plained. The apparent warmth of Europe is
accounted for by the poleward flow along
the eastern margin of North America and
through the poleward deflection of west-
ward flow by the bulge of Africa. The mid-
Pacific guyots are in a zone of westward
flow and the Tethyan affinities could easily
have a western Caribbean source. Finally,
the model simulation provides opportuni-
ties for both east-to-west and west-to-east
faunal migrations in Tethys. This result sug-
gests that the biogeography, either because
of an incomplete record or because the
relations between biogeography and ocean
circulation patterns are not fully under-
stood, may not provide uniquely deter-
mined surface circulation patterns. Physical-
ly consistent and comprehensive reconstruc-
tions of ocean circulations, which can only
be derived from fully resolved ocean circula-
tion models, may be required to assess past
ocean circulations.

The results of the numerical ocean model
experiments for Cretaceous paleogeography
indicate that the concept of a westward
flowing circumglobal equatorial current for
the Cretaceous and for much of the Mesozo-
ic and Cenozoic must be re-assessed. At a
minimum, earlier reconstructions are proba-
bly too simplistic and the circulation may
have changed substantially as a function of
ocean geometry (continental positions and
sea level). The concept of poleward displace-
ment of atmospheric winds during warm
time periods, which has not been substanti-
ated with GCM studies, apparently influ-
enced earlier paleoceanographic reconstruc-
tions. Furthermore, ocean surface current
reconstructions based on limited biogeo-
graphic data may not tightly constrain sur-
face circulation patterns.
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Hearing in Honey Bees: Detection of

Air-Particle Oscillations

WiLLiaM F. TOwNE* AND WOLFGANG H. KIRCHNER

Although the airborne sounds produced by dancing honey bees seem essential in the
bees’ dance communication, attempts to show directly that bees can detect airborne
sounds have been unsuccessful. It is shown here that bees can in fact detect airborne
sounds and that they do so by detecting air-particle movements. Most vertebrates, by
contrast, detect pressure oscillations. Because all traveling sound waves have both
components, either can be used in sound detection. The bees’ acoustic sense appears to
be sensitive enough to allow bees to detect the air-particle movements that occur
within several millimeters of a sound-emitting dancer.

LTHOUGH MUCH 1S KNOWN ABOUT
the orientation of honey bee (Apis
mellifera) dancers and the role of the
dance language in a colony’s overall biology,
we still do not know through which sensory
modalities the dance communication occurs
(1). Sounds, however, are evidently essen-
tial: dancers produce sounds by vibrating
their wings (2), and the dances of bees with
clipped wings and of the mutant diminutive
wings are ineffective (3), as are silent dances
by bees with normal wings (4). Further, a
mechanical model of a dancing bee can
successfully communicate with its “nest-
mates” only when its artificial wings gener-
ate normal sounds (5). The vibrations of a
dancer’s wings generate strong air-particle
oscillations within a few millimeters of the
dancer’s abdomen, but only relatively weak
pressure oscillations (2, 6) and no comb
vibrations (7), suggesting that the sounds
may be detected by dance followers as air-
particle movements (8). Uninformed by
these insights, previous attempts to elicit
responses by bees to airborne sounds have
been unsuccessful (9). Here we report our
efforts to condition bees to respond to artifi-
cial airborne vibrations similar to those pro-
duced by dancers.
Individual bees visiting a feeder were
trained to associate the presentation of a 5-s-
long sound (conditioned stimulus, CS) with
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a mild electric shock. On each training trial,
the shock was delivered 4 s after the sound’s
onset and caused the bee immediately to
withdraw from the feeder (10). The sounds
were generated at the open end of a narrow
glass tube by driving the air column in the
tube with a loudspeaker (11). The open end
of such a tube is a site of strong air-particle
oscillations and relatively weaker pressure
oscillations (6). Two different frequencies of
sound were used as CS at different times: 14
Hz, the frequency of a dancer’s abdominal
waggling, and 265 Hz, the frequency of the
dance sounds (12). On each training trial,
the bee was scored as responding to the
sound if she withdrew from the feeder in the
4-s CS-only interval, before the shock.

Twenty-four bees were individually
trained to withdraw from the feeder in
response to one of the sound frequencies
(CS+) until each bee responded positively
on at least five out of ten sequential trials
(13). Sixteen of these trained bees, eight
with 265 Hz as CS+ and eight with 14 Hz
as CS+, were then used in a 20-trial fre-
quency-discrimination procedure. In this
procedure, each bee was given her CS+ and
the alternative frequency (CS—) for ten tri-
als each in pseudorandom order. The re-
sults, shown in Fig. 1, indicate that the bees
can detect and learn to respond to both
frequencies (acquisition, left) and that they
can discriminate each frequency from the
other (discrimination, right).

