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Submerse Yoursell
ithout Drowning In

uxury is often defined in terms of Thats fine

if youre

rich, supple leather. designing sofas. But try negotiating

*The drivers-side Supplemental Restraint System (SRS) will inflate only in a severe frontal impact. In a moderate collision, the three-point seat belt provides primary protection; the airbag will not inflate.
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other hand, offers luxuries

that go far deeper than the

Inl
Bor

a hairpin turn on your living room

padding in the seats. A simple

depression of the accelerator
will demonstrate our point.

@ The responsive Four-Cam

V6, coupled with a Vorlauf-inspired

divan. The Lexus ES250, on the  suspension, can turn the anguish of

i ©_I;90 Lexus, A Division Of Toyota Motor Sales, U.S.:‘i., Inc. Lexus reminds you to wear seat belts and obey all_speed laws._For more in formation, call 800-872-5398 (800-USA-LEXUS).

everyday driving into an act of antici-
pation. Of course, this type of power
requires restraint. To that end, we
appointed the ES250 with one of the
most advanced anti-lock braking sys-
tems available.

Yet, given its bent for perfor-
mance, this sports sedan is not with-
out its share of creature comforts.
Like an ultraquiet cabin with optional
leather trim package. High-output,
six-speaker audio system. Even the
comfort of a driver’s-side airbag Sup-
plemental Restraint System.*

And, oh yes, perhaps the most
luxurious feature of all. Standard
with every ES250 comes the pure

thrill of driving it.

O
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The Relentless Pursuit Of Perfection.
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THE POWER OF BELIEF: #5 in a series

New ideas are everywhere. All they need is

the environment to make them happen. Creatlvlty

isn’t limited to special people, places or
times. @ Given shared goals and an enabling
environment, everyone can contribute.
Not just at Motorola, but also among

our suppliers, customers and end users.

B Solutions can be simple,
like redesigning
a product so it

Product design can be a snap! Snap-together Wi 98 &’(alc(:lm Bahlinge
assembly of the Radius battery charger meant inner 1988 ationa
11 parts instead of 72, Six Sigma quality, Quality
and lower costs to customers. Award
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instead of needing dozens of fasteners. Or
powerful, like the Media Engine® chip that
delivers color graphics with
stereo sound; or a new

computer that integrates

- e
seamlessly with & e
Th M f I M IfP nal® Computer uses our 88000 RISC micro, pro-

fw rk co uting system that provides the power
f r d I ne worl k 9 tio e flexibility of a multiuser system.

multiple products for new networking
efficiencies. l At Motorola new ideas are
constantly happening. Because creativity

is constantly being

Building On Beliefs

encouraged.

@ MOTOROLA

M) Media Engine, Motorola and MultiPersonal are trademarks of Motorola, Inc. © 1990 Motorola, Inc
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Patenting Life
John H. Barton

The last obstacle to patenting a nonhuman form of life fell in 1988, when

the US. Patent and Trademark Office issued a patent for the “Harvard mouse.”
But the courts and lawmakers have not yet confronted many of the questions
raised by granting patent protection to genetically altered animals, plants and
microbes. The future of biotechnology depends on the wisdom of the answers.

The Tevatron
Leon M. Lederman

Since the first protons swept around the powerful collider at Fermi National
Accelerator Laboratory in 1983, the Tevatron has confirmed a host of
predictions about fundamental particles. Here is the story of the technical
challenges of designing and building this 6.3-kilometer ring of supercon-
ducting magnets, told by the scientist who headed the decade-long project.

What Controls the Cell Cycle
Andrew W. Murray and Marc W. Kirschner

The way cells divide into two identical copies has been well known for nearly a
century. But only now are scientists beginning to understand what orchestrates
this marvelous process. The key seems to be a single protein called cdc2. Its dis-
covery has profound implications for medicine, possibly leading to ways to heal
damaged organs by inducing cell proliferation or to halt the growth of cancer.

Plateau Uplift and Climatic Change
William F. Ruddiman and John E. Kutzbach

The earth of 40 million years ago was a warm, wet place. Forests abounded; grass-
lands and deserts were rare. Then the planet began to cool. Regional climate ex-
tremes developed. Many causes have been postulated, including continental drift
and diminishing atmospheric carbon dioxide. The authors offer a new theory: con-
tinental uplift created huge plateaus that altered circulation of the atmosphere.

Nonimaging Optics
Roland Winston

In childhood, most of us learned that one way to get heat out of the sun is to
focus its light to a pinpoint with a magnifying glass. What few realize is that
the ability of lenses designed to make images to concentrate solar energy
falls far below the theoretical maximum. Nonimaging optics that are simply
funnels for light can achieve intensities higher than those at the sun’s surface.
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Tumbleweed
James A. Young

If there is a botanical metaphor for the rootless ways of the Old West, it is the
tumbleweed. But when this immigrant Russian weed literally rolled through the
Dakotas in the 1870s, the sod busters were not thrilled. In a matter of years this
spiny thistle wreaked agricultural havoc across the plains states.

Surveying Ancient Cities
Anthony M. Snodgrass and John L. Bintliff

Some important cities of ancient Greece lie buried beneath farmland. That
is good news to these archaeologists. Rather than excavating, they build

a surprisingly complete picture of long-term habitation simply by dating the
debris, such as potsherds and roof tiles, that plowing churns to the surface.

TRENDS IN PHARMACOLOGY
lg‘ for Addiction

Marguerite Holloway, staff writer

Neuroscientists are making progress toward understanding the devastating
and intractable problem of drug addiction. By deciphering the complex inter-
play of neurotransmitters and receptors, they are designing highly targeted
drugs to treat addiction on a chemical and, eventually, genetic level. Their
findings have implications for treating mental illnesses.
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“Grown-ups tell us, Just say no:

Thats easy for them to say.”

“Maybe they forgot what it’s like.

At parties, at school, kids are saying to try this
or do that, and theyre my friends. I mean how many
times can I hear I'm a loser:

“Sure I'm scared of drugs. It just there’s so much
pressure. You want to say no. But you can take a lot

of heat forit”

Simple yes-no decisions aren't so simple when
they involve kids and drugs.

Thats why IBM has helped develop a computer-
based, interactive video program thats now in schools.
It simulates realistic social situations, and allows kids
to make choices—about drugs, about alcohol, about
themselves—and to experience the consequences, but
without getting hurt.

The program is sponsored by the National
Federation of State High School Associations, and pre-
liminary results have been extremely encouraging.

1o learn more about this program, =—=—— =— =—o
write tous at IBM, PO. Box 3974, = =—
Dept. 973, Peoria, IL 61614. —F——

.||II=

€ - " —_——
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THE COVER painting shows the first com-
pound parabolic concentrator, developed

in the 1960s to collect faint radiation in
physics experiments. Carved into a block of
lucite two feet in diameter, the funnels were
colored to display them more effectively.
Today concentrators built on the same prin-
ciple can produce solar intensities greater
than those at the sun’s surface, leading to
promising applications in solar energy (see
“Nonimaging Optics,” by Roland Winston,
page 76). The concentrator was designed
by the author, with Henry Hintenberger.
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Cover painting by Terrance J. Ryan, Fetter Graphics, Inc.
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LETTERS

Our Energetic President

To the Editors:

I applaud your special issue on “En-
ergy for Planet Earth” [SCIENTIFIC AMER-
ICAN, September 1990]. One possible
signal of our commitment to a sustain-
able and healthy future is in our recre-
ational choices. Among water sports,
for example, rowing, sailing and swim-
ming are quiet and provide exercise
without consuming fossil fuels. Con-
versely, driving power boats and water
skiing are noisy and wasteful.

I wish that President George Bush
would turn to sailing.

RICHARD REIS
Silver Spring, Md.

Nuclear Reactions

To the Editors:

In his article “Energy from Nucle-
ar Power” [SCIENTIFIC AMERICAN, Sep-
tember 1990], Wolf Hifele naively dis-
misses the poor economics of nuclear
power in his penultimate paragraph by
blaming regulation rather than calling
on the industry to learn from its mis-
takes. Yet the Japanese nuclear indus-
try is both heavily regulated and highly
productive.

His proposal to build 2,000 more re-
actors at a conservative cost estimate
of $2 billion per reactor implies a $4-
trillion investment—eight times the pri-
vate, nonresidential investment in the
U.S. during 1989. That estimate does
not include front- and back-end fuel cy-
cle investments or the costs of decom-
missioning facilities.

GEOFFREY ROTHWELL
Department of Economics
Stanford University

To the Editors:

Hafele’s quixotic treatment of nu-
clear power ignores the reasons why
the worldwide antinuclear movement
is growing in size and strength. One
reason is that people like Héfele limit
their discussions of Chernobyl to only
a few words along the lines of “massive
contamination” rather than describing

10 SCIENTIFIC AMERICAN March 1991

it as the unprecedented nightmare that
it is. He also fails to do justice to the se-
vere dangers of fuel reprocessing, nu-
clear waste and fast-breeder technolo-
gy and to the serious loopholes in the
nonproliferation regime of the Interna-
tional Atomic Energy Agency (IAEA).

As for the “advanced” reactors that
Hifele lauds, a recent Union of Con-
cerned Scientists study of several lead-
ing designs concluded that they are by
no means “inherently safe” and that in
some respects they are even more dan-
gerous than existing nuclear plants. In
any event, they are decades from imple-
mentation, which leaves us with time
to supplant the very need for them
with energy efficiency and with envi-
ronmentally benign renewable sources.
No need to squander more billions on
nuclear power.

PETER GRINSPOON
Nuclear Campaigner
Greenpeace USA
Washington, D.C.

Hiifele responds:

According to the IAEA, in 1988 and
1989 the average construction time for
a nuclear power station in the U.S. was
more than 100 months longer than it
was in Japan. At an interest rate of 10
percent, such a delay doubles the cap-
ital costs. Given that cost uncertainty
and the 40-year span until 2030—the
target date discussed in my article—it
does not make sense to apply 1990
U.S. economies to such a long-range
global problem.

Moreover, for such a problem, a $4-
trillion investment over 10 years is not
disproportionate. It is not U.S. invest-
ment that should be the yardstick for
the cost, but instead the global total of
gross national product, which stands
today at $17 trillion a year. Assuming
a savings rate of 15 percent and a 30
percent share of energy investments,
only $800 billion a year would be need-
ed to meet the goal.

Misplaced Priorities?

To the Editors:

“Cannabis Comprehended,” by Tim-
othy Beardsley [“Science and the Cit-
izen,” SCIENTIFIC AMERICAN, October
1990], was more noteworthy for the
medical biases that it revealed than for
its news of recent brain physiology dis-
coveries. Medical technologies that have
unpleasant side effects, such as radi-
ation therapies for cancer that cause
headaches, nausea and hair loss, are
considered acceptable. Yet a drug that
makes patients “high” as its main (if

© 1991 SCIENTIFIC AMERICAN, INC

not only) side effect will not even be
developed!

Are we so afraid of pleasure that we
would rather let people suffer than risk
letting some of them have fun?

WILMA KEPPEL
Omaha, Neb.

Computer Chess

To the Editors:

For more than 2,000 years, humans
have been making excuses for losing
chess games. One of the favorites has
been, “I had a cold,” but others have
included too much noise, poor lighting,
hypnotism and negative psychic ener-
gy. In “A Grandmaster Chess Machine,”
by Feng-hsiung Hsu, Thomas Anantha-
raman, Murray Campbell and Andreas
Nowatzyk [SCIENTIFIC AMERICAN, Octo-
ber 1990], the authors discuss Deep
Thought’s loss to Anatoly Karpov and
conclude that “a stable six-processor
version would have had enough speed
to avoid the blunder.” This is indeed
something new in the history of chess:
a computer’s excuse.

I believe human players will learn
to take advantage of the computer’s
many weaknesses, chief among them
its inability to devise even simple plans.
Not to detract from the programmers’
worthy accomplishments, but the rea-
sons for Deep Thought’s wins lie more
in the human grandmasters’ lack of
psychological preparation and less in
the computer’s calculations of billions
of irrelevant variations.

JAMES L. WEINHEIMER
Princeton University

To the Editors:

Computer programs that tried to em-
ulate human chess masters have not
proved as successful as ones employ-
ing massive search approaches. More-
over, by searching very long sequences
of chess moves, recent computer pro-
grams have shown that some endgame
situations that were previously thought
to be a draw (configurations involving a
king and two knights versus a king and
a pawn, for instance) can in fact end in
a win. Some human chess players now
memorize those sequences, and during
tournament play they seek to achieve
such previously overlooked winning
situations.

In some ways, then, humans are now
playing chess by emulating computers.

DAVID G. STORK
Ricoh California Research Center
Menlo Park, Calif.



man;  This Ele Talon T3
and Touota Celica All-Tmc. both

have all-wheel drive.. But
the Celica costs about
4ooo dollays more.,

OFF-CAMERA VDICE:  What do those quys atTeyota
fake us for 7

MaN:  About 4000 dollars,

= u,’im# ﬂi_ﬂfl

¥ =

(M‘-él(/) 35—

ll.."( A

f’~f
+&
)

& _

s
N
Lo )

Advantage: Fagle &

Chryslers Newest Division

Eagle Talon TSi with all-wheel drive and 195 horsepower turbocharged, intercooled engine is backed by Chrysler’s exclusive 7/70
Protection Plan. This plan protects the engine and powertrain for 7 years or 70,000 miles and against outerbody rust-through for 7 years

or 100,000 miles. See limited warranty at dealer. Restrictions apply. Price claim based on comparison of sticker prices. For more
ZPO information about Eagle Talon, or how to buy or lease one, call 1-800-JEEP-EAGLE. Buckle up for safety.

© 1991 SCIENTIFIC AMERICAN, INC



o0 AND 100
YEARS AGO

MARCH 1941: “The two wolf-chi-
dren of India were first seen living as
wolves among wolves on October 9,
1920, by an Anglican missionary, Rev.
J.A.L. Singh. Rev. Singh and his wife
expected that a few years of associa-
tion with the normal children in their
orphanage would change the wolf-chil-
dren from effective little animals back
into human beings. They were to be dis-
appointed. The children hated, feared,
and shunned human beings, as would
have a wolf-cub. Kamala, the elder sur-
viving girl, gradually developed into a
pathetic little, sub-normal, but clearly
not idiotic, human being. She learned to
speak about 50 words and occasional-
ly to put them in short sentences. From
the entire account it becomes clear that,
while the normal baby is born with the
potentialities to become a human being,
man actually attains this only through
association with his kind in the very
earliest years.”

“One of the strangest and at the
same time one of the most versatile
military vehicles yet tested is a trac-
tor made by Minneapolis-Moline Power

Implement Company. It pulled six-inch
howitzers over almost impossible ter-
rain, through mud and water 40 inches
deep, and crashed through trees four
and five inches in diameter, reports
Ethyl News. The tractor was designated
merely as a military high-speed prime
mover, but the Army boys were quick
to christen it the ‘Jeep.’”

“The world has been kept well in-
formed of the havoc wrought by in-
sects, since winged or crawling pests
are not likely to be overlooked, but the
almost-as-deadly fungus works silently
and out of sight. There is not a full-
grown native chestnut tree left stand-
ing on the New England hills which,
40 years ago, were covered with these
stately trees. Something introduced the
chestnut blight and valuable timber
stands were wiped out. The ‘Dutch’ elm
disease is thus far classed as irremedi-
able. The fungus of the disease is car-
ried into the wood by a beetle, hiding
so completely that treatment by fungi-
cides is considered very difficult.”

“Whenever electricity is in motion, it
creates a magnetic field about itself.
Therefore, g.e.d., every electron in an
atom creates its own magnetic fields—
one for its orbital motion, one for its
spin. We can leave the orbital effect
out, because experiment shows that
it has little or nothing to do with fer-
romagnetism. The spinning electron is
thus the ultimate magnetic particle.
Often the spins of the electrons in
an atom add up to nothing at all. This
is possible because the electron spin-

A pneumatic flying machine
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ning clockwise cancels out the magnet-
ic effect of a nearby electron whirling
counterclockwise. But in ferromagnetic
materials, instead of neatly counterbal-
anced plus and minus spins, we antici-
pate a marked excess of one kind over
the other. And that is just the case.”

MARCH 1891: “Mr. Nikola Tesla has
worked with dynamos giving as high
as 25,000 alternations per second, and
consequently has within his grasp a
class of phenomena that are only hint-
ed at so long as experiments are con-
fined to the frequencies in ordinary use.
An immense amount of energy is dis-
tributed through the medium surround-
ing the machine, and, in fact, the exper-
imenter may almost be said to be work-
ing in the dielectric of a condenser.
When incandescent lamps short-circuit-
ed by a bit of copper rod glow with in-
tense brilliancy at some distance from
the induction coil connected to the ma-
chine, and Geissler tubes, unprovided
with any terminals whatever, spring
into brilliant radiance, the experiment-
er suddenly awakes from his dream
of electrical energy as a thing carried
along a wire into the almost appalling
consciousness that the energy in the
dielectric is really the only thing with
which he has to do.”

“Mr. J. L. Balbi says: It is well known
to the medical profession that every
mental effort causes a rush of blood
to the brain, and that the amount of
blood depends on the ‘intensity’ of the
thought; but rush of blood means a
rise in temperature, and if we could
measure this we would be able to de-
termine, in a rough way, the ‘power’
necessary for the generation of any
thought or mental effort. I make the
measurement in the following manner:
I have a head gear of some light, high-
conducting (heat) substance. In its mid-
dle I fix a thermo-electric pile, and con-
nect this to a sensitive galvanometer.
By such a contrivance would we as-
certain the ‘brain power’ of boys and
girls, nay, even men, and thus be in a
position to indicate in what direction
their mental efforts ought to tend.”

“This is a flying machine constructed
by Mr. Lawrence Hargrave, of Sydney,
N.S.W. It is propelled by an engine fed
with compressed air, and, as will be
seen from the engraving, which is from
Engineering, the machine is a marvel of
lightness and ingenuity. In a dead calm
it flew 368 feet horizontally.”
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Light. It is magical. Powerful. Essential. And create the warm glow that means “home””

At GTE, we put that power at the touch of your Our Sylvania engineers have introduced more light-
hand. It is the power to illuminate the facts of ing innovations to the U.S. than anyone in the

science. To brighten the arenas of sports and business.  past ten years. For example, our pixel fluorescent tube

WE GIVE YOU THE POWER
TO OPEN ANY DARKNESS.
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technology is changing the face of video scoreboards more efficiently, ease a small child’s fear of the dark.

worldwide. And we were the first to bring halogen light- At GTE, we can give you the power of light in more
ing technology to the automotive industry. than six thousand ways. None of them are small.
We can also make things grow, make businesses run Because at GTE, the power is on.

I THE POWER IS ON
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SCIENCE_~SCOPE*

A new hydrogen maser “atomic clock” combines a compact size suitable for space applications with
the highest long-term stability ever reported for this type of device. Developed and built by Hughes
Aircraft Company for the U.S. Navy, the fully automated frequency standard is about 10 times more
stable than currently-used cesium beam devices. Atomic clocks use the resonance frequency of an
atom to provide a precise measurement of time, but use of hydrogen maser clocks in space has been
limited due to their bulkiness. Other Hughes-built atomic clocks were developed for the Defense
Department’s NAVSTAR Global Positioning System.

An innovative computer program dramatically reduces the hours required to model the performance
of new missile designs. Called Generic Missile Simulation (GEMS), the software, created by Hughes,

cuts the evaluation time of new missile designs from six months to one to 20 days, depending on the
complexity of the missile. The time saving is accomplished because GEMS contains a library of
generic building blocks needed for missile system simulation. These building blocks are combined,
or modified, as necessary to simulate a new missile design. In the past, each new design required its
own, unique simulation software.

A thermal imaging system that turns night into day for crews of U.S. Navy SH-2F Light Airborne
Multi-Purpose System (LAMPS) helicopters is aiding in the fight against drugs. LAMPS helicopters,
equipped with the Hughes Aircraft Company’s AN/AAQ-16 Hughes Night Vision System (HNVS),
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The innovative deployment of a new sonar system provides an improved means of detecting,
identifying, and tracking of ocean targets. The Surveillance Towed Array Sonar Segment
(SURTASS), developed by Hughes for the U.S. Navy, allows antisubmarine warfare commanders
to have capabilities never before possible for the collecting and processing of undersea acoustic
data. The system consists of a long line of sonar arrays towed behind a noncombatant craft. Target
data is transmitted through a satellite link to land-based centers where operators can review the
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For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 USA

© 1991 Hughes Aircraft Company idi :
©1991 SCIENTIFIC AMERICAN, INC Subsidiary of GM Hughes Electronics



SCIENCE axothe CITIZEN

Death with Dignity
The Dutch explore the limits
of a patient’s right to die

mericans who are suffering from

an intractable illness and want

to end their lives can be driv-

en to desperate measures. Last year a

woman with Alzheimer’s disease flew

from Oregon to Michigan to meet a

physician who had built a “suicide ma-

chine.” She pulled the switch on the

machine, giving herself a lethal dose of

drugs, inside the doctor’s Volkswagen
bus in a motel parking lot.

Many others have no doubt followed
the advice of the Hemlock Society, a
leading advocacy group for humane
euthanasia. It recommends taking an
overdose of sleeping pills and then—
just to be sure—placing a plastic bag
over the head. “A clear plastic bag or an
opaque one?” muses Derek Humphry,
the Hemlock Society’s founder, in a re-
cent newsletter. “Loving the world as I
do, I'll opt for a clear one if I have to.”

Ideally, Humphry contends, phys-
icians could help patients die pain-
lessly and with dignity. But physicians
in the U.S. are prohibited from admin-
istering or even (in most states) sim-
ply giving a lethal dose of drugs to a
suicidal patient; withdrawal of treat-
ment, which sometimes increases suf-
fering, is the only legal option. In fact,
although calls for “physician-assisted
death” are increasing in the U.S. and
Europe, only one country has begun
allowing active euthanasia: the Neth-
erlands. “It’s a very pioneering effort,”
Humphry says. “People on both sides
of the debate are closely watching it.”

One leading advocate for—and admit-
ted practitioner of—euthanasia

Fish and sex ratios,
cosmic X-ray puzzle,
nitrogen-fixing wheat,
black mortality

But beginning in the 1970s, a se-
ries of physicians, including Admiraal,
openly violated the ban on euthanasia,
spurring Dutch courts to set forth con-
ditions that can serve as excuses for
the act. The first and most important
condition is that the patient be rational
and request death repeatedly. The pa-
tient may receive euthanasia even if
family members object. If the patient
so desires, the doctor may not even in-
form the family of the patient’s de-
cision, Admiraal says.

A committee of the Royal Dutch
Medical Association, which has issued
guidelines supplementing or expand-
ing on those of the courts, suggested
four years ago that minors be allowed
to obtain euthanasia over the objec-
tions of their parents. “Sometimes a
15-year-old child can have a mature
judgment,” a report by the committee
stated, and “sometimes parents can
have immature judgment.” No such cas-
es have come before the courts yet.

Another condition established by
court rulings is that at least two physi-
cians must agree that the patient’s re-
quest is reasonable. A doctor may re-
fuse to perform euthanasia or to ap-

prove of the act, but the Royal Dutch
Medical Association has stipulated that
he or she is then obliged—albeit ethi-
cally, not legally—to put the patient in
contact with another physician.

In all cases, the patient must be suf-
fering from “unbearable pain” with no
hope of relief, according to the courts.
But the patient’s condition need not be
terminal, and the pain can be mental as
well as physical. In 1985 Admiraal gave
a lethal injection to a woman who was
in the advanced stages of multiple scle-
rosis but was not in imminent danger
of dying. He was charged with murder
but acquitted. More recently, prosecu-
tors declined to press charges against a
doctor who performed euthanasia on a
woman paralyzed from the neck down.

Such cases—those in which patients
are neither near death nor in great
physical pain—are exceptional, Admi-
raal notes. Because Holland provides
good care to the severely disabled, he
says, they rarely seek an end to their
lives. He estimates that 80 percent of
the patients who request euthanasia
suffer from terminal cancer.

A controversy has arisen recently
over whether persons suffering primar-
ily from mental rather than physical
disorders have a right to euthanasia,
according to Eugéne P. R. Sutorius, an
attorney who has defended Admiraal
and other physicians prosecuted for
euthanasia. Four years ago prosecutors
decided not to try a psychiatrist who
deliberately provided—but did not ad-
minister—an overdose of drugs to a
man who had been institutionalized
with severe depression and had repeat-
edly tried to kill himself. A similar case
is now before the Supreme Court.

These cases have led to much ago-
nizing over whether the mentally ill can

be considered competent and

is Pieter V. Admiraal, an oncol-
ogist and anesthesiologist at a
Catholic hospital in Delft. He
believes that, over time, the

Holland's Futhanasia Guidelines

® The patient must repeatedly and explicitly express the

in possession of free will, Su-
torius says. “We don’t want to
discriminate against the men-
tally disturbed,” he explains,

Dutch will demonstrate to the desire to die. “but everyone knows this can
world that euthanasia can be ® The patient’s decision must be well informed, free and be very slippery.” Admiraal
“the last dignified act in the enduring. doubts whether assisting the

health care process.” He points
out, however, that the debate
over who has a right to eutha-
nasia and how it should be
regulated is far from resolved
in Holland. Terminating an-
other person’s life, even at the
person’s request, is still techni-
cally a crime, punishable by up
to 12 years in prison.

o The patient must be suffering from severe physical or
mental pain with no prospect for relief.

® All other options for care must have been exhausted or
refused by the patient.

® Euthanasia must be carried out by a qualified physician.
® The physician must consult at least one other physician.

® The physician must inform the local coroner that
euthanasia has occurred.

suicides of mental patients
will, or should, become ac-
cepted. “I think we will hesi-
tate forever,” he says, “because
there is always hope that we
can cure these patients.”

Only a physician may per-
form euthanasia. Admiraal rec-
ommends an injection of bar-
bituates, which produces un-
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Once our engineers had completed six
million miles of testing on Saturn cars and parts,
it was time for a second opinion. And a testing
track in England owned by Lotus is just about
the toughest second opinion you can get.

John Resslar, the Saturn project engineer
overseeing the Lotus tests, recalls his first day.

((When we brought our coupes over to the
Lotus track, we got these skeptical looks like,
“What are those Americans doing here?’”

Lotus drivers ran two Saturn coupes day

and night, at high speeds, for hours on end.
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They drove them on narrow; twisting roads,

Testing our brand-new car
meant driving it under every

condition imaginable, for as
many miles as possible.
Including a test by Lotus at the
Millbrook Proving Ground to
examine its performance under
European driving condttzons

over steep mountain inclines and
around high-speed ovals, testing
for performance and endurance.
Any new car has to face a lot
of skeptics. From test drivers to car
buyers.“By the time our cars went
200,000 miles on their track, ’i
their doubtful looks were ~ saman.

gone; says ]ohn “That’s when I knew we got
the second opinion we wanted.’

A DIFFERENT KIND Of COMPANY. A DIFFERENT KIND Of CAR.
If you'd like to know more about Saturn, and our new sedans and coupe, please call us at 1-800-522-5000.

© 1991 SCIENTIFIC AMERICAN, INC



consciousness, followed by a shot of
curare, which stops the heart and lungs.
After death, the physician is required
to inform the coroner, who in turn in-
forms the local prosecutor. If the pros-
ecutor suspects the death has occurred
improperly, he may call for an autopsy
and initiate a fuller investigation.
Approximately 150 cases of euthana-
sia are reported annually, but Admiraal
says that many more cases probably go
unreported. Estimates vary widely, but
one commonly cited figure is 3,000 a
year, or about 2 percent of the deaths
occurring annually among Holland’s 15
million people. If euthanasia occurred
at that rate in the U.S., it would ac-
count for some 50,000 deaths a year.
Pro-euthanasia organizations in Hol-
land contend that the ambiguous legal
status of euthanasia, which gives pros-
ecutors great discretion in initiating an
investigation or pressing charges, dis-
courages physicians from reporting.
Klazien Sybrandy, founder of the Infor-

mation Center for Voluntary Euthana-
sia, argues that the government should
formally legalize euthanasia, replacing
the vague guidelines of the courts with
specific statutes. Such a move, she as-
serts, would encourage openness and
so reduce the potential for abuse.

Others think such a step may be un-
necessary and perhaps even inadvis-
able. “It wouldn’t change much,” Admi-
raal says. Sutorius worries that eutha-
nasia might become “too mechanically
done” if it is legalized. “You may take
away some of the responsibility of indi-
vidual doctors,” he adds.

Has Holland set a good example for
the rest of the world? Absolutely not,
insists Richard Fenigsen, a cardiologist
in ’s-Hertogenbosch. Fenigsen argues
that the acceptance of “voluntary” eu-
thanasia (he invariably puts the term in
quotes) will inevitably lead to the mur-
der of those who are judged to be men-
tally or physically inferior and a bur-
den to society. Such Nazi-like practic-

saying that we are kind of stupid.

ous social science.

A Modest Proposal on Altruism

hy did Mother Teresa become a nun and dedicate her life to helping
Wothers? Why did a man in New York City’s Central Park, on seeing

a dog fall through the ice on a pond, jump into the water to save it?
(Both man and dog died.) And why have hundreds of thousands of Allied sol-
diers risked their lives to liberate Kuwait, a strange and distant land?

Because they are docile and stupid. That, simplified and paraphrased a
bit, is the message of an article in Science by Herbert A. Simon, a professor
at Carnegie-Mellon University and an authority on psychology, computer sci-
ence and economics (for which he won a Nobel Prize in 1978).

The acts above, Simon notes, are all examples of altruism, the sacrificing
of one’s own fitness, or reproductive potential, for that of others. For years,
Simon has puzzled over how altruism could be made compatible with socio-
biology. This school of neo-Darwinian thought, which traces the behavior of
humans and other animals to the selfish urge to perpetuate genes, holds
true altruism to be a maladaptive—and even illusory—trait. Individuals, so-
ciobiologists argue, only help others who are closely related to them or who
can bestow some benefit on them in return. But it seemed to Simon that
many acts of altruism do not fit into these categories.

Simon finally concluded that altruism is a by-product of a more common
human trait: docility. He notes that docility, which he defines as “receptivity
to social influence,” usually contributes greatly to the fitness of individuals.
In other words, those who go along, get along.

Societies often exploit this trait by teaching people to do things that,
while diminishing individual fitness, benefit the greater good—Ilike paying
taxes or enlisting in the army. According to a mathematical model devised
by Simon, societies that foster altruism will thrive as long as the costs of al-
truism to individual fitness do not exceed the benefits from docility.

