
wave-form analysis to compare with our 
laboratory data. Although these data 
may not be representative of all the 
reported seismic observations, they are 
probably the most sensitive to the fea- 
tures that we utilize and serve to illus- 
trate the utility of our data in interpreting 
the seismic structure of the mantle. 

Let us compare the differences in 
acoustic velocities between the olivine 
and modified spinel phase as deduced in 
this report with reported velocity discon- 
tinuities at 400 km in the mantle. The 
seismic compressional discontinuity of 
0.43 k d s e c  (10) is about 40 percent of 
the difference between the two phases 
(1.06 kmlsec). The seismic shear discon- 
tinuity of 0.23 k d s e c  (11) is about 35 
percent of this difference (0.71 kmisec). 
This comparison suggests an olivine con- 
tent of the mantle of 40 percent by vol- 
ume, with the other 60 percent being 
composed of minerals that do not under- 
go phase transformations at this depth. 
This amount of olivine is low compared 
to that of most pyrolite mantle models, 
which generally require that olivine rep- 
resent over 60 percent of the total vol- 
ume (4). The pressure dependence of the 
velocity difference between the olivine 
and the beta phase is probably the great- 
est experimental uncertainty, and the 
magnitude of the velocity discontinuity 
is the greatest observational uncertainty. 
If the pressure derivatives of the bulk 
and shear moduli for the beta phase are 
approximately 3.9 and 1.1, then the ob- 
served discontinuity is consistent with a 
pyrolite composition. This compares to 
values of 5.3 and 1.8 for olivine. Al- 
though these inferred values are lower 
than expected, they are not sufficiently 
unreasonable to warrant rejecting the 
pyrolite model. We conclude that, al- 
though pyrolite is still an acceptable 
mantle model, a model with less olivine 
is preferable. 
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A Candidate Magnetic Sense Organ in the Yellowfin Tuna, 
Thunnus albacares 

Abstract. Single-domain magnetite crystals have been isolated and characterized 
from tissue located in a sinus within the dermethmoid bone of the skull of the 
yellowjn tuna, Thunnus albacares. Their chemical composition, narrow size distri- 
bution, and distinctive crystal morphology indicate that these crystals are biochemi- 
cal precipitates. Experiments on the interaction between particles reveal the orga- 
nization of the particles in situ and suggest a possible form for candidate magnetore- 
ceptor organelles. The consistent localization of such particles with similar arrange- 
ment within the dermethmoids of this and other pelagic $shes suggests that the 
ethmoid region is a possible location for a vertebrate magnetic sense organ. 

Magnetic material has been detected 
in the tissues of various metazoan spe- 
cies (1-5). Although the material is in- 
ferred to be magnetite, in many cases 
this has not yet been established, and 
external contaminants have not been ex- 
cluded as possible sources of magnetic 
remanence. Even in the homing pigeon 
and the honey bee, detailed localization 
of the magnetite has proved difficult to 
ascertain, and the particles have not 
been isolated or characterized previous- 
ly (3, 4). For many of the species stud- 
ied, behavioral evidence for magnetic 
sensitivity is lacking or in dispute. 

Earlier we reported reproducible con- 
ditioned responses to earth-strength 
magnetic fields in the yellowfin tuna, 
Thunnus albacares (6). We now report 
the detection, extraction, and character- 
ization of magnetite crystals from tissue 
within a sinus formed by the dermeth- 
moid bone of the skull of this species. 
The crystals have a narrow size distribu- 
tion, are single magnetic domains, and 
have morphologies similar to other bio- 
chemically formed magnetites. Studies 
of the interactions between particles sug- 
gest that the crystals are arranged in 
groups or chains in the dermethmoid 
tissue. Magnetite-based magnetorecep- 
tor organelles arranged in vivo in a form 
consistent with these observations could 
provide these fish with a sensitive mag- 
netoreception system. 

To distinguish magnetic material with 
a possible magnetoreceptive function 
from other deposits, we sought to identi- 
fy a tissue with the following characteris- 
tics: (i) it should have a high remanent 
magnetic moment concentrated in a 

small volume of sample compared with 
other tissues from the same fish; (ii) the 
anatomical position of the magnetic tis- 
sue must be consistent from fish to fish; 
(iii) the bulk magnetic properties, includ- 
ing particle coercivity, should be similar 
in different individuals and in different 
species of fish; and (iv) it should be 
innervated. 

