Vol.41 No.3 June 2024 ISSN 0289-0003

ZOOLOGICA
SCIENC




ZOOLOGICAL SCIENCE 41: 281-289 (2024)

© 2024 Zoological Society of Japan

Volume X-ray Micro-Computed Tomography Analysis of the Early
Cephalized Central Nervous System in a Marine Flatworm,

Stylochoplana pusilla

Takanori lkenaga', Aoshi Kobayashi2, Akihisa Takeuchi?, Kentaro Uesugi?,
Takanobu Maezawa®, Norito Shibata*, Tatsuya Sakamoto?,
and Hirotaka Sakamoto?5*

'Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065, Japan

2Ushimado Marine Institute (UMI), Faculty of Environmental, Life, Natural Science and Technology,
Okayama University, Ushimado, Setouchi, Okayama 701-4303, Japan
SJapan Synchrotron Radiation Research Institute/SPring-8, Hyogo 679-5198, Japan
4Department of Integrated Science and Technology, National Institute of Technology,
Tsuyama College, Tsuyama, Okayama 708-8509, Japan
SDepartment of Biology, Faculty of Environmental, Life, Natural Science and
Technology, Okayama University, Kita-ku, Tsushimanaka,
Okayama 700-8530, Japan

Platyhelminthes are a phylum of simple bilaterian invertebrates with prototypic body systems.
Compared with non-bilaterians such as cnidarians, the bilaterians are likely to exhibit integrated
free-moving behaviors, which require a concentrated nervous system “brain” rather than the
distributed nervous system of radiatans. Marine flatworms have an early cephalized ‘central’
nervous system compared not only with non-bilaterians but also with parasitic flatworms or
freshwater planarians. In this study, we used the marine flatworm Stylochoplana pusilla as an
excellent model organism in Platyhelminthes because of the early cephalized central nervous
system. Here, we investigated the three-dimensional structures of the flatworm central nervous
system by the use of X-ray micro-computed tomography (micro-CT) in a synchrotron radiation
facility. We found that the obtained tomographic images were sufficient to discriminate some
characteristic structures of the nervous system, including nerve cords around the cephalic gan-
glion, mushroom body-like structures, and putative optic nerves forming an optic commissure-
like structure. Through the micro-CT imaging, we could obtain undistorted serial section images,
permitting us to visualize precise spatial relationships of neuronal subpopulations and nerve
tracts. 3-D micro-CT is very effective in the volume analysis of the nervous system at the cellular
level; the methodology is straightforward and could be applied to many other non-model organ-

isms.
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INTRODUCTION

Bilaterians have a head- and a tail-end as well as a
dorsal and ventral surface; therefore, they also have a left
and a right side. Thus, compared with non-bilaterians such
as cnidarians, the bilaterians are likely to exhibit integrated
free-moving behaviors, which require a concentrated ner-
vous system rather than the distributed nervous system of
radiatans (Strausfeld et al., 2016; Heger et al., 2021;
Martin-Duran and Hejnol, 2021). Platyhelminthes, includ-
ing marine flatworms (Polycladida), are one group of sim-
ple bilaterian invertebrates; they have a simple body
system: no vascular-circulatory system, no body cavity,
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and a mouth and anus that are morphologically identical
(Norena et al., 2015). In contrast, they do have an orga-
nized “brain” as a central nervous system (Keenan et al.,
1981; Reuter et al., 1998; Quiroga et al., 2015). In Platyhel-
minthes, parasitic flatworms (schistosomes, tapeworms,
etc.) and freshwater planarians are useful as medical/
regeneration models. On the other hand, marine flatworms
without a complete regenerative ability do have a well-
established “brain” compared to these model planarians
(Le et al., 2021; Schadt et al., 2021).

