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early in the game, even on a basic research
level,” Simpkins warns.

Still, many researchers believe that es-
trogen will soon reveal its other mind
games, given the army of investigators as-
signed to its case. “It’s going to happen very
rapidly,” says McEwen. And as it does, a
hormone once considered a key only to re-
production may open new doors to our
brains and keep us mentally sharp beyond
our reproductive years.

—Ingrid Wickelgren
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Force-Carrying Web Pervades Living Cell

“Dont fight forces; use them.” The words of
the engineer and architect R. Buckminster
Fuller might turn out to be a motto for the
living cell. Investigators have traditionally
pictured the cell’s cytoskeleton of protein fi-
bers as mainly a supporting mechanism. Re-
cent findings, however, have hinted that me-
chanical forces on the cell can affect every-
thing from the way proteins bind to DNA to
whether a malignant cell devel-
ops into a full-blown tumor. And
now a team of cell biologists—
inspired, in part, by Fuller’s struc-
tural ideas—has demonstrated
that mammalian cells are densely
“hard-wired” with force-carrying
connections that reach all the
way from the membrane through
the cytoskeleton to the genome.

The team, at Harvard Medical
School and Children’s Hospital
in Boston, combined microman-
ipulation, video microscopy, and
highly specific molecular “adhesives” to show
that tugging on particular receptors at the sur-
face of a living cell triggers nearly instanta-
neous rearrangements in the nucleus. The
experiment, by Andrew Maniotis, Donald
Ingber, and their collaborators, is being hailed
as a triumph that required, among other
things, “a really masterful use of reagents that
have become available only in the last 5
years,” says Stuart Newman of the New York
Medical College in Valhalla.

More important, he adds, “It puts the
cytoskeleton in a new light: as a mechanism
for signal transduction rather than just as a
supporting mechanism.” Although various
researchers have suggested that cytoskeletal
connections could transmit regulatory infor-
mation through the cell, this direct demon-
stration “really puts [that conjecture] on the
map,” according to Newman. The mechani-
cal communications system, if that’s what it
is, even extends through the nucleus, as the
team found in a follow-up experiment in
which it reached directly into the nucleus
and plucked out structures such as individual
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chromosomes. They too were linked—by
elastic strands of DNA. “It would suggest
that everything in the nucleus is in fact con-
nected,” says Jeffrey Nickerson of the Uni-
versity of Massachusetts Medical Center in
Worcester. “From my point of view, that’s
remarkable, and it’s wonderful.”

Orher cell biologists, such as Zena Werb
at the University of California, San Fran-

Making connections. A force-carrying network (below) ex-
tends from the cell membrane into the nucleus, where a mi-
cropipette pulls out linked chromosomes (above).

cisco, say that to establish the significance of
what it has seen, the Harvard group still must
show whether the connections are impor-
tant in, say, regulating specific genes. But few
researchers doubt that the results will raise
the profile of mechanical forces in the cell.
They are also likely to draw attention to the
concept that inspired the experiments: the
idea that the cell owes its shape and many of
its properties to a “tensegrity” structure—a

I BOB EZZELL, RYOTA MATSUURA, AND DON INGBER

design principle described by Fuller.
Tensegrity (tensional integrity) structures
gain shape and strength by combining ele-
ments that resist compression with a network
of other elements under tension, creating a
“prestressed” system, explains Ingber. A bow
used to shoot an arrow is one example, as are
Fuller’s own geodesic domes and the gravity-
defying, strut-and-cable sculptures of the art-
ist Kenneth Snelson. Ingber argues that the
cell’s internal skeleton shares properties with

_ these structures, because it combines struc-

tural elements that resist compression, called
microtubules, with others that are strong un-
der tension—the actin microfilaments and
the intermediate filaments.