Tissue and organ samples, including 
bones of the body and the skull, skin, 
sense organs, viscera, and swimming 
muscles, were dissected from three 1- 
year-old yellowfin tuna (fork length, 40 
to 50 cm) with glass microtome knives 
and handled with nonmetallic tools in a 
magnetically shielded, dust-free clean 
room. Although subsequent dissections 
focused on the most magnetic tissue, 
other samples were measured in all fish. 
Samples were washed in glass-distilled 
water, frozen in liquid nitrogen, exposed 
to strong fields from a cobalt-samarium 
magnet or an air-core impulse solenoid 
(7), and tested for isothermal remanent 
magnetization (IRM) in a superconduct- 
ing magnetometer. We extracted the 
magnetic material for other tests by com- 
bining the magnetic tissue from several 
fish, grinding the tissues in a glass tissue 
grinder, extracting released fats with 
ether, digesting the remaining cellular 
material in Millipore filtered 5 percent 
sodium hypochlorite solution (commer- 
cial bleach), and briefly treating the resi- 
due with 0.5M EDTA ( p H  7.1). After 
centrifuging and washing, aggregates of 
black particles could be separated mag- 
netically from the residue; control sam- 
ples of originally nonmagnetic tissues 
yielded no such product. The magnetic 
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50 percent magnetization point. This fol- 
lows because magnetic moments that are 
aligned by a given impulse field level 
should also be moved by an alternating 
field of the same strength. Interactions 

Peak tleld (mT) 

Fig. 1. The one-axis Af demagnetization and IRM acquisition curves for the dermethmoids of 
four yellowfin tuna. Saturation magnetization (1 to 3 x Id pA-m2) is 100 percent and natural 
remanent magnetization is 0 percent in both plots. Error bars represent standard errors of the 
means. 

powder extracted from the dermethmoid 
tissue was analyzed by x-ray diffraction, 
electron microprobe, and transmission 
electron microscopy (TEM). 

Of 17 tissues and organ samples exam- 
ined for magnetic remanence, 15 had 
mean moments less than 500 pA.mZ, and 
two (eye tissue and dermethmoid bone) 
had moments greater than 1000 p ~ . m ~  
(8). The intensities of magnetization of 
these samples identified the frontal and 
dermethmoid bones as the samples con- 
taining the greatest concentrations of 
magnetic material (8). Subdivision and 
remeasurement of the dermethmoids 
from a number of fish suggested that the 
magnetic material was contained in a 
sinus formed within the dermethmoid 
bone. Because the dermethmoid bones 
acquired greater moments (260 to 3000 
pA.mZ) than the frontal bones (59 to 300 
PA-mZ) and were always clearly magnet- 
ic, we focused our remaining studies on 
the dermethmoid bone and on the tissue 
it contained in particular. 

The frozen dermethmoid tissues of 
seven yellowfin tuna had natural rema- 
nent magnetization moments at or below 
the instrument noise level (< 50 pA.m2). 
We magnetized these samples (600 to 
3000 pA.mZ) and allowed them to warm 
to room temperature, measuring their 
moments at 5-minute intervals. The mo- 
ments retained by the samples all de- 
cayed with time, although not all lost 
their moments completely within the pe- 
riod of the experiments (1 hour). This 
observation suggests that, as the tissues 
thawed, the orientation of the magnetic 
particles became randomized through 
thermal agitation. 

We washed and refroze the dermeth- 
moids of four fish, subjected them to 
magnetic fields of progressively increas- 
ing strength with the impulse solenoid, 

and then demagnetized them with pro- 
gressively increasing alternating fields 
(Af). The magnetic moment remaining 
after each step in these procedures was 
measured in the magnetometer. The der- 
methmoids acquired virtually all of their 
magnetization in fields between 10 and 
200 mT and lost it again in alternating 
fields between 10 and 100 mT (Fig. 1). 
The absence of the multi-domain magne- 
tite particles detected by Zoeger et al. (5) 
in the Pacific dolphin, Delphinus delphis, 
is indicated by the flatness of the Af 
demagnetization curve below peak fields 
of 10 mT. The almost complete satura- 
tion of the samples in fields above 200 
mT rules out the presence of hematite 
and metallic iron alloys, which will con- 
tinue to acquire remanence in fields 
above 1000 mT. 

If the magnetic particles producing the 
moment were uniformly dispersed 
throughout the dermethmoid tissue, the 
IRM acquisition and Af demagnetization 
curves would be symmetrical about the 

9 
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Fig. 2. Isolated magnetite crystals from the 
yellowfin tuna dermethmoid tissue. Scale bar 
is 100 nm. 

between the particles aid Af demagneti- 
zation and inhibit IRM acquisition, dis- 
placing the curves and causing their in- 
tersection to fall below the 50 percent 
magnetization point (9). However, the 
abscissa of the intersection point still 
provides a good estimate of the median 
coercivity of magnetic particles in the 
sample (9). The ordinate and the abscissa 
of the intersection of the Af demagneti- 
zation and IRM acquisition curves for 
the yellowfin tuna dermethmoids were at 
30 percent magnetization and 40 mT, 
respectively (Fig. 1). These data are 
compatible with the presence of about 
8.5 x 10' single-domain magnetite parti- 
cles in the dermethmoid tissue; these 
particles are approximately 50 nm in 
length, have axial ratios of about 0.8 
(lo), and are organized into interacting 
groups or chains (9. 11). 