This scheme might be foiled if humans were truly shrewd creatures. Doc-
ile or not, we might calculate how various types of socially encouraged be-
havior affect our fitness and reject those that diminish it. There goes altru-
ism. But humans are not very good at making such calculations, Simon ar-
gues, because we have “bounded rationality.” That is a gracious way of

Simon acknowledges that his theory offers a somewhat cynical view of
human nature. But that, he says, is an inevitable consequence of doing seri-

—John Horgan
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es are already secretly occurring in
Holland, Fenigsen claims, and have so
terrorized the elderly and infirm that
many are avoiding doctors.

Fenigsen has brought his message to
the U.S. He has had articles published
in the Hastings Center Report, an influ-
ential journal of bioethics, and the Wall
Street Journal. He recently traveled to
Washington State to attack an initiative
to legalize voluntary euthanasia for the
terminally ill that is expected to go be-
fore voters next November.

Yet Fenigsen’s claims have been re-
pudiated not only by Dutch authorities
but even by some who share his dis-
taste for euthanasia. “He’s a wonderful
Jewish Pole who went through hell”
during World War II, says Teresa A.
Takken, an ethicist at the Goleta Valley
Hospital in Santa Barbara, Calif., and at
the University of Utrecht, “but he exag-
gerates.” Takken, a Catholic nun, thinks
Holland’s comprehensive health care
and welfare system probably keeps re-
quests for euthanasia to a minimum
and makes the abuses envisioned by
Fenigsen unlikely. But she contends
that abuses could occur in countries
that do not provide such care, notably
the U.S. “We have no business even
talking about euthanasia here until we
have health care for all,” she insists,
“and even housing for all.”

Corrine Bayley, an ethicist at St. Jo-
seph Health System in Orange, Calif.,
agrees that economic considerations
could corrupt decisions involving eu-
thanasia in the U.S. She adds that Amer-
ican physicians generally have much
shorter-term and less trusting relation-
ships with their patients and so are
less equipped to cope with requests for
euthanasia. The litigiousness rampant
in U.S. health care also poses a prob-
lem. Admiraal says he used to urge
American physicians to test U.S. law
by performing euthanasia according to
the Dutch guidelines, “but they always
tell me, ‘No, no, no, we will be sued by
some faraway relative or prosecutor.’”

All these factors would certainly com-
plicate euthanasia in the U.S., acknowl-
edges Margaret P. Battin, a philosopher
at the University of Utah who like Tak-
ken and Bayley has studied euthanasia
in Holland. “But I don’t think the an-
swer is to prohibit euthanasia,” she re-
marks. “The answer is to change the
U.S. health care system” so that abus-
es are less likely. Battin agrees with
Humphry of the Hemlock Society that
euthanasia should be a basic right.
“The central issue is one of control,”
she says. “Doesn’t a person have the
right to determine the manner of his or
her own death and to avoid suffering
and pain?” —John Horgan
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ATLANTIC SILVERSIDE gender can be determined by water temperature, which
varies by season and latitude. Photo: Al Grotell.

Sex and Silversides
An old theory gets
fresh support

small, slim, silver fish recently
offered an old theory its first
proof. The theory, proposed in
1930 by the famous geneticist Ronald
A. Fisher, explains why most species
produce equal numbers of male and
female young (a sex ratio of 0.5). But
while Fisher’s theory has been well
documented, no one had actually set
about proving it—until the Atlantic sil-
verside was recruited.

Using these common bait fish, David
0. Conover, an associate professor of
marine sciences at the State University
of New York at Stony Brook, demon-
strated the validity of Fisher’s theory.
“He empirically modeled the process
of evolution toward that ratio,” com-
ments James J. Bull, an associate pro-
fessor of zoology at the University of
Texas at Austin.

Substantiating Fisher’s theory after
60 years is no small accomplishment:
the idea lies at. the center of all sex-ratio
theory. Fisher described what has come
to be known as “frequency-dependent
selection.” Simply put—although Fish-
er himself did not put it simply, Bull
says—whichever sex finds itself in the
minority will also find itself in high
demand as a sexual partner. This ad-
vantage favors the survival of genes

producing that sex, ultimately redress-
ing any gender imbalance in the pop-
ulation. “Now we don’t have to be
on uncertain ground anymore,” Con-
over says.

The silverside was a perfect subject
to test the theory. Sex in silversides is
determined, in part, by the tempera-
ture of the water when the young are
born. The low temperatures of the early
season produce females; higher temper-
atures later on yield males. Atlantic sil-
versides from different sites along the
coast spawn at different temperatures,
reflecting seasonal and geographical
variations. Over the course of an entire
breeding season, the ratio of males to
females balances at one to one.

To test Fisher’s principle, Conover
and his colleague David A. Van Voor-
hees strong-armed the thermostat. “We
can screw up the system by putting
these fish in an artificial environment
where the temperature is kept con-
stant,” Conover explains. The research-
ers monitored fish taken from several
sites along the Atlantic coast and kept
in laboratory tanks at constant temper-
atures for several generations.

If Fisher’s theory did not hold, con-
stant temperatures should lead to a
batch of all males or all females. In-
stead Conover found a one-to-one sex
ratio soon emerged. “It did so remark-
ably well,” says Conover, who published
his findings in Science. “It’s almost em-
barrassing. I wanted to include a foot-
note saying this really did happen.”
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A population from South Carolina,
for example, when held at a constant
high temperature, reached the 0.5 ra-
tio over the course of four generations.
Fish from New York, also kept at a high
temperature, reached this equilibrium
after one generation. In each case, the
0.5 ratio was reached because the mi-
nority sex increased in the next genera-
tion—exactly what Fisher predicted.

Bull and his colleague Eric L. Char-
nov, a professor of biology at the Uni-
versity of Utah, have offered an ex-
planation of how the environment in
which an offspring is produced can also
affect sex-ratio evolution. Certain tem-
peratures, for example, can improve the
fitness of one sex over the other. In-
deed, Conover has shown that Atlantic
silverside females benefit more than
males do from a longer growing peri-
od. Because bigger females are more
fertile than bigger males, it stands to
reason that females develop earlier in
the season so they can feed for a long-
er time. (In contrast, even if the males
ate more, their reproductive prowess
would not be remarkably improved.)

In addition to giving Fisher’s theory
some legs to stand on, Conover’s find-
ings explore the genetic versus envi-
ronmental control of sex in some spe-
cies. For biologists, this issue has be-
come one of pressing interest because
of concerns about the greenhouse ef-
fect. Many have argued that species
whose sex is determined by tempera-
ture could be wiped out if the climate
changed dramatically.

Genetics, not the environment, ap-
peared to be the controlling factor in
determining the sex of silversides tak-
en from Nova Scotia, where the nat-
ural temperature is consistently cold.
The sex ratio of these fish held con-
stant at one to one independently of
the conditions in the laboratory. Con-
over and other scientists are now study-
ing the precise genetic component of
sex determination.

The silverside findings suggest that
in cases in which genetic factors can
adjust, or compensate, environmental
changes could be weathered. But glob-
al warming may destroy species with a
weak genetic component to sex, such
as reptiles. Turtles, in particular, could
be severely threatened.

Ironically, turtles themselves threaten
Fisher’s newly proved rule. These rep-
tiles seem to violate Fisher’s one-to-
one sex ratio, and no one has quite ex-
plained why. After more than 10 years
of working on turtles, Bull finally gave
up. “You're talking to someone who
is now working on bacteriophages be-
cause I couldn’t answer that question,”
he says. —Marguerite Holloway
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X-RAY BACKGROUND reveals its lumpy nature in this ROSAT image. Most of the
40 distinct sources seen here have been identified as quasars.

X-ray Riddle
Cosmic background
is still unexplained

ven the most contentious peo-

ple usually agree that the night

sky is dark. Don't try arguing the
point with an astronomer, however. In
1962 researchers discovered that when
seen through instruments sensitive to
X rays, the sky glows with a bright and
oddly uniform intensity.

This pervasive radiation, rather un-
poetically known as the diffuse X-ray
background, has eluded easy explana-
tion. Roughly 25 to 30 percent of the
background has been attributed to qua-
sars, tiny cosmic powerhouses that sup-
posedly lie in the center of some galax-
ies. The origin of the rest has been a
persistent mystery.

Two recent discoveries—one based
on spanking new data, the other on a
reevaluation of older findings—may put
part of the mystery to rest. The results
come from the Roentgen Satellite, or
ROSAT, an X-ray astronomy instru-
ment that is the fruit of a collaboration
between the governments of Germany,
Britain and the U.S. Since its launch
some nine months ago, ROSAT has

been mapping the sky with a sensitivity
and resolution that far surpass previ-
ous X-ray instruments.

One of the goals of the mapping has
been to resolve the X-ray background
into discrete components and deter-
mine their nature. On January 15 at
the annual meeting of the American As-
tronomical Society in Philadelphia, Joa-
chim Truemper and Guenther Hasinger
of the Max Planck Institute for Extra-
terrestrial Physics told scientists that
ROSAT had revealed far more quasars
than could be detected before—about
100 quasars per square degree. This im-
plies the presence of about four mil-
lion quasars over the whole sky, enough
to account for 40 percent of the X-ray
background, Hasinger estimates.

Even more intriguing, ROSAT has de-
tected extended blobs of X-ray emis-
sion that lie between the discrete X-ray
sources. Hasinger and Truemper pro-
pose that these blobs are actually clus-
ters of quasars so distant that ROSAT
cannot separate the emissions of indi-
vidual ones. Assuming the universe is
about 13 billion years old, these clus-
ters appear to be some eight to 10 bil-
lion light-years distant and 15 to 30
million light-years across.

This is troubling news for cosmolo-
gists. They already have their hands full
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explaining how clumpy structures of
galaxies could have evolved from a pre-
sumably smooth big bang. The exis-
tence of large, organized clusters of
quasars “would pose an even bigger
problem for big bang cosmology,” Has-
inger notes.

Yet quasars still can explain only
about 50 percent of the X-ray back-
ground. At the Philadelphia meeting,
Antonella Fruscione, Richard Griffiths
and John MacKenty of the Space Tele-
scope Science Insitute in Baltimore pre-
sented a possible source for some of
the missing X rays. Combining old data
from NASA’s Einstein X-ray Telescope
and the Infrared Astronomical Satellite
with infrared measurements of their
own, they suggest that 30 percent or
more of the background comes from
so-called starburst galaxies in which
stars are forming at an extraordinary
rate, triggered perhaps by a close en-
counter with a galactic neighbor.

Some massive newborn double stars
in these galaxies rapidly evolve into X-
ray binaries, systems in which one ob-
ject—either a neutron star or a black
hole—slowly consumes its companion,
releasing torrents of X rays. As a result,
starburst galaxies would be powerful
X-ray emitters, and large numbers of
these objects spread around the sky
could produce much of the observed
background.

There are still problems to over-
come before the riddle of the X-ray
background is solved, warned Stephen
S. Holt of the Goddard Space Flight
Center. Holt, the U.S. project scientist
for ROSAT, points out that the spec-
trum of the background at very short
wavelengths is fundamentally unlike
that of quasars, and so quasars may
have little to do with this component.
Starburst galaxies “are a better way to
fill in the X-ray background” at these
wavelengths, he thinks. The ROSAT re-
sults are as yet inadequate to distin-
guish whether the observed blobs are
clusters of quasars or clusters of star-
burst galaxies.

Or the blobs may be something else
entirely. “Hasinger sees clumping, but
the clumps are not necessarily com-
posed of condensed objects,” Holt says.
In fact, the spectrum of the X-ray back-
ground closely resembles that of a thin,
hot gas. Another satellite, COBE (the
Cosmic Background Explorer), found no
evidence of such a gas, but if the gas is
concentrated into small clumps, COBE
would not be able to detect it.

Could it be that the blobs observed
by ROSAT are such hot gas clumps and
not really quasar clusters after all? “It’s
totally ad hoc,” Holt chuckles, “but it is
possible.” —Corey S. Powell



Down for the Count

The first estimate of protein
components may not add up

nly 92 elements compose all
earthly materials. It takes just
four nucleotides to write the
language of heredity in DNA. So how

many different pieces are needed to
assemble the tens of thousands of pro-

teins made by living things? Seven
thousand or so should do it, estimates
Nobel laureate Walter Gilbert and his
two Harvard University colleagues.
That is certainly an intriguing answer
to a question that has occupied some
scientists since the 1970s. At that time,
biochemists began speculating that all
proteins are crazy quilts of distinct
modules—short amino acid sequenc-
es with specific functional and struc-
tural properties. Some biologists and

chemists, however, are unimpressed by
the Gilbert group’s methods. Russell
F. Doolittle, a protein researcher at the
University of California at San Diego,
has become the most vocal critic of the
work, which he maintains is invalidat-
ed by many serious errors.

The idea that proteins were modu-
lar received a boost in 1977, when re-
searchers discovered that the genes of
all organisms more complex than bac-
teria are broken into separate coding

The Leading Theory of the Universe Survives Another Attack

early 1980s the theory has been the leading explana-

tion of how galaxies evolved after the big bang, but in
recent years it has been encircled by a growing number
of skeptics. Now a new galaxy survey has delivered an-
other blow—fatal, some say—to the theory. The sharks
are closing in.

But the theory is nothing if not resilient. Adherents ac-
knowledge that it has been hurt by recent observations of
clustered galaxies and that certain aspects of it will al-
most certainly need corrective surgery. But they contend
that the theory has also been strengthened by other new
findings regarding the mass of the universe. “We have no
falsification of the basic tenets"—yet, declares Carlos S.
Frenk of the University of Durham in England.

The theory holds that as much as 99 percent of the
mass in the universe is made of some type of dark (invisi-
ble) and cold (slow-moving) matter. All the stars, galaxies
and other hot, glowing objects that can be seen through
telescopes are just whitecaps on an inky sea.

Doubts about this scenario have been building for sev-
eral years. Astronomers could find only a fraction of the
dark matter predicted by the theory. And while the theory
suggested that matter should be scattered fairly smooth-
ly through space, observations revealed galaxies clump-
ing together in vast clusters surrounded by even vaster
voids. Still, many cosmologists continued to view cold
dark matter as the best explanation of the cosmos.

Then in January a group reported in Nature that a sur-
vey by the Infrared Astronomical Satellite (IRAS) revealed
galaxy clumping on a scale too large to be accounted for
by the standard version of the cold dark matter model.
Frenk and other proponents of cold
dark matter were in the group.

Noting this fact in an accompa-
nying article, a Nature staff writ-
er proclaimed: “Cold dark matter
makes an exit.” The New York Times
spread that message further in a
front-page story announcing that
cold dark matter “is being discard-
ed by some of its staunchest advo-
cates.” But Frenk says the press re-

Is the cold dark matter theory going under? Since the

GALAXY SURVEY by the Infrared As-
tronomical Satellite reveals more
clumpiness than predicted by the
standard cold dark matter theo-
ry. Unobserved regions have been
blackened.

ports greatly exaggerated the paper’s conclusions. He and
his colleagues had stated that only one version—albeit
the simplest, most popular one—of the cold dark matter
theory needed to be discarded. Modified versions, Frenk
asserts, which have different assumptions about the dis-
tribution of dark matter, may still work.

Moreover, the /IRAS data support a key cold dark matter
tenet, according to Nick Kaiser of the University of Toron-
to, another author of the Nature paper. By measuring the
motions of the galaxies, Kaiser and Frenk were able to es-
timate the gravitational forces acting on the galaxies and
thereby the density of mass in the universe.

Their calculations suggested that the universe contains
much more matter than is visible—in fact, almost the
same amount predicted by the cold dark matter model.
“There is actually a consensus about this,” Kaiser says,
noting that Edmund Bertschinger of the Massachusetts In-
stitute of Technology and others have arrived at similar
conclusions.

Recent measurements of the masses of spiral galaxies
provide still more evidence for dark matter. Dennis F. Za-
ritsky of the University of Arizona and others examined
the motions of small “satellite” galaxies orbiting 40 or so
spirals, including the Milky Way. The motions of the satel-
lites indicated that the spiral galaxies are embedded in
“halos” of dark matter at least 20 times broader and 100
times more massive than the visible core.

On the other hand, German astronomers recently an-
nounced that observations of quasars by an orbiting X-
ray observatory were not compatible with some versions
of the cold dark matter theory (see photograph on oppo-
site page). The sharks are still circling. — John Horgan
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aturity. Sophistication. Taste. All

characteristics much admired in fathers, and

coincidentally, in fine Scotch. Specifically, in

Ballantine’s Finest, a smooth, mellow, yet

full-flavored blend. Matured in oak. Blended

with sophistication. True Scotch taste present
| and accounted for in every sip.

Very impressive.
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THE TRUE TASTE OF SCOTCH™

Ballantine’s Blended Scotch Whisky 43% Alc./Vol. (86 proof). © 1990 Maidstone Wine & Snirits Inc. Los Angeles, CA.
© 1991 SCIENTIFIC AMERICAN, INC




How TO CHOOSE
A SCOTCH TO IMPRESS
YOUR FATHER-IN-LAW,

HoOow TO

CHOOSE

A SCOTCH TO IMPRESS
YOUR TASTE BUDS.

you, and not just because you've brought his
daughter. He’s interested in your work, your
garden, even your opinion. He shows you his
latest project and solicits your advice (although
he ignores it later).

And he pours you a nice glass of Scotch

without waiting for you to ask. His brand?

When you come over, he’s pleased to see

Ballantine’s Finest. A sophisticated blend of

42 superb single malt Scotch whiskies and
the most popular Scotch in Europe.

A real gentleman, your father-in-law.

So the next time you visit, make the right
impression by employing the Golden Rule.
Along with his daughter, bring him a bottle
of Ballantine’s Finest.

When you touch glasses, murmuring an
appreciative toast, savor the moment contem-
plating the woman whose life you share. Then
lift the golden spirit and drink in the smooth,
mellow flavor with a hint of peat and a breath
of smoke.

You'll both be glad that you married into

the clan.

Soullontins,

THE TRUE TASTE OF SCOTCH™

1 the homes, pubs and hotel bars
of Scotland there is a time-honored
ritual, handed down from father to son,
for the enjoyment of Scotch whisky. It
involves clean glasses,
moderate amounts of the
amber nectar, and a pen-
chant for spirited conver-
sation. The latter being
just as essential as
Ballantine’s either of the former
Finest: Good Once the drinks are
taste in- poured and 3
stalled and pleas-
maintained. antries
exchanged, the typical
debate begins.

One rather opinion-
ated participant firmly FSge=]
maintains that the best
single malt Scotch
whisky comes from the
Highlands. Another
isadamantinsupport
of the Orkney Island
whiskiesfrom the far
north. For another,
nothing but a softer,
sweeter Lowland
maltwilldo,while
a staunch advocate

of the bold, peaty

sists on being heard. Debating Society.
Being Scots, each Learn from
remains ¢he experts.
convinced that his opin-
ioniscorrect, inperpetuity.
Of course, when all is
said and done, many prefer

Ballantine’s Finest.
Because Ballantine’s
blends 42 of the
top single malts
from all over
Scotland, the
taste of the Finest tends to
resolve disputes in a most
diplomatic manner.

But how is the well-inten-
tioned American, who is not
born in a land of peat and
heather, to form an opinion
about Scotch? A good place
to start is right in your own
home. First, free yourself

Ifyour favor-
ite establish-

ment doesn’t
yet serve
Ballantinés,
drop usa line.

2y f

[fragrance of heather?
from distractions. Now pour il
a healthy shot of Ballantine’s ".‘
and let your senses take over. ¥

Swirl it around, feeling the heft )
of the glass as the golden liquid shifts |
from side to side. Notice the malty

flavor of Islay in-The Royal Scottish I

a blended Scotch like |

aroma, and a fragrance reminiscent of
vanilla. It’s interesting to notethat
90% of your sense of
taste is centered not in
the tongue or mouth,
butin thenose. Infact,
Ballantine’s blenders,
thelegendary men who
create and preserve
" the Finest, test hun-
dredsof single malts
. and blends on a
daily basis. And they
. doitwiththeirnoses.
Now add a little
water and hold it up
to the light. It’s
a beautiful sight
as the clear water
R and golden Scotch
mingle together in
il a shimmering

chemistry.
Your antici-
pation builds.
Lift the glass
and take a sip.
The first
thing youmay
notice is a cool, slightly sweet taste.
Let the smooth liquid float on your

tonguefor a moment before swallow- |
ing. Then a mellow whiff of peat ||

makes its presence known, and
finally, a soft brush of smoke in
the finish. It’s as if all the virtues
of all the wonderful, diverse,
eccentric Scotch whiskies
landed in e
your glass
at once.
Even
though Please write.
your nose We welcome all
migh t be correspondence.
the final authority, we’ll
understand if your taste
buds are also impressed.

THE TRUE TASTE OF SCOTCH™

Can you detect the subtle I e |

waltz of higher ||

Write to: Ballantine’s P.O. Box 8925 Universal City, CA 91608.
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How Proteins Are Assembled from Basic Units

GENE COMPOSED OF SEPARATE CODING

REGIONS (EXONS)
5

[T L

T

EXON

PROTEIN MODULES TRANSLATED FROM INDIVIDUAL EXONS

1 2 3 4

COMPLETE FOLDED
PROTEIN

5 6 7

Genes are broken up into isolated
segments called exons. Individual
exons produce small protein modules
made of amino acids. Chains of these
modules are folded to make complete
proteins.

elements called exons. Almost immedi-
ately Gilbert proposed that exons were
the genetic basis for the modules and
that the evolution of complex proteins
could proceed rapidly through the re-
shuffling of the fundamental exon set.

Two years ago Gilbert, molecular evo-
lutionist Robert L. Dorit and comput-
er scientist Lloyd Schoenbach set out
to estimate roughly how many differ-
ent exons might exist as a clue to how
much protein diversity there is. Work-
ing from the assumption that today’s
exons descended from ones that arose
billions of years ago, Gilbert’s group
decided to look for family resemblanc-
es. The researchers therefore checked
for similarities in the amino acid se-
quences encoded by pairs of exons
in dissimilar proteins. The number of
matches they found would be statisti-
cally related, in theory, to the size of
the exon universe.

After performing millions of exon
comparisons, the researchers identified
14 pairs that they claim show signifi-
cant similarities. They then calculated
that the level of matching suggested
a universe of 56,000 randomly mixing
exons according to one statistical anal-
ysis or 950 by another. By taking a geo-
metric mean of those numbers—a step
that makes some other scientists un-
easy—Gilbert’s group arrived at their
estimate of 7,000. “I'm happier think-
ing of [the estimate] as a bracket rather
than a single number,” Dorit says. “The
compelling part of the story is that our
upper and lower limits are both pretty
darn small.”

They are small compared with the
number of possible exons. For a short
40-amino acid structure, there are 1052

variations. “But that’s a straw man,”
Doolittle insists: evolutionists already
assume proteins descended from rela-
tively few components. Previous edu-
cated guesses about the exon universe
by other researchers have often set it
at 1,000 members or fewer.

Moreover, Doolittle argues that the
Gilbert study has a major conceptual
flaw: no matter how different two se-
quences may seem, it is impossible to
be sure that they are not related. Com-
pletely dissimilar pairs of exons may
only have diverged more widely from
their common ancestor. Doolittle says
that any statistical approach like Gil-
bert’s is doomed because it cannot dis-
tinguish archetypal exons from ones
whose relation to one another is lost in
remote history.

Even on its own terms, Doolittle
thinks the Gilbert study is defective. He
charges that the researchers did not
adequately purge their 1,255-exon data
base of sequences that would skew the
results. Several of the 14 exon matches
found by the study involve related pro-
teins that should have been excluded.
In effect, those exons may match be-
cause they are the same exon, counted
twice. Another matched pair—an exon
from a keratin protein and one from
an albumin—is misleading because the
similarity is much more likely to derive
from functional constraints on the pro-
teins than from common exon ancestry.

If fewer than half of the 14 matched
pairs are truly significant, as Doolit-
tle suspects, then according to the Gil-
bert group’s methods the upper bound-
ary on the exon universe would rise to
a half million or more. But Doolittle’s
point is even stronger. He contends
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that Gilbert’s estimate is completely
meaningless because unrecognized di-
vergences or convergences could lower
or raise the numbers unpredictably.
“We have some very able critics,”
Dorit admits. “Because this is the first
formal attempt and because we are
trying to plumb some deeply hidden
aspects of evolution, there are lots
of pitfalls.” Nevertheless, he and his
colleagues defend their general meth-
ods and conclusions. They are now ex-
tending their work by analyzing a larg-
er—and perhaps better screened—data
base. Dorit explains that almost three
times as many protein sequences are
available today as when they began
their project. This time they also hope
to include protein sequences from bac-
teria and other primitive organisms
without cell nuclei, a group that was
not included in the previous study.
“Our work is a prediction,” Gilbert
explains. “As more genes are added
to the data base, we should find exons
falling into the patterns we predict are
there. Within five years, we should be
able to identify all the primitive com-
ponents and see how proteins are fit-
ted together from them.” By that time
perhaps it will be clear whether they
actually have identified the fundamen-
tal protein elements of the earliest or-
ganism or, as Doolittle suspects, a red
herring. —John Rennie

Guessing Game
The EPA tries to decide if
there’s harm from ELF

ncertainty, mystery, contradic-

tion, fights over turf and accu-

sations of bias. The argument
over whether extremely low frequency
(ELF) electromagnetic fields from pow-
er lines might cause health effects has
them all. Until now, the majority of
the studies have been funded by the
Department of Energy and the Electric
Power Research Institute, a research
arm of the utilities. Although both have
concluded that ELF can have biologi-
cal effects, critics charge that their re-
search reflects a pro-utility bias.

Now the Environmental Protection
Agency has decided it ought to have
an opinion on the specific question of
whether such fields might cause can-
cer. The agency has produced a draft
study that concludes there are insuf-
ficient data to decide. So nobody ex-
pects to find any hard answers any-
time soon. But the EPA’s entry into the
long-running and acrimonious debate
has moved the issue from the back
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to the front policy burner in Washing-
ton, D.C.

In January the agency attempted to
refine its thinking by holding three days
of hearings before a special committee
of outside experts. Even before the po-
litically charged hearings started there
was trouble. President George Bush’s
science adviser, D. Allan Bromley, of-
fered, uninvited, his own list of candi-
dates for the committee, an offer the
EPA declined.

When the hearings began on Janu-
ary 14, physicists, cancer biologists and

epidemiologists took turns with a U.S.
representative, distraught citizens and
the mayor of Scranton, Pa., to make
their arguments. Big-name scientists
skeptical about the possibility of a
link, retained by a consortium of utili-
ties known as the Health Effects Group,
were much to the fore.

Physicists on the witness stand ex-
plained that such weak fields could
not affect cells, because the fields at
cell surfaces would be far smaller than
those present naturally. Citizens ex-
pressed their alarm over the now fa-

mous studies that seem to show an
increased risk of leukemia in children
who lived near high-current transmis-
sion lines. Epidemiologists rehearsed
their warnings about how unconscious
bias or unrecognized factors might ex-
plain the association. One proposed ex-
planation: carcinogens emitted by traf-
fic on highways that lie near high-pow-
er lines.

Tempers occasionally flared, and one
or two people had their knuckles meta-
phorically rapped. David Korn, chair-
man of the National Cancer Advisory

A Nitrogen Fix for Wheat

and is an indispensable nutrient for plants. But

most species cannot tap the supply. Legumes such
as beans and peas have a rare advantage. They, and a few
other plants, play host to specialized root-dwelling bacte-
ria that “fix” atmospheric nitrogen by converting it into
ammonia, which the plants can then use. The dominant
grains of human agriculture—rice, wheat and corn—lack
that ability.

Now agricultural researchers at Australia’s University of
Sydney believe they have achieved the long-sought goal
of infecting a nonleguminous food crop with nitrogen-
fixing bacteria. Their work on wheat suggests it may be
possible to produce high crop yields less dependent on
chemical fertilizers.

A. M. Zeman, Yao-Tseng Tchan and Ivan R. Kennedy
were following up on earlier research by Yan-Fue Nie,
then at Shandong University in China. The nitrogen-fixing
bacteria of legumes, Rhizobium, live in nodules in the
plants’ roots, where they receive nutrients in return for
the ammonia. Nie found that low concentrations of the
herbicide 2,4-D, which softens cell walls, caused wheat
seedlings to develop swellings on their roots that resem-

Nitrogen makes up 80 percent of the atmosphere

N

NITROGEN-FIXING nodules are visible on the roots of a treated wheat seedling.

bled the nodules of legumes. But neither he nor others
could infect the artificial nodules with Rhizobium.

Zeman, Tchan and Kennedy decided to find out wheth-
er other nitrogen-fixing bacteria could do better. They
first reproduced Nie’s nodulelike structures, which they
call para-nodules. Then they exposed the 2,4-D-treated
wheat seedlings to Azospirillum, a nitrogen-fixing bacteri-
um that lives freely in soil.

The bacteria infected the para-nodules. Using an indi-
rect chemical test, the researchers then found “highly re-
producible” and substantial nitrogen fixation in the treated
seedlings—but not in untreated ones. “It is reasonable to
say nitrogen is being fixed by Azospirillum,” Tchan con-
cludes. Moreover, like Rhizobium in legumes, Azospirillum
in para-nodules seems to be “closely linked to the normal
metabolic processes of the plant,” Kennedy notes. When
photosynthesis in the seedlings was chemically inhibited,
the evidence for nitrogen fixation also disappeared.

Kennedy and his collaborators have started to de-
scribe their research at meetings, but few biologists out-
side Australia are yet familiar with it. The findings, al-
though surprising, are “not inherently implausible” and
“need to be looked into,” comments Charles Hagedorn, a
professor of agronomy and an ex-
pert on nitrogen fixation at Virgin-
ia Polytechnic Institute and State
University in Blacksburg, Va. The
Australian researchers are now us-
ing radioactive nitrogen as a trac-
er to find out whether seedlings
can incorporate nitrogen fixed by
Azospirillum.

Kennedy cautions that there are
many differences between Azospi-
rillum and Rhizobium. For example,
Azospirillum seems to infiltrate be-
tween cells, but Rhizobium enters
them. And Kennedy does not yet
know whether Azospirillum infec-
tion can persist for a long time in
' para-nodules, which would be nec-
. essary to benefit a crop. He sug-
gests that selective breeding and
genetic engineering might eventu-
ally lead to field applications but
emphasizes that they are “10 years
away.” —Tim Beardsley
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Panel and a member of the “no mech-
anism has been identified, so I don’t be-
lieve it” school, was told tartly by one
committee member to read the relevant
literature before venturing any further
opinions on whether weak fields have
biological effects. Committee members
reminded more than one witness that
sharks and other animals navigate by
low-intensity fields.

