long periods against morphine lethality
suggests that the high-affinity sites do not
mediate the lethal effects, which presum-
ably include respiratory depression and
interference with cardiovascular func-
tion (/0). The ability of naloxazone to dif-
ferentiate between analgesia and opiate
mortality suggests that different sub-
populations of receptors mediate various
pharmacological effects. The distinct
high- and low-affinity receptors de-
scribed here do not appear to correspond
to mu, kappa, and sigma receptors iden-
tified on pharmacological grounds (/) or
to enkephalin or morphine binding sites
(2). Conceivably, opiates with affinities
for certain subpopulations of receptors
might be selected to elicit analgesia with-
out respiratory depression.
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Inhibition of Cell Motility by Interferon

Abstract. Interferon derived from human leukocytes, human fibroblasts, and
mouse fibroblasts was found to inhibit the motility of cultured cells. It inhibits the
tumor-induced motility of capillary endothelial cells as well as the spontaneous mi-
gration of other cell types. The ability of a given preparation of interferon to inhibit
the motility of a given cell type is proportional to its antiviral activity in that particu-
lar cell type. Antiserum to human leukocyte interferon neutralizes both the motility-

inhibitory activity and the antiviral activity of this preparation.

Although interferon originally cap-
tured interest as an antiviral agent, it has
become increasingly clear that this mole-
cule can regulate other biological activi-
ties. Interferon inhibits cell multiplica-
tion in vivo and in vitro, modifies reac-
tions of the immune system in vivo, and
is currently being tested as an antitumor
agent in animals and humans (/). Where-
as much is known about the mechanism
of interferon’s antiviral activity ), the
mechanism by which it exerts antitumor
activity is unclear.

Recently, in an effort to study the way
in which new capillaries are induced to
migrate toward a growing tumor, we de-
veloped a quantitative in vitro assay to
study the motility of cultured cells. Anal-
ysis of cell motility is performed by mea-
suring the dimensions of the phago-
kinetic tracks (3) left by cells as they
move across gold-coated cover slips. It
has been found that tumor cell extracts
dramatically stimulate the phagokinetic
movement of capillary endothelial cells
4). We report here that interferon

Fig. 1. Inhibition of tumor-stimulated bovine capillary endothelial cell migration by human leu-
kocyte interferon. Bovine capillary endothelial cells (3000) were seeded onto gold-coated glass
cover slips (22 mm square) prepared according to the method of Albrecht-Buehler (3). The
cultures were incubated at 37°C in sarcoma-conditioned Dulbecco’s modified Eagle medium
containing 10 percent calf serum (A) or in the same medium plus 64 antiviral units of human
leukocyte interferon (1.5 X 10° units per milligram of protein) (B) (6). After an additional 36
hours, the medium was removed and replaced with 2.5 ml of 10 percent phosphate-buffered
Formalin (Fisher Scientific) to terminate the experiment. The phagokinetic tracks were ob-
served under incident light with a Nikon MS inverted microscope and photographed with a Wild
Heerbrugg MK A4 photoautomat camera (magnification, X 150).
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Fig. 2. Dose response of the effect of human leukocyte interferon on
BCE cell migration. Bovine capillary endothelial cells (3000) were
seeded on gold-coated cover slips as described in the legend to Fig. 1
and incubated for 18 hours in sarcoma-conditioned medium supple-
mented with the indicated concentration of human leukocyte inter-
feron. At the conclusion of the experiment, the images of the phago-
kinetic tracks were transferred from the inverted microscope (X 4 ob-
jective) to the screen of a Setchell-Carson 10M915 television by
means of an RCA TC1005 video camera. The images were then traced
from the television screen onto sheets of transparent plastic that were
subsequently placed on the magnetic tablet of a Zeiss MOP-3 digital
image analyzer. The tracings of the phagokinetic tracks were then re-
traced with the magnetic stylus of the MOP-3 and automatically pro-
cessed for dimensions of area (shown in figure) as well as maximum
diameter and length of perimeter (not shown). Each point represents
the mean area for 100 tracks + standard error of the mean. Inset in-
dicates values for control cells in Dulbecco’s modified Eagle medium
supplemented with 10 percent calf serum (DME-10 CS), in sarcoma-
conditioned medium (Sarc-CM) alone, or supplemented with 64 units
of human leukocyte interferon per milliliter (Sarc-CM + HLI), or an
equivalent concentration of mock interferon (Sarc-CM + MI) or with
human leukocyte interferon that had been preincubated for 1 hour
with rabbit antiserum to human leukocyte interferon (Sarc-CM + HLI
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markedly and reversibly inhibits this tu-
mor-induced cell motility. Spontaneous
migration of other cell types is also inhib-
ited by interferon.