An x-ray diffraction pattern identified 
magnetic particles extracted from the 
dermethmoid tissue as crystalline mag- 
netite (12). Electron microprobe (Ca- 
meca MBX) analysis showed that the 
crystals were pure, containing no mea- 
surable titanium, chromium, or manga- 
nese (11). In TEM, the isolated crystals 
were 45 2 5 nm in length and 38 + 5 nm 
in diameter (mean 2 standard error of 
the mean) (Fig. 2). These dimensions fall 
within the single-domain stability field of 
magnetite (13), and their sizes and axial 
ratios match the particle coercivities 
measured in whole tissues. The crystals 
do not conform to the octahedral crystal 
morphology or lognormal size-frequency 
distributions normally shown by geolog- 
ic or synthetic magnetites (14). Nonocta- 
hedral crvstal habits and uniform size 
distributions are characteristic of chiton 
and bacterial magnetites (15), which sug- 
gests that crystal morphology is a useful 
means of distinguishing biologic from 
nonbiologic magnetites (15, 16). 

The properties and organization of the 
magnetite particles in the dermethmoid 
tissue of the yellowfin tuna meet precon- 
ditions for use in magnetoreception and 
suggest a possible form for magnetite 
based magnetoreceptors. Their chemical 
composition, uniform size, and biologi- 
cally distinctive morphology are evi- 
dence of closely controlled biominerali- 
zation processes and, consequently, 
magnetic properties. The crystals will 
have a coupling energy with the geomag- 
netic field of about 0.1 kT. They are 
therefore too small to contribute individ- 
ually to magnetoreception since their net 
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alignment, as given by the Langevin 
function, will be poor (17). Organization 
of the particles into chains similar to 
those in the magnetosomes of magneto- 
tactic bacteria (18) will yield greater cou- 
pling energies and is consistent with the 
interactions between the particles de- 
tected in the dermethmoid tissue. The 
decay with warming of the IRM acquired 
by the dermethmoid tissue indicates that 
the particle groups are at least partially 
free to rotate. Taken together, these re- 
sults suggest an association of the parti- 
cles with a mechanoreceptor that detects 
the position or movement of the groups. 
Theoretical analyses (19) show that 
chains of 20 to 60 particles would pro- 
vide ideal coupling energies with the 
geomagnetic field for use in magnetore- 
ception. Assuming that the 8.5 x 10' 
particles detected in the dermethmoid 
tissue are arranged in such a fashion, a 
magnetite-based magnetoreception sys- 
tem in the yellowfin tuna could resolve 
magnetic field direction to within a few 
seconds of arc, or magnetic field intensi- 
ty differences of 1 to 100 nT (19). 

Gross dissection of the dermethmoid 
region of the yellowfin tuna revealed the 
supraophthalmic trunk nerve, which car- 
ries branches of the trigeminal, facial, 
and anterior lateral line nerves and 
which ramifies in the ethmoid region. 
Histological studies have suggested the 
presence of nerve axons in the dermeth- 
moid tissue (20). A suitable physical and 
possible neural basis for previously dem- 
onstrated behavioral responses to mag- 
netic fields has thus been demonstrated 
for the first time in one species. Our 
magnetometry results are consistent in 
phylogenetically distant fishes (12) and, 
along with similar results for other verte- 
brates (1, 4, 5), suggest that the ethmoid 
region of the skull is a likely site for a 
vertebrate magnetic sense organ. 

Note added in proof: Magnetite crys- 
tals isolated from the dermethmoid tis- 
sue of chinook salmon, Oncorhynchus 
tshawytscha, are organized in chains 
when viewed in TEM (21). 
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Progressive Accumulation of Toxic Metabolite in a 
Genetic Leukodystrophy 

Abstract. Progressive accumulation of a cytotoxic metabolite, galactosylsphingo- 
sine (psychosine), was found in the brain of the twitcher mouse, a mutant caused by 
genetic deficiency of galactosylceramidase. Similar abnormal accumulation was 
also found in the brain of the genetic galactosylceramidase deficiency disease in the 
dog and in human patients (globoid cell leukodystrophy or Krabbe disease). 
Galactosylsphingosine was absent in the brains of normal and heterozygous mice. 
The finding provides support for the psychosine hypothesis as the biochemical 
pathogenetic mechanism of globoid cell leukodystrophy. Analogous mechanisms 
may be important in the pathogenesis of other genetic lysosomal diseases. 

Genetic galactosylceramidase defi- 
ciency (globoid cell leukodystrophy or 
Krabbe disease) is known in several 
mammalian species, including the human 
(I), the dog (2), and the mouse (3). It is a 
rapidly progressive fatal disorder with 
clinical and pathological manifestations 
almost exclusively restricted to the ner- 
vous system, particularly to the white 
matter and the peripheral nerves. Con- 
ceptually the disease is related to the 
lysosomal storage disorder of Hers (4). 
Paradoxically, abnormal accumulation 
of galactosylceramide, the natural sub- 

strate of the missing enzyme, does not 
occur in the nervous system despite the 
genetic catabolic block (2, 5, 6). 

Miyatake and Suzuki (7) in 1972 pro- 
posed a hypothesis for the biochemical 
mechanism that leads to the absence of 
galactosylceramide accumulation and to 
the devastating pathology of the white 
matter, particularly the rapid and total 
degeneration of the oligodendroglia. The 
hypothesis has become known as psy- 
chosine hypothesis, because a toxic me- 
tabolite, galactosylsphingosine (psycho- 
sine), which is also a substrate of galac- 
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