Others managed to inject a bit of lev-
ity. Robert K. Adair, a Yale University
physicist and founding member of the
“I don’t see how it could happen, so it
can’'t happen” school, disagreed with
committee chairperson Genevieve Ma-
tanoski about a study by Samuel Mil-
ham, Jr., of Washington State’s Depart-
ment of Health that found high cancer
mortality in amateur radio operators.
“He’s a very good epidemiologist,” Ma-
tanoski muttered. “I’'m sorry to hear
that,” Adair retorted. Solomon M. Mi-
chaelson, a physicist at the Universi-
ty of Rochester, suggested the anxie-
ty generated by “overinterpretation of
data” could be “a greater biological haz-
ard than the fields we’re talking about.”

Disagreements abounded over what
to make of inconsistent and puzzling
findings. The EPA’s approach was to
consider the “weight of evidence” from
laboratory studies employing tissue cul-
tures and animals, as well as epidemio-
logical surveys. The agency declined to
throw out studies with clear weakness-
es—for example, those that used prox-
imity to a substation as a rough mea-
sure of ELF exposure. And the EPA toler-
ated the notion that responses to fields
might occur only in particular bands of
intensity and frequency.

The weight-of-evidence approach was
crisply dismissed as producing “shoddy
data and bad science” by Eleanor Adair,
wife of Robert and a researcher at the
John B. Pierce Laboratory of Health and
the Environment in New Haven. She
was not alone. But M. Granger Morgan,
head of the department of engineering
at Carnegie-Mellon University, asked,
“In public policy, should standards be
the same as in basic research?”

Usually in such policy debates the
one point everyone can agree on is the
need for more research. The ELF-can-
cer debate is unusual. Eleanor Adair,
for one, is so underwhelmed by the
“very poor” science in the field that
she would rather see the big money
go somewhere else. But serious federal
funding is not likely to be forthcom-
ing unless the EPA and other agen-
cies decide there is a clear case to set-
tle. When will that be? A final ver-
sion of the EPA document is, according
to the latest estimate, at least a year
away. —Tim Beardsley

Grim Expectations
Life expectancy of
blacks is sliding

expectancies of whites and blacks

had been converging steadily. But
the 1988 numbers, the latest from
the National Center for Health Statis-
tics, indicate an ominous reversal of
that trend: the gap widened because
the life expectancy for black Americans
declined throughout the mid-1980s.
“We're seeing a pattern that we've nev-
er seen before,” says Harry Rosenberg,
chief of mortality statistics at the cen-
ter. “The life expectancies of the two
major race groups are diverging.”

In 1910 the difference between black
and white life expectancy was 15 years.
By 1984 it had closed to 5.6 years.
Since then the difference has increased
14 percent, to 6.4 years. According to
the new data, the life expectancy of a
black person born in 1988 has dropped
to 69.2 years—its lowest point in seven
years. Whites, meanwhile, can expect to
live to 75.6 years.

Age-adjusted death rates, calculat-
ed to eliminate the effects of aging in
the overall population, currently stand
50 percent higher for blacks than for
whites. “Heart disease, cancer, stroke—
the big-ticket items—account for the
major portion of the difference,” Ros-
enberg says. These conditions, which
cause more than 60 percent of all
deaths for both races, affect the black
population 30 to 90 percent more se-
verely than the white population.

Since early in this century, the life

Yet it is not these diseases that are
primarily causing the divergence in life
expectancy seen since 1984. Deaths
from these three causes have been
steadily declining, and for the black
population such gains “are still moving
in a direction that parallels those of the
white population,” Rosenberg observes.

Then why the divergence? Homicide,
Rosenberg says. Death rates for homi-
cide and legal intervention (which rep-
resents the handful of deaths caused
by police activity, about 1 to 2 per-
cent in the category) among blacks ex-
ceeded that for whites by 6.4 times.
Hardest hit are black males 15 to 24
years of age. Indeed, “the major thrust
[for the widening gap] comes from the
young black male population,” Rosen-
berg points out.

Because the homicides are concen-
trated in poor urban areas, researchers
have tried to determine the extent of
the role that socioeconomics plays in
the different rates. Poverty runs about
three times higher in the black popula-
tion than in the white, and the medi-
an wealth of white households exceeds
that of black households by more than
a factor of 10, according to Census Bu-
reau statistics. “When you control for
socioeconomic status,” says W. Reyn-
olds Farley, a sociologist from the Uni-
versity of Michigan at Ann Arbor, “you
ought to find that blacks and whites
have the same homicide rates.”

But researchers who have tried to
correct for economic levels found that
“there seems to be an important, in-
dependent effect” based on race, as-
serts Farley, who studies black-white
differences in U.S. society. Some possi-

The Decline in Black Life Expectancy
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ble causes are cited in a recent report
on black homicides from the Centers
for Disease Control.

The cDC study points to such factors
as ready access to firearms, drug traf-
ficking, racial discrimination and possi-
bly even an acceptance of violent be-
havior in those communities with high
homicide rates. Contrary to the com-
mon perception that most homicides
result from random violence, more than
half of all homicides are committed by
persons known to the victim, accord-
ing to the report. “It’s a touchy area,”
Farley adds.

No one has yet been able to exam-
ine race and economics separately in
mortality studies. Death certificates cur-
rently do not contain sufficient infor-
mation, such as the wealth of the de-
ceased. But that will change in the next
few years. The National Heart, Lung
and Blood Institute is compiling a na-
tional data base that will contain more
detailed population characteristics, in-
cluding income and education level.
Most states have already added educa-
tional attainment to death certificates
since 1989, and because income strong-
ly correlates with education level, Ro-
senberg thinks that “certainly in two
years we ought to be able to begin
looking at some of these problems by
socioeconomic status.”  —Philip Yam

PROFILE: SUPERCOMPUTER SOLO

Toshio Shimada seeks a different path to parallelism

are a way of life and bucking the

trend is discouraged, Toshio Shima-
da is not a member of the crowd. For
more than a decade, Shimada has bet
his career on a radical hardware and
software design for a very high perfor-
mance computer. “Everybody is think-
ing about [conventional] von Neumann
computers,” declares the 45-year-old
computer designer, “but I want to do
different research.”

As chief of the computer architec-
ture section at the Electrotechnical Lab-
oratory in Tsukuba, Japan's govern-
ment-backed and -planned Science City,
Shimada has had both the opportunity
and the funding to carry on this cru-
sade. But even if his technological gam-
ble pays off, he will still face an enor-
mous obstacle: convincing one of Ja-
pan’s supercomputer manufacturers to
put the idea of “dataflow” parallel com-
puting into practice.

Shimada was not always so driven
to be different. Like many young Japa-
nese, he cultivated a taste for mathe-
matics in elementary school and even-
tually won a spot as a graduate student

In Japan, where rigid hierarchies

in Japan’s most respected university,
the University of Tokyo. Yet as he pur-
sued his studies in industrial control
engineering, Shimada became troubled
by the gulf he saw between theory and
practice in factories. “I wanted to study
a more abstract field,” Shimada recalls.
He chose computer science.

After earning a master’s degree in
applied mathematics and measure-
ment, Shimada joined the Electrotech-
nical Laboratory, the country’s oldest
and most prestigious research facil-
ity. There researchers were thinking
about the long-term future—and poten-
tial bottlenecks—of high-performance
computers. Shimada immediately set to
work studying the possibilities for par-
allel computers, which rely on a large
number of simple processors working
in harmony to solve a problem. These
promise to perform complex computa-
tions more rapidly than conventional
computers, in which a single processor
performs every operation in series.

The pivotal experiences that would
shape Shimada’s attitudes toward re-
search and focus his career came about
two years later. Beginning in the sum-

For Bread

At BASF, we try to make the world a better place, at home or onthe
road. We don't farm, but our mold inhibitors guard against spoilage
in farmers' crops. We don't manufacture cars, but our automotive
coatings help protectyour vehicle from the weather. We don't
make a lot of the products you buy. We make alot of the products
you buy better.

From our agricultural products that help assure there is food for a
growing world population, to our products that shield you and your
possessions against the forces of nature, BASF helps make lives
more productive and more enjoyable.

But more importantly, at BASF, we never forget the effect we have

on the world we live in. Our employees have a strong
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mer of 1980, he spent a year’s sab-
batical at the Massachusetts Institute
of Technology, working with computer
scientists, including Jack B. Dennis and
his colleague Arvind.

In Cambridge, Shimada was struck
by the open atmosphere, which con-
trasted sharply with the aloof system
of seniority found in Japanese acade-
mia and companies. Shimada remem-
bers going to a laboratory late one eve-
ning when most offices were closed
and finding Dennis hard at work at a
computer terminal in a darkened room.
“In Japan, it is rare that a great scholar
would still be doing research work,” he
says. “I was much impressed.”

More important, Shimada became
entranced with a computational ap-
proach, called dataflow, which had been
proposed several years earlier by Den-
nis and Arvind. They “were doing very
creative work,” Shimada recalls with
enthusiasm. To Shimada, the dataflow
technique was “very clean, clear.”

When Shimada returned to Japan,
he began his energetic campaign to
translate dataflow into a working com-
puter. “I guessed that we could make
some nice hardware to execute the
model,” he says. Although a few re-
search groups in the U.S. and in Eu-
rope had attempted to build data-
flow prototypes, Shimada’s project be-

came the most ambitious and lengthy.

On a whiteboard in his spacious of-
fice, Shimada sketches a diagram of
dataflow that looks much like a back-
ward chain reaction, which starts with
many atoms and condenses down to
one. In his model, however, every atom
is a node, or processing element tied
to a memory unit. Two pieces of data
converge on each node, which then
“fires,” carrying out a specific calcula-
tion and generating a result. This num-
ber in turn becomes an input to the
next level of nodes.

Shimada is far from alone in his
quest to build a parallel computer. Oth-
er computer designers, particularly in
the U.S., are also turning to massively
parallel architectures. The key differ-
ence lies in the computational mod-
els at the heart of the various systems.
The computational model is critical be-
cause it dictates how a programmer
must write software to use the ma-
chine efficiently.

The most widely recognized compu-
tational model at this point may be the
data parallel scheme that is being used
by companies such as the Thinking Ma-
chines Corporation in Cambridge, Mass.
In these computers, every real or “vir-
tual” processor (which exists logically
but not physically) is associated with
a datum. A single instruction is broad-

cast to all processors, which then carry
out operations on their local data.

Shimada argues that the dataflow
model neatly skirts problems encoun-
tered by such massively parallel ap-
proaches. For example, coordinating
the operations of many processors can
be tricky. Dataflow avoids explicit syn-
chronization, he says, because nodes
simply fire whenever they have received
two inputs. Yet even Shimada concedes
that turning dataflow into a real sys-
tem is no simple matter.

As a result, building hardware has
consumed most of Shimada’s time dur-
ing the past decade. Now two prototype
dataflow computers sit just across the
hall from Shimada’s office. Eight shoul-
der-high, white metal cabinets arranged
in a square and connected by ribbon
wires running out of a central hub cab-
inet house the SIGMA-1. Less than 10
feet away stands a smaller air-condi-
tioned cabinet with “EM-4 prototype”
stenciled on its side. Physically small-
er but computationally more powerful,
the EM-4 is the second generation of
the SIGMA-1.

Shimada and his colleagues began
building the SIGMA-1 in 1982 with
funding from the National Supercom-
puter Project sponsored by the Min-
istry for International Trade and Indus-
try (M1T1). The machine was unveiled at

and Water

sense of environmental responsibility. From research and development to the final product or
application, we take special care to help ensure that our production and disposal methods
aresafeand environmentally sound. After all, we all share the same planet.

It'snot surprising that when businesses worldwide look to the future, they look to BASF.
Because we make products that help make life better for everyone. And everything.

Even bread and water.

The Spirit of Innovation

BASF
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TOSHIO SHIMADA, a computer designer at Japan's Electrotechnical Laboratory,
holds a board from his SIGMA-1 parallel processing computer. The machine relies
on a computational model called dataflow. Photo: Dennis Gray.

the end of the project in January 1990.
SIGMA-1 has 128 processors, each with
a theoretical peak speed of 3.3 million
floating-point operations per second
(megaflops). The newer EM-4 is current-
ly equipped with 80 custom-designed
processors, each with a theoretical peak
speed of 12.5 million instructions per
second. The machine is expected to be
expanded to its design limit of 1,024
processors by 1993.

But the machines are far from ready
to leave the lab. EM-4 has yet to run
software. SIGMA-1 has averaged only
100 megaflops—Iless than a quarter of
its full theoretical peak speed—when
running benchmark programs. And
benchmarks have been the only code
it has run. Software development has
consequently become one of his most
pressing challenges. Shimada’s current
goal is to write a “large-scale, practical
program” for SIGMA-1 by the fall of
1991. He adds: “I hope.”

Shimada concedes that working for a
decade on a computer system that has
yet to run a practical program can be
frustrating. His team has devoted five
years to developing a dataflow compil-
er, software that translates programs
into binary code. Even after writing
100,000 lines of code in the computer
language called ¢, the compiler is not
yet complete. “Our group is small, 10

people, so it’s very hard to work both
in hardware and software,” Shimada
says. Even though most of the group’s
efforts have focused on hardware, “now
I'm looking for people who can work
on software,” he adds.

Through it all, though, Shimada
thinks he has one advantage over many
scientists elsewhere in the world: long-
term funding from MITI. “When a proj-
ect starts, we have much to worry
about,” he says. “But once a project is
started, it’s almost guaranteed to run
for five or six years. That's great.” In
the U.S., researchers must keep show-
ing results every few years to win fund-
ing, he notes.

When Shimada is asked about differ-
ences between Japanese and U.S. re-
search efforts in parallel computing,
his excellent English becomes precise
and cautious, even diplomatic. “Ameri-
can researchers can explain their work
very logically, very clearly,” he muses,
not referring to language problems.
“Usually a Japanese researcher, even if
he is doing very nice work, cannot ex-
plain his work nicely,” he adds. Shima-
da keeps up with U.S. efforts similar to
his via electronic-mail communications
with researchers, including his mentors
at M.I.T.

In spite of support from mrt1, Shima-
da has met with caution from Japanese
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commercial computer manufacturers
who could shepherd his dataflow archi-
tecture to market. For instance, Keiichi-
ro Uchida, manager of the supercom-
puter development department at Fu-
jitsu, is a proponent of parallelism but
remains wary of dataflow. He acknowl-
edges that its effectiveness is based on
how data are distributed between pro-
cessors. But, he says, the algorithms for
“such a precise division [of data] are
difficult to develop commercially.”

“Dataflow is a natural parallel pro-
cessor system,” adds Tadashi Watana-
be, an assistant general manager at
NEC and the principal architect of the
company’s supercomputer series. But
he doubts dataflow will find its way
into mainstream computing because
many scientific calculations work on ar-
rays of data that are more easily han-
dled by conventional parallel process-
ing schemes. Even so, “our target is to
get the highest performance from sin-
gle processors,” Watanabe emphasizes.
And by combining a limited number of
such processors, “we can get very high
|overall system] performance,” he adds.

Nevertheless, Japan’s supercomputer
makers are taking their own tentative
steps toward parallel designs. For in-
stance, at NEC’s central research labo-
ratory just west of Tokyo, one highly
specialized parallel machine is already
hard at work verifying integrated-cir-
cuit designs. Such efforts are likely to
become more widespread in Japan with
prodding from a MITI game plan re-
leased last March called the New Infor-
mation Processing Technology Project.

Shimada believes that eventually the
time will come for dataflow computers.
Pacing before his whiteboard, felt pen
in hand, he sketches out plans for his
next dataflow computer, the successor
to the EM-4. It will be a monster of a
machine, harnessing 10,000 to 20,000
processors. He predicts that by 1996 or
so such a dataflow machine will achieve
speeds of about a trillion operations
per second.

It’s that kind of mind-boggling com-
puting speed that Shimada asserts will
finally push dataflow parallel comput-
ing into the commercial arena. “The
only way [dataflow will get attention] is
if we are 10 times faster than the best
machines,” Shimada declares.

Like a member of the driven tech-
nical teams that work around the clock
to produce some U.S. computers, Shi-
mada and his associates put in long
hours. “Every two weeks, one Saturday
is a holiday, but usually I come and
work,” Shimada says. “Many colleagues
also work even on Sunday.” And after
11 years, he is not about to give up
the race. —Tom Koppel, Tokyo
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Tom Ditty
found a way

to make your

Turtleneck
last longer:

A turtleneck is an ungainly garment. You
sort of have to wriggle into it. And all
that wriggling takes its toll.

Especially on the neck. It oftens rips
at the seam. Or comes away from the
rest of the shirt.

This bothered Tom Ditty. He wanted
to offer our customers a turtleneck that
would stay together.

So, the Lands’ End Turtle became
the Lands’ End Seamless Neck Turtle. A
true wonder of nature.

Tom ticks off its advantages: “There’s

no seam to tear out, first of all.

Subtra,c tlle Sealn, No bulk or lump against your

neck. More resiliency from the
circular knit—no drooping or falling
down. Even looks neater, without all that
stitching.”

Only a few other companies offer a
seamless neck turtle, despite its obvious
superiority. Tom explains why: “It’s an
expensive process. You've got to do it on
circular knitting machines, which most
manufacturers don’t have, and aren’t
willing to invest in. And, there are a lot
more problems in the dying, getting the
color of the neck to match the rest of
the turtleneck.”

No wonder then that those other
seamless neck turtles are $20 and up.
The Lands’ End Turtle, on the other
hand, is only $15. (Okay, okay: $18 for
Talls, $19 for Tall XXLs.) How does Tom
explain this seemingly miraculous price?

In a word: “Volume. I don’t know of
anybody who sells more turtlenecks than
Lands’ End. We also produce a lot of our
turtles in the off-season, when it’s slower
for the knitters, and more cost-efficient
for us.”

Tom points out another advantage of
the Lands’ End Turtle: it’s a good 10%
heftier than its competitors.

“Most people out there use the same
fabric for their turtlenecks that they do
for their summer polo shirts. We go with a
heftier fabric, because a turtleneck is
more of a cold weather garment.”

We try to be thoughtful about our
products. Whether it’s a canvas attache,
or a knit dress, or one of our Seamless
Neck Turtles. Rare creatures indeed, in
the outside world, but always alive and
well within the pages of our catalog,
yours free when you write or call,
anytimenight or day, at 1-800-356-4444.

© 1991, Lands’ End, Inc.
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Patenting Life

Although entrepreneurs can now legally protect any novel plants,
animals or microorganisms they invent, the courts have not yet
settled many questions about the reach of biotechnology patents

white mouse from Harvard made
Alegal history in April 1988: it be-
came the first animal ever to be
patented in the U.S. Philip Leder of
Harvard University and his colleague
Timothy Stewart, now at Genentech,
Inc., had developed the extraordinary
mouse through genetic engineering by
inserting a human cancer gene into
mouse egg cells. Because such a crea-
ture was novel and useful for future
cancer research, the U.S. Patent and
Trademark Office determined that the
“Harvard mouse,” as it is now often
called, satisfied the requirements for
protection as an invention under stan-
dard patent law. In making that deci-
sion, the patent office removed the last
obstacle to patenting any form of non-
human life.

The patenting of life-forms is rapidly
expanding in the U.S., which now pro-
vides intellectual property protection
to microbes, plants and animals. The

JOHN H. BARTON has for many years
been concerned with the special legal
challenges posed by agricultural bio-
technology patents. At Stanford Law
School, he is professor of law and direc-
tor of the Law and High Technology Pro-
gram. Barton graduated from Marquette
University in 1958 and received his law
degree from Stanford University in 1968.
He wishes to thank Donald Chisum, Jeff-
rey Thnen, Naoki Koizumi, Richard Nel-
son, Bertram Rowland and the Crop Sci-
ence Society of America for their contri-
butions to the ideas expressed in this
article. Work in preparing this article
was supported in part by Stanford Law
School and by the Rockefeller Founda-
tion’s Rice Biotechnology Program.
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by John H. Barton

Commission of the Furopean Commu-
nities has issued a controversial pro-
posal for comparable protection within
Europe. In trade negotiations the in-
dustrialized nations have been pressur-
ing the developing ones to strengthen
their intellectual property systems—
and rights for biotechnology are high
on the agenda.

Yet certain peculiarities of living
things raise problems for which there
are few precedents in patent law. In this
article, my goal is to identify and ex-
plore the major issues surrounding bio-
technology patents. Because the courts
and lawmakers have not yet confronted
many of these questions, it is impossi-
ble to predict with certainty how they
will be settled. In some cases, however,
I can offer an opinion about what the
most reasonable and probable outcome
of future deliberations may be.

efore moving on to the specific
B problems of patents on life-forms,

it will be valuable to review the
general rationale for patents. A patent
system attempts to encourage innova-
tion by providing a limited monopoly
to protect an inventor from imitation.
The inventor should therefore be more
willing to invest in research and devel-
opment. Although the monopoly in-
creases the price of the invention to
the consumer, the profits are expected
to favor and encourage the inventor in
a way that reflects the market’s evalua-
tion of the worth of the invention.

This economic analysis does not take
the dynamics of invention into account.
New ideas are most likely to arise in a
world where scientific information and
research materials are exchanged free-
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ly. Patent systems may slow such ex-
changes because inventors may delay
publication of their work in a peer-re-
viewed journal until after they have ap-
plied to patent it. Otherwise the inven-
tion would cease to be legally novel
and become unpatentable.

Nevertheless, in the absence of a pat-
ent system, businesses will be tempted
to protect their technology through se-
crecy. A company that has developed a
microorganism for an industrial fer-
mentation process, for example, could
create an effective monopoly by con-
ducting the fermentation and selling
the products while keeping its organ-
ism secret. A desire for protection has
traditionally inspired plant breeders to
focus their efforts on developing hy-
brid varieties. Because hybrids do not
breed true to type, no one can raise a
crop of them without permission by
planting their seeds. Thus, the breeders
achieve a physical equivalent of intel-
lectual property protection. Finally, if
neither trade secrecy nor a patent sys-
tem is available, an idea may not be
developed into a product at all.

The empirical evidence that patents
actually favor innovation is limited but
moderately supportive. Studies have
shown, for example, that private plant
breeding increased following the intro-
duction in 1970 of plant variety rights,
a specialized form of intellectual prop-
erty protection for plant breeders. The
importance of the patent system is par-
ticularly great in the pharmaceutical in-
dustry, in which product research is
relatively expensive but imitation is rel-
atively easy. Patents will probably be
similarly important in biotechnology
for much the same reasons.



Although consumers may be hurt in
the short run by the higher prices asso-
ciated with the patent monopoly, econ-
omists generally believe the expected
improvement through innovation off-
sets the cost. Moreover, when the pat-
ent expires, competition is likely to
lower the price.

xperience also suggests that the
price of patented products is set

to give the purchaser much of
the benefit. In the seed industry, for in-
stance, the farmer normally receives
two thirds to three quarters of the
benefits of an improved hybrid seed,
whereas the breeder receives the small-
er share. If the seed is expected to yield
an extra $100 worth of crops on every
hectare, then a hectare’s worth of seed

may cost the farmer only about $30
more than the same amount for com-
peting varieties. The farmer then prof-
its by about $70. More broadly, econ-
omists have argued that competition
between different patented products
will often pass the benefit of the inven-
tions on to the consumer; that result is
less likely to occur with patents on pro-
cess innovations.

Most developed nations accept that
the benefits of a patent system out-
weigh its costs. The benefits are less
obvious, however, for the developing
nations. If there is little competition,
the patent monopoly may impose seri-
ous social costs, especially when fun-
damental needs of the poor are at
stake. Consequently, many developing
nations have excluded pharmaceutical

and food-related inventions from full
patent coverage. In many such coun-
tries, public sector research is also
more important than the private sector
research that benefits from patents.
Even without a patent system, develop-
ing nations can usually still import
products of technologies patented in
other countries.

The attitudes of developing nations
are changing, however. In part the
changes are a response to political
pressure from the U.S. in internation-
al negotiations such as the Uruguay
Round of the General Agreement on
Tariffs and Trade. (Those talks col-
lapsed last December but are expected
to resume.) More nations are also hop-
ing to encourage their own industries,
among them biotechnology, in which a

GENETICALLY ENGINEERED MOUSE carries a human cancer
gene that makes it valuable for medical research. In 1988 be expected as transgenic experiments continue. The yellow

such mice became the first—and so far the only—animals
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protected by a U.S. patent. More patents on animals can
spot of dye on the mouse’s back is an identification mark.
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patent system is likely to encourage in-
novation and foreign investment.

In short, the developed nations and
many developing ones are now consid-
ering what forms of intellectual proper-
ty protection are desirable for biotech-
nology. The design of such protection

involves decisions about what biotech-
nology products and processes should
be patentable and about how far those
patent claims should extend.

Patents can apply to life-forms and
their constituent genes if they meet the
essential requirements of being new,

SOME PATENTED PLANTS have genetically engineered traits that help them to with-
stand environmental assaults. Such crops include herbicide-resistant cotton (top,
left), insect-resistant tobacco (middle, left) and virus-resistant potatoes (bottom, lef?).
Normal, susceptible plants of each species are shown in the right-hand column.
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useful and not obvious. By those crite-
ria, a completely artificial gene may be
patentable. If the protein that the new
gene makes and the organism into
which the gene is inserted are also nov-
el and seem to have desirable qualities,
the inventor may sometimes extend
the patent claim to include them as
well. Patents involving artificial genes
and novel life-forms are therefore rela-
tively straightforward.

Yet one of the most political issues
in biotechnology concerns the patent-
ing of useful genes found in nature. A
wild plant may have a gene for disease
resistance, for example, that can be
transferred into commercial crops. Be-
cause such genes are arguably discov-
ered rather than invented, they may
not satisfy the novelty requirement of
patent law. It would be ridiculous to ac-
cuse people of infringing a patent be-
cause they naturally carried a protect-
ed gene in their cells.

Patents on genes derived from or-
ganisms that are native to developing
nations would also probably exacer-
bate the political tensions that already
surround the international use of ge-
netic materials found in nature. Imag-
ine the political outcry if a company
discovered a useful disease resistance
gene in a natural Mexican weed and
then sought to patent its use in com-
mercial varieties of maize that would
be sold back to Mexico.

The counterargument is that compa-
nies should be rewarded for undertak-
ing the difficult task of making natural
genes useful. A company faces enor-
mous costs in identifying, cloning and
sequencing a natural gene and in in-
serting it into an organism for com-
mercial purposes. Furthermore, com-
petitors may find it easier to imitate
such a gene after the first company has
pioneered the technology. This situa-
tion, in which the innovation costs are
heavy and the imitation costs are
slight, is precisely one in which patent
protection can be most beneficial as an
incentive.

Although the law in such cases is
both confusing and changing, it is like-
ly to evolve in a generally reasonable
direction. The starting point in the U.S.
is a long-standing doctrine that the
purified form of a chemical can be
patented if the chemical is found in na-
ture only in an unpurified form. This
rule permits the first person to isolate
a pure protein, or the gene that en-
codes the protein, to patent it. In con-
trast, Great Britain defines its stan-
dards for innovation more severely. Its
courts recently held that a naturally
occurring gene sequence could not be
patented.



Neither the U.S. nor Great Britain,
however, is likely to grant a patent for
the use of a gene in a species in which
it evolved naturally or in a species to
which it can be transferred by normal
breeding: in those contexts the gene
would not be novel. Both governments
seem to permit the patenting of novel
organisms in which a gene has been
transferred from another species. As
gene transfers become more common,
however, a specific transfer may need
to be more difficult or unusual to satis-
fy the patent law requirements that it
not be obvious. These emerging guide-
lines seem reasonable.

air principles still need to be

worked out for many of the ques-

tions about the scope of a bio-
technology patent. The most contro-
versial of these issues—and one being
argued before Congress now in the con-
text of patents on animals—is whether
a patent’s claims should ever encom-
pass progeny. The sale of a patented
product used to take it out of the
monopoly: the purchaser could use the
product in any way without further re-
striction. Yet organisms are self-repro-
ducing. Breeding or otherwise repro-
ducing a patented organism amounts
to copying the invention, which is nor-
mally prohibited without the consent
of the patent holder.

Suppose, for example, that an inven-
tor develops a way to insert an artifi-
cial gene into lambs, with the result
that those lambs produce more, leaner
meat from less feed. Under current U.S.
law, the inventor can obtain a patent
that extends the inventor’s monopoly
to all the lambs bearing the artificial
gene. Any farmer who bought such a
lamb would be entitled to fatten it (if
that would still be the right term) and
sell it for meat. It is nonetheless still
uncertain whether the farmer could
legally breed the animal and raise its
offspring without the permission of the
patent holder—after all, some of those
offspring will have the artificial gene.

That problem has already been set-
tled for plants covered by the plant va-
riety protection act: a farmer does have
the right to replant seeds harvested
from a protected variety. Some firms,
however, are now protecting seeds un-
der the regular patent act, which is also
the only one that applies to animals.
Under that act, the issue is not clearly
resolved and is likely to be contested
fiercely by farmer organizations before
the courts and Congress.

A realistic policy analysis is essential
to ending the standoff between the log-
ical arguments for both sides. Policy-
makers should also remember that the

OIL-EATING BACTERIA were the first organisms to be protected under a standard
U.S. patent. They were developed as a possible means of cleaning up oil spills.

expectations of the involved parties
may plausibly differ in various cases.
The sale of a patented brewer’s yeast
is meaningless, for example, unless
the yeast can be allowed to reproduce
during the brewing process. Sales of
livestock for the purpose of fattening
them, on the other hand, are less likely
to include an assumption that the ani-
mals will be bred.

In general, however, a reasonable
analysis will probably conclude that
progeny should be covered under pat-
ent law. If the law does not allow
patent holders to restrict the replica-
tion of their protected plants or ani-
mals, some of them will conclude that
their most profitable option is to keep
the organisms and to market only
the ultimate products. Consequently,
the production of related agricultural
goods would probably become more
consolidated under the control of sin-
gle businesses. Such integration al-
ready occurs in the poultry industry,
which carefully controls all its breeding
materials.

