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ABSTRACT

 

—Some ascidians (sea squirts) accumulate the transitional metal vanadium in their blood cells
at concentrations of up to 350 mM, about 10

 

7

 

 times its concentration found in seawater. There are approx-
imately 10 different types of blood cell in ascidians. The identity of the true vanadium-containing blood cell
(vanadocyte) is controversial and little is known about the subcellular distribution of vanadium. A scanning
x-ray microscope installed at the ID21 beamline of the European Synchrotron Radiation Facility to visualize
vanadium in ascidian blood cells. Without fixation, freezing or staining realized the visualization of vana-
dium localized in living signet ring cells and vacuolated amoebocytes of two vanadium-rich ascidian spe-
cies, 

 

Phallusia mammillata

 

 and 

 

Ascidia sydneiensis samea

 

. A combination of transmission and
fluorescence images of signet ring cells suggested that in both species the vacuoles contain vanadium.

 

Key words

 

: vanadium, ascidians, vanadocytes, X-Ray microscopy, synchrotron radiation

 

INTRODUCTION

 

Ninety years ago, Henze discovered extremely high
levels of vanadium in the blood cells (coelomic cells) of a
Mediterranean ascidian, 

 

Phallusia mammillata

 

, at Statione
Zoologica 'Anton Dohrn', Naples, Italy (Henze, 1911). This
discovery has attracted the interdisciplinary attention of
chemists, physiologists, and biochemists, because of the
strong interest in the extraordinarily high levels of vanadium
never before reported in other organisms (for Review, see
Kustin 1998; Michibata, 1993, 1996; Michibata and Kan-
amori, 1998; Michibata and Sakurai, 1990; Michibata 

 

et al.

 

,
1998, 2001). Using thermal neutron-activation analysis, we
determined the concentration of metals in several different
species of ascidians. In the family Ascidiidae, several spe-

cies accumulate vanadium in blood cells at concentrations
of up to 350 mM, corresponding to about 10

 

7

 

 times the
vanadium concentration of seawater (Michibata 

 

et al

 

., 1986,
1991).

Ascidian blood cells are classified into about ten differ-
ent types based on morphology. One cell type, vacuolated
cells, can be further divided into at least four different types:
morula cells, signet ring cells, compartment cells and vacu-
olated amoebocytes (Wright, 1981). For many years, morula
cells were thought to be the vanadocytes, or vanadium-con-
taining cells (Webb, 1939; Endean, 1960; Kalk, 1963a, b).
These cells have a pale green color that resembles the color
of an aqueous solution of vanadium, and their dense gran-
ules, which can be observed under an electron microscope
after fixation with osmium tetroxide, were assumed to be
vanadium deposits. 

At the end of the 1970's, scanning transmission elec-
tron microscopes with energy dispersive x-ray detectors
became available, and it was demonstrated that the charac-
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teristic x-ray due to vanadium was detected not from morula
cells, but from vacuolated and granular amoebocytes, signet
ring cells and type-II compartment cells (Botte 

 

et al.

 

, 1979;
Scippa 

 

et al.

 

, 1982a, 1982b, 1985, 1988; Rowley, 1982).
Identification of the true vanadocytes became a matter of
the highest priority for those concerned with the mechanism
of accumulation of vanadium by ascidians. Using density-
gradient centrifugation to isolate specific types of blood cell,
and thermal neutron-activation analysis to quantify vana-
dium in isolated subpopulations of blood cells, we showed
that vanadium is accumulated in signet ring cells in 

 

Ascidia
ahodori

 

 (Michibata 

 

et al.

 

, 1987). In 

 

Phallusia mammillata

 

,
analysis with the chelating reagent 2,2-bipyridine, which is
known to complex with vanadium in the +3 oxidation state,
revealed that blood cells, including signet ring cells, vacu-
olated amoebocytes, bivacuolated cells and type-II compart-
ment cells, were stained brown, indicating the existence of
vanadium (Nette 

 

et al.

