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ABSTRACT: Until now, direct, non-invasive i n  vivo studies on 
water and metabolite distribution in living sponges have not 
been possible. Here we apply for the first time the non- 
invasive technique of nuclear magnetic resonance (NMR) 
irnaging to determine the spatial distribution of water in the 
marine sponge Subentes domuncula. After transfer of the 
sponge into deuterated water (D20) for a short incubation 
period of 18 rnin, no significant water exchange was ob- 
served, nelther In S. domuncula nor in the hermit crab livlng 
in symbiosis with it, suggesting D 2 0  to be an ideal contrast 
enhancing agent for NMR imaging of sponges. Thus, NMR 
imaging provides a promising technique for the detection 
(and possibly quantdication) of the distribution and transport 
of water both by diffusion and active transport in a living 
sponge. 
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Porifera (sponges) represent the most simple meta- 
zoan phylum. They possess a remarkably developed 
aquiferous system of water transport channels and 
choanocyte chambers; this system is essential for food 
uptake, gas exchange, and reproduction (reviewed in: 
Sirnpson 1984). As filter feeders, some sponge species 
filter 24 000 1 kg-' d-' (Reiswig 1974). First approaches 
to visualize the 3-dimensional reconstruction of the 
channel system have been performed using the corro- 
sion cast technique (Bavestrello et al. 1998). During the 
application of this technique, however, the sponge 
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specimens are destroyed so that no repeated or even 
continuous time-dependent measurements are possi- 
ble. Moreover, quantitative information that is required 
for a detailed biophysical analysis of the water flow is 
lacking. Furthermore, the morphogenesis of the chan- 
nel system, which appears to be the major process 
during growth and development, is only poorly under- 
stood (reviewed in: Simpson 1984). 

Sponges have recently gained wider interest for 3 
major reasons. Firstly, they are rich sources of a broad 
variety of bioactive compounds (reviewed in: Sarma 
et al. 1993) that are used e.g.  as a chemical defence 
against predators such as carnivorous fish (reviewed 
in: Proksch 1994). Secondly, the elucidation of the 
genome composition and organization of sponges as 
'living fossils' allows insight into the early evolution of 
Metazoa prior to the Cambrian Explosion (reviewed in: 
Miiller 1998). Thirdly, cultivation of marine sponges in 
bioreactors (Osinga et al. 1998) and in vitro (Miiller et 
al. 1999) has recently become possible for the first 
time. One major limitation in the process of optimizing 
the culture conditions, especially with respect to the 
growth of the samples in vitro, is the lack of a reliable 
and quantitative technique to analyze the water flow in 
living specimens. 

In the present study the non-invasive technique of in 
vivo nuclear magnetic resonance (NMR) imaging 
(reviewed in: Callaghan 1991) is introduced to deter- 
mine for the first time the distribution of water in a 
living sponge, using, as an example, the marine 
sponge Suberites domuncula. This species is suitable 
for the application of the NMR imaging technique 
since it filters only 200 1 kg-' d-' of water and consumes 
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ca 240 mg kg-' O2 d-' at a temperature of 10°C (Arndt 
1930). In addition, S. domuncula is a particularly inter- 
esting object since it lives in symbiosis with a hermit 
crab, and, in consequence, images are taken simulta- 
neously from 2 living animal species, with the shell of a 
(dead) third organism (a snail) as a 'reference'. 

Materials and methods. Animals: Suberites domun- 
cula (Porifera: Demospongiae: Tetractinomorpha: Ha- 
dromerida: Suberitidae: Suberites) were collected in 
September 1998 from a depth of 22 m near Rovinj 
(Croatia). All specimens are known to live in associa- 
tion with the hermit crab Pagurites oculatus (Deca- 
poda: Paguridea) (Fig. IA), which resides in shells of 
the mollusc Trunculariopsis trunculus (Gastropoda: 
Muricidae) (Fig. 1B). The specimens of S. domuncula 
may reach a size of 10 cm (in diameter) with an aver- 
age of 4.5 cm. 