The replication of some organisms
cannot be limited practically. There is
no realistic way to bar farmers from
planting several generations of a pro-
tected nonhybrid seed. In those cases,
however, it is unimaginable that the
sellers of the organisms will not simply
expect and permit such use and set
their price or licensing fee accordingly.

closely related issue to that of the
Apatent control of progeny, and
one that is similarly controver-
sial, is whether a patent holder should
have the right to limit the use of
patented organisms for experimental
breeding and research. On this issue,
industry is pushing strongly for wide
patent-holder control—and it should
probably be resisted.
The idea that patented inventions

should be baselines for further innova-
tion is fundamental to patent law. For
this reason, the plant variety protection
laws clearly specify that protected vari-
eties can generally be used as parents
in breeding experiments. The regular
patent laws of most nations also pro-
vide for research exemptions under
which the use of a patented innovation
for experimental purposes does not in-
fringe the patent.

The U.S., however, does not have
such a general exemption. It has only a
narrow statutory exemption that ap-
plies to the manufacturers of generic
pharmaceuticals and a history of weak
statements taken from case law. The
basic theme of the case law precedents
is that experimentation is permissible
only to satisfy academic curiosity and
not for commercial purposes.

Such a principle is unfortunate. The
progress of breeding and of science in
general would be best served if all lab-
oratories, commercial and academic,
had the right to experiment more or
less freely with patented organisms.
That freedom would increase the in-
centives for follow-up research—and
in biotechnology, follow-up research
would very likely contribute at least as
much economic benefit as the initial
breakthroughs.

Again my hypothetical example of a
patented lamb can prove useful. The
DNA sequence of the artificial gene that
affected the lamb’s fat-storing prop-
erties would normally be disclosed in
the patent and would also probably
be protected by a patent claim. Under
a broad research exemption, compet-
ing companies would have the right to
experiment freely with that gene and
the patented lambs in an effort to un-
derstand better the metabolic process
at work.

From that research, a second group
might be able to develop a complete-
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WORM-RESISTANT COTTON (left) is less easily destroyed by bollworms than are
untreated varieties (right). This genetically altered plant awaits patent approval.

ly different gene that accomplished the
same result in a better way. Depending
on the details of the claims, the new
gene would probably not infringe the
original patent, and the further im-
proved lamb could be patented and
sold by the second researchers without
restrictions.

Another possibility is that research-
ers might develop a modified version
of the patented gene, consisting of the
original and a new supplementary se-
quence, that would permit the lamb to
use more kinds of feed. The combined
form of the gene probably would in-
fringe the original patent, but the sup-
plementary sequence might be patent-
able itself. If the combined gene were
more valuable than the original, the two
companies could negotiate arrange-
ments allowing one or both of them to
sell lambs carrying the combined gene,
and each company would share in the
monopoly profits according to the rela-
tive importance of its unique invention.

Under a narrow exemption, none of
this research would have been possible
without the prior permission of the
original patent holder. The would-be
follow-up inventor would have been
in a very weak bargaining position be-
cause nothing new or valuable would
have been developed yet.

The subject of variations on a pat-
ented property, as in the preceding ex-
ample, is central to another hotly con-
tested topic: the legitimate breadth of
biotechnology patent claims. In some
cases, a patent can cover the applica-
tion of an idea to many different spe-
cies. The key to permitting such cover-

age is whether the idea could reason-
ably be expected to work more broadly
than has been demonstrated in the ex-
amples of the patent disclosure.

An illustration of this point is pro-
vided by the basic Cohen-Boyer patent
on the plasmid method of genetic engi-
neering. The inventors, Stanley N. Co-
hen of the Stanford University School
of Medicine and Herbert W. Boyer of
the University of California at San Fran-
cisco, discovered a method of inserting
genes into cells using microscopic rings
of DNA called plasmids. Their patent
disclosure detailed only how several
different genes could be inserted into
Escherichia coli, a common species of
intestinal bacteria. Cohen and Boyer
nonetheless obtained a patent that con-
veyed a monopoly over the use of the
plasmid technique with a diverse num-
ber of host cells, including other bac-
teria and unicellular organisms. Thus,
their rights went far beyond the use
of E. coli.

arder and less settled questions
Hare posed by the problem of
similar gene sequences. Suppose
that after an inventor patents a novel
sequence for a useful protein, a com-
petitor changes one codon, or amino
acid-specifying element, in the gene.
Would the almost identical protein that
the competitor’s gene produced in-
fringe the inventor’s patent? Converse-
ly, could the inventor have circumvent-
ed such a problem by claiming a wide
variety of related gene sequences and
proteins under the original patent?
Probably the reasonable answer is

44 SCIENTIFIC AMERICAN March 1991

© 1991 SCIENTIFIC AMERICAN, INC

that the initial innovator should be en-
titled to claim and prevail against very
similar gene sequences that perform
essentially the same as the patented se-
quence. On the other hand, the com-
petitor should be entitled to nearly
full rights if the new sequence has any
surprising or unexpected properties. At
most, the competitor should have a
duty to pay for a license from the in-
ventor if the modified sequence in-
cludes the same properties as the origi-
nal one.

Nevertheless, as reasonable as those
principles may seem, they offer no
guarantees that patent law will always
afford innovators broad protection
against similar biological products. In-
deed, the first case to consider the is-
sue seriously struck down the effort by
an inventor for broad protection.

That case was part of a series of
suits between Amgen, Inc., and other
companies over patents relating to ery-
thropoietin, a hormone secreted by the
kidneys that stimulates the production
of blood cells. Both Amgen and Genet-
ics Institute, Inc., had filed applications
for the patents at roughly the same
time. In several decisions the courts
eventually ruled that Amgen’s patent
covers the gene sequence for erythro-
poietin and a host cell that has been
transformed by the addition of that
gene but that Genetics Institute’s pat-
ent covers purified erythropoietin it-
self. The decision on an appeal of these
rulings is pending as this article goes
to press.

Amgen had maintained that, accord-
ing to its patent, its rights extended
to any “amino acid sequence sufficient-
ly duplicative of that of erythropoietin
to allow possession of the biological
property of causing bone marrow cells
to increase production of reticulocytes
and red blood cells and to increase
hemoglobin synthesis or iron uptake.”
In ruling against Amgen, the court rea-
soned that the company had not dis-
closed enough about the “sufficiently
duplicative” sequences to make such
comprehensive claims.

That decision kept patent claims nar-
row. Nevertheless, claims for patented
gene sequences may still be effectively
extended in other infringement cases.
There is an infringement doctrine per-
taining to a device that is not technical-
ly covered by the patent claim but per-
forms substantially the same function
in substantially the same way for sub-
stantially the same result. This doctrine
might support the argument that a new
sequence designed from the disclosed
sequence and having only a few unim-
portant changes should be held to in-
fringe the patent.



The most controversial question of
scope is exemplified by the claims of a
patent held by Kenneth A. Hibberd of
Molecular Genetics, Inc. (now MGI Phar-
ma in Minnetonka, Minn.). Through tis-
sue culture experiments, Hibberd and
his colleagues developed a variety of
maize whose seeds are especially rich
in the amino acid tryptophan. In its
patent the company claimed a monop-
oly over any kind of maize that pro-
duced seeds with “an endogenous free
tryptophan content of at least about
one-tenth milligram per gram dry seed
weight.”

The Hibberd claim does not specify
why or how its maize overproduces
tryptophan. It may do so, for example,
because a mutation disabled some ge-
netic control mechanism that normally
regulates tryptophan production. Yet
a competitor might be able to achieve
overproduction in a different way—for
instance, by inserting more tryptophan
genes into maize. That possibility rais-
es the question of whether such a com-
peting maize would infringe the Hib-
berd patent.

The U.S. Patent and Trademark Of-
fice has generally been granting broad
claims to patent holders in such cases.
Its decisions may be based on the tra-
dition that the first producer of a new
chemical can patent the chemical itself
and obtain protection against other in-
ventors who find different ways to pro-
duce it. When such extended claims are
before the courts, however, the courts
tend to be willing to find evidence of
infringement only when the product in
question has been made by the process
described in a patent.

or biotechnology products, such
court decisions are correct. Two

organisms that overproduce a sub-
stance for different reasons are gen-
uinely different life-forms—they are not
like two identical compounds produced
by different processes. Moreover, the
social risk of permitting a monopolis-
tic claim on all organisms with a valu-
able property seems more strict than
is necessary for encouraging innova-
tion. Unfortunately, the current status
of patent law is unnecessarily confus-
ing in this respect: it misleads those
not trained in law who may not realize
that the claims of an original patent
may not be enforced as comprehen-
sively as they read.

Domestic patent laws can be confus-
ing in themselves, but the complica-
tions multiply when international com-
petition and differences in nations’ pat-
ent laws become important. One set
of international patent issues involves
access to patented life-forms. A patent

must describe an invention well enough
for others to reproduce or use it. For a
patented yeast produced by genetic en-
gineering, a description of the proce-
dures involved in making it might be
adequate.

Yet for some patented life-forms,
would-be innovators must have access
to the actual organisms. It would nor-
mally be impossible, for example, to
describe how to re-create a yeast with
a rare mutation that gave it indus-
trial value. Instead the mutant yeast
must be deposited in a facility where
access to it could be guaranteed. Sev-
eral privately operated depositories
have sprung up around the world for
this purpose. (One of the largest is the
American Type Culture Collection in
Rockville, Md.)

The existence of the depositories rais-
es the tricky issue of whether a com-
petitor can take an organism from a de-
pository and use it for profit in nations
where the depositor has no patent pro-
tection. An argument permitting such
uses is that the living material has, in
essence, entered the international sci-
entific literature and should be avail-
able to all. The opposing argument is
that it would be unfair for the depos-
ited material to be available for com-
mercial use over the objection of the
inventor.

Several schemes for preventing such
problems by limiting some users’ ac-
cess to the depositories have been pro-

posed. The U.S. government eventually
decided, however, that it had no legal
basis for restricting depository access,
just as it had no basis for restricting
access to the other information in the
patents.

he other international patent is-
I sue relates to trade. A patent
brings no direct protection out-
side the nation in which it is issued. Ex-
cept in certain special cases, the only
way to obtain protection in a number
of countries is to patent in all of them.
Nevertheless, there is an indirect form
of protection against foreign produc-
tion: almost every nation will permit
barring the importation of a product if
producing it domestically would have
infringed a domestic patent.

For standard industrial processes,
that rule offers reasonable protection,
but it is difficult to decide how far to
apply its logic in many biotechnology
contexts. Suppose that grain patented
in the U.S. has been purchased and
shipped to a country that does not al-
low patents on plants. The grain is
then used as seed, and a fresh genera-
tion of grain is harvested. Can the new
grain be barred from the U.S.? What
about bread made from it?

The answers are not yet clear. Pro-
hibiting the direct products of patent-
ed processes seems reasonable. A more
extended right to ban indirect prod-
ucts, however, would probably intro-

ol

SPECIMEN REPOSITORIES freeze and preserve organisms in tanks of liquid nitro-
gen. Such storehouses ensure public access to specimens of patented life-forms.
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What Constitutes Infringement
of a Protein Patent?
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Decisions about whether the modified protein infringes
the original patent may depend on its properties.

PATENTED PROTEIN

SLIGHTLY DIFFERENT
PROTEIN

If the proteins have different reac-
tive properties, the modified form
may be uniquely patentable itself.

If both proteins have identical
reactive properties, the modified
version may be an infringement.

If the modified protein has both unique
and previously patented features, its
maker may not need to pay a licensing
fee for some unique applications.

duce economic inefficiency and devel-
opment costs that would far outweigh
any benefits to innovation.

The U.S. nonetheless has two stat-
utes relevant to these questions, both
of which lean toward broad rights for
barring imports. The more extensive
statute, generally called Section 337 of
the U.S. Tariff Act, which was strength-
ened in the 1988 Trade Act, sets no
limitations on the “directness” of pat-
ent infringement whatsoever. Yet an in-
ternational panel set up under the Gen-
eral Agreement on Tariffs and Trade
recently declared that the statute vio-
lated trading law principles in other
respects, and its future is now uncer-
tain. The other statute seems to sug-
gest that the use of an imported pro-
tein in the U.S. should be banned only
if it was made by a genetically engi-
neered organism prepared by a U.S.
patented process.

Both statutes affect only the prod-
ucts of patented processes, but there is
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pressure on Congress to extend them
further to include materials that are
made by patented organisms, genes
and other biotechnological products.
This movement was inspired by the
recent litigation between Amgen and
the Chugai Pharmaceutical Company,
which had licensed Genetics Institute’s
patent for erythropoietin. The court de-
termined that Amgen’s patent covers
the host cell transformed by the ad-
dition of the erythropoietin gene as a
product but not as a process for mak-
ing erythropoietin. Consequently, Am-
gen can prevent Chugai from manufac-
turing erythropoietin with transformed
host cells in the U.S., but it cannot stop
Chugai from making erythropoietin
abroad in this way and then importing
the product into the U.S.

If the U.S. statutes were extended
to block the importation of materials
made by patented organisms, Chugai
would not be able to market erythro-
poietin in this country any longer. It is
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not at all clear that broadening the
patent holder’s ability to block the im-
portation of such products would be to
the advantage of consumers or society.

r I Y he real impact of the spread of
intellectual property rights sys-
tems to include biotechnology

and life-forms will ultimately depend
on the structure of the affected in-
dustries. In the pharmaceutical sector
the effects are likely to depend first
on whether conflicts of the Amgen-Chu-
gai type prove common—and with
so many biotechnology firms going af-
ter essentially the same protein-based
products, they probably will be. If so,
then the question is whether the firms
will be able to settle the disputes and
compete with new products and prod-
uct improvements without the courts.

There is greater cause for optimism
for the future of the agricultural sec-
tor: companies should be able to in-
vent unique genes for disease resis-
tance, better protein quality and oth-
er traits. Still, varieties that combine
several novel genes will almost certain-
ly be economically preferable to those
with only one. Businesses will therefore
probably license their new genes to
breeders, who can repackage and com-
bine selected genes in plants and ani-
mals that will appeal to particular mar-
kets. A farmer will buy a variety that
has one company’s disease resistance
gene, another’s droughtresistance gene
and a third’s package of nutritional en-
hancement genes.

Such a positive outcome from the
regulation of biotechnology patents is
within our reach—but its likelihood
depends on whether the legal system
reaches wise answers to the questions
explored here.
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The Tevatron

Because it produces antiprotons, accelerates them in a ring using
superconducting magnets and smashes them into protons, it is now
the world’s most powerful source of data on elementary particles

n July 3, 1983, my colleagues

and I at Fermi National Acceler-

ator Laboratory (Fermilab) near
Chicago started the countdown for the
inaugural run of the world’s first su-
perconducting synchrotron, the Teva-
tron. It would send a trillion protons
on a speed-of-light journey, ending in a
collision unlike any that has occurred
since very shortly after the birth of
the universe. The Tevatron would also
launch physicists on an unrivaled ad-
venture in understanding the nature of
matter and the discipline of building
and operating colossal accelerators.

To begin the test, we activated the
Main Ring, Fermilab’s older synchro-
tron, to energize the positively charged
protons to a mere 120 billion electron
volts (GeV). In a nerve-racking instant
the protons were injected into the Teva-
tron, where more than 1,000 supercon-
ducting magnets literally took charge.
The magnets efficiently produced a
powerful field to guide the protons
around a 6.3-kilometer circular path
no more than a few millimeters wide.
In the control room, technicians su-
pervised the computer program that
ramped the magnets up in precise syn-
chrony with the increasing energy of
the protons: 200, 300, 400 GeV... When
the magnetic field reached test-level
strength, the protons were smashed
into a target at a world record 512 GeV.

The feat capped a 10-year effort to
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master the technology of supercon-
ducting magnets in accelerators, and
it marked the beginning of an era in
the physics of matter, energy, space
and time. The new “atom smasher”
was heralded in newspapers across the
U.S. and was praised in messages that

p—

poured in from many institutions, in-
cluding, in particular, the U.S. Depart-
ment of Energy (DOE), which had allo-
cated the funding.

During the past eight years, Fermilab
has taken many steps to ensure that the
Tevatron will remain a preeminent fa-

TEVATRON, the world’s most powerful particle accelerator, propels protons (blue
arrows) and antiprotons (red arrows) to 900 billion electron volts (GeV) and col-
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cility for particle physics. Fermilab has
improved the superconducting mag-
net system, developed an antiproton
source and constructed a particle de-
tector. The Tevatron can now collide
900-GeV protons with 900-GeV anti-
protons to generate an unmatched 1.8
trillion electron volts (TeV).

With each burst of energy, the Teva-
tron creates a host of exotic particles,
producing data of unprecedented qual-
ity. The Tevatron has confirmed many
predictions of the Standard Model, the
central theory of elementary particles.
It has also allowed investigators to ex-
plore a domain where “no human eye-
ball has ever set foot,” according to a
student with a penchant for mixing
metaphors.

The Standard Model proposes that
matter is composed of six kinds of
quarks and six leptons, and so far all
these particles have appeared in ex-

4. TARGET STRUCK BY -
HIGH-ENERGY PROTONS
PRODUCES ANTIPROTONS

5. DEBUNCHER AND ACCUMULATOR
RINGS COOL AND STORE
ANTIPROTONS

6. TEVATRON RING ACCELERATES
- PROTONS AND ANTIPROTONS
TO 900 GeV. :

——

R R R S

7. COLLIDER DETECTOR AT
FERMILAB (COF) MEASURES
THE TRAJECTORIES AND
ENERGIES OF PARTICLES

- . PRODUCED IN THE COLLISION

. BETWEEN PROTONS AND

ANTIPROTONS

8. PROTONS CAN BE EXTRACTED
. FROM THE TEVATRON FOR
* FIXED-TARGET EXPERIMENTS .

“§

lides them at an energy of 1,800 GeV. The resulting debris
has been analyzed to help secure the foundations of phys-

ics. Lessons learned from building the machine will help
guide the development of the Superconducting Supercollider.
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periments except for the sixth quark,
known as top. As the Tevatron evolves
during the next five years, it will gen-
erate, by most physicists’ reckoning,
enough collisions to produce the top
quark. If it does not emerge, the Stan-
dard Model will face a major crisis.

The elusiveness of the top quark is
connected to the most seminal issues
confronting particle physics. Why do
all quarks and leptons have different
masses? Does an undiscovered force of
nature bestow mass on a particle? Are
quarks and leptons composed of even
smaller particles? What do the interac-
tions between quarks and leptons sug-
gest about the high-energy environ-
ment of the early universe? Theorists
have devised many explanations, which
have exotic names such as supersym-
metry, technicolor, constituent models
and superstrings. The Tevatron seeks
to illuminate the speculative jungle.

r I Y he Tevatron program began more
than 15 years ago in anticipa-
tion of the needs of the particle

physicist today. During the 1970s, ele-

mentary particle physics progressed as
two kinds of accelerators propelled
particles to ever higher energies. Syn-
chrotrons at Fermilab and the European
laboratory for particle physics (CERN)
near Geneva smashed protons into
fixed targets, and accelerators at Stan-
ford University, Cornell University and
the Deutsches Elektronen-Synchrotron

(DESY) in Hamburg collided electrons

with their antimatter twins, positrons.

Although the proton synchrotrons
could accelerate particles to much high-
er energies than the electron-positron
colliders, they were in the final analysis
no more powerful than the colliders.
When a proton boosted to, say, 1,000
GeV is smashed into a target, most
of its energy is expended to acceler-
ate the particles produced in the colli-
sions. Only 42 GeV is available to pro-
duce new particles. Here the colliders
have an advantage. When particles col-
lide head-on, their combined energy is
available for creating particles or ex-
ploring a new energy regime. Hence, a
1,000-GeV proton that smashes head-
on with a 1,000-GeV antiproton releas-
es 2,000 GeV.

The power of an accelerator is not
measured by its energy alone, however.
An accelerator must generate enough
high-energy collisions to produce sta-
tistically significant results. Collision
rates are generally lower for colliders
than for fixed-target machines because
particles in a diffuse beam are much
more likely to collide with a dense,
fixed target than with particles from
another diffuse beam. Overall, the col-
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liders sacrifice a high collision rate for
greater energies.

During the 1970s, the two proton
synchrotrons—the Super Proton Syn-
chrotron at CERN and the Main Ring
at Fermilab—were competing fiercely.
Both laboratories were pushed to im-
prove their machines to study the Stan-
dard Model and the fundamental inter-
actions of nature—the weak, electro-
magnetic and strong forces.

In 1977 CERN went all out to convert
its machine from a proton synchrotron
to a proton-antiproton collider because
it sought to confirm or refute the exis-
tence of the so-called intermediate vec-
tor bosons (the W*, W~ and Z?). These
massive particles are responsible for
the weak force. From 1977 to 1981
CERN developed a device that collected
and stored antiprotons. The device then
squeezed the antiprotons into small
bunches using a technique called sto-
chastic cooling. The antiprotons were
then injected into the CERN Super Pro-
ton Synchrotron, where they eventually
smashed head-on into protons.

In 1983 and 1984 CERN discovered
the Wand Z particles. For this accom-
plishment, Carlo Rubbia, the leader of
one of the experimental groups, and Si-
mon van der Meer, the inventor of sto-
chastic cooling, won the 1984 Nobel
Prize [see “The Search for Intermediate
Vector Bosons,” by David B. Cline, Car-
lo Rubbia and Simon van der Meer; SCI-
ENTIFIC AMERICAN, March 1982].

Fermilab chose a different route to
advance the field of high-energy phys-
ics. The increasing power of the Super
Proton Synchrotron was a major con-
cern to Robert R. Wilson, Fermilab’s vi-
sionary first director. He realized that
if Fermilab could develop a super-
conducting magnet system, it could
ultimately build an accelerator more
powerful than CERN’s. The proposed
Fermilab machine could boost charged
particles to higher energies because
superconducting magnets can produce
a much stronger field than can con-
ventional systems. In 1973, therefore,
Wilson started a program to develop
superconducting magnets for a new
accelerator. Later Alvin V. Tollestrup,
who came to Fermilab in 1975 from
the California Institute of Technology,
became the intellectual leader in devel-
oping these magnets.

As director-designate of Fermilab in
the fall of 1978, I reviewed various
proposals to build an accelerator that
would use superconducting magnets.
We concluded that such magnets not
only could sustain a more powerful ac-
celerator but could also reduce con-
sumption of electricity. (From 1972 to
1978 Fermilab had nearly doubled its
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power consumption, while its electrici-
ty costs increased sixfold.) Because su-
perconducting components do not re-
sist the flow of electricity at all, a su-
perconducting magnet system would
consume considerably less power than
a conventional one would. How best
to use the new technology was not at
all clear. I therefore consulted with an
outside group of accelerator geniuses
dubbed the three wise men: Boyce D.
McDaniel of Cornell University, Burton
Richter of Stanford University and Mat-
thew Sands of the University of Califor-
nia at Santa Cruz.

n November 11, 1978, I held a

staff meeting to discuss the

long-range plans of the labora-
tory. It was Armistice Day, an appropri-
ate time to call a truce among several
groups who had opposing ideas about
how to use the superconductor tech-
nology. After 18 continuous hours of
passionate debate, a clear consensus
emerged—at least it seemed clear to
me and my advisers. We came up with
two major initiatives. First, we would
build an accelerator based on a super-
conducting magnet system and install
it in the 6.3-kilometer tunnel occupied
by the Main Ring. This machine would
smash-protons into fixed targets as be-
fore but at an energy level more than
two times higher. Second, like CERN, we
would construct an intense source of
antiprotons, inject them into the accel-
erator and collide them with protons.
The goal was to accelerate protons
and antiprotons to 1 TeV and produce
about 50,000 collisions per second at a
total energy of 2 TeV.

From 1979 to 1987 the program was
implemented as envisioned in the 1978
plan, at a cost of about $250 million.
The DOE supervised and funded the
program, but not without Sturm und
Drang. The saving grace was Andrew E.
Mravca, a DOE official who believed in
the program and knew how to negoti-
ate skillfully with a bureaucracy.

The story of the Tevatron is a very
human one, dominated by a collection
of heroic figures. Physicists, profes-
sional engineers and a corps of gifted
amateurs devoted themselves to mak-
ing the Tevatron the world’s most
powerful accelerator. If a single factor
accounts for the success of this enter-
prise, it was the happy juxtaposition of
physicists and engineers.

When Fermilab set out to design the
Tevatron in 1979, we knew it would
be significantly more complex than
any previous accelerator. The Tevatron
would require a huge cryogenic system
to cool the magnets below the temper-
ature at which they become supercon-



ductors. It would need an intricate vac-
uum system to provide both thermal
insulation and a clear space in which to
accelerate particles. It would demand
an elaborate safety network to protect
the apparatus and workers from the
energy stored in the particle beams
and the magnet system. It would in-
volve high-speed computers to moni-
tor and control such parameters as the
temperature, pressure, field strength,
radiation level and beam position. Fi-
nally, the Tevatron would entail sophis-
ticated particle detectors to measure
the energies and trajectories of parti-
cles formed in collisions between pro-
tons and antiprotons. Each of these sys-
tems took years to design and build.

J. Richie Orr was in charge of the
Tevatron project. Helen T. Edwards be-
came Orr’s deputy and technical man-
ager. Machine guru Thomas L. Collins
was principal designer of the accelera-
tor system. Tollestrup and Wilson, with
help from Richard A. Lundy, were re-
sponsible for the assembly line to pro-
duce, test and modify magnets.

The superconducting accelerator
magnets posed major technical chal-
lenges. The magnets must confine par-
ticles within a one-centimeter region
in the center of the vacuum tube as
they steer the particles around a 6.3-
kilometer orbit, 50,000 times a second.
The accelerator magnets generate a
field as electric currents flow through
superconducting wires. The quality of
the field depends on the precision with
which the superconducting wires are
placed around the vacuum tube.

To guide particles, the magnets have
to generate a nearly perfect dipole
field—one described by a north pole
above the orbit and a south pole below.
Because it is practically impossible to
do so, such magnets as quadrupoles
and octopoles were needed to correct
for errors in the dipole field.

Accomplishing this task presents
several formidable engineering prob-
lems. Huge forces push on the wires
when they carry the electric currents
that create the required magnetic field.
The stainless steel clamps that hold the
wires must withstand tons of force
without yielding more than a thou-
sandth of a centimeter over the 6.4-me-
ter length of each dipole magnet.

Perhaps the most obstinate problem
occurs during the acceleration of parti-
cles, when the currents change rapidly
and increase to 4,000 amperes in about
30 seconds. Changing fields tend to
shake and twist wires, creating friction
and heat, which are anathema to the
superconducting state. The solution to
these problems evolved over a decade
of research in laboratories around the
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world, but Fermilab’s physicists and
engineers were the first to achieve suc-
cess in the period from 1973 to 1979.

Fabrication of the superconducting
wire was still an exotic technology in
1979. The alloy of niobium and titani-
um, after elaborate metallurgical treat-
ment, was packed into hollow copper
tubes. A set of 2,000 rods was then
bundled together in a copper shell 250
millimeters wide. The assembly was
heated in an oven, extruded through a
press and drawn through dies to make
strands 0.6 millimeter in diameter and
50 kilometers long. The niobium-titani-
um rods became fine filaments 10 mi-
crons in diameter separated from one
another by a sheath of copper, which
acts as an insulator at superconducting
temperatures (below five kelvins). When
23 strands are woven together to form
a cable, they can carry 5,000 amperes
at superconducting temperatures.

A mass-production assembly line for
the superconducting magnets was su-
pervised by Lundy. His group built
about 100 small models and several
hundred prototypes before they could
get the magnets to perform satisfac-
torily. They then fabricated about 900
dipoles, 250 quadrupoles and hundreds
of other types of magnets used to cor-
rect imperfections in the fields of the
dipoles and quadrupoles. The total in-
cluded a reasonable number of spares
to replace magnets that might fail in
operation.

In 1980 Fermilab built a large facility
to test each magnet for mechanical,
cryogenic and magnetic properties. The
vital statistics of each magnet were
logged into a computer program that
later served to advise where in the ring
the magnet should be placed to cancel
residual field errors.

o provide enough coolant for all

I the superconducting magnets,

physicist William B. Fowler and
engineer Claus H. Rode directed the
construction of the cryogenic system.
A major component was a liquid-he-
lium plant that for a time was the
world’s largest. The facility can now
produce simultaneously 4,500 liters of
liquid helium per hour and a compara-
ble amount of liquid nitrogen. Liquid
nitrogen had previously been delivered
by commercial trailers, one arriving ev-
ery four hours.

In addition to meeting the specifica-
tions of the Tevatron, designers of the
magnet and cryogenic systems devised
safety measures to manage three awe-
some sources of stored energy that
could destroy the machine. First, the
Tevatron’s magnets store as much as
400 million joules of energy, equivalent
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to about 1,000 sticks of dynamite. Sec-
ond, the beam accelerated by the Teva-
tron to 1 TeV is equivalent to more
than 10 million joules, enough to drill a
hole through the surrounding magnet.
Third, the magnets require 25,000 li-
ters of liquid helium, which could rap-
idly expand to 50 million liters of gas,
enough to fill a blimp as long as a foot-
ball field and five stories high. Each of
these energy sources raises a host of
terrifying engineering problems.

For instance, if a tiny fraction of the
particle beam hit several superconduct-
ing wires, the particles could heat the
wires enough to cause them to cease
superconducting, a process known as
quenching. The wires would then resist
the flow of electricity, dissipate power
and consequently heat themselves and
adjacent wires to even higher tem-
peratures. Hence, the enormous energy
stored in the magnetic field could be
released, heating the helium and ex-
panding it in pipes at explosive rates.
To protect against such a disaster, Fer-
milab designed an automatic shutdown
procedure, which would in rapid se-
quence extract the beam from the ma-
chine, drain the currents from the mag-
nets and vent the evaporating helium
into a large pipe.

In June of 1982 Fermilab suspended
operation of the Main Ring, and Peter J.
Limon, C. Thornton Murphy and Lau-
rence D. Sauer began supervising the
orchestrated chaos involved in assem-
bling the Tevatron. At the peak of ac-
tivity, some 200 technicians, welders,
electricians, engineers and physicists
occupied the tunnel. All the resources
of Fermilab were focused on fabricat-
ing the 1,200 superconducting devices
as well as the associated power sup-
plies, utility components, refrigerators
and cryogenic connections.