Because tensegrity structures act as a
force-carrying network, the model predicts
that forces applied to cell surface receptors
anchored to the cytoskeleton will quickly
propagate into the cell interior. Using live
human and cow endothelial cells, which line
blood vessels, Maniotis, Ingber, and Christo-
pher Chen ser out to test this hypothesis.

First, they coated 4.5-micrometer beads
with fibronectin, a protein that binds only to
integrin receptors—cell surface structures
moored to the cytoskeleton through the cell
membrane. With a manually operated micro-
manipulation device, Maniotis then used a
micropipette “like a golf club” to move the
beads about 10 micrometers a second, while
monitoring the cell with the video microscope.

As the group reported in the 4 February
issue of the Proceedings of the National Acad-
emy of Sciences, the video microscope cap-
tured almost instantaneous movements and
realignments of nuclear structures—dense
structures called nucleoli suddenly lining up,
for example, or moving toward the edge of
the nucleus. Pulling on other membrane re-
ceptors that aren’t linked to the cytoskeleton
had no such effect, suggesting that the re-
arrangements were not caused by a “sausage-
casing” effect of tensing the membrane.

“These studies are compatible with a pre-
stressed cytoskeletal system, [which is] part
of the tensegrity model proposed by Ingber,”
says Avri Ben-Ze'ev of the department of
molecular cell biology at the Weizmann In-
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stitute of Science in Israel. Mina Bissell of
California’s Lawrence Berkeley National
Laboratory, who has shown that mechanical
stresses on human malignant cells can deter-
mine whether they proliferate into a tumor
or lie dormant, adds: “They have beautifully
demonstrated the nature of the physical con-
nection” between a cell’s surroundings and
genes in the nucleus. “I think we are looking
at very similar phenomena.”

In asecond paper, which appeared last week
in the Journal of Cellular Biochemistry, Maniotis,
Ingber, and Krzysztof Bojanowski describe evi-
dence that this kind of mechanical continuity
extends into the nucleus. Using micropipettes
that had been carefully drawn so that their tips
were roughly a wavelength of light in thickness,
the researchers harpooned structures in the
nucleus itself. “You read a lot of Moby Dick and
you practice,” says Maniotis. He and his col-
laborators then drew the structures—nucleoli
and chromosomes—out of the breach in the
nucleus. Even though chromosomes extracted
from dead, fixed cells typically appear isolated,
the experiment showed that in the living cells,
the chromosomes and nucleoli were always
connected by flexible strings. The connections
turned out to consist of DNA, as the team
determined by treating the strands with a range
of chemicals that snip only specific molecules.

If this is the case, the clean separation
between chromosomes seen in other micro-
graphs may be an artifact of sample prepara-
tion. “On a [heretical] scale of one to 10,”
says Ingber, this is “an 11.” But the Harvard
group is not alone in this heresy. Mohamed
El-Alfy and Charles Philippe Leblond of
McGill University in Montreal recently re-
ported at a conference that they, too, have
seen the DNA connections in all phases of
the cell cycle—even though they used an
entirely different technique based on elec-
tron microscopy. “This is really strong proof
that there are bridges between chromosomes,”
at least in many cells, says El-Alfy.

What it all shows, says Peter Davies, direc-
tor of the Institute for Medicine and Engi-
neering at the University of Pennsylvania, is
that “the cell structure is an integrated entity
where the parts are connected.” Although it
will take further work to learn whether these
links really do carry signals to the genes in the
nucleus, researchers seem to agree that the
results are changing the way biologists think
about the cell. “For a long time, the mechani-
cal and engineering aspects of cell biology
were not appreciated,” says David Bensimon,
a biophysicist at the Ecole Normale Supéri-
eure in Paris. “This type of experiment ...
certainly suggests that there is much to learn
about the possible mechanical control of DNA
and gene expression and regulation.” Although
geodesic domes may be out of fashion now,
their principles could live on in biology.

