
nates, including EHDP, inhibit calcifica-
tion in bone and pathologic mineral de-
posits by binding to hydroxyapatite de-
posits and preventing further crystal
growth (16-18). In an earlier study in
which bioprosthetic cusp calcification
was inhibited through the use of system-
ic EHDP, severe adverse effects on so-
matic growth and bone development oc-
curred (19). However, we have now per-
formed preliminary experiments in
which short-term (2 weeks) administra-
tion of EHDP with an osmotic pump
(ALZET 2001, Alza, Stanford, Calif.)
inhibited the calcification during the im-
plant period, with no adverse effects on
bone development or somatic growth
(data not shown). Technical constraints
would prohibit the use of this type of
osmotic device for long-term local thera-
py. The long-term (84 days) controlled-
release system we have developed to
inhibit cuspal calcification delivered
EHDP at an approximate total body dos-
age of 6 jig/kg. Ethylene-vinyl acetate-
EHDP matrices could potentially be in-
corporated into clinical valve prostheses
during fabrication. In addition, ethylene-
vinyl acetate-EHDP may be useful in
controlling calcification in other types of
prosthetic implants (20, 21).
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tion, and orientation of the E vector).
The trolley prevented the ants from see-
ing either landmarks or sun and from
detecting wind direction (8).

In a first set of experiments the ants
could view an annulus-shaped celestial
window centered about the zenith (width
300, mean elevation 400, elevation of
sun > 650). The COMP animals were
oriented in the homeward direction as
precisely as controls, in which com-
pound eyes and ocelli had been left open
(Figs. IA and 2A). We observed that
even the OC animals were able to deter-
mine homeward courses, but their be-
havior differed strikingly from the behav-
ior of both COMP animals and controls.
First, the OC animals moved extremely
slowly along tortuous paths, continuous-
ly swinging their body axes to the left
and right and thus giving the impression
of scanning the sky (Fig. 1B). Second,
the scatter in the ant's bearings was
significantly larger in the OC animals
(Fig. 2B) than in ants that could use their
compound eyes (Fig. 2A) (for example,
6-m distance, F-test, two-sided, d.f. = 17
and 23, P < 0.002). Any orientation was
completely abolished when compound
eyes as well as ocelli were painted out
(blind animals, Figs. ID and 2D).
This first set of experiments showed

that ants that could use only their ocelli
did not behave as though blind but were
able to derive compass information from
the sky even when the sun was not
visible. However, because the ants could
see a rather large part of the natural blue

SCIENCE, VOL. 228

Oceili: A Celestial Compass in the Desert Ant Cataglyphis
Abstract. In addition to multifaceted lateral compound eyes, most insects possess

three frontal eyes called ocelli. Each ocellus has a single lens, as does the vertebrate
eye. The ocelli of some flying insects, locusts and dragonflies, have been shown to
function as horizon detectors involved in the visual stabilization of course. In a
walking insect, the desert ant Cataglyphis, it is now shown that the ocelli can read
compass information from the blue sky. When the ant's compound eyes are occluded
and both sun and landmarks are obscured, the ocelli, using the pattern ofpolarized
light in the sky as a compass cue, help in guiding the ant back home.
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sky covering all points of the compass,
we could not decide on the basis of this
experiment whether the ant's ocelli were
really able to exploit the celestial pattern
of polarization. Because of the large part
of the sky displayed to the ants, the OC
animals could have derived compass in-
formation from intensity or spectral gra-
dients as well (9).

In a second set of experiments, the
ants were presented with a single spot of
artificially polarized light (diameter 400
and elevation of central point 450) in
which the orientation of the E vector
could be varied. The ants in which the
compound eyes had been painted out
(OC animals) were able to select the
proper compass course (Figs. IC and
2C). They took the patch of artificially

polarized light for neither the sun nor
some point along the antisolar meridian,
nor did they move phototactically to-
ward the patch of light. They apparently
selected their homeward course on the
basis of the E vector orientation dis-
played (10). To control for other (visual
and nonvisual) directional cues that the
ants might have been able to use, the E
vector was presented not where it actual-
ly occurred in the sky, but at an azimuth-
al distance from its natural position. The
ants deviated by that distance from their
true homeward direction, indicating that
those ants with ocelli alone were able to
read compass information from an isolat-
ed patch of polarized light in the sky.

Certainly, the ocelli are not necessary
for this orientation, since painting them

A *

out has no detectable effect on the accu-
racy by which the ants find their way
back home (Fig. 2A). Furthermore, one
only has to compare the walking behav-
ior of the OC animals (Fig. 1, B and C)
with that of the COMP animals (Fig. IA)
and the controls in order to learn that the
extensive body movements performed
by the OC animals do not occur in ants
that can use their compound eyes as a
celestial compass. We do not know,
however, -in what respects the celestial
compasses provided by ocelli and com-
pound eyes differ from each other and
whether one compass exploits specific
celestial information (for example, radi-
ant intensity, color, and E vector infor-
mation) more readily or reliably than the
other (11).