Because bees are highly sensitive to sub-
strate vibrations, such vibrations in these ex-
periments were measured and held below the
bees’ known physiological thresholds (74).
Furthermore, eight additional bees trained to
associate the 265-Hz sound with shock
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Fig. 1. Aversive conditioning to airborne vibra-
tions. For acquisition, the probability of response
to the CS+ frequency is plotted in ten-trial blocks
for both groups of bees (265-Hz CS+ and 14-Hz
CS+). For discrimination, the probabilities of
response to both CS+ and CS— frequencies are
plotted in five-trial blocks for each group (bees in
the same group are indicated with like symbols).
The bees in cach group responded significantly
more to their respective CS+ than CS— frequen-
cies (t tests, P < 0.01 in each case). Bars represent
+ SEM; n = 8 bees in each group. Block 4 of the
acquisition contains not only trials 31 to 40 but
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also trials 41 to 50 for those bees that needed 50 trials to reach the 50% response level (22).

were observed as they approached a feeder
at which the sound was left on continuously
as they arrived. In this situation, the trained
bees hovered briefly about 1.5 cm from the
sound-emitting tube, departed, and ap-
proached again repeatedly before landing.
The same bees showed no such hesitancy in
landing when they arrived and found the
sound off. The mean interval between initial
approach and landing was 26 (=14) s with
the sound on and 2.3 (+2) s with the sound
off (n = 80 in each case; all values here and
below are given with +1 SD). Thus these
sounds can be detected by airborne bees,
indicating that they are received through the
air (and separately from whatever sounds
the flying bee herself makes).

To determine whether the bees respond
to the pressure or particle-movement com-
ponent of the 265-Hz sound—all traveling
sound waves have both components (6)—
individual bees were trained to visit a feeder
inside a large standing-wave tube. Within
such a tube there are sites of maximal parti-
cle movement (with minimal pressure oscil-
lation) and, elsewhere, sites of maximal pres-
sure oscillation (with minimal particle
movement) (15). Each of 12 bees was stimu-
lated ten times at a pressure maximum and
ten times at a particle-movement maximum
(16) and the bees’ responses videotaped.
Analysis of the tapes showed that the bees
gave two types of response, lowering of the
wings and raising of the antennae, but only
at the particle-movement maximum. The
overall probability of responding on a given
trial at the particle-movement maximum was
0.79 (£0.3) for the wings and 0.49 (+0.3)
for the antennae (n = 12 bees) (17). At the
pressure maximum, the probabilities for
both responses were 0.02 (£0.04) (18).
Thus we regard particle vibration as the
adequate stimulus.

Next, several naive bees were stimulated
at the particle-movement maximum inside
the large standing-wave tube with particle
oscillations of the same amplitude as those
found within a few millimeters of a dancing
bee (19). The bees responded [response
rates, 0.44 (=0.3) for the antennae and 0.64
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(+0.3) for the wings; n = 9 bees], indicat-
ing that dance followers within a few milli-
meters of a dancer can probably detect the
air-particle oscillations in the natural dance
signals. In addition, 22 bees with their
wings clipped oft were stimulated once each
at a peak-to-peak particle displacement of
1.4 mm. Their antennal response rate (0.64)
was not significantly different from that of
bees with intact wings given the same stimu-
lus [response rate, 0.73 = 0.3; n = 9 bees;
P> 0.5, £(8) = 0.28]. Thus the antennal
reaction is induced by receptors other than
those associated with the wings, perhaps
receptors in the antennae themselves.

We also tried to condition bees to asso-
ciate the 265-Hz stimulus inside the large
standing-wave tube with an electric shock.
The bees failed to learn, even when the
particle movements inside the large tube
matched in frequency and amplitude those
with which we successfully trained bees at
the open end of the narrow tube (first
experiments above). One possible explana-
tion for this is that the air movements at the
end of the narrow tube contained direct
current components not present inside the
large tube. These local air streams resulted
from circular currents flowing outward
along the narrow tube’s long axis and re-
turning radially inward around the tube’s lip
(20). Whether or not the direct current
components are important here and whether
or not the natural dance signals have similar
components are both unknown. However,
the ability of the bees to discriminate the 14-
Hz stimuli from the 265-Hz stimuli in the
training experiments and the reflexive reac-
tions of the bees inside the large tube both
indicate that our bees have responded to the
vibratory components of the stimuli, not
only (if at all) the direct current compo-
nents.

A second difference between the stimuli in
the two situations was that the particle
movements at the open end of the narrow
tube (where the bees learned) declined rap-
idly in amplitude with distance from the
source; inside the large tube, by contrast,
the sound field was much more spatially

uniform. This suggests that bees may filter
out spatially uniform signals, which would
help them to respond selectively to the
spatially varying near-field signals of dancers
(2, 6), ignoring background noise from dis-
tant sources. This would require two recep-
tors spatially separated from one another.