 

, 1999). We also found evidence of
vanadium in the signet ring cells of 

 

Phallusia nigra

 

 by trans-
mission x-ray microscopy at the SR center of Ritsumeikan
University, Kyoto, Japan (Takemoto 

 

et al.

 

, 2000). However,
it is impossible to obtain direct evidence of vanadium local-
ization in vanadocytes using these methods. In addition,
more convincing evidence is required to clarify whether any
other cell type(s) accumulate vanadium, and where the
vanadium is localized. 

What can provide direct evidence for the location of
vanadium, however, is the scanning x-ray microscope
installed at the European Synchrotron Radiation Facility’s

(ESRF) ID 21 beamline (Fig. 1). This microscope is dedi-
cated to x-ray imaging and spectromicroscopy in the 0.2 to
7 keV range, in both absorption and fluorescence modes
(Susini 

 

et al

 

., 1996, 2000). This energy range covers the K-
absorption edges of medium-light elements (

 

e.g

 

., Al, Si, P,
S, Cl, K, Ca, Sc, Ti, V, Cr, Mn) and provides spatial resolution
of about 0.5 

 

µ

 

m. Because x-ray microscopy in this energy
range is useful for observing hydrated specimens up to 10

 

µ

 

m thick, we used this technology to observe vanadium in
living ascidian blood cells. 

We here report the observation of blood cells from 

 

Phal-
lusia mammillata

 

 and 

 

Ascidia sydneiensis samea

 

. These
species contain vanadium ions in their blood cells at con-
centrations of 19 mM and 13 mM, respectively (Michibata 

 

et
al.

 

, 1986). We describe results from freeze-dried and wet liv-
ing specimens of both species.

 

MATERIALS AND METHODS

 

Blood cell preparation

 

Adults of two species of ascidians, 

 

Phallusia mammillata

 

 and

 

Ascidia sydneiensis samea

 

, were collected at the Gulf of Naples,
Italy, and at the Gulf of Yamada, Iwate, Japan, respectively. Blood
was extracted and mixed with F12 medium (ICN Biomedicals, Inc.,
USA) containing 0.5 M NaCl. Blood cells were isolated by centrifu-
gation at 300

 

×

 

g for 10 min at 4

 

°

 

C, resuspended in the same
medium and stored at 4

 

°

 

C. Some batches of blood-cell suspen-
sions were mixed with low-melting-point agarose gel at a final con-
centration of 0.5% and kept at 4

 

°

 

C until use. The blood cells
remained alive and healthy in these conditions for at least one

 

Fig. 1.

 

Diagram of the scanning x-ray microscope installed at the European Synchrotron Radiation Facility ID21 beamline. The x-ray beam
from the undulator at the storage ring is monochromated by a fixed exit double crystal monochromator and focused on the sample by a zone
plate objective lens and a small pinhole aperture. The beam size is approximately 0.5 

 

µ

 

m

 

×

 

0.5 

 

µ

 

m at the sample, and the sample is scanned
using a piezo driven flexure giving a scan area of 100

 

×

 

100 

 

µ

 

m

 

2

 

. A photodiode detector detects the transmitted x-ray and a germanium detector
located near the sample detects the emitted x-ray fluorescence.
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week.
To observe freeze-dried specimens by electron microscopy,

blood cell suspensions were placed on a copper mesh covered by
plastic film with small holes (Micro Grid 150-B, Ohken Shoji, Japan),
and left for about 10 min. The mesh was then dipped in isopentane
at –150°C and vacuum-dried in a freeze-drying apparatus (Spectro-
lab, Inc.) for at least 4 hours at 5 

 

×

 

 10

 

–1

 

 mbar and -65

 

°

 

C. The dried
samples were stored at room temperature until observation. The
copper mesh was attached to the sample holder (Fig. 2) before
observation by x-ray microscopy.