All animal organs, including the brain, have a complex
three-dimensional (3-D) structure, and a comprehensive
understanding of this is critical in various fields of biology.
Confocal microscopy and two-photon microscopy with fluo-
rescence labeling are often used to investigate their 3-D
structure. However, autofluorescence from the mucus and
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pigments of marine flatworms have made it particularly dif-
ficult to investigate their 3-D structure by use of whole-mount
preparations (Pladillon et al., 2007; Bickmeyer et al., 2020).
In this study, therefore, we aimed to establish a foundation
for understanding brain evolution by conducting a 3-D analy-
sis of the brains of marine flatworms, which are in the early
stages of centralization but are relatively well-established
“brains” within the phylum Platyhelminthes. Furthermore,
3-D analysis by micro-computed tomography (micro-CT)
can be performed in various cross-sections and repeated at
various angles in the desired cross-sectional plane from the
same dataset. Comparison with the results of sections with
various tissue stains is therefore easy and fits well with these
established methods, including immunohistochemistry and
DAPI staining, etc.

Preparation of serial sections followed by light micros-
copy observation is the traditional method for investigating
the cellular organization of animal tissues and organs. This,
with image-manipulating programs, has enabled us to
reconstruct their 3-D structure. However, it is challenging to
prepare undistorted whole serial sections in order to obtain
rigorous 3-D tomographic images (Hayworth et al., 2014;
Henny et al., 2014). In addition, because the plane of the
serial sections is not constant, the acquired images must be
aligned on the computer, which is significantly time-
consuming (Hayworth et al., 2014; Henny et al., 2014). X-ray
micro-CT has been used to produce 3-D images of organs
in order to observe their 3-D structure without any destruc-
tion. Several studies to analyze the central nervous system
with micro-CT have been performed in both vertebrates
(Babaei et al., 2016; Udagawa et al., 2019; Camilieri-Asch et
al., 2020) and invertebrates (Steinhoff et al., 2017; Sakurai
and lkeda, 2019; Rivera-Quiroz and Miller, 2022). Still, no
study has yet provided images with cellular resolution.
Recently, X-ray micro-CT in a synchrotron radiation facility
has enabled us to obtain higher-resolution 3-D images of
whole brains (Mizutani and Suzuki, 2012). Although tomo-
graphic images of the Drosophila brain stained by the
reduced-silver impregnation method have allowed for the
visualization of individual cells and nerve tracts (Mizutani et
al., 2007, 2013), until now, there have been no reports of this
methodology being applied to other invertebrate organisms,
including marine flatworms, by using a synchrotron radiation
facility.

Here, we report the 3-D structures of the entire central
nervous system in a marine flatworm (Stylochoplana pusilla)
by use of X-ray micro-CT in a synchrotron radiation facility
(SPring-8, Hyogo, Japan). This 3-D micro-CT study has
proved effective in the stereoanatomy analysis of the central
nervous system at the cellular level.

MATERIALS AND METHODS

Animals

Marine flatworms, Stylochoplana pusilla, from the Ushimado
seashore (Okayama, Japan) of the Seto Inland Sea, were used in
this study. Adult S. pusilla (3—5 mm in body length) living symbi-
otically in conchs (Monodonta confusa) were captured from the
wild. Flatworms were maintained at a temperature of 23-25°C in
filtered seawater and were fed brine shrimps (nauplii of Artemia
spp.) once every 3 days before use. Stylochoplana pusilla were
handled, maintained, and used in accordance with the Guidelines
for Animal Experimentation established by Okayama University;

in accordance with international standards on animal welfare; and
in compliance with national regulations. All experiments in this
study were carried out on at least three different animals with sim-
ilar results.

Histological procedure

Adult S. pusilla were immersion-fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer overnight at 4°C, then dehydrated through
graded ethanol concentrations, cleared in lemosol, and embedded
in paraffin wax. Serial sections of each specimen were cut horizon-
tally on an HM 325 microtome (Leica, Wetzlar, Germany) at 7 umin
thickness. The paraffin sections were stained with hematoxylin-
eosin (H-E) according to the established method.