Since human leukocyte interferon has
high antiviral activity when tested in bo-
vine cells (5), we tested a preparation of
human leukocyte interferon (6) for its
ability to inhibit cell motility, using the
clonal line of bovine capillary endothelial
cells recently isolated by Folkman et al.
(7). These cells migrate slowly in normal

growth medium containing 10 percent .

calf serum but move rapidly in medium
conditioned by previous incubation with
cultured cells of mouse sarcoma 180 (tu-
mor-conditioned medium). Addition of
human leukocyte interferon to tumor-
stimulated bovine capillary endothelial
(BCE) cells markedly inhibited cell mo-
tility as reflected in the reduced size of
the phagokinetic tracks (Fig. 1). The in-
hibition was dose-dependent, complete
inhibition being observed with as few as
6.4 antiviral units (Fig. 2) (1 unit is equal
to the amount of interferon needed to in-
hibit viral multiplication by 50 percent).
Motility is expressed in units of area (in
square micrometers) of the phagokinetic
tracks (8).

To confirm that the observed inhibi-
tion of cell motility was indeed due to the
action of interferon, the cells were in-
cubated with control preparations (mock
interferon) prepared from cells according
to the same method that was used for
production of interferon but without in-
ducer. These preparations had no inhib-
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itory activity on BCE cell motility when
tested at the same protein concentrations
at which the interferon preparations
were active (Fig. 2, inset). In addition,
treatment with antiserum against human
leukocyte interferon (9) totally abolished
the inhibitory activity of the interferon
preparation (Fig. 2, inset). The motility-
inhibitory activity was neutralized by the
antiserum to the same extent as was the
antiviral activity. When tested by itself,
the antiserum had no positive or negative
effect on BCE cell motility (data not
shown).

Since interferon inhibits both prolifer-
ation and migration of BCE cells (10), it
was important to demonstrate that these
effects were reversible and not the result
of toxicity. Therefore, cultures were in-
cubated with tumor-conditioned medium
plus interferon for 18 hours, then washed
twice with growth medium, and incu-
bated for an additional 18 hours in the
presence of tumor-conditioned medium
without interferon. The mean area of the
phagokinetic tracks of these cells was 86
percent greater than control (unstimu-
lated) values. Values for these cultures
are nearly identical to those for cultures
that were plated directly into interferon-
free, tumor-conditioned medium and in-
cubated for 18 hours, then washed twice
and incubated for an additional 18 hours
in tumor-conditioned medium plus inter-
feron (90 percent over control). This ex-
periment indicates that treatment with
interferon for 18 hours is not toxic to the
cell’s ability to recover its migratory

6.4 64 640 6400
Interferon (units)

capacity after removal of the interferon.
The ability of human leukocyte inter-.
feron to inhibit cell motility is not limited
to the tumor-stimulated migration of cap-
illary endothelial cells. It is equally ef-
fective in inhibiting the spontaneous mi-
gration of aortic endothelial cells and of
human diploid skin fibroblasts. In addi-
tion, the motility-inhibitory activity of
interferon isolated from a given source
correlates with its antiviral activity for
any given cell type tested. For example,
the antiviral titer of a preparation of
human fibroblast interferon (1) was
320,000 when assayed on human skin fi-
broblasts as compared to 320 when as-
sayed on BCE cells (/2). Correspond-
ingly, this interferon preparation inhib-
ited BCE cell motility at a maximal
dilution of 1:320 whereas human fibro-
blast motility was inhibited at a dilution
of 1:320,000. In a similar experiment, in-
terferon isolated from mouse C243 cells
(I3) had strong antiviral activity (titer,
640,000) in mouse 3T3 cells and it also
inhibited motility of these cells. The
same interferon had no antiviral activity
in either BCE cells or human diploid fi-
broblasts and had no effect on the motili-
ty of either cell type. Our results in-
dicate, therefore, that the ability of inter-
feron to inhibit cell motility is not limited
to any one particular cell type and that
preparations of interferon from various
species and cell types differ with regard
to antiviral and motility-inhibitory activi-
ty, depending on the target cell tested.
These findings broaden our knowledge
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of the diverse effects of interferon and
together they suggest some new, testable
hypotheses for the ability of interferon to
inhibit tumor spread (/4). For example,
if interferon were able to prevent neo-
vascularization of growing tumors in
vivo by preventing the requisite migra-
tion of capillary. endothelial cells (15),
the relative lack of vessels could not only
slow tumor growth by limiting nutrient
supply but might also inhibit tumor
spread by limiting contact with the vas-
cular tree. Second, if the motility-inhib-
itory activity of interferon should prove
applicable to the migration of tumor cells
in vivo, interferon might serve to immo-
bilize the tumor cells themselves and di-
rectly prevent their spread. Thus the effi-
cacy of interferon as an antitumor agent
may depend upon its ability to inhibit cell
migration in the host.