NMR imaging: The NMR imaging experiments were 
performed using a Bruker BIOSPEC 70/20 NMR spec- 
trometer with a magnetic field strength of 7 T and 
a horizontal bore of 20 cm (Bruker Medical GmbH, 
Rheinstetten, Germany). The actively shielded gradi- 
ent coils were capable of achieving gradients up to 
200 Gauss cm-', with rise and fall times of 240 ps. For 
excitation and detection of the NMR signal at the 'H 
resonance frequency of 300.3 MHz, a home-built bird- 
cage resonator (Hayes 1985) was used. The resonator 
is a high pass design with 8 rungs, a diameter of 37 mm, 
and a length of 50 mm. In order to improve the signal- 
to-noise ratio (SNR) by a factor of 1.4, the birdcage coil 
was quadrature driven (Chen et al. 1983). 

For imaging, a 3-dimensional FLASH NMR imaging 
sequence (Haase 1986) with an excitation pulse of rect- 
angular time pulse profile and a length of 200 ps was 
applied. A 128 X 128 X 8 data matrix was used for a 
field of view of 35 X 35 X 25 mm, resulting in an in- 
plane resolution of 35 mm/128 = 0.27 mm and in a slice 
thickness of 25 m d 8  = 3.1 mm for each of the 8 indi- 
vidual slices. The echo time was 1.4 ms, and the repe- 

:ig. 1. Marine sponge 
Suberites domuncula. 
(A)  A specimen cover- 
ing a mollusc shell with 
a hennit crab; the pere- 
opods, chelipeds and 1 
antenna of the crab are 
visible (arrowhead). In 
(B) the sponge tissue 
that surrounds the shell 
(S) has been removed 

tition time was 2.5 ms. The number of averages was set 
to 16 (Fig. 3A) and 4 (Fig. 3B), resulting a total mea- 
surement time of 49.5 and 18.4 S, respectively. 

The specimen was placed into a glass tube (28 mm 
outer diameter) filled either with seawater (Sigma) or 
with artificial seawater prepared from deuterated 
water (D,O). The incubation time for deuterated water 
was 18 min. The tube was sealed and placed into the 
magnet horizontally. The experiments were performed 
at 20°C. 

Results. Distribution o f  water within the organism: 
First images were taken from a specimen kept in sea- 
water. NMR slices were selected through the lower 
(Panel a),  middle (Panel b), and upper (Panel c) parts of 
the animal (Fig. 2). Slice a contains the tip of the heli- 
cal snail shell within the sponge tissue. The centers of 
both the sponge and the snail shell are located in 
Slice b, and Slice c covers the area towards the oscule. 

The colorbar given in Fig. 3Aa correlates the artifi- 
cial colors of the images with the NMR signal intensi- 
ties of the detectable aqueous protons. This scale, 

Fig. 2. Sketch showing the selection of the 3 NMR Slices a ,  b, 
and c through Suberites domuncula 
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reaching from lowest (black) to highest (yellow) inten- 
sities, reflects the (relative) intensity distribution 
within a distinct NMR experiment and thus applies to 
all of the 3 images a to c shown in Fig. 3A. Due to the 
fast imaging method used, the images do not reflect 
the pure spin density, and thus not only the pure water 
content, but are weighted by the NMR relaxation 
rate, T,. Thus, the high intensities stand for both high 
water content and short T,. The SNR reaches 100 in 
Fig. 3Ab. Most of the sponge tissue regions are in 
green indicating an intermediate proton NMR signal 
intensity (about 60%) relative to the surrounding 
water NMR signal. The ratio of the average signal 
intensities between seawater (high signal) and tissue 
(low signal) is 1.6. In one area, however, Fig. 3Ab 
displays a red color, which is indicative of a proton 
signal virtually identical to that in the surrounding 
medium. This region represents the area of the oscule. 
The NMR contrast between the sponge tissue and its 

aqueous environment becomes even more obvious in 
Fig. 3Ac. 