Immunofluorescence

For immunofluorescence, sections were soaked in xylene
three times for 5 min each to remove paraffin wax, then in a decreas-
ing series of ethanol concentrations, and washed with phosphate-
buffered saline (PBS: pH 7.4). After blocking nonspecific binding
components with 1% normal goat serum and 1% bovine serum
albumin in PBS containing 0.3% Triton X-100 for 30 minutes at room
temperature, the sections were incubated with a primary mouse
monoclonal antibody raised against Drosophila synapsin (3C11,
Hybridoma Bank, University of lowa, IA) (RRID: AB_528479) (1:100)
or a rabbit polyclonal antiserum against acetylated-co.-tubulin (Santa
Cruz Biotechnology, Dallas, TX) (RRID: AB_628409) (1:250) for 1
hour at room temperature and overnight at 4°C. The synapsin anti-
body has previously been shown to be specific in freshwater planar-
ians (Bischof et al., 2020). The tubulin antiserum has previously
been shown to be specific in marine flatworms (Kobayashi et al.,
2022). Alexa Fluor 488-linked anti-mouse IgG or Alexa Fluor
488-linked anti-rabbit IgG (Molecular Probes, Eugene, OR) was
used at a dilution of 1:1000 for 1 hour at room temperature. Immu-
nostained sections were mounted on slides with Fluoromount G,
including DAPI (SouthernBiotech, Birmingham, AL), and observed
by confocal laser scanning microscopy (Fluoview FV1000,
Olympus, Tokyo, Japan).

X-ray micro-CT

Adult S. pusilla were fixed as described above and then
immersed in 0.3% phosphotungstic acid (PTA) in 70% ethanol for
6—7 hours at room temperature. The specimens were washed in
70% ethanol, dehydrated, and embedded in paraffin wax as
described above. X-ray micro-CT scanning was performed at the
undulator beamline BL20XU at SPring-8 (proposal no. 2013A1161,
2013A1547), a synchrotron radiation facility in Hyogo, Japan, as
described previously (lkenaga et al., 2022). The energy of the X-ray
beam was 10 keV. Paraffin-embedded flatworm samples were
attached to the tip of wooden toothpicks and mounted on the rota-
tion stage. Transmission X-ray images were acquired by use of a
visible-light conversion unit for X-rays (AA50, Hamamatsu
Photonics, Shizuoka, Japan) and a complementary metal-oxide-
semiconductor (CMOS) camera (ORCA-Flash4.0, Hamamatsu
Photonics). The viewing field was 2048 x 2048 pixels, and the
effective pixel size was 0.5 x 0.5 um. In total, 900 projection images
were recorded with 0.2° rotation steps and a 200 ms exposure time.
After X-ray micro-CT imaging, a convolution back-projection
method was used to reconstruct transverse plane images. The spa-
tial resolution of these images was estimated at 1.0-1.2 um under
similar experimental conditions (Mizutani et al., 2015). Recon-
structed serial tomographic images were then processed by using
the Amira image processing program (Thermo Fisher Scientific,
Waltman, MA).

Ethics statement
All experimental procedures were approved in accordance with
the Guide for the Care and Use of Laboratory Animals prepared by
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Okayama University (Okayama, Japan. http://www.
H_E Stainin cc.okayama-u.ac.jp/~animal/committee.html),
g although an individual ID of approval was not provided
because we used only marine flatworms for the exper-
iments in this study. All efforts were made to minimize
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P Gross morphology of S. pusilla
ph Figure 1A shows a dorsal view of the marine

polyclad flatworm, Stylochoplana pusilla. These
animals have many eye points bilaterally near
the midline of the anterior region of the body
(Fig. 1A, B). In H-E stained horizontal sections,
the cephalized central nervous tissue (cephalic
ganglion) was evident in the anterior area (pos-
sibly a head) of the body (Fig. 1C, D), as reported
previously for other polyclad flatworms (Quiroga
et al., 2015), but not for freshwater planarians
(Tricladida). Unlike insects, no such ganglion is
observed in other parts of the body in the marine
flatworm. The pharynx was located in the center
of the body (Fig. 1C). Numerous cells densely
stained with eosin were distributed radially
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X-ray micro-CT analysis of marine flatworms
To visualize the S. pusilla nervous system,
we treated formaldehyde-fixed tissues of S.