DANIELE BrouTY-BOYE*

BRUCE R. ZETTERY

Departments of Surgery and Medical
Microbiology and Molecular Genetics,
Children’s Hospital Medical Center,
Harvard Medical School,
Boston, Massachusetts 02115

References and Notes

1. I. Gresser, Cell. Immunol. 34, 406 (1970);
and M. G. Tovey, Biochim. Biophys. Acta 516,
231 (1978); J. L. Marx, Science 204, 1183 (1979);
ibid., p. 1293.

. C. Baglioni, Cell 17, 255 (1979).

. G. Albrecht-Buehler, ibid. 11, 395 (1977); J. Cell

Biol. 72, 595 (1977).

. B. R. Zetter, Nature (London), in press. -

. L. Gresser, M.-T. Bandu, D. Brouty-Boyé, M.

G. Tovey, Nature (London) 251, 543 (1974).

K. E. Mogensen and K. Cantell, Pharmacol.

Ther. A-1, 369 (1977).

J. Folkman, C. Haudenschild, B. .R. Zetter,

Proc. Natl. Acad. Sci. U.S.A. 76, 5217 (1979).

. The method for determination of track size is de-
scribed in the legend to Fig. 2. In this experi-
ment, the cultures were fixed with Formalin to
terminate the experiment 18 hours after the ad-
dition of tumor-conditioned medium, and only
those tracks made by single cells were analyzed.
This was done to eliminate consideration of the
effect of cell-cell collision and cell division on
cell motility.

9. Rabbit antiserum against human leukocyte inter-
feron was obtained from the NIAID Antiviral
Substances Program, National Institutes of
Health. A 1:640 dilution of the serum neutral-

©® N uh wN

ized 32 units of human leukocyte interferon, as ,

assayed on both human skin fibroblasts and
BCE cells inoculated with vesicular stomatitis
virus.

10. In the absence of interferon, BCE cells grew
from 0.25 X 10% to 5.0 X 10° cells per square
centimeter in 6 days in tumor-conditioned medi-
um. In the presence of 64 antiviral units of inter-
feron, cell density reached only 1.7 x 10° cells
per square centimeter.

11. A. Billiau, J. Van Damme, F. Van Leuven, V.
G. Edy, M. De Ley, J. J. Cassiman, H. Van Den
Berghe, P. De Somer, Antimicrob. Agents
Chemother. 16, 49 (1979).

12. Antiviral titers for interferon are expressed as
the reciprocal of the dilution that protects 50
percent of the cell sheet against a challenge of
100 median infective doses of vesicular stom-
atitis virus.

13. M. G. Tovey, J. Begon-Lours, I. Gresser, Proc.
Soc. Exp. Biol. Med. 146, 809 (1976).

14. I. Gresser and C. Bourali, Nature (London)
New Biol. 236, 78 (1972); H. Strander, Blut 35,
277 (1977); T. C. Merigan et al., N. Engl. J.
Med. 299, 1449 (1979).