—James Glanz
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OPTICAL COMMUNICATIONS

Chaos Keeps Data Under Wraps

PARIS—Not long ago, chaos was a bugbear
of electronic and optical systems, creating
seemingly unavoidable noise and uncertainty
in computation and communication. Now,
says physicist Edward Ott of the University
of Maryland, College Park, “People have
begun to ... use it for practical purposes.”
The latest example came last month when
a group of French scientists announced that
it had harnessed chaos to protect optical-
communications signals from eavesdroppers.

Researchers learned how to use chaotic
fluctuations to hide data in electronic signals
several years ago. Creating chaotic fluctua-
tions in frequency in an optical signal, then
reliably removing them at the receiver, is a
logical next step, and that’s what the French
group has done. The new scheme, developed
by Jean-Pierre Goedgebuer, Laur-

sists of a “birefringent” filter that responds
nonlinearly to changes in beam frequency by
transmitting more or less of the beam, and a
photodetector that converts the flickering
light into an electronic signal. The data signal
is superimposed on this fluctuating electronic
signal, which is then amplified and fed back to
the laser diode, varying its frequency chaoti-
cally to create the encrypted signal.

The receiver contains an identical feedback
loop with the same settings. When an en-
crypted beam arrives, it is split in two with a
beam splitter. One part passes through the feed-
back loop and causes a second diode laser to
emit an identical chaotic signal—but this time
without the data signal having been added in.
This chaotic signal is then inverted and super-
imposed on the other part of the incoming

ent Larger, and Alexis Fischer of
the University of Besangon, is
exceptionally fast, allowing en-
crypted signals to make full use of
the high transmission speeds of fi-
ber-optic cables. Daniel Gauthier
of Duke University calls it “an

\ firet d delay line
interesting first demonstration,” |goooncy- ] .
adding: “The high-speed aspect eﬁgrypte)é current tuning eleg;:::
of it would be quite useful.” light beam the laser

With the rapid growth of com-
munications, encryption has de-
veloped into an industry. Encryp-
tion schemes that rely on numeri-
cal “keys,” however, have a draw-
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back: the processing time needed
to encode and decode the infor-
mation. Chaos offers a faster solu-
tion. Just as a microphone brought too close
to an amplifier creates feedback, some types
of circuits can become caught in a loop and
generate chaotic fluctuations in frequency,
masking the information they are carrying.
Researchers realized that if they could gener-
ate an identical copy of the chaotic signal at
the receiver, they could quickly subtract it
from the signal to recover the original data.

Some electronic circuits readily generate
identical chaotic signals because their chaos is
“deterministic.” As a result, identical circuits
with the same physical parameters will produce
identical chaotic signals. In 1993, electronic
engineers Kevin Cuomo and Alan Oppenheim
of the Massachusetts Institute of Technology
were the first to harness deterministic chaos for
encryption in an electronic communication
system (Science, 23 July 1993, p. 429).

Now the Besan¢on group has shown that
the principle can be applied to beams of light.
The team encrypted a data signal carried by a
laser beam by controlling the laser diode with
an electro-optic feedback loop. The loop con-

Caught in the loop. This electro-optic feedback loop creates
chaotic frequency fluctuations that mask the data carried.

encrypted signal, canceling out its chaotic
component to reveal the original data. This
process is fast and secure, says Larger: “For the
type of chaos we are using, called hyperchaos,
the signal appears very much as random noise.”
Goedgebuer says the system could be valu-
able where high speed and low cost are critical,
such as encrypting cable-TV transmissions.
Jean-Yves Le Traon of France Telecom’s re-
search branch in Lannion, which supported
the research, expects applications on a limited
scale in about 5 years: “We hope to increase
security in this way ..., especially if we combine
optical with numerical encryption.”
Gauthier says he’s impressed that the
company is taking a serious interest in this
exotic concept: “The industry is so set in its
standards that trying to do something like
this would have to be a major shift. If they are
really convinced it is cheap, they might be
willing to switch over.”
—Alexander Hellemans

Alexander Hellemans is a science writer in Paris.
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