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Lunar-Modulated Geomagnetic Orientation by a

Marine Mollusk

KENNETH J. LOHMANN AND A. O. DENNIS WILLOWS

Behavioral experiments indicated that the marine opisthobranch mollusk Tritonia
diomedea can derive directional cues from the magnetic field of the earth. The magnetic
direction toward which nudibranchs spontaneously oriented in the geomagnetic field
showed recurring patterns of variation correlated with lunar phase, suggesting that the
behavioral response to magnetism is modulated by a circa-lunar rhythm. The discovery
of a magnetic sense in a mollusk with giant, reidentifiable neurons provides a unique
opportunity to study the cellular mechanisms underlying magnetic field detection.

LTHOUGH THE MAGNETIC FIELD OF
the earth is known to influence the
orientation of a variety of organisms
(1), the neurophysiological mechanisms un-

derlying magnetic field detection in metazo- .

ans have not been established. It has been
hypothesized that ferrimagnetic material
functions as a transducer for a magnetic
sense in several animals (I, 2). However,
primary magnetoreceptors have proven dif-
ficult to isolate, and direct neurophysiologi-
cal evidence implicating ferrimagnetic parti-
cles in the detection of magnetic fields has
not been obtained.

Electrophysiological analysis of the neural
mechanisms underlying magnetoreception
in vertebrates has been impeded by the small
size of vertebrate neurons, difficulties in
reidentifying individual cells, and the com-
plexity of the central nervous system. Here
we report a behavioral response to ambient
magnetic fields by the marine mollusk 7%-
tonin diomeden, a nudibranch that has large,
reidentifiable neurons and a relatively simple
nervous system accessible to electrophysio-
logical studies (3). In addition, we present
evidence of a novel pattern of orientation
based on magnetic field detection and relat-
ed by an unknown mediator to lunar phase.

When tested in the laboratory, a variety of

Fig. 1. Orientation of Tritonia diomedea under
two ambient magnetic field conditions. (A) Ori-
entation in the geomagnetic field. The group is
significantly oriented [# = 18, » = 0.58, mean
angle = 87.6°, P < 0.01, Rayleigh test (10)]. (B)
Orientation in a field with a canceled horizontal
component. The distribution is indistinguishable
from random [# =17, »=0.19, mean an-
gle = 29.0°, P >> 0.10, Rayleigh test (10)].
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invertebrates spontaneously orient to con-
text-irrelevant stimuli (4, 5). Experimental
manipulation of such spontaneous orienta-
tion has been used to demonstrate sensitiv-
ity to ambient magnetic fields (5) and to
polarized light (). In an initial 4-day experi-
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ment, we therefore examined the orientation
of T diomedea maintained in darkness under
two ambient magnetic field conditions. On
nights 1 and 3 of the experiment, nudi-
branchs were tested in the magnetic field of
the earth (6). On nights 2 and 4 the hori-
zontal component of the earth’s magnetic
field was canceled (7) by using a Rubens’
coil system (8) to generate a field equal in
intensity to the horizontal component of the
geomagnetic field but opposite in direction
).

In the earth’s field, the orientation of the
animals was significantly [P < 0.01, Ray-
leigh test (10)] nonuniform with a mean
angle of 87.6° (Fig. 1A). In contrast, ani-
mals tested in the canceled horizontal field
showed orientation statistically indistin-
guishable from random (Fig. 1B). A com-
parison of the two distributions with the
Watson test (11) indicated that they are
significantly different (U? = 0.199, P <
0.05). These data suggest that the eastward
orientation observed in the geomagnetic
field was mediated by magnetic field detec-
tion and that eliminating the horizontal
component of the geomagnetic field im-
paired the ability of the animals to orient.
We emphasize that our measurements were
of body axis alignment only and not of
directional movements [an animal on the
western side of the tank could be oriented
eastward (12)].

The results of this initial experiment en-
couraged us to examine in greater detail the
orientation of T#itonia in the natural mag-
netic field of the earth. Measurements of
body axis alignment conducted sporadically
over a period of 4 months, however, indicat-
ed that the animals did not always orient
toward the east (13).