15. D. H. Ausprunk and J. Folkman, Microvasc.
Res. 14, 53 (1977).

16. We thank Drs. K. Cantell, J. Vil¢ek, and I.
Gresser for their gifts of interferon and Dr. M.

Levin for the rabbit antiserum against human
leukocyte interferon. This work was supported
by grant 1496-C1 from the American Cancer So-
ciety, Massachusetts Division, and by grant
RO1-Cal4019 from the National Institutes of
Health to Dr. J. Folkman, whom we thank for
his generous support. The Zeiss MOP-3 digital
image analyzer was provided by a grant to Har-
vard University from the Monsanto Company.

B.R.Z. is a Glick-Franzheim cancer research
fellow at Children’s Hospital Medical Center.

* Visiting scientist on leave from the Laboratoire
d’Oncologie Virale, Institut de Recherches Sci-
entifique sur le Cancer, BP No. 8, 94800, Ville-
juif, France.

1 Address requests for reprints to B.R.Z.

17 October 1979, revised 5 December 1979

Hearing in the Elephant (Elephas maximus)

Abstract. Auditory thresholds were determined for a 7-year-old Indian elephant.
The hearing range extended from 17 hertz to 10.5 kilohertz. The results indicate that
the inverse relationship between functional interaural distance (that is, the distance
between the two ears divided by the speed of sound) and high-frequency hearing limit

is valid even for very large mammals.

Among vertebrates, only mammals
can hear high-frequency sounds (/).
Whereas other classes of vertebrates are
unable to hear much above 10 kHz, the
average mammalian high-frequency
hearing limit is 55 kHz, and high-fre-
quency limits near 100 kHz are not un-
common. Yet the ability of mammals to
hear high frequencies is not uniform, but
varies from one species to the next. For
example, humans are generally capable
of hearing 19 kHz, dogs 44 kHz, rats 72
kHz, and bats 115 kHz (2). Thus, high-
frequency hearing among mammals var-
ies over a range of nearly three octaves.

At first the variation in mammalian
high-frequency hearing was thought to
be related to the size of the animal, as
small mammals seem better able to hear
high-frequency sounds than larger ones
(3). More recently, however, it has been
shown that high-frequency hearing is di-
rectly correlated not with body weight,
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Fig. 1. Audiogram of the elephant. The

thresholds represent the average of two audio-
grams, one obtained with the loudspeaker on
the animal’s left and the other with the loud-
speaker on the right. Frequencies were tested
in octave steps from 16 Hz to 8 kHz. Addi-
tional frequencies were 20 Hz, 10 kHz and 12
kHz. Sound pressure levels were recorded at
the position of the opening of the elephant’s
auditory canal with and without the elephant
in the sound field. To make the results com-
parable with previous audiograms, the thresh-
olds reported here are based on measure-
ments without the elephant in the sound field.
(Sound pressure levels with the animal in the
sound field were on average 2 dB higher, with
the largest increase being 5 dB.)
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but with the functional distance between
the two ears, where functional distance
(Ar) is defined as the distance between
the ears (interaural distance) divided by
the speed of sound (/). Mammals with
small heads, and therefore close-set
ears, are better able to hear high-fre-
quency sounds than species with large
heads and wide-set ears. More precisely,
high-frequency hearing varies inversely
with the functional distance between the
ears and ultimately with the interaural
time and intensity difference cues used
for sound localization. Thus, the varia-
tion in mammalian high-frequency hear-
ing is neither random nor, on the whole,
the result of adaptations to specialized
habitats—even those such as of bats or
dolphins. Instead, high-frequency hear-
ing seems to vary predictably with inter-
aural distance.

The relationship between functional
interaural distance and high-frequency
hearing, however, has been established
primarily for animals with small inter-
aural distances. While there is no reason
not to believe that this relationship is
equally valid for all mammals, extrapo-
lation to very large mammals leads to
two somewhat unexpected conclusions.
First, it predicts that a mammal as large
as an elephant would hear sound only to
about 10 kHz. Since this limit is no high-
er than that found in birds, this predic-
tion suggests that mammalian high-fre-
quency hearing may not always be su-
perior to nonmammalian vertebrates.
Second, humans have often been consid-
ered as aberrant because of their inabili-
ty to hear above 20 kHz (7, 4). However,
it would now appear that humans may
not be unusual in this respect, but may
even have better high-frequency hearing
than certain other (larger) mammals.
Thus, to determine if the relationship ap-
plied to very large mammals we decided
to test the hearing of an elephant.

The elephant chosen for this study was
a 7-year-old (adolescent) female Indian
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