After workers assembled all the
parts, made all the connections and
sealed all the leaks, they cooled the
magnets to an operating temperature
of 4.7 kelvins. In June of 1983 Fermi-
lab injected the first bunch of protons
from the Main Ring into the Tevatron.

s the Tevatron began demonstrat-
ing its power, Fermilab focused
its attention on the antiproton

source and the detector for the proton-
antiproton collider. John Peoples, Jr.,
managed the antiproton source proj-
ect along with his systems chiefs, John
D. McCarthy, Gerald Dugan, Stephen
Holmes and Ernest Malamud. Their am-
bitious goal was to build a facility that
would produce, collect and store at least
10 billion antiprotons per hour so that
the antiprotons could be injected into
the accelerator in a series of bunches.
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Tollestrup and Roy F. Schwitters of
Harvard University supervised the de-
velopment of the Collider Detector at
Fermilab (CDF) until 1988, when Schwit-
ters left to direct the Superconducting
Supercollider Laboratory in Dallas and
was replaced by Melvyn J. Shochet of
the University of Chicago. More than
200 scientists—including workers from
10 universities, national laboratories
and institutions in Japan and Italy—
helped to build the detector.

CDF could be characterized as a
5,000-ton Swiss watch. It represents a
state-of-the-art device for examining
more than 100,000 collisions per sec-
ond. The energies of the resulting par-
ticles are méasured by numerous heat
sensors; the particles’ trajectories are
recorded by a wire mesh that carries
the electric pulses produced when
charged particles pass nearby. For each
of the 30 or more particles produced in
a typical collision, CDF produces more
than 10,000 bits of information about
its trajectory and energy. In more than
100 billion collisions it examined, CDF
selected for detailed analysis about five
million events that were of “more than
routine interest.”

The Tevatron, the antiproton source
and CDF were baptized in a series of
experiments that began in January of
1987. These systems required the most
sophisticated choreography of acceler-
ator rings ever attempted. The proce-
dure for accelerating particles in the
Tevatron is reminiscent of a NASA
launch. Control room technicians re-
view an elaborate checklist before they
initiate the process that ends in pro-
ton-antiproton collisions.

In the first step, negative hydrogen
ions composed of two electrons and
one proton are released in a device
called a Cockcroft-Walton accelerator,
which produces an electromagnetic
field to propel the ions to an energy of
750,000 electron volts. The ions then
enter a 150-meter-long linear accelera-
tor. By inducing an oscillating electric
field between a series of electrodes, the
linear accelerator boosts ions to an en-
ergy of 200 million electron volts. The
ions then pass through a carbon foil,
extracting the protons from the ions.

In the second step, the protons are
guided into the Booster, a synchrotron
500 meters in circumference, where
the energy is raised to 8 GeV. The pro-
tons are then injected into the Main
Ring. Here more than 1,000 conven-
tional, copper-coiled magnets continu-
ously guide and accelerate protons.

In the third step, protons are focused
into short bunches at 120 GeV. They
are then extracted from the Main Ring
and strike a copper target, producing



COLLIDER DETECTOR AT FERMILAB records more than
100,000 proton-antiproton collisions per second. The 5,000-
ton apparatus slides into alignment with the Tevatron’s parti-

antiprotons. About 20 million antipro-
tons can be collected from each pulse.
The antiprotons are then focused by a
lithium lens—a cylinder of liquid lithi-
um that transforms a current pulse of
600,000 amperes into a focusing mag-
netic field.

In the fourth step, the lithium lens
directs the antiprotons to the first an-
tiproton storage ring, known as the De-
buncher, which is about 520 meters in
circumference. The Debuncher is de-
signed to squeeze the antiprotons into
as compact a “space” as possible. One
can begin to understand how the De-
buncher works if one can imagine sit-
ting on an antiproton in the middle of
a bunch. From this interesting but pre-
carious vantage point, one can see oth-
er antiprotons—some racing faster,
some moving slower and some oscillat-
ing from side to side. All in all, the an-
tiprotons take up a great deal of space,
making it difficult to manipulate the
assembly and add more antiprotons.

To increase the density of antipro-

tons, the Debuncher uses two cooling
processes. The first, called debunching,
is a Fermilab innovation. As a bunch of
antiprotons circulates around the ring,
a complex, computer-coded radiofre-
quency voltage speeds up slower parti-
cles and slows down faster ones, there-
by decreasing the energy distribution
of the stored beam. The other process,
stochastic cooling, decreases the side-
ways motion of antiprotons. In this
method, particles whose orbits are far
from ideal are identified by sensors,
which then send correction signals to
kicker electrodes that adjust the paths
of the errant particles.

After the Debuncher squeezes the
beam in energy and size, the fifth step
begins: it sends about 20 billion an-
tiprotons per hour to a concentric ring
called the Accumulator. Several inde-
pendent systems in the Accumulator
cool the beam of antiprotons further,
ultimately increasing the density of an-
tiprotons by a factor of one million. Af-
ter four hours, the accumulator ring
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cle beams so that collisions take place in the detector’s cen-
ter. The arches pushed to the side for maintenance are part
of the calorimeter, which measures the energies of particles.

contains some 200 billion antiprotons,
enough for a “shot” to the Main Ring.

eanwhile, during the fourth
I-\/ I and fifth steps, the Main Ring

accelerates 500 billion protons
to 150 GeV. The protons are then
transferred to the Tevatron ring where
they await the antiprotons.

In the sixth step, a portion of the
stored antiproton beam is transferred
to the Main Ring. The antiprotons are
boosted to 150 GeV in the Main Ring
and then injected into the Tevatron
ring where protons have patiently been
circulating. Because the protons are
positively charged and the antiprotons
are negatively charged, the protons cir-
culate in a direction counter to that of
the antiprotons. The antiproton bunch-
es pass through the proton bunches
many times, but at this stage the
bunches are much too diffuse for sig-
nificant collisions to take place.

During the first 60 seconds of the
final step, both bunches of particles are
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COMPUTER DISPLAYS represent particles forged by the colli-
sions between protons and antiprotons in the Tevatron. The
diagrams at the left indicate the trajectories of the particles.

accelerated to full energy. Strong quad-
rupole magnets in the Tevatron’s ring
then squeeze the particles together.
During this stage the delicate stability
of the circulating bunches can easily be
disrupted, scattering particles every-
where. If all goes well, the beams are
focused down to a diameter of about
0.1 millimeter, comparable to the di-
ameter of a human hair. The focusing
greatly increases the density of each
bunch. Each time the bunches cross,
there is now a 50 percent chance that a
single proton will collide with a single
antiproton. According to the original
design, more than 50,000 collisions per
second should take place in the center
of the particle detector.

The first series of collider experi-
ments ended in May 1987, and a sec-
ond series was started in July 1988 and
ran for 11 months. During that period
the Tevatron achieved a collision ener-
gy of 1.8 TeV. The collision rate im-
proved from a few hundred per sec-
ond to 120,000 per second, more than
twice the design rate. The Tevatron
produced a total of about 100 billion
collisions between protons and an-
tiprotons. Furthermore, it could sustain
a beam of circulating particles for as
long as 20 hours, but over time the
beams would slowly decrease in size
and density as they were scattered by
residual gases in the vacuum tube and
by other effects that are not yet un-
derstood. The Tevatron accomplished
these feats using only 20 megawatts of
power (as compared with Fermilab’s
consumption of 60 megawatts in 1979).

One of the most satisfying aspects of
these first experiments was to confirm
the hypothesis that proton-antiproton
collisions can be analyzed in a straight-
forward manner. This hypothesis is not
obvious when one considers that the
proton is a mess: it is composed of
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three quarks and many force-carry-
ing particles called gluons. The antipro-
ton is, similarly, an antimess. It seemed
plausible that a collision between a pro-
ton and an antiproton could have pro-
duced an indecipherable hodgepodge in
which most particles would mask the
interesting behavior of others. It turned
out, however, that most particles pro-
duced in the collision were so low in
energy as to be mere spectators of the
main events. Only a few high-energy
particles emerged, indicating a clean
collision between one quark in a proton
and another quark in an antiproton.

A variety of high-energy particles can
be resolved by cDE. Electrons, mu-
ons and photons are easily identified
by their trajectories and energies. The
quarks appear as jets, that is, bundles
of pions, protons, neutrons and kaons.
Short-lived particles such as W and Z
also decay into a recognizable spray. In
many cases, neutrinos, which are not
recorded by CDF, can be located by not-
ing “missing” momentum.

y the end of 1990, Fermilab in-
Bvestigators had published some

25 papers. These detailed such
new insights as the size of quarks, the
nature of the weak and electromagnet-
ic forces, the properties of “bottom”
quarks and the lower limit of the mass
of the top quark.

The Standard Model assumes that
quarks are truly fundamental: they
have neither structure nor spatial di-
mension; they are point particles with
no radius. If so, quarks should scatter
off one another in different ways than
they would if they have a finite radius
or any type of structure. Investigators
may be able to determine whether
quarks have structure, therefore, by
studying the distribution of jets pro-
duced in collisions between quarks. So
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The “Lego plots” at the right show where the particles hit the
Collider Detector and indicate how much energy the particles
released. The pair of displays (above) show a Z? particle de-

far the results from CDF agree with the
Standard Model. If quarks do have a
finite radius, it is less than 2 x 10-19
meters (that is, at least 4,000 times
smaller than the radius of a proton).

To determine crucial parameters of
electromagnetic and weak forces, Fer-
milab has studied the masses and de-
cay properties of the W+, W~ and Z°
particles. Although the 1987 results
from CDF gave the most precise value
for the Z% mass, this was very soon su-
perseded by the “Z” factories, Stan-
ford’s and CERN's electron-positron col-
liders. On the other hand, CDF sup-
plemented by results from the CERN
proton-antiproton collider provides the
primary data on W properties.

In the past two decades, physicists
have come to recognize that the weak
and electromagnetic forces are expres-
sions of a more profound interaction
now designated the electroweak force.
Fermilab has precisely measured a cru-
cial parameter of the electroweak force,
the so-called weak mixing angle. This
parameter essentially describes the rel-
ative strengths of the electromagnetic
and the weak forces in their elec-
troweak alliance.

Fermilab has recently reported excit-
ing evidence for the production of B
mesons (particles made of a bottom
quark and an antidown or antistrange
quark). The run in 1989 recorded about
as many B meson events as those ob-
served in all the electron-positron col-
liders combined. The 1991 run should
increase the yield by 100 times in the
CDF detector.

Physicists generally believe that a de-
tailed study of the decay of B mesons
will lead to a better understanding of
the origin of matter. In recent years we
have learned that the origin of matter
in the early universe was derived from
a tiny violation of a deep symmetry of



caying into an electron and a positron. In the other pair, a
quark degenerates into two jets containing protons, neu-
trons, mesons and other baryons. The grid in the Lego plots

matter and antimatter, known as the
charge-parity symmetry. Hence, the
study of this symmetry violation in B
mesons will be a major focus of Teva-
tron during the next decade.

One of Fermilab’s highest priorities
has been to search for events that
would suggest the production and de-
cay of a top quark. So far cDF has ob-
served only one dubious event. Apply-
ing theoretical predictions for the num-
ber of events that should have been
observed in the CDF data for any as-
sumed mass of the top quark, CDF con-
cluded that the mass of the top quark
is greater than 90 GeV.

Why is the top quark so much heav-
ier than its closest relative, the 5-GeV
bottom quark? The answer is connect-
ed to the most interesting issue in par-
ticle physics—the nature of mass and
the mechanisms by which the particles
of matter acquire mass. The most ele-
gant theories predict that the quarks
should have small or vanishing mass.
Is the top quark just an anomalous-
ly heavy spectator, or is it the key to
the internal structure of the Standard
Model? The Tevatron is now the only
accelerator in the world that can ad-
dress this issue. In the next decade CDF
is planning to increase its sensitivity
gradually to find the top quark.

uring the past six years, while
DFermﬂab developed and used
the Tevatron collider, it con-
tinued to produce important results
with the fixed-target program. Here the
power of the Tevatron was used to cre-
ate beams of muons, neutrinos, pions
and other particles. The Tevatron’s high
energy and superior time structure
have yielded data of unequaled preci-
sion for more than 20 experiments.
One of the most interesting exam-
ples is the research on the proper-

ties of particles carrying the “charm”
quark. In a 1987 run, this experiment
amassed more fully analyzed charm
events than had previously been col-
lected by all the world’s facilities since
the charm quark was discovered in
1975. The result was a bonanza of data
on lifetimes, new states and modes
of decay.

The Tevatron entered final phase of
its program in July 1989, when I retired
as director of Fermilab and was suc-
ceeded by John Peoples, Jr. The pro-
gram, called Fermi III, includes, notably,
a more powerful linear accelerator and
a new Main Ring to inject particles into
the Tevatron. Fermi III should improve
the collision rate of the Tevatron from
120,000 per second to more than six
million per second. Because of these
improvements, by 1996 the Tevatron
should be sensitive to a top quark with
amass as high as 250 GeV.

Fermi III also plans to complete a
second detector called DZERO for ex-
periments to begin in 1992. DZERO in-
corporates a great deal of the experi-
ence acquired by CERN in its pioneer-
ing proton-antiproton research. Paul D.
Grannis of the State University of New
York at Stony Brook and H. Eugene
Fisk of Fermilab led the DZERO project
and enjoyed assistance from some 17
U.S. and foreign institutions. As the
detectors are gradually improved to
match the machine’s performance, the
Tevatron will seek again to peer inside
the quark and the electron, and it will
subject the Standard Model to tests of
great precision.

Fermilab’s pioneering efforts in su-
perconducting magnet technology will
strongly influence the future of acceler-
ators. Several machines will soon use
superconducting magnet technologies,
including, this year, the 800-GeV pro-
ton ring at the DESY laboratory and, in
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represents the interior of the detector as though the cylindri-
cal device were cut across the top and flattened. The ener-
gy scale (labeled “ET”) is given in billions of electron volts.

1995, a 3-TeV proton accelerator at the
Soviet accelerator laboratory at Serpuk-
hov. The most dramatic occurrence,
however—certainly from the perspec-
tive of the U.S.—is the decision to build
the Superconducting Supercollider. It
will use 10,000 superconducting mag-
nets in a pair of 20-TeV proton rings.

As the Tevatron program enters
its second decade, it maintains an
approach consistent with Fermilab’s
founding philosophy: the laboratory
exists to serve the university science
community. It is important to point out
that the typical university group that
collaborates at Fermilab is about the
same size as those that do experimen-
tal science anywhere in the university.
Fermilab and other “big science” proj-
ects should be judged on the scientific
value of their work and the opportuni-
ties they provide to both experienced
professors and young investigators.
Oceanographers, astronomers, genome
biologists and particle physicists have
been wrestling with the problem of
managing large, shared facilities for
some time. We must learn to cope with
the human problems, particularly the
preservation of creativity and initiative,
if we are to continue to probe nature’s
deepest secrets.
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What Controls the Cell Cycle

Although the recursive events leading to the birth of new cells are well
known, biologists are only now learning how those events are regulated.

One protein is the major regulator in virtually all organisms

by Andrew W. Murray and Marc W. Kirschner

y 1900 scientists had already
Bidemiﬁed the basic events of the

cell cycle—the growth and divi-
sion of a single cell into daughter cells.
Yet until recently, little was known
about what regulated that cycle, which
in humans is vital not only to repro-
duction but also to growth, tissue re-
pair, immunity and countless other
processes.

In the past five years, two separate
experimental approaches to the prob-
lem have converged on an astonishing
finding. The regulation of the cycle in
eukaryotes (all living organisms except
bacteria and viruses) seems to depend
to a great extent on changes in the ac-
tivity of a single molecule, called the
cdc? protein.

The discovery is exciting not only be-
cause it illuminates a problem that has
puzzled cell biologists for decades but
also because a deepened understand-
ing of cell-cycle regulation could have
profound implications for medicine.
On one hand, the work could lead to
new ways to induce proliferation of
cells needed to reconstruct damaged
organs or tissues—perhaps including
mature neurons, which do not divide.
On the other hand, improved under-
standing of the cycle may help yield
ways to halt the promiscuous repro-
duction of cancer cells.

In a way, the recent history of cell-cy-
cle research is reminiscent of the build-

ANDREW W. MURRAY and MARC W.
KIRSCHNER are colleagues at the Uni-
versity of California, San Francisco. Mur-
ray, who is assistant professor of phys-
iology, obtained his Ph.D. from Har-
vard University in 1984. He worked in
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current post. Kirschner, who holds a
1971 doctorate from the University of
California, Berkeley, has been professor
of biochemistry and biophysics at the
San Francisco campus since 1978. He
moved to San Francisco from Princeton
University.
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ing of the first transcontinental rail-
road in the U.S., during which two sep-
arate groups labored in splendid iso-
lation before uniting their tracks with
a golden spike at Promontory Point,
Utah, in 1869. In the case of the cell,
biochemists and physiologists (study-
ing eggs) and geneticists (studying uni-
cellular yeast) have finally achieved a
satisfying intellectual union some 20
years after they began separate lines of
investigation.

hen the two scientific groups
‘/ \/ began their work on the cell
cycle, they had a common
foundation of knowledge. For instance,
19th-century microscopists and other
researchers had established that the
cycle has two main phases: interphase
and mitosis [see illustration on oppo-
site pagel).

In interphase the cell nucleus re-
mains intact. A cell grows continu-
ously, stockpiling material enough for
two cells. It also replicates its chro-
mosomes, shortly before mitosis. The
chromosomes, which are made of DNA
and are stored in the nucleus, contain
the genes.

In mitosis, two nuclei are formed
from one. First the envelope encasing
the nucleus breaks down, and the now
duplicated chromosomes become at-
tached to a structure called the mitotic
spindle. Then the spindle segregates
the chromosomes, ensuring that each
daughter nucleus will have one copy
of every chromosome. Next a nuclear
envelope re-forms around each set of
chromosomes, after which the rest of
the cell, including the cytoplasm, di-
vides to form two complete daughter
cells that are genetically identical to the
parent [see “The Mitotic Spindle,” by
J. Richard McIntosh and Kent L. Mc-
Donald; SCIENTIFIC AMERICAN, October
1989].

Sometimes a process called meio-
sis substitutes for mitosis. During sex-
ual reproduction, new individuals are
formed by the fusion of an egg with a
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sperm. Hence, if the cells of successive
generations of an organism are to con-
tain the same number of chromosomes
as the cells of the parents, the egg and
sperm must each carry only half that
number. This halving of chromosome
number is accomplished by meiosis, in
which precursors of eggs and sperm
undergo two rounds of chromosomal
segregation in rapid succession with-
out an intervening period of replica-
tion. In males the precursors divide
symmetrically, producing four sperm.
In females the precursors divide asym-
metrically, producing one large egg
and, usually, three very small cells that
are discarded.

By 20 years ago it was also clear that
the cell cycle is exquisitely regulated.
One type of regulation concerns the
control of cell size. At the end of mito-
sis, newly formed somatic (nonrepro-
ductive) cells are the same size the par-
ent cell was at its birth, which means
the parent somehow paces its division
to occur precisely when its mass has
been doubled.

Cells also have to coordinate various
events in the cycle. For instance, they
must avoid entering mitosis or meiosis
until their chromosomes have been
replicated; failure to wait can yield cells
that lack a particular chromosome—an
aberration that can kill a cell or, at
times, promote cancer. What remained
unclear was just how cells managed to
coordinate the segregation of chromo-
somes with their replication and also
to coordinate those processes with cell
growth.

Yoshio Masui, then at Yale Univer-
sity, and L. Dennis Smith, then at
Argonne National Laboratory, took a
giant step toward answering that ques-
tion in 1971. They independently iden-
tified a substance in frog eggs that
seemed to control when mitosis and
meiosis began.

The basic development of those eggs
must be sketched briefly if Masui and
Smith’s findings are to be understood
[see illustration on page 58]. The pre-



cursors of eggs, called oocytes, are
born as small cells in the ovary. There
they replicate their chromosomes and
grow to many times their original size
without dividing. Then they become
“frozen” in that state indefinitely—un-
il a hormonal signal stirs them. Under
the influence of the hormone, they
pass through the initial stages of meio-
sis and are released from the ovary as

CENTROSOME

eggs. If they are fertilized by sperm,
they complete meiosis and soon begin
repeated mitotic cell cycles.

Masui and Smith found that frog
oocytes undergoing meiosis contain
a substance capable of inducing that
same process in “immature” oocytes,
those that are fully grown but have not
yet received the hormonal signal to be-
gin meiosis. Because meiosis is often

DECISION
TO ENTER
MITOSIS

(Spindle-organizing

center)

REPLICATION . i
OF DNA AND 5
CENTROSOME ‘
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(Cell decides
whether 1o
rephcate DNA)

/ W
=

MITOTIC
SPINDLE

CHROMOSOME

PROTEIN SYNTHESIS
AND CONTINUED GROWTH

PROTEIN SYNTHESIS
iy, AND CELL GROWTH

referred to as maturation, Masui named
the material maturation promoting fac-
tor (MPF).

Other workers then found that the
same factor was active in all mitotic
cells studied, including those of yeast,
marine invertebrates and mammals.
Hence, it appeared the MPF, which was
not isolated until 1988, was a major
regulator of both mitosis and meiosis.

PROPHASE
(Nuclear envelope breaks down
spindie forms; chromosomes condense)

METAPHASE
(Chromosomes
align at spindle
equator)

ANAPHASE
(Chromosomes
segregate)

TELOPHASE AND CYTOKINESIS
JoNi (Nucleus and rest of cell divide)

CELL CYCLE, which culminates in the reproduction of cells,
typically includes two phases—interphase, during which the
cell grows, and mitosis, during which the nucleus and then
the rest of the cell divide. (Temporally, mitosis takes up
about 40 percent of the cycle in the cells of early embryos

and less than 10 percent in most other cells.) Often the cycle
includes two highly regulated transition points. In one, called
START, the cell decides whether to replicate its DNA. In the
other, the cell decides when to initiate mitosis. The protein
cdc? is the main regulator of passage through both points.
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TWO KINDS OF CELL CYCLES occur as frogs are formed. Cells
that will become eggs, called oocytes, are born in the ovary
and then replicate their DNA and grow. Later a hormonal sig-

Considering that mitosis and meiosis
involve many changes in the nucleus,
such as construction of the spindle,
it seemed reasonable to suspect that
events in the nucleus might influence
the machinery that ran the cell cycle,
including the activity of MPF. Yet Koki
Hara and Peter Tydeman of the Hu-
brecht Laboratory in Utrecht and one
of us (Kirschner) found evidence that
argued against this notion.

Doubt was first raised when the col-
laborators explored the cause of a dra-
matic contraction that occurs in frog
eggs just as the eggs enter mitosis. The
contraction was thought to participate
in cell division, but surprisingly it con-
tinued at regular intervals even when
mitosis was blocked. Neither preven-
tion of spindle formation nor complete
removal of the nucleus stopped the pe-
riodic recurrence of the contraction.

The group concluded from these data
that the cell cycle in frog eggs was not
controlled by events in the nucleus. In-
stead the process was driven by an au-
tonomous oscillator: a set of chemical
reactions in the cytoplasm that, with
the regularity of a clock, produced the
periodic contractions of the egg and
presumably controlled other aspects of
mitosis as well.

Did the oscillator, or “clock,” in fact
control the activity of MPF? John C.
Gerhart and Michael Wu of the Univer-
sity of California at Berkeley and one
of us (Kirschner) demonstrated that it
did. They found that the activity of
MPF fluctuated: the factor was always
detectable during mitosis but never
during interphase. Moreover, the activi-
ty oscillated even when events in the
nucleus were disrupted.

Further studies yielded clues to how
MPF was regulated. Initial experiments
showed that newly fertilized frog eggs
have stockpiles of the materials needed
to replicate DNA and build the mitotic
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spindle, and so they do not produce
those materials anew during the first
several mitotic cycles after fertilization.
Despite these stockpiles, the cells must
make certain proteins in the cytoplasm
during interphase if mitosis is to begin.
Related experiments then showed that
in cells arrested during interphase by
the experimental inhibition of protein
production, injection of a crude extract
of active MPF could bypass the require-
ment for protein synthesis and trigger
mitosis.

That last finding helped to confirm
that MPF was the normal inducer of mi-
tosis. It also suggested that one or an-
other of the proteins made in the cyto-
plasm during interphase was essential
to the activation of that factor.

‘ « ] hile cell biologists were amass-
ing evidence for the idea that
the alternation of interphase

and mitosis was driven by self-pro-
pelled chemical reactions in the cyto-
plasm, geneticists were gathering evi-
dence for quite a different picture.
Their data suggested that the cell cycle
should be viewed as a carefully regulat-
ed assembly line. In such a linear
system the completion of one event,
such as DNA replication in the nucleus,
would be required to trigger the next
event, such as the initiation of mitosis,
just as the fall of one domino in a se-
ries depends on the toppling of previ-
ous dominoes. The two views, some-
times called the clock theory and the
domino theory, seemed incompatible,
but eventually their contradictory find-
ings would be explained.

Leland H. Hartwell of the University
of Washington pioneered the genetic
line of cell-cycle research roughly 20
years ago in experiments with brew-
er's yeast, Saccharomyces cerevisiae.
The unicellular organism differs from
many cells in that it does not divide by
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nal triggers meiosis: a specialized form of cell division that
vields cells having half the normal complement of chromo-
somes. The oocytes divide asymmetrically. First, half of the

pinching in half. Instead, after starting
to replicate its DNA in interphase, it
sprouts a bud, thereby initiating mito-
sis. This bud grows continuously, as
does the parent cell, and then sepa-
rates, marking the end of the cycle in
that yeast.

Hartwell began by identifying mu-
tant forms of the yeast that became
“stuck” at specific points in the cell cy-
cle. He reasoned that the deranged
cells each reflected an alteration in a
gene whose product was critical to
passing the point of arrest. (Each gene
carries instructions for making a single
protein.) Those crucial genes are now
known collectively as cell-division cycle
(cdc) genes.

By arranging the mutants according
to the moment when their progress
through the cell cycle was halted, Hart-
well elucidated the normal sequence
in which cdc genes must act. He also
demonstrated that initiation of certain
steps was dependent on the comple-
tion of one or more earlier steps. For
instance, he found that completion of
mitosis was dependent on assembly of
the spindle.

Inspired by Hartwell’s discoveries,
Paul Nurse and his colleagues, then at
the University of Edinburgh, did simi-
lar studies of fission yeast, Schizosac-
charomyces pombe, which has a cell
cycle more closely resembling that of
mammalian somatic cells. During in-
terphase, this cylindrical cell grows to
twice its original length. Then, at the
end of mitosis, it divides into two cells
of equal size.

As Hartwell had done earlier, Nurse
identified mutants that became stuck
at specific parts of the cell cycle. Then
he deciphered the normal sequence of
activation of the cdc genes associated
with the mutants.

One of those genes, cdc2, was partic-
ularly intriguing because its correct ac-
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chromosomes are directed into a small cell called a polar
body, which is discarded. Then the oocyte begins a second
round of division and is released from the ovary as an egg.

tivity seemed crucial for entry into mi-
tosis. Certain mutations of the cdc2
gene resulted in the production of an
inactive version of the protein and
thereby prevented cells from beginning
mitosis. Other mutations led, in con-
trast, to production of a form of the
protein that induced cells to undergo
mitosis earlier than usual.

The cdc2 gene product certainly
seemed a good candidate for the prime
regulator of mitosis—perhaps it was
MPF itself. MPF had not yet been isolat-
ed, however, and so Nurse could not
determine whether it and the cdc2 pro-
tein were the same substance. Still, he
could ascertain whether the cdc2 gene,
like MPF, was important in other cells,
which would suggest cdc2 could well
be a universal regulator of mitosis.

e and David H. Beach, both then
Hat the University of Sussex in

England, began by screening the
genes of budding yeast to see if any of
them might “rescue” fission yeast that
were locked in interphase by inactiva-
tion of the cdc2 gene. Introduction of
one of those genes did enable the
fission yeast to undergo mitosis. The
rescuer, it turned out, had been iden-
tified previously by Hartwell as a mem-

NUCLEI OF SPERM
AND EGG MERGE

RESTORE ORIGINAL CELL SIZE

ber of the cdc family in budding yeast.

Nurse then did an even more ambi-
tious experiment, introducing segments
of human DNA into cells of fission
yeast that themselves carried inactive
cdc2 genes. Insertion of one particular
piece of human DNA did induce mito-
sis, indicating that even human cells
include a form of the cdc2 gene. When
the amino acid sequences of the hu-
man and yeast cdc2 gene products
were finally worked out in 1987, they
turned out to be remarkably similar.
A billion years of evolution had con-
served this crucial protein, producing
little change in its structure and none
in its function.

This protein is now known to be cru-
cial to mitosis in all eukaryotes. All ver-
sions are called cdc?2 proteins, regard-
less of the organisms from which they
are derived.

From their chemical structure, cdc?2
proteins have been identified as pro-
tein kinases: enzymes that transfer
phosphate groups from ATP (adeno-
sine triphosphate), a major energy car-
rier, to proteins. In recent years it has
become clear that the addition and re-
moval of phosphates is a major means
of regulating the activity of cellular
proteins. Removal is accomplished by

NORMAL MITOTIC

MITOTIC CELL CYCLES WITHOUT GROWTH CELL CYCLES

WITH GROWTH

If it is fertilized, it completes meiosis, discarding a second po-
lar body. Mitotic cycles follow, leading to creation of a frog.
Mitosis and meiosis are controlled by the same molecules.

the enzymes known as phosphatases.

As the genetic studies were progress-
ing, so were studies of MPF. In partic-
ular, Manfred J. Lohka and James L.
Maller of the University of Colorado
Medical School were busy trying to pu-
rify the factor. Many had failed before
them, but in 1988 they managed to iso-
late a small amount and to ascertain
that the substance consists of two pro-
tein molecules.

At that point, the amino acid se-
quence of the two proteins was not
yet known, but several findings indi-
cated that one of them was cdc2. For
instance, the cdc2 protein seemed to
have the same molecular weight as one
of the MPF constituents. Moreover, that
constituent was recognized by antibod-
ies specific for yeast and human cdc?
proteins.