-

Fig. 1. Gross morphology of the marine flatworm
Stylochoplana pusilla. (A, B) Dorsal view of S. pusilla.
Yellow arrows in (A, B) indicate eye-points. Upper is
anterior. (B) Higher magnification image of the
cephalic ganglion between the eye-points. (C) Hori-
zontal histological sections of S. pusilla stained with
hematoxylin-eosin (H-E) staining. The arrow in (C)
indicates the cephalic ganglion (cg). ph: pharynx. (D)
and (E) are higher magnification images of boxed
areas in (C). (D) The mushroom body-like structure,
including globuli cell (gc) masses and the associated
nerve bundles (lobe: lo) are located antero-lateral to
the cephalic ganglion. (E) Numerous cells densely
stained with eosin are distributed radially around the
pharynx and associated with the epithelium (arrow-
heads). (F-H) Fluorescence images of horizontal sec-
tions from Stylochoplana pusilla cephalic ganglion
region: globuli cells (gc) are stained by DAPI (blue);
the axonal projections (n) are visualized by anti-
acetylated-a-tubulin antibody (green). (I) Schematic
drawing of the cephalic ganglion with the mushroom
body-like structures. Scale bars = 1 mm in (A), 500
um in (C), 100 um in (B, D, E), and 50 um in (F).
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pusilla with a solution containing PTA before the micro-CT
scanning procedure. In our study, the PTA impregnation
produced excellent contrast with low background in the
reconstructed tomographic images throughout the tissues
of S. pusilla (Fig. 2). The contrast between the different tis-
sues and cells was enhanced, and each could be distin-
guished, perhaps due to differences in X-ray absorbance
and immersion affinity for PTA. In tomographic horizontal
plane images of the anterior part of S. pusilla, the cephalic
ganglion was located anterior to the pharynx (Fig. 2A). Six
putative nerve cords on the left hemisphere that emerged
from the more ventral region of the cephalic ganglion could
also be recognized in horizontal plane images (Fig. 2B, and
see Supplementary Movie S1). From the micro-CT analysis

Fig. 2. (A, B) Representative horizontal tomographic images of
Stylochoplana pusilla, including the cephalic ganglion (cg) and
pharynx (ph). (B) is a more ventral plane image than (A). White
arrowheads and yellow arrows in (A) indicate higher X-ray absor-
bents on the surface of the trunk and around the pharynx, respec-
tively. (B) Six pairs of nerve cords (n) are connected bilaterally with
the more ventral region of the cephalic ganglion. (C) Vertical trans-
verse section image of the flatworm cephalic ganglion. White
arrows indicate each level of the horizontal sections shown in (A)
and (B). All images are obtained from the same micro-CT dataset.
Scale bars = 100 um.

data, images of planes of different orientations can be
derived from the same dataset. Figure 2C shows a repre-
sentative transverse plane image obtained from the same
dataset as Figs. 2A and B. In this plane, the cephalic gan-
glion also appeared as an encapsulated structure.

Tomographic images showed higher X-ray absorbents
distributed on the body surface (Fig. 2A, arrowheads). By
comparing images of H-E-stained histological sections (Fig.
1E), we conclude that these cells are likely to be glandular
epithelial cells including abundant mucus. In addition,
numerous higher X-ray-absorbent cells were scattered radi-
ally and peripherally around the pharynx, which contains a
large amount of mucus (Fig. 2A, yellow arrows).

Characterization of the mushroom body-like structure
adjacent to the cephalic ganglion

In the region antero-lateral/dorsal to the cephalic gan-
glion, globuli cell masses and lobes of a mushroom body-
like structure (Wolff and Strausfield, 2015) were present
(Fig. 3). Figure 3A shows a fluorescence image of a horizon-
tal paraffin section of an S. pusilla cephalic ganglion labeled
with DAPI (green) and anti-synapsin immunocytochemistry
(magenta). Dense small-cell nuclear masses labeled with
DAPI were located in the mushroom body-like structures
(Fig. 3A, yellow arrows).