Distribution of  water after hydrogen-deuterium 
exchange: After the above measurements, the speci- 
men was transferred from water into D20 .  In proton 
NMR imaging, D20 does not give a NMR signal (due to 
its different resonance frequency) and is thus expected 
to appear as black in the image. Residual H 2 0  held 
back inside the sponge and the snail shell during the 
transfer, however, became mixed with the surrounding 
D 2 0  and gave rise to the blue color. The colorbar given 
in Fig. 3Ba holds only for images shown in Fig. 3B. The 
intensities in the 2 series of experiments do not follow 
the same absolute scale and are thus not directly com- 
parable with one another. Direct comparability would 
require the addition of an external reference. The SNR 
was 50 for the image shown in Fig. 3Bb, half of the SNR 
measured for the image in Fig. 3Ab, whereas the ratio 
of the signal intensities between the tissue (now high 
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Fig. 3. NMR imaging of Suberites domuncula (A) in seawater and (B) in seawater composed of deuterated water (D20). The 
images were taken from a specimen placed in a round glass tube using the 3-dimensional FLASH method. From the 8 NMR slices 
obtained, the 3 most informative ones are shown (slice thickness 3.1 mm): a ,  the slice preceding the central slice; b, the image 
from the middle of the animal; and c, the slice following the middle slice. In (Ab) and (Bb) the outer surface of the sponge is indi- 
cated by a dashed line; in addition, the locations of the shell, the legs of the crab, and of the sponge tissue are marked. The color 
bars (ranging from yellow to black) mark the NMR signal indicative of the relative T,-weighted water content; note that the 

contrast of the images in (B) has been increased by about 1.5-fold. Field of view: 35 X 35 mm; resolution: 0.27 mm 
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signal) and the surrounding medium (now low signal) 
increased from 1.6 (Fig. 3Ab) to 2.5 (Fig. 3Bb). After 
an incubation period of 2 min, as also required for the 
necessary manipulations, the water signal in the open- 
ing through which the crab in the shell reaches the 
surrounding medium with its legs is reduced to almost 
zero (Fig. 3Bb). Unexpected is the finding that the rel- 
ative H 2 0  signal intensity in the sponge tissue remains 
at an elevated level, even higher than the one mea- 
sured in the crab (Fig. 3Bb). Only in the outer layer 
(ca 2 mm) of the sponge does the color of the image 
turn green, indicating a reduction of the water signal 
intensity. It is interesting to note that the hermit crab in 
the shell shows the same relative water concentration 
as the sponge tissue. As in Fig. 3Ac, the slice shown in 
Fig. 3Bc exhibits the clearest contrast between sponge 
and environment. 

Discussion. It was established that Porifera are to be 
grouped together with the other metazoan phyla into 
one monophyletic kingdom (Miiller 1995). In conse- 
quence, it is also reasonable to assume that the outer 
surface of the sponges, the pinacoderm, maintains a 
higher degree of homeostasis, also with respect to the 
internal water content, with the surrounding medium 
than previously suggested (Loornis 1988). The data 
shown here demonstrate that the NMR signal intensity 
of water in the sponge remains at the same level as in 
the hermit crab after an incubation with D20 for a 
period of 18 min. 

These findings suggest D 2 0  as an ideal contrast en- 
hancing agent for NMR imaging of sponges. Based on 
these experiments, further NMR imaging studies offer 
the possibility of determining the water content in 
sponges quantitatively. Taking advantage of the main 
strength of NMR imaging, the non-invasivity, func- 
tional parameters, such as water flow and diffusion, 
might be recorded for a living organism. Furthermore, 
the use of NMR contrast agents, e.g. paramagnetic 
complex reagents used in medicine to enhance TT 
contrast, and tracer substances should offer additional 
possibilities both for anatomic and metabolic studies 
in vivo. 
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