Around the same time, Beach and his
colleagues showed that the cdc2 pro-
tein was active during mitosis in hu-
man cells in culture. Then several other
teams, using a variety of methods, in-
dependently confirmed that the cdc2
protein was indeed a component of
MPF. This last finding was the golden
spike that united the frog and yeast
studies and raised the possibility that
the fundamental regulation of the cell

FROG EGG CONTRACTS, increasing in height, as mitosis be-
gins (a and ¢); then the contraction disappears during inter-
phase (b and d). The contraction recurs even if the nucleus
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is removed—evidence that, at least in certain kinds of eggs,
the cell cycle is regulated by an autonomous oscillator: a se-
ries of self-perpetuating chemical reactions in the cytoplasm.
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BREWER’S YEAST REPLICATES by budding (top). Certain temperature-sensitive mu-
tants fail to complete a particular stage of the cell cycle after they are heated to 37
degrees Celsius, because they have a defect in a gene that is critical to passage
through that stage. For instance, the mutant shown in the bottom two rows stalls at
a specific point in interphase, regardless of when in the cell cycle the temperature
is raised. Study of such mutants led to identification of the family of genes—
called cell-division cycle (cdc) genes—that control progress through the cell cycle.

cycle was quite similar in all eukaryotic
organisms.

r I Y he convergence was satisfying
but not completely so. The dis-
covery that the cdc2 protein was

a part of MPF did not explain why MPF

was active during mitosis but was not

active during interphase.

In all cell types studied the concen-

AMOUNT OF PROTEIN —>

tration of the cdc2 molecule had been
found to remain constant throughout
the cell cycle. This constancy meant
that something else—perhaps the sec-
ond component of MPF—activated and
inactivated cdc2 and thereby regulated
the activity of MPF. Presumably this
other substance was synthesized anew
during each interphase; protein synthe-
sis, it will be recalled, had earlier been

OSCILLATIONS in the level of the protein cyclin were identified in sea urchin eggs,
where it rose during interphase and fell during mitosis. The discovery that cyclin
was the only protein that fluctuated during the cell cycle suggested that it might
help control the onset of mitosis. Cyclin is indeed a regulator: it influences the ac-
tivity of the cdc2 protein, which together with cyclin guides cells into mitosis.
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found essential for activation of MPF.

This logic was certainly a rational
basis for investigating the problem of
MPF activation. But identification of the
activating molecule actually emerged
from a serendipitous observation made
years before the cdc?2 protein was found
to be a component of MPF.

In the early 1980s Tim Hunt of the
University of Cambridge was teaching
the annual course in physiology at the
Marine Biological Laboratory in Woods
Hole, Mass. He and his students were
investigating dramatic changes in the
levels of protein synthesis that occur
after sea urchin eggs are fertilized.

They found that the amount of virtu-
ally all newly synthesized proteins in-
creased continuously after fertilization.
One protein, however, abruptly disap-
peared at each mitosis, only to accu-
mulate again during interphase. Hunt
named the unusual substance cyclin.

The group went on to demonstrate
that cyclin was produced at a constant
rate throughout the cell cycle. It disap-
peared at the end of mitosis because it
was rapidly degraded, and it accumu-
lated in interphase because it was bro-
ken down much more slowly than it
was produced. The pattern of fluctua-
tion suggested that cyclin might be the
molecule that regulated MPF activity.

Experiments in 1986 by Joan V. Rud-
erman of Harvard University lent cre-
dence to that notion. Working with surf
clams, her group extracted messenger
RNA for cyclin: RNA copies of the cy-
clin gene, which serve as the templates
for the protein’s production. Then they
injected that messenger RNA into im-
mature frog oocytes. The oocytes un-
derwent meiosis, which meant both
that the RNA was translated into cy-
clin and, more significantly, that the
protein could indeed help regulate the
cell cycle.

Today it is known that cyclin is the
second component of MPF and partici-
pates in the activation of the cdc2 pro-
tein and thus MPF. At the same time,
though, the exact role in the cell cycle
had yet to be worked out.

clin, biologists first had to make the
cell cycle more accessible to exper-
imental manipulation. In about 1987
we and Christopher C. Ford and his col-
leagues at Sussex devised a way to do
just that. The two groups independent-
ly produced extracts of frog eggs that
could pass through several cell cycles
in the test tube—complete with DNA
replication, mitosis and the associated
oscillations of MPF activity [see illustra-
tion on opposite page).
If the cell cycle was so simple that

I n order to advance research into cy-
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EXTRACTS TAKEN FROM FROG EGGS (above) can be induced to pass through the
cell cycle in the test tube. The validity of the method for studying the cell cycle is
evident in photographs made of a nucleus (right) as an extract underwent inter-
phase and then the various stages of mitosis. The chromosomes are white and
blue; the mitotic spindle, which segregates chromosomes during mitosis, is red.

cyclin was the only oscillating protein
that had to be produced anew in each
cycle to keep the cycle running, proof
of that simplicity would include con-
firming two predictions. One was that
the cycle would continue to run even if
the synthesis of all proteins except cy-
clin were blocked. The other was the
converse: blockage of cyclin produc-
tion alone would arrest the cell cycle
in interphase.

We tested the first prediction by de-
stroying all messenger RNA in frog egg
extracts. Since proteins are made from
these templates, the system no long-
er produced new proteins. It also failed
to enter mitosis. Now we were ready to
see if the restoration of only cyclin pro-
duction would trigger mitosis.

We therefore introduced messenger
RNA for sea urchin cyclin, a gift from
Hunt. Sure enough, we could see the
nuclei go through mitosis, indicating
that the RNA had been translated into
protein and that the protein had in-
duced mitosis in the previously stalled
extracts. When more cyclin RNA was
added, the rate of cyclin synthesis in-
creased and the duration of interphase
decreased.

Hunt and his students evaluated
the second prediction—that failure to
synthesize cyclin would block mito-
sis. This proposition, too, was upheld.
When they prevented the production of
cyclin but no other protein in frog egg
extracts, the extracts became stalled in
interphase.

In our studies we found that, as
was true for Hunt’s sea urchin eggs,
cyclin accumulates during interphase
and is destroyed at the end of mitosis.
The abrupt degradation led us to pro-
pose that cells might not be able to
complete mitosis until cyclin is gone.
Indeed, when we induced frog eggs or
our extracts to make a truncated ver-
sion of cyclin that could induce mito-
sis but could not be degraded, the eggs
and extracts lost the power to com-
plete nuclear division and remained ar-
rested in mitosis.

Thus, by 1989 the collected experi-
ments left little doubt that the degra-
dation of cyclin is important to pas-
sage through mitosis and that the sub-
stance must be made anew in each
interphase to activate MPF, induce mi-
tosis and direct the cell cycle.

ow does cyclin activate MPF or,

more specifically, the cdc2 frac-

tion of MPF? It turns out that
the mere joining of cyclin and the cdc?2
protein is not by itself enough to acti-
vate the complex. Other reactions must
modify both cdc2 and cyclin before
MPF becomes functional.

Proteins involved in controlling these
modifications have been identified ge-
netically and biochemically. One partic-
ularly interesting molecule, found by
genetic methods, is named cdc25. It
is intriguing because its accumulation,
rather than that of cyclin, determines
when mitosis occurs in certain cells,
such as those of fly embryos late in de-
velopment and fission yeast. The syn-
thesis of cyclin is still required, but it
is the rate of cdc25 accumulation, not
cyclin accumulation, that determines
when cdc2 becomes active and thus
is the “rate-limiting factor” regulating
when mitosis begins.

The finding raises an important
point. Even though the cdc2 kinase is
the central cell-cycle regulator in eu-
karyotic cells and even though the
molecules that modify the cdc2 protein
are apparently the same in all cells, the
details of how the kinase is regulated
can vary from organism to organism
and from cell to cell within a single or-
ganism. In some cases, cdc25 may con-
trol the activation of the cyclin-cdc2
complex. In other cases, cyclin itself
may control the activation; in still oth-
ers, modulators that are still to be iden-
tified are probably key.

We cannot yet describe in detail the
regulation of the cell cycle in all organ-
isms, but we can at least propose a
model for the simplest case: the newly
fertilized frog egg. The cdc?2 protein is
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maintained at a constant level at all
times. For its part, cyclin is made con-
tinuously, but its levels rise during in-
terphase and decline during mitosis.
As cyclin accumulates in interphase, it
combines with the cdc2 molecule to
form what may be called pre-MPF. This
form of MPF is not yet active: it will not
transfer phosphate groups to proteins
and cannot induce mitosis.

Pre-MPF is then converted to active
MPF by enzymes, such as cdc25. Once
activated, MPF serves as both a humble
servant and a divine presence, directly
and indirectly initiating all the events
of mitosis. For instance, MPF has been
found to initiate the breakdown of the
nuclear envelope. As the servant, it di-
rectly phosphorylates envelope pro-
teins known as lamins. As divinity, it
orders other molecules to do its bid-
ding: it triggers a cascade of molecular
interactions that culminates in the fur-
ther transfer of phosphate groups to
the lamins. Phosphorylation causes the

MODEL of how mitosis is controlled in frog eggs holds that a
form of cyclin accumulates during interphase and associates
with the cdc2 protein to form pre-MPF, an inactive form of
MPF (maturation promoting factor). Then enzymes convert the
complex into active MPF, which triggers mitosis and activates
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lamins to dissociate and thus leads to
the disintegration of the envelope.

Active MPF not only controls the pro-
cesses that result in the physical divi-
sion of the nucleus and the rest of the
cell—such as assembly of the spindle—
it also activates enzymes that degrade
cyclin. Mitosis ends when cyclin levels
decline below some threshold. Without
cyclin, the cdc2 protein (and thus MPF)
cannot remain active.

As MPF loses effect, phosphatases
gain the upper hand and remove any
phosphate groups that MPF caused to
be added to proteins during mitosis. In
the case of the lamin proteins, the re-
moval of the phosphates leads to the
spontaneous reformation of the nucle-
ar envelope. Phosphatases also inacti-
vate enzymes that MPF had switched
on, including enzymes that degrade cy-
clin. The combination of the silencing
of those cyclin-destroying enzymes and
the continued synthesis of cyclin en-
ables cyclin to accumulate once again

MPF TRIGGERS MITOSIS

—PF ACTIVATES el
DEGRADING ESNg\tncjﬁg ’
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in interphase—and the cell cycle to be-
gin anew.

occur independently of any events
in the nucleus, and so the egg stud-
ies support the existence of an auton-
omous oscillator as the driving force
behind the cell cycle. Yet, as the genetic
studies suggested, in most other cells,
nuclear events modulate the events of
the cell cycle. Both yeast and the so-
matic cells of multicellular organisms
have mechanisms for delaying the en-
try into mitosis until DNA has been
replicated and any damage to DNA has
been repaired. Similarly, such cells do
not begin to segregate their chromo-
somes during mitosis until every chro-
mosome has been correctly attached to
and aligned on the mitotic spindle.
Thus, both the clock and the domi-
no theories are correct, depending on
which cell type one is examining. For
somatic cells, the domino theory seems

I n frog eggs, changes in cyclin levels

erosls

INACTIVE
_CYCLIN-

~~ DEGRADING
ENZYME

ENZYME
DEGRADES
CYCLIN

enzymes that degrade cyclin. As cyclin is destroyed, MPF
disappears and the cyclin-degrading enzymes become quiet.
Thus, cyclin accumulates once again. In various other cell
types, passage through START is highly regulated as well—by
a complex consisting of cdc2 and a second form of cyclin.



more appropriate. In other words, the
oscillator that by itself regulates the
cell cycle in frog eggs has become sub-
ject to an elaborate system of checks
and balances.

We can speculate about how nucle-
ar events might influence MPF activity
in such cells. For instance, incomplete
replication of DNA in interphase could
generate a signal that halts the accu-
mulation of cyclin or cdc25 or a relat-
ed cdc molecule. In the same vein, one
would think that the improper attach-
ment of chromosomes to the spindle
during mitosis would result in produc-
tion of a signal to stop the degradation
of cyclin temporarily.

Such regulatory feedbacks and the
biochemistry underlying them are not
the only embellishments that have to
be incorporated into a complete model
of cell-cycle control. It is now known
that in somatic cells and late embryos
the decision to replicate DNA in inter-
phase is as highly regulated as the de-
cision to enter mitosis. The mechanism
for making this second decision must
be included in a full model.

This second checkpoint was first
identified by Hartwell, who named it
the START transition. He also showed
in budding yeast that it is during this
transition that the cell evaluates wheth-
er it has grown large enough to proceed
safely to DNA replication and, from
there, to mitosis. (When cells lack nutri-
ents, they typically halt their progress
through the cell cycle at START.)

Passage through START is controlled
much as is the passage into mitosis.
Once again progress depends on acti-
vation of the cdc2 protein, which is
dependent on the accumulation of cy-
clin. But the cyclin involved in START
is not the same one involved in mitosis.
In fact, there are two classes of cyclin.
One class regulates entry into mitosis
and meiosis, and the other, structurally
similar, class regulates the replication
of DNA.

Movement through START is also
controlled by nutrients, hormones and
growth factors. These agents act by
controlling the accumulation of cyclin
prior to START. In contrast to the situa-
tion in frog eggs, where the “default”
rule at the end of one mitotic cell cy-
cle is to pass through another cycle of
division, most cells automatically exit
the cell cycle in interphase unless they
receive specific external instructions
to pass through the START checkpoint
yet another time.

The existence of many layers of cell-
cycle control in the majority of cells is
not surprising. Multicellular organisms
in particular must maintain checks and
balances to coordinate cell-cycle events
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MPF HELPS TO INITIATE MITOSIS in part by breaking up the nuclear envelope. It
directly and indirectly adds phosphate groups to proteins called lamins that poly-
merize to form the envelope. The MPF phosphorylates two sites and triggers a
cascade of reactions that ultimately induces another enzyme to phosphorylate
a third site. The alteration of the lamin proteins causes them to dissociate.

both with one another and with the
needs of the larger organism. The abili-
ty to regulate when cells will grow, di-
vide and differentiate into specialized
cells is critical to the orderly develop-
ment of the embryo and to the health,
and ultimately the survival, of mature
organisms.

r I Y he progress made in research
over the past 20 years, and es-
pecially over the past five years,

is nothing less than extraordinary. The
regulators of the cell cycle in frog eggs
and yeast—cdc2, cyclin and such mod-
ulators as cdc25—appear to be the ba-
sic regulators of the cell cycle in all eu-
karyotic cells.

Yet the cells that have been the most
informative are special cases in many
ways. Frog eggs are virtually immune
to extracellular controls that act on the
cycles of other cells. And yeast are com-
plete organisms in themselves. Now in-
vestigations will have to move beyond
those simple systems to gain a better
understanding of how cdc2, cyclin and
their modulators interact with extra-
cellular signals in multicellular organ-
isms. Only then will it be possible to
understand such diseases as cancer,
in which regulation of the regulators
somehow fails.

Another priority on the research
agenda is to learn much more about
how the cyclin-cdc2 complex partici-
pates in the various events of cell divi-
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sion: How exactly does it, say, help to
initiate spindle assembly or the con-
densation of chromosomes? Which en-
zymes does the complex act on, and
what exactly do those enzymes do dur-
ing mitosis? What are the signals that
mediate the activity of the complex
when something goes awry in the nu-
cleus during mitosis? With a little luck,
such questions will be answered satis-
factorily in the next round of cell-cycle
research.
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Plateau Uplift and
Climatic Change

The formation of giant plateaus in Tibet and the American West
may explain why the earth’s climate has grown markedly cooler
and more regionally diverse in the past 40 million years

by William F. Ruddiman and John E. Kutzbach

he world climate that humans
I consider normal is in fact a geo-
logically recent development.
Prior to 40 million years ago most of
the world was warmer and wetter than
it is now. Rainfall tended to be evenly
distributed throughout the year, and
evergreen and warm deciduous forests
covered much of the globe. Many types
of climate and vegetation common to-
day were almost entirely lacking. Be-
cause of the absence of strong season-
al and annual aridity, grasslands and
deserts were rare. Because of the lack
of extreme cold, northern spruce for-
ests and tundra regions were small or
nonexistent. The sea ice that now cov-
ers the Arctic Ocean was either limited
in extent or completely absent, and im-
mense glaciers, like the one now cover-
ing Greenland, did not exist.
During the past 40 million years, and
particularly during the past 15 million

WILLIAM F. RUDDIMAN and JOHN
E. KUTZBACH have collaborated since
1986 to learn about the effect of plateau
uplift on global climate. Ruddiman is a
researcher at the Lamont-Doherty Ge-
ological Observatory of Columbia Uni-
versity and adjunct professor of geolo-
gy at the university. His research initial-
ly focused on the interaction between
ice sheets and the North Atlantic Ocean
during the most recent ice ages; he
has since concentrated on the link be-
tween longer-term tectonic and climatic
change. Kutzbach is professor in the de-
partment of meteorology and the Insti-
tute for Environmental Studies at the
University of Wisconsin at Madison. He
also directs the university’s Center for
Climatic Research. He has extensively
utilized quantitative computer models
to study climate changes associated
with periodic shifts in the earth’s orbit,
the uplift of plateaus, and the evolving
configurations of the continents.
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years, this warm, wet climate largely
disappeared. It persists today only in
limited regions, such as southeast Asia,
the Gulf Coast of the U.S. and the trop-
ics. Colder climates and much greater
regional extremes of precipitation have
developed. Approximately three mil-
lion years ago the earth grew so cool
that it began to experience periodic ice
ages, during which ice sheets covered
much of the Northern Hemisphere. All
of recorded history has taken place
during a brief, mild interlude in what is
essentially a glacial era.

What caused this cooling and diver-
sification of climate and vegetation
into a complex mosaic of many region-
ally distinctive types? Recent evidence
points toward a particularly significant
culprit: a spasm of geologic upheaval
that resulted in the development of
huge elevated plateaus in several re-
gions, particularly southern Asia and
western North America. Our research
indicates that dramatic increases in ele-
vation of these plateaus have had sig-
nificant physical and chemical effects
on the atmosphere that have helped
shape modern-day climatic trends.

ver the course of tens of mil-

lions of years, a broad array of

processes influence the earth’s
climate. No single factor can plausibly
explain the whole panoply of climatic
change. Even allowing for the complex-
ity of the problem, however, the expla-
nations previously available for the pro-
gressive changes have not proved en-
tirely satisfactory.

One school of thought focuses on
the changing positions of the earth’s
continents and oceans. The Atlantic
Ocean has expanded at the expense of
the Pacific Ocean, whereas an ancient
equatorial sea that extended across
much of Eurasia (called the Tethys Sea)
has shrunk to become the modern,
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much smaller Mediterranean Sea. In ad-
dition, the fraction of continents flood-
ed by shallow inland seas has slowly
decreased, exposing large amounts of
land and creating climates less moder-
ated by the temperature-stabilizing ef-
fects of oceans. Computer model sim-
ulations show that changes in the ar-
rangement of the continents and the
size of inland seas can have important
effects on global climate over very long
intervals of geologic time. But they are
significantly less convincing as sole ex-
planations for the dramatic changes of
the past 40 million years.

Some researchers theorize that the
opening and closing of isthmuses could
create critical “gateways” for altering
oceanic circulation and hence climate.
For example, the eastern end of the
Mediterranean closed around 23 mil-
lion years ago, and the Isthmus of Pan-
ama closed shortly before the glacial
era that began three million years ago.
No one has yet explained, however,
how such relatively abrupt topographi-
cal changes could account for the ob-
served substantial, progressive climate
changes.

Another possibility is a long-term de-
cline in the concentration of carbon di-
oxide in the atmosphere, which would
lessen the amount of heat trapped by
the atmosphere and lead to “green-
house cooling.” The amount of carbon
dioxide in the earth’s atmosphere over

POLE-ON VIEW of the earth’s Northern
Hemisphere shows the huge Tibetan
Plateau and extensive elevated territo-
ry in the American West. The uplift of
these regions in the past 40 million
years has altered atmospheric circula-
tion and climate. Red depicts the high-
est elevations and blue the lowest in
this map prepared at the National Geo-
physical Data Center in Boulder, Colo.



million-year time scales is controlled by
two major processes. Chemical weath-
ering of continental rocks removes car-
bon dioxide from the atmosphere and
carries it in dissolved chemical form to
the ocean, where it is taken in by ma-
rine biota and deposited in sediments
on the seafloor. Tectonic activity even-
tually frees this trapped carbon diox-
ide, in the following manner. The mo-
tion of the earth’s lithospheric plates
transports the seafloor to ocean trench-
es, where subduction carries old crust
and sediments down toward the earth’s
hot interior. At great depths, the sedi-
ments melt, releasing carbon dioxide,
which emerges from the volcanic is-

lands that overlie the buried crust and
rejoins the atmosphere, completing the
cycle [see “Modeling the Geochemical
Carbon Cycle,” by Robert A. Berner and
Antonio C. Lasaga; SCIENTIFIC AMERI-
CAN, March 1989].

If the pace of seafloor spreading (and
hence of subduction) slowed signifi-
cantly, less carbon dioxide would be
vented to the atmosphere, the atmo-
sphere would become relatively deplet-
ed of carbon dioxide and temperatures
would fall. In fact, globally averaged
seafloor spreading rates show little or
no net change in the past 40 million
years. Nevertheless, we will describe lat-
er how enhanced removal of carbon
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dioxide from the atmosphere by chemi-
cal weathering may have played a sig-
nificant role in global cooling.

The limitations of the various ex-
planations of the worldwide cooling led
us to search for another. A convinc-
ing explanation would involve some
process or factor that has changed in
unison with the earth’s climate and
that affects climate in physically plausi-
ble ways.

s long ago as the 19th century,
geologists proposed that moun-
tain building can cause climatic

change. Mountain uplift cools the high-
altitude crests and divides precipita-
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How Global Climate Is Modeled

In the global climate model, a system of equations calculates time-
dependent changes in wind as well as temperature and moisture
changes in the atmosphere and on the land. The model also pre-
dicts alterations in the temperature of the ocean’s surface. The
globe is divided into thousands of boxes whose sides typically ex-
tend several hundred kilometers in latitude and longitude and a few
kilometers in altitude. The computer treats each box as one element
as it calculates the evolving global climate. The model imposes sea-
sonal and latitudinal changes of incoming solar radiation, the height
and shape of continents, and other external conditions that affect
the atmosphere’s behavior. The equations must be solved in hourly
increments over at least 20 years of simulated time to generate
accurate statistics. For this massive effort, we used a CRAY super-
computer at the National Center for Atmospheric Research.
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tion patterns into heavy rainfall or
snowfall areas on the upwind side and
areas of so-called rainshadow drying
(produced by air that has shed most of
its moisture) on the downwind side.
Critics have noted, however, that these
effects are relatively local in scale.

Our recent work suggests that a
more subtle, yet more fundamental,
kind of uplift could influence climate
over much broader regions, indeed
across virtually the entire Northern
Hemisphere. This uplift consists of the
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gradual rising of certain continental ar-
eas into broad plateaus.

The two largest masses of high,
rocky terrain in the Northern Hemi-
sphere today are the area encompass-
ing the Tibetan Plateau and Himalaya
Mountains in southern Asia and the
broad region of the American West
centered on the Colorado Plateau, ex-
tending from the Sierra to the Rocky
mountains. A wide variety of geologic
evidence indicates that these regions
rose substantially during the past 40
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million years. We therefore focused our
research on these plateaus.

The Tibetan Plateau covers a region
of more than two million square kilo-
meters, nearly one third the size of the
continental U.S. Its average elevation
exceeds 4.5 kilometers (about 15,000
feet), comparable to the elevation of
the highest individual mountain peaks
in the American West. The Himalayan
mountain range forms a narrow ram-
part along the southern margin of this
massive plateau.

Fossil plants and pollen found in
valley deposits testify to the chang-
ing climate of Tibet. Today vegetation
on the Tibetan Plateau consists mostly
of grass, herbs and scrub vegetation
adapted to the harsh steppe climate,
which involves severe winters and sea-
sonal drying. Some five to 10 million
years ago the vegetation was very dif-
ferent: pollen deposited then indicates
the presence of deciduous trees com-
parable to those in modern temperate
forests. Prior to 30 million years ago
tropical and subtropical forests similar
to those in the southeastern U.S. exist-
ed in Tibet. These changes suggest the
region has cooled considerably.

Increasing elevation is the most plau-
sible explanation for the drop in tem-
perature. Near the surface the atmo-
sphere cools about 6.5 degrees Celsi-
us for every kilometer gain in altitude.
The vegetation changes, along with as-
sorted tectonic and sedimentary evi-
dence, imply that the Tibetan Plateau
has risen more than four kilometers,
roughly two kilometers of which may
have occurred within the past 10 mil-
lion years. Lower-lying regions of south-
ern China and southeast Asia to the
east and southeast of Tibet have har-
bored much the same warm-adapted
vegetation for more than 40 million
years. Even more definitively, uplift ac-
counts for the presence of oceanic sedi-
ments in late Cretaceous (approximate-
ly 70 million years old) strata in Tibet.

The reasons for the Tibetan uplift
appear to be connected to the tectonic
motions of the continents. India sepa-
rated from Antarctica about 130 mil-
lion years ago, drifted northward and
collided with Asia around 40 million
years ago. The compressive stresses
that built up after the two continents
collided somehow forced Tibet up-
ward, although the exact mechanism
responsible for the uplift is still being
debated.

The broad upward bulge in North
America that extends from the Sierra
range in California to the plains of Col-
orado and Nebraska east of the Rockies
also has strongly influenced climate in
the Northern Hemisphere. In the mid-



dle of the bulge lie the Colorado Pla-
teau and the basin and range provinces
at mean altitudes of 1.5 to 2.5 kilome-
ters above sea level. At the eastern end
of the bulge, the so-called Great Plains
actually form a tilted ramp that falls
gradually from Denver (the “Mile-High
City "), just east of the Rockies, to low
elevations (less than 300 meters above
sea level) at the Missouri River in the
middle of the continent.

A widely cited but still controversial
chronology of uplift in the American
West resembles that of uplift in Tibet.
In this view, elevations through most
of this area were very low (on average,

well under a kilometer above sea level)
40 million years ago, when upward mo-
tion of the land began. Large sections
of the region rose to about half of the
modern value sometime between 10
and five million years ago and subse-
quently attained present-day altitudes.

Plant fossil evidence of uplift is more
difficult to interpret for the American
West than it is for Tibet. Another kind
of geologic evidence—the history of
sedimentation and erosion recorded in
the rocks—offers a stronger indication
of the changing American topography.
Forty to 30 million years ago eastward-
flowing rivers on the High Plains, such

as the Arkansas and Platte rivers, de-
posited mainly clay and fine silt. Much
of the sediment coarsened to sand by
20 to 15 million years ago and then to
pebbles and cobbles by 10 to five mil-
lion years ago. Similar changes in riv-
er sedimentation have also occurred at
the other end of the uplifted bulge on
the western flanks of the Sierra. These
have taken place mostly within the past
10 million years. In the past five million
years, parts of the Arkansas and Platte
rivers on the westernmost High Plains
near the Rockies have cut into their
beds by several hundred meters. Mas-
sive downcutting of the Grand Canyon
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CIRCULATION of the atmosphere at mid-latitudes is driven
partly by temperature differences. In summer, heated air rises
over the land and flows outward, creating a low-pressure area
at the surface and a compensating inflow from the cooler,
high-pressure centers over the water. In winter the oceans are
warmer than the land, and the flow reverses, as descending

air results in high pressure over land surfaces. After uplift,
the thin air over high plateaus amplifies temperature-driven
atmospheric flows, particularly the seasonally reversing low-
level monsoon winds that form around the plateaus. In addi-
tion, the earth’s rotation diverts low-level and jet-stream winds
northward around plateaus (in the Northern Hemisphere).
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by the Colorado River, along the south-
ern margin of the Colorado Plateau,
has also occurred within the past 10
million years.

The above evidence implies that river
velocities in western North America
have increased markedly. Faster rivers
carry coarser sediment and erode their
beds more rapidly. One change that
could have caused rivers to run faster
is the steepening of river gradients re-
sulting from uplift of the western end
of the plains and adjacent Rocky Moun-
tains. (An opposing view holds that
shifts in climate could have produced
the observed sedimentation changes.)

The reason for uplift in the American
West is less clear-cut than in Asia. Vari-
ous theories hold that changes in rate
or direction of seafloor spreading in
the Pacific Ocean, along with the buri-
al of an older mid-ocean ridge that pre-
viously existed in the East Pacific, led
to the accumulation of hot, low-densi-
ty material under the North American
continent, causing it to rise. As yet, no
one theory is widely accepted.

oting that the timing of these

inferred plateau uplift histories

roughly matches that of global
cooling, we sought to understand the
link between plateau uplift and climat-
ic change in the Northern Hemisphere.
To this end, we ran several computer
experiments in cooperation with War-
ren Prell of Brown University, assist-
ed by Peter Guetter of the University
of Wisconsin at Madison. We used a so-
phisticated climate-simulating comput-
er program known as a general circula-
tion model (GCM), which was run at
the National Center for Atmospheric
Research in Boulder, Colo.

This kind of model provides the most
complete representation available of
the physics of the circulation of the
atmosphere. It incorporates equations
that describe atmospheric flow in terms
of momentum, energy and heat [see
box on page 68]. Because GCMs must
process an extraordinary amount of in-
formation, they require the use of pow-
erful, high-speed supercomputers.

COMPUTER MODEL SIMULATION of cli-
mate over Asia (this page) and North
America (opposite page) shows the or-
derly west-to-east flow of the mid-lati-
tude winds that would take place in the
absence of plateaus (top). Flow patterns
altered by uplift effect changes in pre-
cipitation and temperature. These chang-
es are in accord with the climatic trends
inferred from the geologic record (bot-
tom). The model simulated summer and
winter conditions; one of each is shown.
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These models are especially useful
for conducting sensitivity tests, where-
in a single parameter—plateau eleva-
tion, in this instance—is changed to de-
termine its unique effect on the over-
all atmospheric flow. We ran computer
experiments representing three cases,
chosen so as to simulate crudely three
of the stages of uplift deduced from
geologic evidence. One simulation con-
tained no plateaus or mountains, a
highly oversimplified representation of
the earth’s topography 40 million years
ago. The second contained plateaus at
half their present elevation, similar to
the half-completed uplift that may have
prevailed about 10 million years ago.
The third simulation incorporated pla-
teaus and mountains at their modern
heights. Although the climate model
used can simulate the general shape of
the broad high plateaus, its spatial res-
olution is too coarse to depict accurate-
ly the narrower mountain ranges and
valleys.

The experiments showed that elevat-
ed plateaus affect atmospheric circula-
tion in three ways. First, rising terrain
progressively blocks the west-to-east
airflow that typically occurs both near
the surface and higher up in the atmo-
sphere (the jet stream) in middle lati-
tudes. Because of the earth’s rotation,
the eastward flow is diverted north-
ward around the plateau, whereas a
large southward return flow, or mean-
der, occurs just downstream. In all the
cases described here, the changes refer
to the long-term average atmospheric
flow, not to short-term weather pat-
terns that move across the globe.