In horizontal plane micro-CT images, these globuli cell
masses could be recognized adjacent to the anterior part
of the cephalic ganglion (Fig. 3B, yellow arrows). Observa-
tion of the serial sections revealed that, in addition to these
cell masses, several putative nerve cords were located in
the ventral part of the cephalic ganglion (Fig. 3B1-B4, and
see Supplementary Movie S1). In more dorsal regions,
nerve bundles extended from the globuli cell masses and
projected into the cephalic ganglion (Fig. 3B2—-B5, arrow-
heads). Figure 3C shows a vertical transverse plane image
of the cephalic ganglion. As seen in the horizontal plane
images (Fig. 3B5), fiber bundles on both sides run dorsally
and are joined in the midline, forming a commissure-like
structure (Fig. 3C, arrowheads). Because the cephalic gan-
glion, globuli cell masses of the mushroom body-like struc-
ture, and associated nerve fiber bundles could easily be
identified in tomographic images, we were able to label
them separately and reconstruct 3-D images (Fig. 3D, and
see Supplementary Movie S2). The 3-D tomography analy-
sis revealed that the globuli cell masses are located ventro-
laterally on the anterior surface of the cephalic ganglion
and that the nerve fiber bundles run dorso-medially (Fig.
3D).

Central pathway of optic nerve-like structures

In the micro-CT images, we found, around the cephalic
ganglion, several hemispherical structures, which had a
higher X-ray absorbance in the core (medulla region) and a
cup-like (cortical) structure. These structures were distrib-
uted bilaterally dorso-lateral to the cephalic ganglion (Fig.
4A, B, asterisks). From their morphological features and by
comparison with gross dorsal view images of S. pusilla
(Fig. 1), we determined these structures to be the eye-
points. We also identified the fiber bundle-like structure
that appeared to be derived from these eye-points and
which entered the cephalic ganglion (Fig. 4A1-A3, B1, yel-
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Fig. 3. Micro-CT images of the mushroom body-like structure attached to the cephalic ganglion of Stylochoplana pusilla. (A) Fluores-
cence image of horizontal section in the flatworm cephalic ganglion region: globuli cells (gc) are stained by DAPI (green); the cephalic
ganglion region by anti-synapsin antibody (magenta). (B) Tomographic images of horizontal sections of the cephalic ganglion, including
globuli cells (yellow arrows) and nerve bundles (lobes, white arrowheads). These images are obtained from a single micro-CT dataset.
(B1) is ventral and (B5) is dorsal. The white arrow in (B5) indicates the section level shown in (C). (C) Tomographic image of a vertical
transverse section of cephalic ganglion at the antero-posterior level indicated by the white arrow in (B5). White arrowheads indicate a
nerve bundle-like structure, as seen in (B). (D) Reconstructed 3-D images of the cephalic ganglion (ochre), globuli cells (pink) and nerve
bundles (green) of S. pusilla. (D1) is the dorsal view, and (D2) is the lateral view. n: nerve cord. Scale bars = 50 um.

low arrows). These putative optic-nerve bundles projected
antero-medially (Fig. 4A3) and then became associated at
the midline (putative optic commissure-like structure) (Fig.
4A4-A6, B2, arrowheads, and see Supplementary Movie
S1). The 3-D reconstructed images also showed that the
putative optic nerve bundles ran anteriorly and were most
likely associated medially with the cephalic ganglion (Fig.

4C, and see Supplementary Movie S2). From the observa-
tion of the reconstructed 3-D structure, we found that the
putative optic nerves (magenta) were located more dor-
sally than the nerve cords associated with the mushroom
body-like organ (green) (Fig. 4D, and see Supplementary
Movie S2).
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Fig. 4. Central pathway of putative optic nerves in micro-CT images in Stylochoplana pusilla. (A) Tomographic images of the flatworm
cephalic ganglion horizontal sections, including putative optic nerves (yellow arrows). White arrowheads indicate the midline joining of
putative optic nerves. Cyan asterisks indicate examples of putative eye-points. These images are obtained from a single micro-CT data-
set. (B) Tomographic images of the cephalic ganglion vertical transverse sections, including nerve bundles. Yellow arrows in (B1) and
white arrowhead in (B2) indicate separated and joined nerve bundles, respectively. (C, D) Reconstructed 3-D images of the cephalic
ganglion (ochre), putative optic nerve (magenta), and nerve bundles (lobes) (green) associated with the putative mushroom-body-like
structures in (D). (C) shows 3-D images of putative optic nerves (magenta). (D) also shows those of nerve bundles (lobes, green) associ-
ated with the putative mushroom body-like structures. (C1) and (D1) are the dorsal views, and (C2) and (D2) are the frontal views. Scale

bars = 50 um.