Initially we did not perceive any pattern in
the directional variation and unsuccessfully
sought to identify variations in experimental
procedure that could account for it. Several
reports, however, have suggested a relation
between geomagnetic orientation and lunar
phase. Homing pigeons, for example, utilize
geomagnetic cues in orientation and show
an apparent lunar rhythm in their initial
bearings from some release sites (14). Mud
snails and flatworms show behavioral re-
sponses to magnetic fields that reportedly
vary subtly with lunar phase (15), as does
the fly Drosophila (16). In view of these
reports, we plotted the mean angles of ori-
entation for groups of nudibranchs as a
function of day of the lunar month (Fig. 2).
The results of circular correlation analysis
(17) indicated the two parameters were sig-
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Table 1. Results of the initial Y-maze experiment.
Numbers represent the total numbers of left turns
and right turns under the geomagnetic field and
an ambient field rotated 90° clockwise. All experi-
ments were conducted between 0 and 144 hours
before full moon.

Magnetic
direction i
Field corresponding 7 turning
to
Left nght Left nght

Geomagnetic East ~ South 21 17 4
Rotated North East 20 9 11

nificantly (P < 0.05) related. A second anal-
ysis (18) treating each of the 170 animals
tested as an independent data point (10) also
indicated that orientation angles and lunar
day were related (P < 0.02).

We reasoned that if the relationship had
predictive value and if body axis alignment
reflected preferred direction of movement, it
might be possible to achieve a simple, unam-
biguous demonstration of lunar-correlated
variation in geomagnetic orientation by pre-
senting animals with choices between two
directions in a Y-maze. In an initial experi-
ment, the maze (I19) was oriented in the
geomagnetic field so that nudibranchs
placed in the stem of the Y were initially

360 — }

180

i

LI

Mean angle of orientation (degrees)

L L

> @ © O

Day of lunar month

Fig. 2. Mean angles of orientation for nudibranch
groups in the geomagnetic field as a function of
day of the lunar month. Each data point repre-
sents the mean angle of a different group of
animals tested once on a single night between 16
October 1983 and 23 April 1984. Brackets de-
note angular deviation, the circular statistical
equivalent of the standard deviation in linear
statistics (29). Hash marks on the x-axis delinecate
2-day intervals. To present the data in “linear”
form with conventional angles (0° to 360°) we
have arbitrarily started and ended the graph with
a data point from lunar day 19 [the new moon
marks the start of day 1 (I14)]. North = 0°,
east = 90°, south = 180° and west = 270°. Cir-
cle-circle correlation analyses (17) indicate that

directed toward 135° southeast. Thus, upon
reaching the branch point, animals turning
left moved eastward while those turning
right went south. Data from Fig. 2 suggest-
ed that the mean angle of orientation during
the 6 days preceding full moon is usually
between north and east. We therefore pre-
dicted that animals tested in the geomagnet-
ic field at this time would show a clear
preference for left-turning (toward east)
over right-turning (toward south). Howev-
er, a 90° clockwise rotation of the ambient
field was expected to eliminate the left-
turning tendency, since the choice would
become one of north (left) or east (right),
with the “preferred direction” between.

Results of the experiment were consistent
with the predictions (Table 1). About 80%
of the responding nudibranchs turned left in
the geomagnetic field, and the turning pref-
erence vanished altogether when the ambi-
ent magnetic field was rotated 90° clock-
wise. The turning ratios in the two field
conditions were significantly  different
(P = 0.019, Fisher’s exact probability test),
indicating that ambient magnetic fields in-
fluenced turning behavior in Tritonia.

In a second series of Y-maze experiments
(20), the maze was oriented as in the initial
experiment; the Rubens’ coil, however, was
arranged so that activating it reversed the
horizontal component of the geomagnetic
field, rotating magnetic north 180° to geo-
magnetic south (Fig. 3).

Trials were conducted during only two 5-
day periods of the lunar month. One of
these 120-hour periods was centered on full
moon; the other centered on new moon. On
the basis of Fig. 1A, Fig. 2, and the initial
experiments (Table 1), we predicted that
most animals tested at full moon in the
geomagnetic field would again turn left
(east) in the Y-maze rather than right
(south). In the reversed-field full moon tri-
als, we predicted one of two outcomes. (i)
The majority of animals might turn right
(north) since this is closer to east than left
(west) is. (i) The animals might not exhibit
any preference if both north and west are
outside the range of preferred directions and
are thus both equally unacceptable (or ac-
ceptable) to the animals.

On the basis of an expectation of approxi-
mately westward movement at new moon
(21), we predicted different results for trials
at that time. Animals tested in the geomag-
netic field were expected either to show no
turning preference or to turn right (south)
rather than left (east) (22). In contrast, we
predicted that animals tested in the reversed
field would show a clear preference for left
(westward) turning.