To observe wet, living blood cells, one drop of a blood cell sus-
pension in solution or in gel was placed between two 23-

 

µ

 

m
polyethylene terephthalate (PET) films along with a 10-

 

µ

 

m donut-
shaped spacer of polyimide film (Fig. 2). The three films were
attached together by silicon grease, immediately placed in a stain-
less-steel sample holder (Fig. 2) and observed with the x-ray micro-
scope.

Prior to x-ray microscopy, several major blood cell types can
be identified by their morphological characteristics using light
microscopy. Signet ring cells are spherical cells with a large fluid-
filled vacuole surrounded by a small amount of cytoplasm. Com-
partment cells are spherical and have one large vacuole and
several small vacuoles, in which granules are apparent. Morula
cells contain several greenish globules and resemble morula-stage
embryos, while vacuolar amoebocytes have several pseudopods
and small vacuoles (Wright, 1981; Michibata 

 

et al.

 

, 1990;
Wuchiyama 

 

et al.

 

, 1995).

 

X-ray microscopy

 

The scanning transmission x-ray microscope used in this study
is operated at the ID21 x-ray microscopy beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France; http://
www.esrf.fr/). An outline of the optical units is shown in Fig. 1. The
x-ray beam has a fixed exit double crystal monochromator, and two
Si<111> crystals provide a monochromatic beam. A Fresnel zone
plate was used to focus the x-ray beam down to a microprobe size
of 0.5

 

×

 

0.5 

 

µ

 

m

 

2

 

. The transmitted x-ray was detected by a photo-
diode detector, and x-ray fluorescence emitted from the sample was
analyzed using a high-energy resolution germanium solid state
detector. The beam energy was set to 5.500 keV to ensure good
fluorescence yield for vanadium (K-edge energy at 5.470 keV).
Each sample was scanned by piezo-driven flexure and both the
transmission signal and the fluorescence spectrum were recorded
to produce a set of images. The multichannel fluorescence detector
was calibrated with standards. The theoretical peak of x-ray fluores-

cence for each element is as follows: sulfur, 2.308 keV; chloride,
2.622 keV; argon, 2.957 keV; potassium, 3.313 keV; and vanadium,
4.952 keV. Argon is naturally abundant in air, and was used as a

 

Fig. 2.

 

A sample holder and films used for the observation of blood cells by x-ray microscopy. (a) Stainless steel sample holder. (a') Sample
holder viewed from the side. (b) Stainless-steel support with a hole, 8 mm in diameter, at the center. (c) Polyethylene terephthalate (PET) film
with a diameter of 22 mm and thickness of 23 

 

µ

 

m. (d) Polyimide film with a diameter of 22 mm and thickness of 10 

 

µ

 

m. A hole 6 mm in diame-
ter was made at the center of the polyimide film. Freeze-dried blood cells mounted on a copper mesh were attached to a stainless steel support
(b) with glue, and fixed to the sample holder (a) with two parts (e) and four screws. Wet living blood cells were placed between two PET films
(c) with the polyimide film (d) as a spacer. The three films were attached with silicon grease, placed between two stainless steel supports (b),
and fixed to the sample holder (a).

 

Fig. 3.

 

Freeze-dried 

 

Phallusia mammillata

 

 blood cells as shown by
x-ray microscopy in transmission (A, C, E) and fluorescence mode
for vanadium concentration (B, D, F). A and B show the same field
of view; C and D, and E and F are taken from the fields indicated by
boxes in A and B. Transmission and fluorescence images were
taken by scanning cells with a 5.500 keV x-ray at 2 

 

µ

 

m

 

×

 

2 

 

µ

 

m resolu-
tion for 100 ms per pixel for A and B, or at 0.5 

 

µ

 

m

 

×

 

0.5 

 

µ

 

m resolution
for longer periods for C and F. Vanadium was located in signet ring
cells (SRC, shown by arrows) and in some case at the periphery of
the cell. Each scale bar =5 

 

µ

 

m.
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control for the normalization of signals. To obtain diffraction phase
contrast images of blood cells, we placed a 50-

 

µ

 

m aperture just in
front of the photodiode detector.

