator at 5 °C.
Depending on the tissue samples’ size, the primary body incu-
bation could be reduced to 1 day or increased to 3 days. From
time to time, some shaking of the vials is advisable during
incubation.

At the end of incubation, the primary antibody solution was
removed from the vials and replaced with fresh 0.1 M PBS. The
rinsing of specimens should last minimum 12 h, better 1 day,
and include a minimum 34 rinses. All long-term steps are
carried in a refrigerator.

Secondary antibodies—1 day

Following the multiple rinses in PBS after primary antibody
incubation, the specimens were placed in the secondary
antibodies—one of two types of goat anti-rat IgG antibodies:
Alexa Fluor 488 conjugated or Alexa Fluor 568 conjugated, at
a final dilution 1:20 in 0.1 M PBS (see Note 3). Incubation in
secondary antibody was carried in the refrigerator for mini-
mum 12 h, up to 1 day.

The secondary antibodies were then removed from vials and
replaced with 0.1 M PBS. There should be at least three rinses
in PBS for 12 h.

Phalloidin labeling—S8 b to o day
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In order to obtain additional information and visualize muscle
fibers in ctenophores along with immunolabeling, we used the
well-known marker phalloidin, which binds to F-actin.
Depending on the type of secondary antibodies, we used
Alexa Fluor 488 or Alexa Fluor 568 conjugated phalloidins.
The tissue was incubated in phalloidin solution in PBS for 8 h
at a final dilution 1:80 in a refrigerator at 5 °C.

The specimens were then washed in 0.1 M PBS several times
for 6 h.
Mounting and Viewing

Following the PBS rinses, the pieces of tissue were transferred
onto the microscope glass slides. Each piece of tissue was
oriented for the best viewing position. The PBS was then
carefully removed and a mounting medium was added to the
slides. We preferred to use a hard-set mounting medium with
DAPI to visualize the cell nuclei. The tissue was then covered
with a cover glass.

For the mounting medium to harden sufficiently, it was neces-
sary to wait for about 2 h. However, it was better to wait at least
6 h before viewing for DAPI staining to penetrate the entire
thickness of the tissue.

The slides with mounted tissue were viewed first at the micro-
scopes with epi-fluorescence to identify and select the best
specimens and areas inside each specimen for the following
detailed scanning on the confocal microscope.

The slides could be stored in closed booklets in a refrigerator
for several weeks for later viewing. However, a signal loss
would inevitably occur after prolonged exposure to the
laser—especially fast the loss of signal developed for the phal-
loidin labeling.

The illustrated examples of immunolabeling in different cteno-

phore species are summarized in Figs. 2, 3,4, 5, 6,7, 8 and 9. For
more detailed descriptions of microanatomy, we recommend sev-
eral earlier and recent publications [10, 11, 17-36].

4 Notes

1.

Paraformaldehyde fixation worked very well for many cteno-
phore groups such as Pleurobrachia, Beroe, Hormifora, and
Euplokamis. However, ctenophores from two genera, Mne-
miopsis and Bolinopsis, which are the most fragile, full of
water, and least dense, were very difficult to fix. Their tissue
was disintegrating during fixation in paraformaldehyde. Never-
theless, the larva stages of these species were much denser and
tougher and could be easily fixed and processed for
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immunolabeling (Figs. la and 2—Mnemiopsis and Bolinopsis
larvae). For adult Mnemiopsisand Bolinopsis, we have developed
a different fixation protocol, which showed promising results.
The fixative solution contained 1 part of 6% paraformaldehyde
in filtered seawater and 1 part of 100% ethanol with added 0.5%
acetic acid. The prepared solution was then placed in the
freezer to reach —20 °C. The specimens were cooled in a
refrigerator to 5 °C; then the seawater was removed with a
suction pipette, and a fixative solution at —20 °C was added
into the vials with ctenophore tissue. The vials were kept at —
20 °C in the freezer for 1 h and then transferred into the
refrigerator at 5 °C for overnight (12 h) fixation. The following
steps were usual, including rinses and incubations in primary
and secondary antibodies.

2. Ctenophore tissue is not very dense and easily penetrable for
primary and secondary antibodies. Therefore, we used Triton-
X 100, widely accepted in immunochemistry protocols for
improved antibody penetration, for only 6-12 h during incu-
bation in the blocking solution. The only exception was the
early larva stages, which had much tougher tissue. We used
0.1 M PBS with 0.2% Triton-X 100 during blocking solution
and primary antibody incubations. We also used Triton-X
100 in our novel fixation protocol, which was used for adult
Mmnemiopsisand Bolinopsis and contained 1:1 paraformaldehyde
and ethanol with 1% acetic acid at —20 °C.

3. Some obvious reminders. A blocking solution should be made
from the serum of the animal, which was used to produce
secondary antibodies. Secondary antibodies are made against
the animal in which the primary antibody was produced. If the
secondary antibody were conjugated with Alexa Fluor
488, then phalloidin should be labeled with a fluorescent
label with a different wavelength—Alexa Fluor 568 (and vice
versa).
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