DISCUSSION

Recently, X-ray micro-CT imaging in synchrotron radia-
tion facilities has been performed to acquire high-resolution
CT images of both vertebrates and invertebrates (Mizutani
et al., 2007, 2013, 2016). A previous report indicated that the
PTA methodology produces high-contrast images of soft tis-
sue in conventional micro-CT (Metscher, 2009). We carried
out PTA staining in fish brains in a similar way to this study
for micro-CT imaging by SPring-8, and found no observable
tissue shrinkage in these brains (lkenaga et al., 2022). In the
present study, we performed micro-CT scanning of a PTA-
contrasted marine flatworm, S. pusilla, as a simple bilaterian
organism with a centralized nervous system (Quiroga et al.,
2015). We found that the tomographic images obtained were
sufficient to discriminate some characteristic structures of
the nervous system. The cephalized central nervous tissue

(cephalic ganglion) has been suggested to be a homologous
structure to brains in other bilaterians, such as vertebrates
(Keenan et al., 1981; Quiroga et al., 2015; Strausfeld et al.,
2016; Heger et al., 2021; Martin-Duran and Hejnol, 2021). In
addition, the marine flatworm ‘brain’ appears to be enclosed
by a capsule-like structure (Quiroga et al., 2015), which
appears to be a homologous structure to the meninges in
vertebrates. Six radially extending pairs of nerve cords were
identifiable around the cephalic ganglion, as reported previ-
ously using dozens of serial paraffin sections (Quiroga et al.,
2015). We could also identify mushroom body-like struc-
tures, including globuli cell masses and the associated
nerve bundles (possibly lobes), which are characteristic of
the mushroom bodies of insects and crustaceans (Wolff and
Strausfield, 2015). Furthermore, putative optic nerves could
be distinguished in 3-D, and appear to form an optic
commissure-like structure, as discovered in a freshwater
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planarian using arrestin-immunocytochemistry (marker for
planarian optic nerve fibers) (Yamamoto and Agata, 2011).

In addition to the nervous system, epithelial cells in the
body surface, putative glandular cells, were identified in our
virtual CT 2-D images (Fig. 2). Around the pharynx, cells
showing higher X-ray absorbance (probably due to the
abundance of mucus) were radially distributed (Fig. 2A,
yellow arrows). These cells might be glandular cells involved
in digestion or smooth muscle cells oriented vertically, and
further characterization is necessary. X-ray micro-CT imag-
ing of a number of invertebrate species stained with various
chemical agents has been reported (Faulwetter et al., 2013;
Steinhoff et al., 2017; Maeno et al., 2019; Sakurai and lkeda,
2019; Rivera-Quiroz and Miller, 2022). Although these stud-
ies provided 3-D images of multiple components, few
showed the single cell-resolution image reported in our
study. It is, therefore, essential to extend the present micro-
CT tomography in synchrotron radiation facilities to other
non-model organisms to advance their efficient morphologi-
cal characterization.

Through the micro-CT imaging, we obtained undis-
torted serial section images of the flatworm nervous sys-
tem (Figs. 2—4, and see Supplementary Movies S1, S2).
These serial section images, therefore, permit the visual-
ization of precise spatial relationships of neuronal subpop-
ulations and/or nerve tracts potentially as an alternative
connectome. For example, the 3-D tracts of nerve bundles
associated with the lobes of putative mushroom body-like
structures reported in marine polyclad flatworms (Wolff
and Strausfield, 2015), but not in freshwater planarians,
could be first traced.