 

RESULTS

 

An x-ray beam with an energy of 5.500 keV was used
to obtain good yields of vanadium transmission and fluores-
cence. At this energy, vanadium ions at the +3, +4, and +5
redox states are detected simultaneously.

 

Freeze-dried specimens of 

 

Phallusia mammillata

 

 and

 

Ascidia sydneiensis samea

 

Specimens were freeze-dried by a method that is fre-
quently used at the ID21 beamline to observe cells such as
cultured mammalian cells or yeast cells. 

 

P. mammillata

 

blood cells were collected, attached to a copper grid with
small plastic films and freeze-dried. Because sodium salts
accumulate on the grid after freeze-drying, it was difficult to
identify blood cell types. We identified several signet ring
cells and observed them by x-ray microscopy. A resolution
of up to 0.5

 

×

 

0.5 

 

µ

 

m

 

2

 

 was achieved, which is comparable to
the beam size of the x-ray (Fig. 3). Vanadium was detected
in all of the signet ring cells examined. In some cells, vana-
dium was localized at the periphery; this seemed to be
caused by a leakage of vacuole contents during the freeze-
drying procedure.

 

A. sydneiensis samea

 

 blood cells were similarly pre-
pared and observed by x-ray microscopy (Fig. 4). In this
species, we observed a uniform distribution of vanadium in
signet ring cells in many samples, but we could not exclude

the possibility of artifacts such as vanadium redistribution or
leakage during freeze-drying. The giant cells did not contain
vanadium, which is consistent with results obtained from
density-gradient centrifugation and atomic absorption spec-
trophotometry (Michibata 

 

et al

 

., 1991).

 

Living specimens of 

 

Phallusia mammillata

 

 and 

 

Ascidia
sydneiensis samea

 

To obtain images without subjecting cells to freezing or
fixation, 

 

P. mammillata

 

 blood cells were suspended in a liq-
uid or gel medium, sealed between two plastic films with a
thin spacer film and observed by x-ray microscopy. Despite
the presence of high concentrations of sodium chloride and
low-melting-point agarose in these media, cells were readily
observed. Blood cells attached to the plastic film immedi-
ately, but sometimes became detached during observation
because the sample holder was set perpendicularly. Cells
suspended in gel did not detach.

We first used a normal photodiode detector (Fig. 5A-C)
to observe vanadium-containing signet ring cells. Because
we were unable to obtain transmission images of blood cells
that did not contain vanadium, we attached a 50-

 

µ

 

m-diame-
ter aperture to the photodiode detector, and succeeded in
visualizing all types of blood cell (Fig. 5D-I and Fig. 6A-C).
All subsequent transmission images were taken using this
configuration. Signet ring cells, morula cells, compartment
cells (Fig. 5E, 6B) and a vacuolated amoebocyte (Fig. 5H)
were clearly identified by the x-ray transmission detector.
The vanadium image obtained by simultaneously integrating
the fluorescence signal in only the vanadium window clearly

 

Fig. 4.

 

Freeze-dried 

 

Ascidia sydneiensis samea

 

 blood cells observed by differential interference contrast optical microscopy (A, D), x-ray
microscopy in transmission mode (B, E) and in the fluorescence mode for vanadium (C, F). A to C and D to F show the same field of view,
respectively. Transmission and fluorescence images were taken by scanning cells at 0.5 

 

µ

 

m

 

×

 

0.5 

 

µ

 

m resolution with a 5.500 keV x-ray. Vana-
dium is located in signet ring cells (SRC, shown by arrows) but not in the giant cell (GC). Each scale bar =5 

 

µ

 

m.
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showed that the signet ring cells (Fig. 5F, 6C) and vacu-
olated amoebocytes (Fig. 5I) contained vanadium, but the
morula cells and compartment cells did not. 