B +

i

C D

Fig. 1 (left). Homing paths of desert ants Cataglyphis bicolor, which were prevented from seeing landmarks and sun but could only view parts of
the blue sky. (A) A COMP animal (ocelli occluded) viewing the natural blue sky; (B) an OC animal (compound eyes occluded) viewing the natural
blue sky; (C) an OC animal viewing a single spot of artificially polarized light; and (D) a blind animal (compound eyes and ocelli occluded). The
solid square is the point at which the ant was released; the black arrow is true homeward direction (in A, B, and D) or homeward direction as indi-
cated by the E vector (in C); and the white arrow is the azimuth of the E vector. Time marks are given every 10 seconds. Fig. 2 (right). Return
directions of ants that were allowed to view the natural blue sky (with the sun obscured) or individual E vectors. The ants' bearings are given for
distances of 2, 4, and 6 m from the start (+). Black arrow (in A, B, and D) represents the homeward direction. (A) Controls (@) with neither com-
pound eyes nor ocelli occluded and COMP animals (0) viewing the sky but prevented from seeing the sun. The two series do not differ in mean di-
rection (Watson-Williams test, P >> 0.1) and deviation (F-test, P >> 0.1). (B) The OC animals tested as (in A). Two series ( and 0) that differ
in the azimuth position of the sun relative to the homeward direction. The mean directions of the ants differ significantly from the sun's azimuth
(Watson-Williams test, P < 0.01), thus excluding the possibility that the ants moved merely toward the brightest part of the sky. (C) The OC
animals viewing a spot of artificially polarized light; E vector orientation, X = -73o (0) or -60° (U). The black arrow indicates the homeward
direction that the ant should choose when relying exclusively on E vector information. White arrows are hypothetical homeward directions to be
selected by the ants if they took the spot of polarized light for the sun. (D) Blind animals tested as in (A) and (B). Within the time interval of 5 min-
utes only 5 out of 19 blind animals moved as far as 6 m from the start.
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How ants use the ocelli to detect the
polarized light in the sky is a matter for
speculation. We know from intracellular
electrophysiological recordings that all
photoreceptors of the Cataglyphis ocelli
are ultraviolet receptors and that they
are highly sensitive to polarized light
(12), but it would be premature to design
models of E vector detection until much
more is known about how the analyzer
directions of the photoreceptors are spa-
tially arranged within the retina and how
the photoreceptor axons converge onto
the first-order intemeurons (13). Electro-
physiological measurements have shown
that the ocelli of Cataglyphis look at
regions of the sky that are closer to the
horizon than to the zenith and that within
the horizontal plane the visual axes of
the left and right lateral ocelli deviate by
900 from the visual axis of the median
ocellus (14). The ant's ocelli might then
be thought of as a three-detector system
that scans the sky for compass informa-
tion. A scanning strategy involving wide-
ly separated detectors would correspond
well with the striking behavior of ants in
which the compound eyes have been
occluded: the continual sideways move-
ments resulting in tortuous walking tra-
jectories.
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Zoologisches Institut der Universitat
Zurich, Winterthurerstrasse 190,
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range of swimming speeds at low tem-
perature (1). The carp seemed to recruit
motor units in the same order at low and
high temperature; for example, at low
velocities only the aerobic (red and pink)
fibers were recruited, and as swimming
velocities increased, the anaerobic white
fibers were recruited as well. At low
temperatures (10°C), however, the carp
recruited all their aerobic red and pink
fibers over a relatively small range of
swimming velocities (15 to 26 cm/sec),
whereas at 20°C the fibers were recruited
over a greater range of velocities (15 to

Fig. 1. Placement of the EMG electrodes. The three different
muscle fiber types of the carp-white, red, and pink-are
segregated into anatomically separated zones (cross-sections
not drawn to scale). Fish were anaesthetized, and bipolar
electrodes (teflon-insulated stainless steel wire, 75 ,um in
diameter) were implanted in the red muscle (heavy line) and
white muscle (thin line), one set below the dorsal fin and the
other 3 cm anterior to the caudal peduncle (See Fig. 2). These
electrodes and a ground electrode placed intraperitoneally on
the fish's ventral surface were brought forward to the first
spine of the dorsal fin, where they were sutured and glued in
place.
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Temperature Acclimation: Improved Sustained Swimming
Performance in Carp at Low Temperatures

Abstract. At low temperatures, the reduction in mechanical power output of the
aerobic muscle forces cold-blooded animals, such as carp, to recruit their rapidly
fatiguing anaerobic fibers at relatively slow swimming speeds. Previous experimen-
tal data have suggested that changes in the biochemistry and morphology of the
aerobic muscle during cold acclimation might increase its output of mechanical
power. The present experiments show that, because ofthese changes, carp can swim
faster at low temperature using only their aerobic muscle, which results in an
increase in their sustainable swimming speed. By modifying their musculature, cold-
blooded animals can achieve some independence from the effects of seasonal
changes in environmental temperature.