Left turn
Geomagnetic east
Reversed-field west

Right turn
Geomagnetic south
Reversed-field north

Fig. 3. Experimental design for the second series
of Y-maze experiments. In the geomagnetic field,
a left turn led toward east and a right turn toward
south. When the Rubens’ coil system was activat -
ed, reversing the horizontal component of the
magnetic field, a left turn led toward magnetic
west and a right turn toward magnetic north.

the predictions. In the full moon geomag-
netic field trials, 76.3% of the animals
turned left (east) rather than right (south).
This turning preference vanished in the full
moon reversed-field trials when the choice
became one between north (right) and west
(left). In contrast, nudibranchs tested in the
geomagnetic field at new moon showed no
significant turning preference. In the new-
moon reversed-field trials, 83.0% of the
animals turned left (west).

The cyclical nature of the behavioral re-
sponse is evident when responses under each
field condition are plotted for each of the
three full moons and two new moons occur-
ring during the experimental period (Fig.

Table 2. Summary of the results of Y-maze
experiments indicating total left turns and total
right turns under two ambient magnetic field
conditions in experiments conducted within 60
hours of full or new moon. Since multiple com-
parisons of the left-right turning ratios under the
four experimental conditions were made in the
analysis, significance levels reported below are
expressed as experimentwise type I error rates [to
be significant at the experimentwise level of P <
0.05, two ratios had to be significantly different at
the P < 0.01274 level when treated as an inde-
pendent comparison (30)]. The left-right turning
ratios in the geomagnetic field and reversed field
at full moon are significantly different
(Gy = 7.20, P < 0.05); simularly, the ratios in the
geomagnetic field and reversed field at new moon
are different (G, = 10.58, P < 0.01). Results in
the geomagnetic field at full moon are marginally
different from results in the geomagnetic field at
new moon (G, = 6.04, P < 0.055). Results in
the reversed field at full moon and those in the
reversed field at new moon are different
(G, = 14.05, P < 0.01).

Full moon New moon
Field -
Left  Right Left Right
Geomagnetic 45 14 33 27



Fig. 4. The proportion
of Tritonia turning left
in the Y-maze in the
geomagnetic field and
reversed field during a
10-week  experiment .
(Fig. 3). On the basis
of initial experiments,
we predicted animals
tested in the geomag-
netic field would turn
left at full moon, and
that those tested in the
reversed field would
turn left at new moon.
The solid line and solid
data points represent
results of trials in the
geomagnetic field.
Broken lines and open
data points represent
results obtained in re-
versed magnetic field
trials. Data points un-
der each magnetic field
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der each set of conditions. Values of P represent the binomial probability of the observed result had it
been drawn from a population showing random orientation (50% expected in each maze arm). NS (not
significant) indicates that no significant preference for either arm was demonstrated under the test

conditions (P = 0.20 in all such cases).

4). In the geomagnetic field, a statistically
significant majority of animals turned left
during cach of three consecutive full moons,
but there was no significant turning prefer-
ence during either of two new moon peri-
ods. In the reversed field, animals tested in
the geomagnetic field did not demonstrate a
significant turning preference during any of
the full moon periods; however, a statistical-
ly significant majority turned left during
both new moon experiments.

These data indicate that ambient earth-
strength magnetic fields influence the turn-
ing behavior of Tritonin. Moreover, the
behavioral response to magnetism exhibited
a consistent pattern of variation through
time that correlated with lunar phase. The
data are not sufficient to determine a precise
period length for this apparently cyclical
behavior. Nevertheless, the results are con-
sistent with the interpretation that the re-
sponse to magnetism is modulated by a
lunar or a circa-lunar rhythm (23).

We do not know if the patterns of orienta-
tion we have observed in the laboratory
reflect behavior that is significant to animals
under natural field conditions. To our
knowledge, T. diomeden has never been stud-
ied systematically in its natural habitat; thus
nothing is known of its orientation and
directional movements there. If animals in
the natural habitat show directional move-
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ments that follow the pattern suggested by
Fig. 2, they could move in a slow counter-
clockwise circle or spiral over the course of
the lunar month. Although such a pattern of
locomotion could play a role in foraging
(24), reproduction (25), or both, it is equal-
ly plausible that the laboratory results repre-
sent orientation to detectable but context-
irrelevant stimuli (4, 5).