A second kind of change in atmo-
spheric circulation derives from sum-
mer heating and winter cooling of air
over the uplifted terrain. In the sum-
mer the sun heats the high plateaus,
which in turn rapidly warm the thin
overlying atmosphere. The warm air is
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NORTH AMERICA

PRE-UPLIFT

(JANUARY)

SURFACE WINDS

less dense, so it rises. As the air rises
and cools, its ability to hold water va-
por diminishes. The process ultimately
leads to the formation of rain clouds
and produces the seasonal monsoon
rains that fall on the southeast mar-
gin of the plateaus, especially in Asia.
The heat previously consumed when
the water evaporated is released when
the vapor condenses back into its lig-
uid state, producing further warming
of the air over the plateau.

As a consequence of the heating, air
rises and spreads outward, creating a
loss of atmospheric mass and lower
pressure over the plateau and a gain of
atmospheric mass and higher pressure
over adjacent regions. In response, air
near the surface flows in toward the
low-pressure cell over the plateau and
away from the surrounding regions of
high pressure. The inflow is diverted to
the right (if viewed looking in the direc-
tion of motion) by the Coriolis deflec-
tion, an effect of the earth’s rotation.

As a result, air in the lower atmo-
sphere swirls counterclockwise toward
and around the plateau in summer.
In winter the opposite conditions pre-
vail: air sinks over the extremely cold
plateaus, causing high pressure and
an outward flow. The Coriolis deflec-
tion twists this flow clockwise around
the plateau, although the winter flow
is weaker than the summer monsoon-
al flow.

The third kind of change, also an
outgrowth of the seasonal heating and
cooling of the plateaus, affects regions
far from the plateau. In the summer
the rising motion of air over the pla-
teau leads to a compensating sinking
of air over surrounding regions, includ-
ing the high-pressure regions that lie
over the oceans (which are cool com-
pared with land temperatures) at sub-
tropical latitudes. Heating over the huge
Tibetan Plateau also induces air to sink
over adjacent areas in the Mediterra-
nean and central Asia. The sinking air
is dry because it originates from high
elevations far from oceanic moisture

COOLING
APPEARANCE AND INCREASE IN ARCTIC
SEAICE

COOLING
GLACIATION AND LOSS OF FROST-SENSITIVE
TREES

DRYING
FOREST CHANGED TO PRAIRIE GRASSLAND

SUMMER DRYING
LOSS OF SUMMER-WET VEGETATION

REGION OF MAJOR UPLIFT

CLIMATIC STABILITY
PERSISTENCE OF WARM- AND
WET-ADAPTED VEGETATION
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sources. Compressional heating, which
takes place as the air sinks, also lowers
the relative humidity.

In winter the process reverses. The
general sinking of air over the pla-
teaus is compensated for by a rising
motion in the low-pressure systems
over the oceans (now warm compared
with land temperatures) at subpolar
latitudes. Through these large-scale cir-
culation patterns, the climatic effects
of plateaus can make themselves felt in
distant lands and oceans.

ur next goal was to see if the

regional climate changes simu-

lated by the computer model
agreed with climatic histories found in
the geologic record. We focused on spe-
cific areas and compared the simulated
changes in surface temperature, precip-
itation and wind direction against geo-
logic evidence, primarily fossil remains
of ancient vegetation.

Along the west coast of North Amer-
ica, the uplift experiment indicates a
shift in low-level summer winds from
westerly to northerly and an increase in
subsidence of dry air. As a result, sum-
mers become drier and slightly cooler
along the coast. In agreement, fossil
evidence shows that vegetation need-
ing sustained summer rains, such as
magnolia trees, gradually disappeared
in California over the past 15 million
years. At about the same time, the
wind-driven transport of surface waters
offshore and the associated upwelling
of cool waters from below appear to
have intensified. This change makes
sense because the most favorable winds
for upwelling along this coast flow
from the north and northwest.

Around the northern plains states,
such as Nebraska and the Dakotas,
the computer model predicts drier win-
ters, mainly because air masses coming
from the more northerly directions con-
tain less moisture. Botanical evidence
shows that prairie grasses and herbs,
which need relatively little water, have
spread widely across these states in the
past 15 million years, replacing trees,
which require more water. The change
in vegetation also encouraged the flour-
ishing of grazing mammals such as
horses and bison across the plains.

Over much of east central North
America (downstream from the uplift-
ed region), the model shows colder
winters and cooler summers caused by
more northerly wind directions. This
agrees with botanical fossil evidence of
a progressive change from relatively
warm-adapted broad-leaved trees in
the far northern Arctic to cold-adapted
trees, spruce forest and finally tundra.
In the southeastern U.S. the simulat-
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ed climatic effects of uplift are incon-
sequential, and, in fact, the vegetation
there has changed relatively little.

he same computer run simu-
Tlated uplift-related changes for

Asia. The interior of the conti-
nent north and west of the Tibetan
Plateau becomes drier as summer sur-
face winds switch from westerly (and
relatively moist) to northeasterly (and
dry). The plateau causes air to sink and
blocks the flow of moisture in from the
Indian Ocean. This simulated change
agrees with the flora, which evolved
from forest to steppe and even to des-
ert vegetation, as shown by the fossil
record of the past 20 million years. In
northern Asia the climate model sim-
ulates colder winters and cooler sum-
mers. Such changes are consistent with
the gradual transformation of local veg-
etation from warm deciducus forest to
taiga (subarctic forest) and to tundra in
the far north.

The model shows southeastern Asia
and India remaining warm and becom-
ing wetter as a result of uplift. Alter-
ations in atmospheric circulation cause
the summer monsoon to grow stronger
on the southeast flank of the plateau.
Vegetation adapted to a warm, wet cli-
mate has persisted in this region up to
the present.

We also looked at the effects of pla-
teau uplift on the European climate. In
Europe, winters become cooler in the
computer model because of increased
wind flow from the northeast, and sum-
mers grow cooler because of greater
north-to-south airflow. These changes

CARBON
DIOXIDE

are mirrored by the gradual loss of
subtropical vegetation during the past
20 million years.

Around the Mediterranean and in
northwest Africa, the model predicts
drier summers resulting from strong-
er winds from the northeast and in-
creased subsidence of dry air. A reduc-
tion in precipitation would explain the
appearance and spread of summer-dry
“Mediterranean” vegetation that has
taken place during the past several mil-
lion years.

Although this global climate mod-
el did not represent the deep ocean,
it simulated three uplift-induced at-
mospheric changes that could signifi-
cantly affect the Atlantic Ocean. Drier
summers over the Mediterranean and
eastern Atlantic lead to higher evap-
oration rates, which should produce
saltier Atlantic waters. Winds over the
west central Atlantic acquire a strong-
er component of flow from the south,
which should drive the salty water
farther northward. Finally, colder win-
ters over the northern continents gen-
erate colder air masses that would chill
the ocean surface, making the salty
surface water denser. The cumulative
result should be an increased sinking
of cold, salty surface waters into the
deep North Atlantic. This sinking flow
would carry oxygen and so help to ven-
tilate the deep ocean. Marine geologic
data confirm that ventilation of the At-
lantic from the north increased sub-
stantially during the past 15 to 10 mil-
lion years.

The computer model results do not
agree with geologic evidence in all

CARBON
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CHEMICAL WEATHERING occurs when atmospheric carbon dioxide dissolved in
groundwater attacks silicate and other rocks to form bicarbonate, which is carried
into the ocean and incorporated into the shells of marine biota. The carbon dioxide
reenters the atmosphere many millions of years later in the cycle of subduction and
seafloor spreading. Plateau uplift in the past 40 million years could have accelerated
the chemical weathering cycle by creating monsoon rains and rapid runoff on fresh-
ly faulted slopes. These changes may have significantly decreased atmospheric car-
bon dioxide levels, lessened the greenhouse effect and cooled the climate worldwide.
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regions. The model simulates warmer
winters and only slightly cooler sum-
mers in Alaska, for example. Botanical
evidence, however, points toward a ma-
jor cooling of the climate there. The
model also simulates wetter winters
and summers over the southern Rock-
ies and southern Great Plains. Fossil
evidence traces a more complicated
trend, involving increased precipitation
in high-altitude mountain ranges but
also drying in low-lying basins. These
inconsistencies may stem in part from
the fact that the model is insufficiently
detailed to simulate the effects of nar-
row mountain ranges. Such features
can cause local rainshadow effects and
blockage of low-altitude airflow.

The broad success of the simulation
in explaining the comprehensive alter-
ations in the regional climate and ecol-
ogy during the past 40 million years
confirms that plateau uplift has sig-
nificantly influenced climate. In gener-
al, the simulations indicate that pla-
teau uplift can explain the fundamental
trend toward increasing regional differ-
entiation of seasonal and annual cli-
mate changes (colder or warmer, drier
or wetter) and away from the more
equable, moist and temperate climates
of earlier times.

Still, the simulated effects of uplift
do not account for the full amplitude
of the observed temperature changes.
Temperatures at high latitudes have
fallen by 10 degrees C or more during
the past 40 million years, ultimately
leading to the development of a sea-ice
cover over the Arctic Ocean and to the
growth of terrestrial ice sheets that
repeatedly covered North America and
Eurasia not long after three million
years ago. Compared with this inferred
cooling, the direct temperature chang-
es from uplift in our model simulation
are modest, especially in summer.

Our initial simulations did not, how-
ever, vield a full evaluation of the ef-
fects of uplift. For simplicity, the mod-
el we first used held certain key com-
ponents of the climatic system (for
example, snow cover, sea-ice cover and
ocean temperature) at fixed, modern
values rather than allowing them to
vary in response to changes in the cir-
culation of the atmosphere.

We recently repeated the uplift exper-
iments using a revised model that al-
lows these components to interact with
the evolving atmospheric flows. The
new results show climatic responses
similar in pattern to but greater in in-
tensity than those previously described.
Some different features also appear,
such as thicker and more extensive Arc-
tic sea ice and expanded winter snow
cover caused by uplift. A definitive ex-
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ploration of uplift effects on atmo-
spheric and oceanic circulation will re-
quire still more comprehensive models
with even greater resolution.
I changes in circulation, plateau up-
lift may alter climate by increasing
chemical weathering of rocks, thereby
reducing atmospheric carbon dioxide
concentrations. Carbon dioxide com-
bines with rainwater and groundwa-
ter to form carbonic acid, which reacts
with silicate minerals in rocks during
weathering. The resulting bicarbonate
ions drain into the oceans, where they
are taken up by marine animals such
as plankton and corals and eventual-
ly deposited on the seafloor. The net
effect is that chemical weathering re-
moves carbon dioxide from the atmo-
sphere and locks it away at the bottom
of the oceans. As described earlier, sub-
duction and volcanism eventually re-
turn the carbon dioxide to the atmo-
sphere, but this process requires a long
time (tens to hundreds of millions of
years) to complete.

Maureen Raymo, while a student at
Lamont-Doherty Geological Observa-
tory of Columbia University in 1986,
proposed that uplift of plateaus and
mountain ranges has increased the rate
of chemical erosion of continental rock
on a globally averaged basis. Uplift
could enhance chemical weathering in
several ways. Heavy monsoons, which
develop at the margins of plateaus,
unleash particularly intense rainfall.
In these regions, uplift-related faulting
and folding also expose fresh rock to
the weathering process. Moreover, the
steeper slopes created by plateau uplift
cause faster runoff, which removes ero-
sion products and intensifies the chem-
ical attack on the rock.

Mountain chains like the southern
Himalayas and eastern Andes, where
heavy monsoon rains fall on steep
slopes, should experience particular-
ly rapid weathering. The Himalayas
rose along with the uplifting of the Ti-
betan Plateau; the Andes are associat-
ed with a smaller tableland plateau in
South America. Significantly, the three
rivers that currently carry the highest
loads of dissolved chemicals into the
ocean—the Yellow River in China, the
Ganges-Brahmaputra river system in In-
dia and the Amazon in Brazil—all drain
regions that have been uplifted in the
past 40 million years. Changes in sever-
al geochemical indices in ocean sedi-
ments are consistent with increased
erosion rates.

Raymo suggests that long-term up-
lift in Tibet and other regions may
have increased the rate at which car-

n addition to causing physical
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bon dioxide is removed from the at-
mosphere. In this way, concentrations
would have fallen even though the
amount of carbon dioxide exhaled by
volcanoes (as inferred from seafloor
spreading rates) remained nearly con-
stant. Falling carbon dioxide levels
would reduce the ability of the atmo-
sphere to retain heat, thereby amplify-
ing the global cooling.

Plateau uplift, acting via physical and
geochemical mechanisms, may have
been a major factor influencing the ini-
tial appearance of large continental ice
sheets roughly three million years ago.
By that time, the Northern Hemisphere
had grown sufficiently cool that it be-
gan to experience periodic ice ages.
Each ice age cycle has been marked by
the appearance of plateaulike sheets of
ice several thousand kilometers wide
and one to three kilometers high, com-
parable in size to the Tibetan or Col-
orado plateau. Such icy plateaus de-
veloped over large parts of the north-
ern continents, especially east central
North America. During the peak of each
ice age (such as the most recent gla-
ciation 18,000 years ago), so much
water was locked up in ice that aver-
age worldwide sea levels dropped at
least 120 meters below the present
shorelines.

Unlike the rock plateaus, the ice
sheets not only grew but also melt-
ed away over relatively short periods.
In the early 1900s Serbian astronomer
Milutin Milankovitch refined an earli-
er idea that the cycle of ice ages and
warmer, interglacial epochs is con-
trolled by regular variations in the size
and shape of the earth’s orbit. These
variations operate on 20,000-year, 40,-
000-year and 100,000-year periods.
These rhythmic changes in the earth’s
orbit have always occurred, but prior
to three million years ago the Northern
Hemisphere was too warm for them to
set the tempo of glacial cycles.

Plateaulike domes of ice, growing
and melting according to the pacemak-
er of variations in the earth’s orbit,
have rearranged circulation patterns in
a rhythmically fluctuating manner. The
largest effects have been concentrated
at middle and high latitudes, where ice
sheets form. Global climate model ex-
periments show that the large North
American ice sheet of 18,000 years ago
split the jet stream into two bands, one
to the north and the other to the south
of the ice. Beneath the jet-stream limb
crossing the northern flanks of the
North American ice sheet, strong winds
developed that carried cold air from
northern Canada out across the North
Atlantic. These winds chilled and even
froze the ocean surface as far south as



50 degrees north, the latitude of France.
The glacial freezing of the ocean sur-
face in some way suppressed the sink-
ing of surface waters in the North At-
lantic, which today helps to ventilate

the world’s deep ocean.
I represents the warm extreme
of a cycle of glaciation. In the
Northern Hemisphere, large ice sheets
now exist only on Greenland; the North
Atlantic has warm surface waters and
experiences vigorous deep-water mix-
ing. From a longer perspective, howev-
er, the uplifted plateaus that set off the
recent ice ages are still in place.

Barring outside factors, the cycle of
ice ages will presumably continue. Hu-
man activities have added such a factor
in the form of greenhouse gases. The
effects of these activities on global cli-
mate are still disputed. If greenhouse
warming does indeed occur, it will op-
erate under circumstances quite differ-
ent from those that produced the glob-
al cooling of the past 40 million years.
In the past, significant climate chang-
es have followed from large-scale alter-
ations in the earth’s topography and
the configuration of the continents. At
present, carbon dioxide levels are ris-
ing without any corresponding major
geographic changes.

Predicting the future course of the
earth’s climate will require a profound
understanding of how the atmosphere
responds to various kinds of distur-
bances. Unraveling the relation between
plateau uplift and climatic change may
prove to be one important avenue to-
ward achieving that goal.
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Nonimaging Optics

Nonimaging concentrators— “funnels” for light—collect and intensify
radiation far better than lenses and mirrors do. The devices are used

in fields ranging from high-energy physics to solar energy

P ] any of us first learned about
concentrating light when we
were children. Lazy summer

afternoons were perfect for burning

initials into wood, using nothing more
than sunlight and a household magni-
fying glass. Who can forget the wonder
of discovering that an ordinary piece of
glass can focus sunlight to a tiny spot?

Most of us have carried this lesson into

adulthood. If someone were to ask how

to attain the highest possible concen-
tration of sunlight, most people would
say with a magnifying glass, or some

combination of lenses, or perhaps a

telescope mirror.

It turns out that the lesson we
learned as children is not quite right.
Although lenses and mirrors can be
used to concentrate light, they are not
the best tools for the job. In fact, any
optical device that concentrates light
by forming an image will fall far short
of the theoretical limit. The reason is
simple: although lenses and mirrors
produce almost perfect images at the
focal point, they blur and broaden
the images away from the focus. As
a consequence, maximum concentra-
tions of light can be attained only by
dispensing with image-forming require-
ments, a fact that has been applied
most successfully only within the past
20 years or so. Devices designed in
such a fashion are called nonimaging
concentrators.

ROLAND WINSTON is professor of
physics at the University of Chicago,
where he obtained his Ph.D. in 1963. A
pioneer in the field of nonimaging op-
tics, Winston discovered the nonimaging
concentrator now called the compound
parabolic concentrator while designing
Cerenkov radiation detectors for a high-
energy physics experiment in 1965. With
the late Walter T. Welford of Imperial
College, London, he has published two
books on nonimaging optics: Optics of
Nonimaging Concentrators: Light and
Solar Energy and High Collection Non-
imaging Optics.
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by Roland Winston

A nonimaging concentrator is es-
sentially a funnel. Light entering the
concentrator over a large area is re-
flected so that it passes through a
much smaller area. The process de-
stroys any image of the light source,
but when only concentration is de-
sired, it is unnecessary to form an im-
age anyway. The high concentrations of
light attained with nonimaging devic-
es have already found extensive appli-
cations in a variety of fields, ranging
from high-energy physics to solar ener-
gy. A solar furnace, for example, does
not care about receiving a picture-per-
fect image of the sun; all it cares about
is receiving the maximum intensity of
sunlight per unit area.

orkers all over the world con-
s/ \/ tinue to find new uses for non-
imaging concentrators, wher-
ever the need is simply to make high
intensities of light without the neces-
sity of preserving images. Recently
my colleagues and I at the University
of Chicago have even used the devic-
es to produce the highest intensity of
sunlight anywhere in the solar system,
including that at the surface of the sun
itself.

Nonimaging optics was born in the
mid-1960s, when a Soviet, V. K. Bara-
nov, a German, Martin Ploke, and I in-
dependently designed the first com-
pound parabolic concentrators. The
name is a bit of a misnomer, because
the walls of such concentrators are
usually not parabolic. The term simply
refers to a class of devices that concen-

NONIMAGING CONCENTRATORS called
compound parabolic concentrators col-
lect sunlight atop the Illinois Department
of Agriculture Building in Springfield.
Each reflector in the array is designed to
maximize the concentration of light on
an evacuated tube, which retains heat in
a manner similar to a thermos bottle. To-
tal area of the array, used to heat and
cool the building, is 12,000 square feet.
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trate light to the highest possible limit.

My initial work in nonimaging op-
tics grew out of high-energy physics.
As a young faculty member at Chica-
go, still in my twenties, I collaborated
with T. A. Romanowski of Ohio State
University on an experiment to detect a
rare decay of a particle called the lamb-
da. A lambda belongs to a class of un-
stable particles known as hyperons,




which resemble the neutrons and pro-
tons of ordinary matter but which are
‘'somewhat heavier. A lambda most fre-
quently decays into either a proton or a
neutron and a particle called the pion,
but one time out of every 1,000 or so
decays the lambda will eject an elec-
tron. My colleagues and I sought to in-
vestigate this rare decay of the lambda
as an important step in verifying a the-
ory known as the Cabibbo-Kobayashi-
Maskawa model. Our job was to fish
out the rare electron decay from the
dominant pion mode.

We planned to detect the ejected
electrons by exploiting an effect called
Cerenkov radiation, named after its
Soviet discoverer. Cerenkov radiation
is an optical analogue of the “sonic
boom.” Just as a jet plane traveling
faster than the speed of sound emits a
shock wave of sound, a particle travel-
ing in a gas or liquid faster than the
speed of light will emit a shock wave of
light. (Readers who know about Ein-
stein’s postulate that nothing can trav-

el faster than the speed of light in a
vacuum can rest assured; the particle
is moving faster than the speed of light
in the gas or liquid but slower than the
speed of light in a vacuum.) Since pi-
ons are nearly 300 times more massive
than electrons, they move more slowly,
and in a fluorocarbon gas only the elec-
trons move fast enough to produce
Cerenkov radiation.

We needed to collect the weak light
and pipe it to phototubes so that the
appearance of each electron could be
registered. But the emitted light is faint
and distributed over a large area and
over many angles, and so collecting the
light by conventional imaging meth-
ods would have required well over 100
large, five-inch-diameter phototubes.
Such a large number was costly and
impractical. Clearly, this was a problem
begging for a novel approach. After all,
a phototube does not require receiv-
ing a perfect image of a light source to
function properly; the tube needs only
to receive the light.
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At the time we were faced with this
problem, I knew it should be possi-
ble to collect light more efficiently than
with conventional imaging devices. A
simple calculation convinced me that it
should be possible to collect light four
times more efficiently and reduce the
number of phototubes to a couple of
dozen. I enlisted the assistance of a tal-
ented mechanical engineer, Henry Hin-
terberger, and we began a productive
collaboration. Several months of long,
hard work later, we had designed and
built the first compound parabolic con-
centrator, a funnel-shaped reflector.
The year was 1965.

Besides solving our problem, I had
also helped start the field of nonimag-
ing optics, although I did not know it
at the time. Yet little happened until
the mid-1970s, when other investiga-
tors began to realize the enormous po-
tential for nonimaging concentrators in
astronomy and in solar energy. It was
only then that I learned about Bara-
nov’s and Ploke’s independent discov-
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CONCENTRATOR WALL

EDGE-RAY METHOD is one of two known techniques for designing nonimaging
concentrators. The concentrator is made so that all light rays entering the device
at a maximum angle are directed, after one reflection at most, to the rim of the exit
aperture. One can visualize the approach as sliding a piece of string (blue line)
along a rod (red line). The diagram shows the string in various stages of the sliding
process. At each stage, the string is held taut and parallel to the incoming light
rays. The string is then bent abruptly to meet the rim of the exit aperture (point A)
in such a way that the total length of the string remains the same. The points
at which the string is bent define the wall of the concentrator (green curve).

COMPOUND PARABOLIC CONCENTRATOR troughs use the edge-ray method to
concentrate the sun’s energy onto absorber tubes. The fact that the tube here is
black indicates it has absorbed all rays within the angular field of view of the con-
centrator. This configuration allows maximum absorption of the sun’s rays without
expensive tracking equipment. It was the basis for a number of commercial solar-
concentrating collectors in the U.S. in the early 1980s. With the ebbing of the oil cri-
sis, much research shifted to Japan, where an advanced version is being developed.
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eries, nearly 10 years after they had
made them.

t present there are two known
Aways to design nonimaging con-
centrators. The first is called
the edge-ray method. Light typically
enters a concentrator over a range of
angles from head-on, or zero degrees,
to some maximum angle, say, 20 de-
grees. In the edge-ray method, all light
rays entering at the maximum angle are
directed, after one reflection at most, to
the rim of the exit aperture [see illustra-
tion at left]. The remaining rays, at in-
termediate angles, should therefore be
reflected within the exit aperture itself,
a phenomenon that is intuitively ap-
pealing and works perfectly in two di-
mensions (trough-shaped concentra-
tors) and nearly perfectly in three di-
mensions (cone-shaped concentrators).
The beauty of the edge-ray method is
its simplicity.

The second approach is conceptually
more abstract and bears little resem-
blance to the edge-ray method. Among
the investigators who have made con-
tributions to this second, so-called geo-
metric vector-flux approach, I would
like to mention my principal collabora-
tor, the late Walter T. Welford of Impe-
rial College, London, and my former
student Xiaohui Ning. In the geometric
vector-flux approach, one imagines the
aggregate of optical rays traversing an
optical system as a kind of fluid flow.
But instead of traversing space in the
usual sense, the rays traverse an ab-
stract region called phase space: the
space of ray positions and ray direc-
tions. A quantity called the geometric
vector flux can be constructed from the
positions and directions. One designs a
concentrator for a given application in
a way that conserves the flux or leaves
it undisturbed.

The language of the last paragraph
may have been daunting, but an ex-
ample should make it clear. Imagine
a flexible sheet of high-reflecting film
about the size of this magazine and a
round object, say, an orange. Suppose
the film is rolled to form a cone, shiny
side in, so that a hole about the size
of a nickel is left at the tip [see illustra-
tion on opposite page). The hole is posi-
tioned on the orange and the sides of
the cone adjusted until the entire or-
ange appears to be visible to the person
looking through the large end of the
cone. At this point the concentrator (the
reflecting cone) does not disturb the
geometric vector flux associated with
the orange; the lines of flow emanating
from the orange are radial because of
symmetry, and the cone simply follows
those lines. As a consequence, the en-



tire orange seems to be visible, even
though all but a small part is hidden
from the eye.

The effect is much more than a clev-
er optical illusion. The cone reflects
rays of light from the small patch of
orange in such a way that the entire or-
ange seems to come into view. Now
imagine reversing the direction of all
the rays. Rays coming into the cone
and heading toward the edge of the or-
ange will be reflected to the nickel-size
hole. In other words, rays that would
otherwise strike the surface of the or-
ange instead pass through the hole: the
light is concentrated.

In most applications, of course, one
is interested in concentrating light on
a flat rather than a spherical surface.
The flat-surface solution is more com-
plicated, but the basic principles are
unchanged. Each flow line is now a hy-
perbola, and hence the concentrator
must be designed with hyperbolic walls.
When such a concentrator is placed at
the focus of a telescope or a solar fur-
nace, for instance, the instrument is
“fooled” into having a larger target area
for incoming light, which is to say that
once again the light is concentrated.

r I Y he proliferation of nonimaging
optical devices grew out of the
desire to design solar concentra-

tors that do not need to track the sun.

For both efficiency and economy, solar-

energy devices must concentrate the

sunlight. A solar heater delivers higher
temperatures at higher concentrations
of light, and it is often cheaper to con-
centrate light from a given area onto

a smaller area of solar cells than it is

to fill the entire area with them. But a

tracking system is a cumbersome and

inconvenient piece of machinery. The
effort to install and maintain it adds to
the cost of solar-derived energy.

When the oil crisis hit the U.S. in the
1970s and the government became in-
terested in developing alternative ener-
gy sources, a drive was started to make
solar energy a more attractive option.
There was interest in making solar con-
centrators more cost-effective by miti-
gating tracking requirements. Robert G.
Sachs, then director of Argonne Nation-
al Laboratory and a professor emeritus
at Chicago, knew about my work with
funny-shaped, nonfocusing concentra-
tors and thought I could help.

Nonimaging devices are well suited
to the job, as shown by early research
done in collaboration with William W.
Schertz and Ari Rabl at Argonne. Work-
ing with Joseph J. O’Gallagher (my col-
league on solar research at Chicago
since 1976) and my former students
Manuel Collares-Pereira and Keith A.

Snail, we showed that nonimaging con-
centrators can be designed to focus
sunlight efficiently throughout most
of the day without ever moving. Al-
most any reasonable geometry can be
accommodated.

We saw our work lead to the large-
scale deployment of nontracking solar
concentrators by such U.S. manufactur-
ers as General Electric, Energy Designs
and Sunmaster. As the oil crisis ebbed,
however, much of the interest shift-
ed to Europe, Israel and Japan. Recent
events in the Persian Gulf may renew
interest in solar energy in the U.S.

In the past few years my research
group, with the support of the Solar
Energy Research Institute in Golden,
Colo., has set out to show that non-
imaging devices can concentrate sun-
light at or near the theoretical limit im-
plied by thermodynamics. According to
the second law of thermodynamics, no
device can concentrate sunlight to an
intensity corresponding to a tempera-
ture that exceeds the temperature at
the surface of the sun. If such an inten-
sity were obtained, it would be possi-
ble to make a heat engine running be-
tween the sun and the concentrator
that would extract energy at no cost:
the engine would be a perpetual mo-
tion machine. The upper limit of con-
centration turns out to be about 46,000
times the intensity of sunlight at the
surface of the earth. (Historically, I first
obtained the upper limit from phase-
space conservation arguments, but I
shall not delve into them here.)

Actually, there is a loophole for pro-
ducing concentrations that exceed 46,-
000. If the concentrator is made of a
material that has an index of refraction
n, the upper limit for concentration is
increased by a factor of n2. (The index
of refraction of a material is the ratio
of the speed of light in a vacuum to
the speed of light in the substance; the
slower the speed, the higher the index.)
The index of refraction of glass, for ex-
ample, is 1.5, which boosts the theoret-
ical maximum for a glass concentrator
to about 100,000. Higher index materi-
als increase concentration because they
can bend light rays from wider angles
to a desired angle. The phenomenon, a
manifestation of Snell’s law, is familiar
to anyone who has observed the appar-
ent bending of a stick projecting out of
water. Thermodynamics is not violated
by the n? increase in concentration, be-
cause an object also radiates energy in
proportion to n?, and the two factors
cancel each other.