Similarly, our reconstruction of the serial 2-D images of
the central pathway of the putative optic nerves (Fig. 4A, B)
is also informative. We found that bilateral ‘optic nerves’ run
rostro-medially and become anatomically associated in the
midline. The serial section images and 3-D movies show
that this central joining of ‘optic nerves’ is located more dor-
sally than that of lobes of the tracts associated with the puta-
tive mushroom body-like structures. The present micro-CT
analysis is, therefore, also helpful in validating anatomical
stereocrossing.

Micro-CT analysis has been employed in studies
involving land planarians, also known as triclad flatworms
(Carbayo et al., 2016; Silva et al., 2020). These studies
have provided 3-D images of both external and internal
structures that corroborate findings from previous taxo-
nomic investigations. However, it is worth noting that the
techniques used in these reports present challenges when
aiming to analyze cellular details at a high resolution. Con-
sequently, the identification of individual brain neurons at
the microscopic level in flatworms remains unattainable.
Furthermore, it is important to highlight that the central ner-
vous system of land planarians exhibits similarities with
that of freshwater planarians, whereas marine flatworms
indicate a greater degree of centralization. In our study, we
identified, by using micro-CT in Platyhelminthes, marine
polyclad flatworms, both an optic commissure-like struc-
ture and putative mushroom body-like structures (Higuchi
et al., 2009; Wolff and Strausfield, 2015). In the marine flat-
worm Notoplana sanguinea, high levels of DCO (insect
mushroom body marker) expression have been reported in

the mushroom body-like structure (lobe), implying that it is
a shared trait of the mushroom body in insects (Wolff and
Strausfield, 2015). The existence of functional mushroom
bodies in Platyhelminthes is controversial; however, previ-
ous reports (Wolff and Strausfield, 2015, 2016) suggest
that DCO is also expressed in the putative mushroom body-
like structure in marine flatworms. The mushroom bodies
play some roles in learning and memory in insects
(Strausfield, 2002). In addition, it is reported that insect
mushroom body-related genes (such as DCO, leonardo,
and Ca?*/calmodulin-dependent protein kinase Il) are also
expressed in the putative mushroom body-like structures in
several invertebrate species, including Platyhelminthes
(Wolff and Strausfield, 2015, 2016). Although further stud-
ies on the role(s) of the mushroom body-like structures in
S. pusilla are needed to understand the origin and diversity
of the mushroom body in insects and crustaceans, the
analysis of their location, morphology, and specific gene
expressions would be informative. Recently, we reported,
in marine flatworms, that platytocin, a vasopressin—
oxytocin-like neuropeptide of the Platyhelminthes, inhibits
gustatory-associated detection-learning (Kobayashi et al.,
2022). The putative platytocin receptor, in addition to the
ground pattern genes for the insect mushroom body (such
as DCO, Leo, CaMKIl) (our unpublished observation), is
also expressed in the mushroom body-like structure in
marine flatworms (Kobayashi et al., 2022). The mushroom
body-like structures in marine flatworms may therefore be
involved in chemosensory-associated learning.

The optic chiasm is well known in mammals, including
humans, and is thought to be an essential structure for ste-
reopsis. However, in the compound/simple eye systems of
insects and crustaceans, the left and right optic nerves do
not join each other because the structure of the visual sys-
tem is different from that of mammals. In this study, serial
images of horizontal sections of the cephalic ganglion were
obtained from a single micro-CT dataset (Fig. 4). These
results indicate the midline joining of putative optic nerves. It
will therefore be intriguing to determine if any ‘optic nerve’
fibers cross the midline in S. pusilla and where they end.
While the optic chiasm-like structure has been reported in
freshwater planarians (Yamamoto and Agata, 2011), it is
very interesting that both putative optic chiasm and mush-
room body-like structures are present in marine polyclad
flatworms. Together with the putative mushroom body, these
results suggest that the marine flatworm “brain” provides a
valuable ‘intermediate’ between the nervous system in pro-
tostomes and the deuterostome brain. The hermaphrodite
“brain” might combine elements of the protostome and deu-
terostome lineages.
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