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Fig. 5. Circulation during the foot retraction. (A) Mid-longitudinal T,,,-MR image at the foot retraction. (a) Beginning of the foot retraction. (b) Systolic
phase. (c) Diastolic phase. (d) Systolic phase. (B,C) Showing typical changes in T4,,-MR image intensity of the ventricle, anterior aorta, pedal artery,
pedal sinus and visceral sinus. Retraction of the foot started from around 8 s, and continued until the end of the MRI session. Arrows labelled a to d show
the timing of the T4,-MR images. Also refer to Movie 4. Labelled features: aao, anterior aorta; pa, pedal artery; ps, pedal sinus; V, ventricle; vs, visceral
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MATERIALS AND METHODS

Experimental mussels

Nodularia douglasiae (Gray, 1833) were supplied by Sato Craft (Okayama,
Japan). These mussels were collected from a river in Seki, Okayama in
June of 2016. The species of mussel was identified by sequencing of the
mitochondrial cytochrome ¢ oxidase subunit I gene. DNA was extracted
from the mantle using the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany). The extracted DNA was used as the template for PCR reactions.
PCR amplifications of the mitochondrial COI gene fragments were carried
out using the universal primers LCO1490 and HCO2198 (Folmer et al.,
1994). Purified PCR products were sequenced bi-directionally using ABI
3130x! Genetic Analyzer (Applied Biosystems Japan Ltd., Tokyo, Japan).
The sequence was analysed using the gapped-BLAST search algorithm to
estimate the degree of similarity to other relative sequences deposited in
GenBank. As a result, the sequence was coincident with N. douglasiae
(GenBank accession number KT984766). After collection, the mussels were
immersed in water and then transported to the laboratory by a refrigerated
transport service, maintained at 10°C, within a time period of 16 h (Cool Ta-
Q-BIN, Yamato Transport Co., Ltd., Tokyo, Japan). At the laboratory, the
mussels were housed in aerated water (4 1) with glass beads (0.3—1.0 mm
diameter, 5 cm depth) in a 61 bath at room temperature (20-25°C). The
mussels were fed with Chaetoceros calcitrans (WDB Environmental &
Biological Research Institute, Tokushima, Japan), and 2.5x10° cells/l water in
the bath was applied at intervals of 3—4 days. The experiments were conducted
1-5 weeks after sampling. A total of seven mussels were used in this study.
The length, height and width of mussels were 36.4+2.3 mm, 20.5+0.7 mm,
14.5£1.0 mm (mean and s.d.), respectively. Motion of the foot, flow of
haemolymph and heartbeats were detected by MRI in seven live mussels.
After in vivo MRI experiments, four out of the seven mussels were fixed with
4% paraformaldehyde (PFA) in order to obtain high spatial resolution MRI,
and one out of the four fixed mussels was used for histological sections. All
of the animal experiments conducted in this study were carried out under
the rules and regulations of the ‘Guiding Principles for the Care and Use of
Animals,” as approved by the Council of the Physiological Society of Japan.

Magnetic resonance imaging

The 'H magnetic resonance (MR) images were obtained with ParaVison
operating software (version 5.1), using a 7 T microimaging system
(AVANCE 11, Bruker Biospin, Ettlingen, Germany) equipped with an
active shielded gradient (micro2.5) and a 25-mm 'H birdcage
radiofrequency coil. The mussels were placed in a plastic tube (inner
diameter of 22.5 mm), and each mussel was positioned in place using a
piece of elastic silicone strip which was inserted at the hinge position of the
shell. The mussels were immersed in 12 ml of water without aeration, and
the temperature was kept at 20°C by variable temperature control units
(ECU-20 and BVT-2000, Bruker Biospin, Baden-Wiirttemberg, Germany).
The stability of the temperature was monitored by a fluorescence
thermometer (AMOS FX-8000-210, Anritsu Meter, Tokyo, Japan) before,
during and after the MRI session (Seo et al., 2014a).

Motion of the heart and foot

Motion of the heart and foot were imaged using T;-weighted gradient-echo
imaging (T;-MRI) (Bock et al., 2001; Seo et al., 2014b, 2016). The typical
sagittal imaging parameters used for the in vivo T ,,-MRI were as follows:
46.08%23.04 mm field of view (FOV) with a 128x64 data matrix and a slice
thickness of 1 mm or 2 mm, 10 ms relaxation delay (TR), 3.5 ms echo-time
(TE), 22.5° or 16° flip angle, and 1 accumulation. A transverse image was
obtained by 23.04x23.04 mm FOV with a slice thickness of I mm or 2 mm.
Each MRI measurement session consisted of 128 or 256 images obtained by
intervals of 0.64 s. For higher heart rates, images were obtained by intervals
of 0.32 s using a 64x32 data matrix. For higher image resolution, images
obtained by intervals of 0.96 s using a 256x128 data matrix, but were not
used for analysis of distribution of IBI. In order to prevent heating due to
radio-frequency pulse, the MRI sessions were repeated for at least a 15-min
interval (Seo et al., 2016). The measurements were finished within 6 h,
except for one MRI session that was observed at 9 h, and all of the mussels
survived after the MRI measurements.

Heartbeat was shown by the IBI that was calculated from the peak-to-peak
interval of T ,,-MR image intensity of the ventricle of the heart. Normality
of the distribution of IBI was tested by the Lillierfors corrected
Kolmogorov—Smirnov test employing IBM SPSS Statistics software
(V25, IBM, New York, USA). P-values higher than 0.05 were taken to
indicate normality. Significant differences between the IBI was tested using
the two-sample Kolmogorov—Smirnov test, and/or using one-way ANOVA
with a post-hoc analysis using the Tukey-Kramer test employing IBM SPSS
Statistics software (V25, IBM, New York, USA). P-values less than 0.01
were regarded as significant.

Haemolymph flow

The haemolymph flow in the vessels was imaged by the inflow effect of
T1w-MRI. The image intensity increased when the flow velocity increased
(Bocketal., 2001; Seo et al., 2014b). The direction of flow was measured by
phase-contrast gradient-echo sequences (PC-MRI) (Lotz et al., 2002; Seo
et al., 2014b), using a transverse slice with a pixel resolution of 90x90 pm
and a slice thickness of 1 mm with a combination of TR/TE/flip
angle=100 ms/10 ms/45°. Eight pairs of velocity encoding gradients were
used, with a strength corresponding to a velocity from —11.25to 15 mm s~!
with a 3.75 mm s~! step, and a total image acquisition time of 8 min 42 s.

The lower limit of detection of flow was +3.75 mm s~ .

Anatomical structure

Anatomical information for the PFA fixed mussel was obtained by 3D MRI.
The imaging parameters used for 3D T;-weighted gradient-echo imaging
(3D T1w-MRI) included a voxel size of 60x60%60 pum, and a combination of
TR/TEAlip angle=50 ms/3.75 ms/45°. For the histology, the PFA fixed
mussel was embedded in paraffin wax after dehydration. The paraffin
sections were prepared using a slice thickness of 10 um. The sections were
stained by HE staining. Images were detected by a microscope (BZ-X710,
Keyence, Osaka, Japan) with an image-stitching mode. Photoshop Elements
(10.0, Adobe, San Jose, USA) was used to select the ROI and to adjust the
position of 22 images around Keber’s valve, obtained at 50 pm intervals.
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