The nucleus and cytoplasm of signet ring cells are
found in the cell periphery, because a large fluid-filled vac-
uole occupies the cell. Based on observations with a scan- 
ning transmission electron microscope equipped with an
energy-dispersive x-ray detector, Scippa and colleagues
suggested that vanadium is selectively concentrated in the
vacuolar membranes of signet ring cells (Scippa

 

 et al.

 

, 1985,
1988). The fluorescence images in Fig. 5F, however, clearly
demonstrate that vanadium is distributed uniformly in the

vacuole of signet ring cells. When superimposed, the fluo-
rescent images (Fig. 5F) are slightly smaller than the image
from the optical microscope (Fig. 5D) and the x-ray trans-
mission image (Fig. 5E). This size difference may indicate
that vanadium is distributed mainly in the vacuole, not in the
peripheral cytoplasm.

X-ray fluorescence energy spectra covering vanadium,
potassium, chloride, and argon were recorded from the
three types of blood cell. They clearly showed an intense,
4.952 keV vanadium signal that was emitted only from sig-
net ring cells (Fig. 6). Consequently, we concluded that
vanadium accumulates in signet ring cells and vacuolated

 

Fig. 5.

 

Phallusia mammillata

 

 blood cells observed by differential interference contrast optical microscopy (A, D, G), by x-ray microscopy in
transmission mode (B, E, H), and in the fluorescence mode for vanadium (C, F, I). Photographs A to C are from the same field of view. Photo-
graphs D to F are from another field, and G to I from yet another. Transmission and fluorescence images were taken by scanning cells with a
5.500 keV x-ray at a 1 

 

µ

 

m

 

×

 

1 

 

µ

 

m resolution for 500 ms per pixel. Vanadium is accumulated in signet ring cells (SRC, shown by arrows) and in
a vacuolated amoebocyte (VA, shown by arrowheads in G-I), but not in morula cells (MC, shown by arrowheads in D-F). Each scale bar =10

 

µ

 

m.
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amoebocytes. We did not examine the granular amoeb-
ocytes and type-II compartment cells, reported by Scippa
and colleagues to contain vanadium, because they are rel-

atively rare in this species.
Next, we observed 

 

A. sydneiensis samea

 

. In this spe-
cies, we previously reported that the vanadium concentra-

 

Fig. 6.

 

Phallusia mammillata

 

 blood cells observed by x-ray microscopy and fluorescence spectra emitted from the blood cells. (A) Blood cells
of 

 

P. mammillata

 

 viewed with a differential interference contrast optical microscope,

 

 

 

(B) x-ray images taken at 5.500 keV in transmission mode,
and (C) by fluorescence from vanadium. Transmission and fluorescence images are taken by scanning cells at 1 

 

µ

 

m

 

×

 

1 

 

µ

 

m resolution for 100
ms per pixel. Vanadium is accumulated in signet ring cell (SRC) but is not seen in morula cells (MC) or compartment cells (CC). Each scale bar
=10 

 

µ

 

m. X-ray fluorescence spectra are taken from (D) a signet ring cell, (E) a morula cell, and (F) a compartment cell, shown by arrowheads
(A-C), by scanning each cell independently for 800 ms per pixel. The horizontal axes of the spectra correspond to the energy (eV) of fluores-
cence. The vertical axes indicate the relative intensity of fluorescence when the argon peak from each cell was set as one. Note that 4.952 keV
vanadium fluorescence is only detected in the signet ring cell (D).
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tion in blood cells is 13 mM (Michibata 

 

et al.

 

, 1987) and that
signet ring cells are the only blood cells that contain vana-
dium (Michibata 

 

et al.

 

, 1991). As shown in Fig. 7, when
blood cells were imaged with transmission and fluorescence
modes by x-ray at 5.500 keV, only signet ring cells con-
tained vanadium. Although we did not find vanadium in any
other cells, it is possible that there are very rare type(s) of
blood cell that contain vanadium. Like 

 

P. mammillata

 

, the
vanadium in 

 

A. sydneiensis samea

 

 was uniformly distributed
in the vacuole.