Regardless of adaptive considerations, the
results indicate that Titonia derives direc-
tional information from the magnetic field
of the earth. The presence of a magnetic
sense in an opisthobranch mollusk with
large, reidentifiable neurons (3) represents a
unique opportunity to examine the neuro-
physiological mechanisms underlying mag-
netic field detection in metazoans. We have
initiated electrophysiological studies de-
signed to identify neurons involved in the
detection of the geomagnetic field. One
neuron (left pedal neuron 5) consistently
shows enhanced electrical activity in re-
sponse to changes in earth-strength magnet-
ic fields (26). This neuron has no apparent
motor function (3), does not respond to
conventional tactile or chemical stimuli (3),
and is inhibited during escape swimming
(27). In addition, the whitish pigmentation
of left pedal neuron 5 is characteristic of cells
that contain neuroactive peptides and func-
tion in modulating behavioral state (28).
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Myosin Rod Phosphorylation and the Catch

State of Molluscan Muscles

LORIANA CASTELLANI AND CAROLYN COHEN

“Catch” is a prolonged state of tension in molluscan smooth muscles shown by
mechanical measurements to be associated with the level of protein phosphorylation.
Myosin isolated from these muscles is unusual in being phosphorylated in the rod
portion by an endogenous kinase, like certain nonmuscle myosins. These findings
suggest that the myosin rod is a target for phosphorylation and that this reaction may
control the transition from catch to relaxation. ’

ERTAIN MOLLUSCAN SMOOTH MUS-

cles display a specialized stretch-re-

sistant state called “catch” in which
tension is maintained for long periods. In
the catch state, although adenosine triphos-
phate (ATP) is present, the myosin cross-
bridges are attached to actin but cycle very
slowly [for review, see (1)]. Catch muscles
are characterized by distinctive thick fila-
ments containing a large core of paramyosin
and an outer layer of myosin (2—4). Aspects
of the packing of the paramyosin core are
understood (3, 5-7). In'contrast, the organi-
zation of myosin in the thick filaments of
catch muscle is not yet known, although the
myosin array in a related molluscan non-
catch muscle has been visualized (8). The
myosin of both catch and the more rapidly
relaxing striated adductor muscles of mol-
luscs is directly activated by the binding of
Ca*" to the head portion of the molecule (9,
10). Several hypotheses for the mechanism
of catch involve phosphorylation of para-
myosin, with possible effects on paramyo-
sin-paramyosin and paramyosin-myosin in-
teractions (11-14). We report that the main-
tenance of catch is associated with dephos-
phorylation and also show that the rod
portion of a catch muscle myosin can be
phosphorylated in vitro. These findings sug-
gest new possibilities for the molecular basis
of catch.

We have confirmed the reports of Corne-
lius (15, 16) that detergent-skinned fiber
preparations of the anterior byssus retractor
muscles (ABRM) of Mytilus edulis display
mechanical properties similar to those of the

intact muscle (Fig. 1). Contraction is acti-
vated by addition of 107¢ M Ca**, produc-
ing an “active state.” The muscle is locked
into catch by removal of Ca’*, and re-
laxation from catch is obtained by the addi-
tion of cyclic adenosine monophosphate
(cAMP). This cyclic nucleotide, however,
does not inhibit development of active ten-
sion by Ca®*. This permeable fiber prepara-
tion therefore allows the direct investigation
of the role of second messengers in the
contractile process. '

We have studied the mechanical response
of these muscles to the catalytic subunit of
cAMP-dependent protein kinase [for review
see (17)]; to ATP-y-S, a nonhydrolyzable
ATP analog often used as a substrate for
Kinases (I18); and to NaF, an inhibitor of
phosphatases. Skinned ABRM fiber bundles
preincubated with the catalytic subunit of
the cAMP-dependent kinase develop active
tension comparable to the control (Fig. 2),
but removal of Ca®>* produces rapid relax-
ation instead of locking the muscle into
catch. This finding suggests that the cAMP-
dependent kinase is the target protein of
cAMP in this system. '

Relaxation from the catch state can also
be induced by addition of 20 mA NaF (Fig.
3). The presence of NaF does not affect
activation by Ca?*, but it inhibits the devel-
opment of catch even after its removal by
extensive washing.

When ATP-y-S is substituted for ATP
during catch, rapid relaxation is observed
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