The most likely receptors of the air-parti-
cle oscillations appear to be the Johnston’s
organs, which are located at the base of each
antennal flagellum and respond best to air
movements of 250 to 280 Hz, the frequency
of the dance sounds (27). Being bilateral,
these organs could yield information on a
dance attender’s spatial orientation relative
to that of the dancer, which, in turn, would
indicate the direction of the food source
being advertised (2).
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Fibroblast Growth Factor in the Extracellular
Matrix of Dystrophic (mdx) Mouse Muscle

J. DIMARIO, N. BUFFINGER, S. YAMADA, R. C. STROHMAN*

Polyclonal antibody F547 reacts with a bovine basic fibroblast growth factor (bFGF)
and a human recombinant bFGF, but not with bovine acidic fibroblast growth factor.
This antibody localized bFGF in the extracellular matrix of mouse skeletal muscle,
primarily in the fiber endomysium, which includes the heparin-containing basal
lamina. In mdx mouse muscle, which displays persistent regeneration, FGF levels in
the extracellular matrix are higher than those in controls. Overabundance of matrix
FGF in mdx muscles may be related to an increase in both satellite cell and regenerative
activity in the dystrophic muscle and may help explain the benign phenotype of mdx
animals compared with the genetically identical human Duchenne muscular dystrophy.

KELETAL MUSCLE REGENERATION

depends on the presence of satellite

cells embedded in the heparin-rich
basal lamina of individual muscle fibers (1).
During growth and maturation, and after
injury in the adult, these stem cells are
activated by unknown mechanisms, initiate
cell division, and divide to generate a popu-
lation of myoblasts that fuse to existing
fibers to maintain constant ratios of nuclei
to cytoplasm (during maturation) or fuse to
form regenerated fibers (after adult injury)
(2). Muscle myoblasts and satellite cells re-
spond to FGF (3) and to other mitogens (4),
and various muscles store an FGF-like activi-
ty (5). In addition, FGF and other growth
factors bind strongly to heparin (6); FGF
stimulation of myogenic cells is inhibited by
heparin in cell cultures of both embryonic
myoblasts and adult satellite cells (7). The
negative regulation of satellite cell growth
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may therefore be related to heparin-FGF
binding in the heparin-rich muscle basal
lamina, and the positive response after inju-
ry may be related to a disruption of the
heparin-FGF association (8).

However, to our knowledge, FGF has not
been found in muscle basal lamina in vivo.

A B

Because of the persistent regeneration of
mdx mouse muscle in comparison with its
congenic normal strain, we looked for dif-
ferences in FGF localization in muscle tis-
sue. The mdx mouse (9) has the phenotype
of a mild muscular dystrophy (10) but has
the same X-chromosome gene mutation as
the one responsible for Duchenne muscular
dystrophy in humans and that is linked to an
absence of the protein dystrophin within
muscle fibers (11). Mdx fibers also lack
dystrophin (12) but somehow escape the
faral phenotype characteristic of the human
condition (10, 13). In normal mouse skeletal
muscle, bFGF is localized around individual
muscle fibers in areas identified as the fiber
endomysium, the innermost component of
which is the basal lamina. Moreover, in
muscles from mdx animals the concentration
of endomysial-bound FGF appeared ampli-
fied. The increase of FGF in the extracellular
matrix of mdx muscles correlated with an
increased regenerative activity in the mus-
cles, which persists well into adult age (10).

We isolated and purified bovine bFGF by
heparin-Sepharose  chromatography (6).
The purified protein was used as antigen to
produce a polyclonal antibody to FGF
(F547) in mice. It specifically stained bFGF
but not bovine acidic FGF (aFGF) in an
immunoblot (Fig. 1). This antibody also
cross-reacted  with  human recombinant
bFGF (Fig. 1) but not with other minor
contaminants in our antigen preparation,
and excess bFGF completely inhibited anti-
body reaction in frozen sections (Fig. 2).
Thus, the antibody appears to be specific for
bFGF.

Frozen sections of normal hind limb mus-
cle that were stained with antibody F547
were examined microscopically (Fig. 2). All
muscles were from 10-week-old animals. In
the mdx mouse, the major burst of degener-
ation and regeneration takes place at 5 to 8
weeks (10), so that at 10 weeks the muscle
has completed this initial regenerative re-

Fig. 1. (A) Immunoblot analysis of
3 FGF preparations with antibody
F547. The proteins were separated
on a 12% SDS-polyacrylamide gel,
transferred to nitrocellulose, and
probed with F547 at a dilution of
1:200. Binding was visualized with
a horseradish peroxidase staining
kit (Vector Labs.). Protein molecu-
lar size markers (horizontal bars on
the left) (Pharmacia LKB) are 94,
67, 43, 30, 20.1, and 14.4 kD.
Lane 1, human recombinant bFGF,
a full-length unmodified peptide;

lane 2, bovine bFGF; lane 3, bovine aFGF. The bFGF and aFGF eluted at concentrations of 2M and
1M NaCl, respectively, from heparin-Sepharose affinity columns as described (6). Antibody F547 did
not stain either laminin or fibronectin on similar protein immunoblots (17). (B) Stained gel of protein
samples shown in (A). Stain was FAST-STAIN (Zoion Research, Allston, Massachusctts). Lane
contents and electrophoresis conditions (18) were identical to those in (A).
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