 

DISCUSSION

 

In this study, we successfully visualized vanadium in
ascidian blood cells using a scanning x-ray microscope at
the European Synchrotron Radiation Facility (ESRF). Both
freeze-dried and living blood-cell specimens were examined
by scanning x-ray microscopy. To observe blood cells and
detect cellular vanadium, we first used a freeze-drying method
to prepare blood cell specimens from two vanadium-accu-
mulating ascidians. Then, we used wet living specimens that
were untreated. In samples prepared with both methods, we
observed a uniform distribution of vanadium in signet ring
cells and vacuolar amoebocytes. In some freeze-dried spec-
imens, however, vanadium was distributed only in the
peripheral region of signet ring cells. This was probably due
to puncture of cells during freeze-drying and consequently
we preferred to use wet living cells.

This study has provided critical evidence that the true
vanadocytes are signet ring cells. As shown in Figs. 5, 6 and
7, signet ring cells from the two ascidian species were
clearly shown to contain vanadium. The vanadium was uni-
formly distributed in the vacuoles of these cells in both spe-
cies. The intensity of fluorescence from vanadium cannot be
compared quantitatively because it is limited by exposure
time. We also showed that in 

 

P. mammillata

 

, vacuolated
amoebocytes contain vanadium, although they appear to
contain less than signet ring cells. We observed several
vanadium-containing vacuolated amoebocytes, but most
disappeared during observation. Many signet ring cells also
disappeared during observation. These two types of cells
may be fragile to x-ray irradiation because of their high
vanadium concentrations. For that reason we were unable
to achieve a higher spatial resolution of the samples and
could not use x-ray microspectroscopy. The ID21 x-ray
microscope can analyze images at higher spatial resolutions
by reducing the pixel size and increasing the exposure time
per pixel. We may be able to overcome the problem of radi-
ation damage by using a cryofixing technique.

Physical methods have contributed to the characteriza-
tion of chemical species of vanadium contained in ascidian
blood cells. Noninvasive physical methods such as electron
spin resonance (ESR) spectrometry and x-ray absorption
spectrometry (XAS) revealed that the vanadium in ascidian
blood cells is predominantly in the +3 oxidation state (Carl-
son, 1975; Tullius 

 

et al

 

., 1980; Dingley 

 

et al.

 

, 1981; Frank 

 

et

 

Fig. 7.

 

Ascidia sydneiensis samea

 

 blood cells observed by x-ray microscopy in transmission mode (A, C) and in the fluorescence mode for
vanadium (B, D). Transmission and fluorescence images were taken by scanning cells at 0.74 

 

µ

 

m

 

×

 

0.74 

 

µ

 

m resolution with a 5.500 keV x-ray
for 500 ms per pixel. A and B show the same field of view; C and D another field. Vanadium is located in signet ring cells (SRC, shown by
arrows) but not in the other cells. Each scale bar =10 

 

µ

 

m.
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al.

 

, 1986; Lee 

 

et al.

 

, 1988; Hirata and Michibata, 1991). Fur-
thermore, XAS and Raman spectrometry revealed that
vanadium ions are stable under extremely acidic and sul-
phurous conditions, such as the aliphatic sulfonic acid envi-
ronment found in the vacuole (Frank 

 

et al.

 

, 1987; Michibata

 

et al.

 

, 1991; Kanamori and Michibata, 1994). Synchrotron
radiation is expected to clarify whether any ligands partici-
pate in the stabilization of vanadium ions in the +3 oxidation
state.

It remains to be resolved at which step of the cell lin-
eage vanadium begins to accumulate. However, we must
first obtain a clearer understanding of cell lineages in these
organisms, from the so-called stem cells to the peripheral
cells. Moreover, the physiological roles of vanadium accu-
mulation in ascidians remain unclear. Recently, novel vana-
dium-binding proteins were extracted from an ascidian
(Kanda 

 

et al

 

., 1997). We are currently investigating these
proteins and genes encoding some metal-transporting pro-
teins, which are also found in signet ring cells (unpublished
data).
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