To chase after the thermodynamic
limit, we placed a nonimaging concen-
trator at the focus of a parabolic tele-
scope mirror. In principle it would be
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GEOMETRIC VECTOR-FLUX approach is
currently the only other known way
of designing nonimaging concentrators.
One can think of the aggregate of opti-
cal rays traversing an optical system as
a kind of fluid flow. For a round object,
say, an orange, the lines of flow are ra-
dial. If a flexible sheet of high reflecting
film is rolled to form a cone, shiny side
in, so that a hole about the size of a
nickel is formed at the narrow end (top),
the cone can be positioned on the or-
ange in such a way that when viewed
through the large part of the cone, the
entire orange appears to become visible
(bottom). The concentrator (the reflect-
ing cone) does not disturb the geomet-
ric vector flux associated with the or-
ange. The cone simply follows the lines
of flow, and the entire orange seems
to become visible, even though all but
a small part is hidden from the eye.
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TO MEASURE HIGH INTENSITIES of sunlight, light is passed
through a sapphire concentrator into a thermos bottle filled
with liquid—a calorimeter. The change in temperature of
the liquid before the sun was turned “on” and after it was

CALORIMETER

ELECTRIC HEATER

turned “off” is recorded. An electric heater is used to cali-
brate the change. Workers relied on calorimetry, a 19th-cen-
tury technique, because the high intensities of sunlight being
measured would have destroyed conventional power meters.

possible to obtain high concentrations
with the nonimaging element alone, but
in practice such an element would be
extremely long and prohibitively expen-
sive to make. The mirror, 40 centime-
ters in diameter, forms a spot about
one centimeter in diameter and one me-
ter from the mirror. In the first round
of experiments, which became part of
the thesis research done by Philip Gleck-
man, one of my graduate students, we
designed a silver funnel and filled it
with an oil of index 1.53 to “squeeze”
the one centimeter spot to approxi-
mately one millimeter. We attained con-

centrations 56,000 times higher than
the intensity of sunlight at the surface
of the earth, or roughly 70 percent of
the solar-surface intensity. We fell short
of the 100,000 limit primarily because
of losses from reflection and blocking
of light by the measuring equipment.
In the latest round of experiments,
done in collaboration with my current
student, David Cooke, and also Gleck-
man, Helmut Krebs, O’Gallagher and
Dan Sagie, we made the nonimaging
concentrator out of sapphire, which has
an even higher index, 1.76. The design
was more daring, and the theoretical

limit was boosted to about 140,000.
We attained a concentration of 84,000,
which actually exceeds the intensity at
the solar surface by 15 percent. So if
someone asks where to find the high-
est intensity of sunlight in the solar
system, the answer is on our rooftop
laboratory at the University of Chicago.

ne of the applications for the
high intensities of sunlight we
have generated is the construc-
tion of a solar-pumped, or solar-ener-
gized, laser. Such a device would have

obvious applications in space, for sat-

How Nonimaging Concentrators Perform at the Thermodynamic Limit

he laws of thermodynamics place a theoretical limit on
the maximum concentration of sunlight. The intensity of
sunlight falling on the earth is the intensity of light at the sur-
face of the sun multiplied by the area of the sun’s surface,
47R?, and divided by the area of the sphere defined by the
earth’s orbit, 4xD2. In other words, the intensity of light at
the sun is greater than that at the earth by a factor of (D/R)?2,
which from trigonometry is 1/sin?0, where O is the semian-
gle subtended by the sun, 0.267 degree. Substituting this
value into the expression yields 46,000.
According to thermodynamics, no device can concentrate
sunlight on the earth to a higher value. If such a higher value
were obtained, it would be possible to make a heat engine

running between the sun and the device that would extract
energy at no cost: the engine would be a perpetual motion
machine. A loophole is allowed if the concentrating device is
made of a substance having an index of refraction n greater
than one; the maximum concentration is boosted by a factor
of n?to n?/sin20. (The index of refraction of a substance is
the ratio of the speed of light in a vacuum to the speed of
light in the substance.)

Conventional imaging devices fall short of the theoreti-
cal concentration limit by a factor of four. A parabolic mirror
produces an image of the sun at its focus having an area
of MR2sin2@/cos?¢, where R is the length indicated in the
drawing, © is the semiangle subtended by the sun and ¢

THERMODYNAMIC LIMIT
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SOLAR LASER is one of the potential applications for the
high intensities of sunlight produced with nonimaging op-
tics. The concentrated sunlight enters a laser crystal at one
end and induces atoms in the crystal to emit light of a cer-

ellite communications. Another motiva-
tion for building a solar-pumped laser
is to produce an intense source of ul-
traviolet light. Such a source, it is be-
lieved, could be used to destroy haz-
ardous industrial wastes. (If situated in
a desert, the device could be operated
for virtually the cost of sunlight.) We
are certainly not the first in building
solar-pumped lasers. Amnon Yogev and
his group at the Weizmann Institute
have pioneered their development, ex-
ploiting nonimaging optics to produce
output powers of hundreds of watts.
Applications for nonimaging devices

is the rim angle of the mirror. From
geometry, the collecting area of the mir-
ror can be expressed as 1TR2sin2¢. The
concentration of the mirror is the ratio
of the area of the mirror to the area of
the spot: sin2¢$cos?d/sin20, which can
be written as (1/4)sin22¢/sin20. The
expression clearly has a maximum val-
ue of (1/4)1/sin20, which is equal to
a quarter of the thermodynamic limit.
When blocking by the focal target is in-
cluded, the concentration is of course
even less.

Rsin@

'I'I;’ ~— Rsin®
W >3~ cos®
(5]

~ PARABOLIC
MIRROR

| CONVENTIONAL IMAGING

<— SUNLIGHT

SAPPHIRE NONIMAGING CONCENTRATOR

\u
"n

S—

\
‘ CRYSTAL ;
MIRROR [[ [ IH e e
LASER BEAM

have spread from high-energy physics
and solar energy. Energy can be trans-
ported to conventional lasers by means
of nonimaging optics, as John D. Kup-
penheimer, Jr., and his colleagues at
Sanders Associates have shown. A team
of workers led by Roger H. Hildebrand
and Doyal A. Harper at Chicago has ex-
ploited nonimaging devices for infra-
red radiation detectors in astrophys-
ics. The Cosmic Background Explorer
(COBE) satellite that recently measured
the black body radiation remnant from
the big bang with exquisite accuracy
also relied on nonimaging optics [see
“The Cosmic Background Explorer,” by
Samuel Gulkis, Philip M. Lubin, Ste-
phan S. Meyer and Robert F. Silverberg;
SCIENTIFIC AMERICAN, January 1990]. A
group of investigators at the Univer-
sity of Utah has incorporated nonim-
aging devices in a large array of Cer-
enkov detectors. The array, called the
fly’s eye, was built to detect and under-
stand better high-energy cosmic rays.
Illumination systems are another area
of interest. A fluorescent light, for in-
stance, throws a large fraction of the
light in unwanted directions. An ideal
nonimaging concentrator creates a uni-
form beam of light and could be de-
signed to project all of the light to pre-
cisely where it is needed. Even vision
itself seems to involve nonimaging op-
tics. The cone cells in the retina concen-
trate light and have shapes resembling
compound parabolic concentrators.
Although the number of investiga-
tors working in nonimaging optics is
growing, it is still small enough to con-
stitute a rather exclusive club. Centers
of intense interest have grown up: in
Australia, Ian M. Bassett of Sydney Uni-
versity; in Israel, Jeffrey M. Gordon of
Ben Gurion University; and in Spain,
Antonio Luque of Polytechnic Univer-
sity in Madrid. An indication of rekin-
dled interest is the second internation-
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tain frequency or frequencies. The emitted light bounces
back and forth between two mirrors positioned outside the
crystal. Some of the intensity “leaks” through one of the mir-
rors, forming a laser beam that propagates out into space.

al conference on nonimaging optics, to
be held in San Diego in July of this year
under the auspices of SPIE, the Interna-
tional Society for Optical Engineering.
In 1988 ARCH, an umbrella organiza-
tion run by Argonne and the University
of Chicago, helped to launch NiOptics,
a company dedicated to applying non-
imaging optics. Headed by Robert L.
Holman, the company seeks to inte-
grate nonimaging elements into optical
systems that have been the exclusive
province of imaging devices.

Perhaps one of the most interest-
ing frontiers in nonimaging optics con-
cerns the possibility of new approaches
for designing concentrators. I have de-
scribed the two methods known at this
time, the edge-ray and the geometric
vector-flux approaches. It is reasonable
to expect that more techniques can be
developed. With support from the De-
partment of Energy, we have systemati-
cally been searching for new designs
over the past decade. The fact that only
two methods have been uncovered in-
dicates it is probably time for others to
join the hunt.

FURTHER READING

DEVELOPMENT OF COMPOUND PARABOL-
IC CONCENTRATORS FOR SOLAR ENER-
GY. Roland Winston and J. O’Gallagh-
er in International Journal of Ambi-
ent Energy, Vol. 4, pages 171-186;
1983.

HIGH COLLECTION NONIMAGING OPTICS.
Roland Winston and W. T. Welford.
Academic Press, 1989.

NONIMAGING OPTICS FOR FLUX CONCEN-
TRATION. Roland Winston, I. M. Bassett
and W. T. Welford in Progress in Optics,
Vol. 27, pages 161-226; 1989.

SUNLIGHT BRIGHTER THAN THE SUN. D.
Cooke, P. Gleckman, H. Krebs, J. O’Gal-
lagher, D. Sagie and R. Winston in
Nature, Vol. 346, No. 6287, page 802;
August 30, 1990.

SCIENTIFIC AMERICAN March 1991 81



Tumbleweed

This enduring symbol of the American frontier was actually an import
from southern Russia that exploited the ecology of the Great Plains,
becoming a major agricultural pest in the late 19th century

James M. Rusk reported that a trou-

blesome, new weed was spreading
across farms on the northern Great
Plains. Unlike other weeds, this species
did not spend its life rooted to the soil;
instead it tumbled and bounced across
fields with every gust of wind. The
weed had sharp, spiny leaves that fre-
quently lacerated the flesh of both
horse and rancher. The plant was ex-
ploiting the vast areas of the plains
quickly, thriving in regions too bar-
ren to support any other flora. Its de-
structive spines and ability to gener-
ate and disseminate numerous seeds
were prompting many panic-stricken
farmers to abandon their houses and
fields. Equipped with such biological
adaptations, the tumbleweed became
the scourge of the frontier.

To present-day Americans, the tum-
bleweed evokes wistful visions of the
Old West. In novels by Zane Grey, tum-
bleweeds drift against sagging barbed
wire fences in the stark western land-
scape. In movies, they serve as back-
ground props, sharing scenes with cow-
boys and covered wagons. Indeed, the
plant is so thoroughly entrenched in
the folklore of the American frontier
that it is difficult to conjure any other
vision. Yet just over a century ago the
tumbleweed was a newcomer to the
flora of the region, one that wreaked
sudden agricultural havoc, growing un-
controllably throughout the plains.

The first signs of the impending in-
vasion occurred in the Dakotas in the
late 1870s. Local farmers had noticed
the sudden appearance of a new weed.
To members of one immigrant group,
it bore a strong resemblance to a weed
in their native country. In a letter to
the Department of Agriculture, Norm S.
French, a farmer from North Dakota,

In 1881 US. Secretary of Agriculture

TUMBLEWEED, or the Russian thistle,
breaks away from its roots in late fall. Its
rolling action often presents a threat to
motorists, especially in violent weather.
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by James A. Young

wrote, “Intelligent Russians have told
me that the weed grows abundantly
in southern Russia, in the vicinity of
Odessa, where it is locally known as
Tarter [sic] thistle, and it is supposed
to have been brought to America by
Russians in some manner not known.”

Frontier settlers described the plant
with various names, including salt-
wort, Russian cactus and wind witch.
But Russian thistle became the com-
mon designation preferred by bota-
nists from the Department of Agricul-
ture. The botanists there, however, had
a much harder time agreeing on a sci-
entific name for the plant. Plant tax-
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onomy compares the morphology of a
plant to published accounts of other
plants or to those kept as specimens.
Unfortunately, no taxonomic book de-
scribed the weed, and no samples ex-
isted in herbaria in the USS.

The department botanists placed the
new weed in the chenopod, or goose-
foot, family, under the genus Salsola,
and speculated that it was related to a
poorly understood form of a native sea
blight found in brackish waters along
the eastern seaboard. They settled on
the scientific name of Salsola kali, with
arelated variety, targus.

Other botanists, however, did not




use the name to describe the plant.
Disagreement arose when researchers
discovered new populations of the Rus-
sian thistle scattered across the coun-
try. Thinking that the plant was na-
tive to the region and unaware as well
that it was the Salsola kali described by
the Department of Agriculture, bota-
nists proposed different species names.
Many of these names worked them-
selves into the literature, and even to-
day one can find the plant classified
under various scientific taxa.

Only recently have most botanists
agreed that the weed should be called
Salsola australis. This was the name
given in 1810 by Robert Brown of the
British Museum, who discovered the
plant in Australia. Although his work
went unnoticed until about a decade
ago, plant scientists now realize that
Brown was the first to classify the weed
as a distinct species of Salsola.

Why did so much confusion over the
plant’s name persist for so long? After
all, it seems obvious how to determine
the weed’s taxon: because the plant
came from Russia, it would seem rea-
sonable to find out what the Russians
called it. Unfortunately, Russian bota-
nists have been as confused as US. sci-
entists in classifying the thistle. Appar-

ently, the native population of plants
from which the tumbleweed arose no
longer exists in Eurasia. Comparative
morphology is impossible even in the
plant’s former native habitat.

otanists, of course, were not the
B only ones frustrated by the

weed’s physiology. Farmers, too,
were troubled by its morphologi-
cal characteristics—in particular, the
leaves, which were modified to form
strong, sharp spines. These spines fre-
quently penetrated the heavy leather
gloves worn by threshermen; conse-
quently, many refused to process bun-
dles of grain they thought might be in-
fested with Russian thistle. But most
important, the spines lacerated the legs
of horses running in infested pastures.
Because the horse was the basic source
of power for preparing fields and har-
vesting and transporting grain on prai-
rie farms, any threat to the horses was
a threat to the existence of homestead
agriculture.

To complicate matters, the weed
burned easily in the arid landscape.
The rolling action of the tumbleweed
spread prairie wildfires quickly; flam-
ing thistle bounced across fire lines
and set houses and crops ablaze.
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As the weed spread through South
Dakota, farmers began shipping a
steady supply to the Agriculture De-
partment in Washington, D.C. along
with complaints and demands of some
action to combat the pest. Sarajag W.
Narregang, president of the Dakota Irri-
gation Company, wrote to the secretary
of agriculture on October 28, 1891:
“We first saw it three years ago. Since
that time, it has steadily increased, un-
til at present the greater portion of
South Dakota east of the Missouri River
is infested.... This obnoxious weed has
become so formidable in some por-
tions of the state, ...that many farmers
are driven from their homes on ac-
count of it.” So frightening was the

JAMES A. YOUNG is research leader
for the Landscape Ecology of Range-
lands Project of the Agricultural Re-
search Service, U.S. Department of Agri-
culture. Young received his Ph.D. from
Oregon State University and has studied
the ecology of temperate deserts in west-
ern North America for three decades.
The impact of alien plant species on des-
ert ecosystems and the history of natu-
ral resources exploitation are two of his
major fields of interest.
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RUSSIAN THISTLE exploits land too barren to support other flora. Adult plants ap-
pear dark green in the summer, making the desert landscape seem productive.

weed’s spread in South Dakota that Ed-
ward T. Kearney, a North Dakota farm-
er and legislator, suggested a wire
fence be built around his state to pro-
tect it from the onslaught.

Russian thistle did not restrict its
spread to farms. The Fargo, N.D., Daily
Argus reported: “The vanguard of the
invader is already north of Sheldon;
with the fall winds it will make its ap-
pearance in our neighborhood.... In
[Oakes], the chinks of the sidewalks are
fringed with it, the yards and vacant
lots are matted with it.”

Politicians tried to relieve some of
the economic burden caused by the
Russian thistle. The North Dakota legis-
lature passed a special tax to compen-
sate farmers. But by the 1890s the in-
festation was so extensive that the val-
ue of wheat production lost because of
Russian thistle exceeded the taxes col-
lected by the state.

s the complaints of the invasion
Amounted, the secretary of agri-
culture dispatched assistant bot-

anist Lyster H. Dewey to investigate the
biology of the plant and find a means
to eradicate it. Through interviews with
farmers and inspections of thistle
fields, Dewey showed that the weed

LIFE CYCLE of the Russian thistle be-
gins with a coiled embryonic plant in-
side the seed. In the spring the embryo
germinates, forming a seedling char-
acterized by two cotyledons. Juvenile
plants tend to be soft and gray-green in
color. The flowers, in the axil between
the spiny leaves and the branch stem,
develop in the summer. An adult plant
may reach two meters in diameter.
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was first introduced in about 1877 on a
farm in Bon Homme County, S.D. This-
tle seeds were apparently mixed in
with flax seed imported from Europe.

The tumbleweed invasion carried an
ugly social undertone: many believed
that Russian Mennonites had deliber-
ately introduced the weed. Most of the
frontier people discriminated against
the Mennonite religion and social cus-
toms. The introduction of the weed
was supposedly a retaliation for the de-
rision. But Dewey found no evidence to
substantiate anything but accidental
contamination.

Once Russian thistle reached the
U.S., it thrived on the open plains. Ac-
cording to Dewey, the farming prac-
tices of the pioneers gave the plant the
opportunity to establish itself. During
the last decades of the 19th century,
wheat farming rapidly spread across
the eastern portion of the northern
Great Plains. In particular, the expan-
sion of railroad networks and the de-
velopment of portable, steam-powered
grain threshers made possible the wide-
spread production of cereal grains on
sites that had previously been tall and
midheight virgin prairie grasses.

The destruction of the native prairie
grasses enabled the thistle to exploit an

SEED EMBRYO

I

L
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ecological niche. Russian thistle com-
petes poorly with established vegeta-
tion. It cannot tolerate shade or exces-
sive moisture for long periods, and it
is not aggressive enough to supplant
dense native populations. Instead, like
many weeds, Russian thistle benefits
from such agricultural practices as irri-
gation and fertilization, which are de-
vised to reduce environmental stresses
on Crops.

Human activity not only created a
suitable habitat for the thistle, it also
was largely responsible for the plant’s
dissemination. Often farmers unwit-
tingly sowed Russian thistle seeds
along with their crop seeds, and thistle
seeds contaminated grain shipments
transported by railroad. In addition,
the same steam threshermen who so
disliked the spiny weed frequently did
not thoroughly clean their machines
and so dispersed the seeds as they
traveled from farm to farm.

Such an extensive infestation made
the weed virtually impossible to con-
trol, and early attempts at eradication
met with failure. For instance, in the
early 1890s Charles V. Piper of Wash-
ington State Agriculture College enlist-
ed railroad section hands to find infes-
tations along the railroad rights-of-way
in Washington. The rail workers indi-
vidually uprooted and destroyed nu-
merous plants, leaving few populations
near the railroad embankments.

But while Piper waged war on one
front, the Russian thistle launched an
offensive on another—in particular,
along irrigation ditches. On July 26,
1897, Piper received a letter from Wal-
ter N. Granger, manager of the Yakima
Investment Company. A survey of the
irrigation district had disclosed a sol-
id, 25-acre patch of Russian thistle. Ap-
parently, one of the irrigation canal ex-
cavation contractors for the district

SEEDLING

EMERGING
LEAVES

COTYLEDON
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had purchased tainted feed grain grown
in North Dakota for his draft horses.
By about the turn of the century,
Russian thistle had tumbled from the
Dakotas to the Pacific coast. The weed
found a home in the sagebrush desert
that occupies much of the area be-
tween the Sierra Nevada-Cascade and
the Rocky mountains. Not surprisingly,
excessive grazing had severely deplet-
ed many of these ranges of their natu-
ral flora. And in the lower elevations of
the Great Basin, where large amounts
of soluble salts accumulated in the
soil, the thistle has thrived in the native
environment occupied by other mem-
bers of its family. Although found pri-
marily in the central and western U.S.,
the plant today has established limited
populations along waste areas and rail-
road tracks east of the Mississippi.

hat biological adaptations en-

abled the thistle to spread so

quickly across western North
America? Plants do not have strate-
gies for survival in the same sense as
those of animals, which consciously use
learned patterns to survive. According
to Darwinian concepts of evolution,
however, inherent strategies that con-
sistently produce the most successful
offspring are those that become fixed
in populations of plants. Russian this-
tle, an annual, has evolved one of the

JUVENILE PLANT

most well-developed strategies of pro-
ducing viable offspring: it tumbles to
disperse seeds.

For an ideal tumbler, the outline of
the canopy, or the above-ground por-
tion of the plant, must be nearly round
to offer minimum resistance to the
soil surface. To increase the range of
seed dispersal, flowers and the seeds
they produce must be well within the
plant canopy. This kind of plant struc-
ture ensures that the seeds are not lost
through abrasion the first time the
canopy tumbles. In addition, a timed
mechanism must release the aerial part
of the plant from the anchoring roots
only after the seeds mature.

Russian thistle is nearly perfect on
all three aspects of ideal tumbling de-
sign. Although the outline of the can-
opy is usually not completely round,

especially in larger plants, it may repre-
sent a trade-off with the plant’s meta-
bolic needs. A flattened globe or hemi-
spheric outline appears to promote
more efficient interception of light by
the leaves within the canopy. The po-
sition of the flowers—in the axil be-
tween the leaves and stem—protects
the seeds from damage and also en-
sures that only vigorous tumbling will
release the seeds.

In addition, a specialized layer of
cells in the stem that holds the weed
to its roots also enables the thistle
to break smoothly away. The nature
of these cells is not well understood.
Many plants have cell layers that re-
lease fruits and deciduous leaves, but
such layers do not commonly occur in
stems. The stems of other, less familiar
tumbling plants, such as the tumble

BRANCH OF MATURE PLANT

© 1991 SCIENTIFIC AMERICAN, INC

FLOWER

SCIENTIFIC AMERICAN March 1991

85



mustard (Sisymbrium) and flixweed
(Descurainia), break in a jagged man-
ner, apparently because of the wind.

The destruction of the cells in the
stem most likely developed as an adap-
tive advantage: it coincides with seed
maturity. Both the active separation of
the thistle from its roots and the matu-
rity of the seeds in the mother plant oc-
cur in the late fall as a response to the
shorter days. Consequently, the seeds
are ready for dispersal the moment the
thistle breaks off and tumbles.

eed dispersal is not completely

random. A plant cannot tumble if

it occupies a site covered by sig-
nificant residual vegetation. A dense
stand of shrubbery or ungrazed tall
grass prairies will stop most tumbling
thistle plants, leaving them lodged in
windrows where birds and small mam-
mals can consume the mature seeds.
Seeds survive only a few months, and
so unless a change in the wind sets the
weed tumbling to a suitable habitat,
the seeds will die. Hence, successful
germination, establishment of seedlings
and flowering depend on dispersal to
sites where competition is minimal:
Russian thistle would rather tumble
than fight.

Russian thistle plants can produce
huge numbers of seeds; typically one
plant contains about 250,000. To ac-
complish this high productivity, the
thistle produces simple seeds that lack
stored energy reserves and complex
coverings such as large fruit or thick
seed coats. Instead the mature seed
consists of a slightly immature, coiled

DISTRIBUTION
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embryonic plant covered by a thin
membrane that forms the utricle, or
the highly specialized “fruit” of the
tumbleweed. Small, papery leaves called
bracts protect and cover the utricle.
Bracts, which are disseminated with
the seeds during tumbling, apparently
serve as aerodynamic wings to aid fur-
ther dispersal and may also help the
seeds absorb moisture from the soil.

For temperate-zone plants whose
seeds mature in the fall, frost repre-
sents a threat. Most seeds remain dor-
mant until the danger of frost dam-
age passes. Such a strategy, however,
requires the seed to commit a great
many resources to complex growth reg-
ulator compounds. These compounds
enable the seed to germinate only un-
der suitable conditions. They must be
attuned to environmental stimuli such
as temperature, light, moisture and soil
fertility.

But with its very simple seeds, Rus-
sian thistle cannot afford such an ex-
pensive strategy. Virtually all its re-
sources are devoted to the coiled em-
bryo and utricle. Instead of a complex
regulator system, the thistle evolved a
less complicated system of afterripen-
ing. This system is a form of delayed
seed germination that, for the Russian
thistle, depends only on temperature.

Afterripening is thought to be caused
by the immaturity of the embryo. Once
the embryos gradually complete their
development, the seeds are able to ger-
minate at constant incubation tempera-
tures between 24 and 27 degrees Cel-
sius (75 and 80 degrees Fahrenheit). Of
course, such temperatures are rare in

SPREAD OF RUSSIAN THISTLE began in 1877 in Bon Homme County, S.D. Its seeds
were apparently imported with grain from Russia. Farm and railroad activity were
primarily responsible for the rapid dispersal of the thistle seeds. During the 20
years or so after its introduction, the plant spread to more than a dozen states.
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northern environments during the late
autumn and early winter. Over time,
the seed relaxes the internal, tempera-
ture-related germination controls. By
late spring, when the danger of frost is
slight, Russian thistle will germinate at
various temperatures that do not have
to remain constant. The embryos
sprout almost instantaneously between
-2 and 43 degrees C (28 and 110 de-
grees F), even if such extreme temper-
atures occur within a single day. Con-
sequently, a more or less universal
genotype can adapt to vast ranges in
latitude.

The Russian thistle does not under-
go germination in the normal sense,
whereby cell division results in the
growth of the juvenile root or radi-
cle. Rather the embryo uncoils. This
process can occur in earth whose salt
content is high enough to draw water
from most other plants. If, after uncoil-
ing, the radicle finds sufficient moist-
ure—in the form of thin films coating
soil particles—it quickly spreads cot-
yledons, or seed leaves, and begins
growing through cell division.

Such a germination system is acute-
ly sensitive to the microenvironment
of the soil. One square meter of land
can generate thousands of seedlings,
whereas in the adjacent square meter a
majority of seeds may fail to germinate
because of slightly drier conditions.

Two hairlike cotyledons, each about
one inch long and gray-green in color,
characterize the Russian thistle seed-
ling. The hypocotyl, or stem, is of-
ten bright red. From a distance the
seedlings are virtually invisible. Dense
stands of young plants will give a
greenish cast to the landscape. Adult
foliage is often dark green, making the
landscape appear to be flourishing. The
development of flowers and the change
from soft juvenile to spiny adult fo-
liage occurs during the summer. As the
plants mature, they display a vivid vari-
ety of plant pigmentation—from straw
tan to shocking purplish red. In size,
too, they vary widely; a single plant can
range from the size of a baseball to
that of a compact automobile.

Ithough Russian thistle may have
Athe most well-developed system
of tumbling for seed dispersal
among all plant species, tumbling is
not characteristic of the Chenopodi-
aceae family, to which the Russian this-
tle belongs. In fact, the mustard family
(Cruciferae) contains a greater number
of tumbling species. Many of the tum-
bleweed’s Salsola relatives are semi-
woody perennials that use the wind
and animals to disperse seeds.
Why the Russian thistle “chose” to



tumble to disperse its seeds may lie
in its long association with agricul-
ture—especially cereal grain produc-
tion. Cereal grains require annual plant-
ing, a practice that tends to drain the
soil of its nutrients. The constant soil
disturbance eventually leads to bar-
ren tracts of land. Without flora to im-
pede motion, such areas become per-
fect for tumbling. Further distribution
of the Russian thistle occurred through
mimicry, which has great adaptive ad-
vantages for agricultural weeds. The
seeds of Russian thistle, once free
from their papery bracts, are similar in
size to cereal grains, making mechan-
ical separation difficult. As humans
moved, they unwittingly carried Rus-
sian thistle seeds with their cereal
grains and seeds.

Evidently the marriage between farm-
ing and the tumbleweed has continued
for some time. Archaeologists have
found carbonized seeds of the weed in
excavations of some of the world’s old-
est agricultural sites in southern Eu-
rasia. Were it not for agriculture, the
Russian thistle would have remained
innocuous, exploiting only naturally
occurring denuded areas. Instead the
weed has become the unwanted shad-
ow of cereal grain production in tem-
perate zones worldwide.

oday the tumbleweed presents
I less threat to cereal grain pro-
duction than it did a century
ago. Scientists finally brought the weed
under control when they developed
phenoxy herbicides during World War
II. These chemicals act by disrupting
the maturation process of the plant;
the weed essentially grows itself to
death. But the cost of herbicides and
their application adds to the produc-
tion costs of cereal grains.

The weed now proves meddlesome
in other areas. Irrigation districts and
highway departments spend millions
of dollars each year cleaning up and
disposing of accumulations of Russian
thistle. The plants clog canals and are a
hazard on the road. Many a motorist,
intent on outracing a tumbleweed, has
instead ended up in the hospital.

In addition, Russian thistle growing
in abandoned waste areas acts as a
host for the curly top virus, which in-
fects and rapidly Kkills crops. Leaf-hop-
ping insects transmit the virus to sus-
ceptible plants, which include sugar
beets, field-grown tomatoes and most
flora in suburban gardens. Tumble-
weed pollen is also a potent allergen,
creating misery for millions in the
western part of the country.

The hardiness and prolific abilities of
the Russian thistle do not always make

MATURE RUSSIAN THISTLE tumbles to disperse seeds. But when the thistle lodges
against fences or windrows, the seeds remain in the plant and die within months.

it a pest. As a last resort, it can be used
for feed. In the 1930s, for instance, a
severe drought limited hay production
in the Canadian prairie provinces. By
1937, the last year of the drought, so
little forage existed that what little was
left of the breeding stock would have
perished in the next winter. A late rain
suddenly transformed barren grain
fields into lush green fields of Russian
thistle seedlings. Farmers harvested
the seedlings for hay and silage. As a
hay species, Russian thistle leaves
much to be desired, but the juvenile
plants saved the Canadian livestock in-
dustry on the plains.

The ability of the thistle to produce
numerous plants under adverse con-
ditions has given scientists the op-
portunity to exploit its characteristics.
At New Mexico State University, re-
searchers determined that the plant is
one of the most efficient in the world
at creating biomass per unit of wa-
ter used.

orkers from the Agricultural
Research Service in Phoenix,
Ariz., also investigated the
thistle’s potential as fuelwood. They
grew the thistle on cropland where the
water had been withdrawn for domes-
tic use in urban areas and compacted
the plants into logs for burning. Unfor-
tunately, the bulkiness of the thistle
does not yield much energy per unit
volume and thus presents a barrier to
widespread use.
At Utah State University, scientists
found Russian thistle plants growing
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on raw soils from strip-mine reclama-
tion projects have a root exudate that
seems to make soil nutrients more
available for other plants. After re-
searchers uprooted the thistle, other
species, including grasses, grew in the
soil during subsequent seasons.

Throughout history, Russian thistle
has followed human activities—even
atomic-weapon testing. On sites in
southern Nevada, where many war-
heads were detonated, Russian thistle
was the first plant to reestablish a pop-
ulation at ground zero. Such tenacity
would perhaps be unsurprising to a
plowman tilling frontier land in the
Dakotas or a muzhik sowing seeds on
the Russian steppes. As long as hu-
mans disturb the earth, Russian thistle
will find a home.
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Surveying Ancient Cities

A ground-level search of abandoned settlements yields enough
artifacts to reconstruct urban history. It even turns up
evidence that sharply focused excavation would miss

by Anthony M. Snodgrass and John L. Bintliff

season in Greece, we discovered

Askra, the home village of the early
Greek poet Hesiod. Archaeologists had
sought its location intermittently for
a century. The 15-hectare site in the
Boeotian highlands of central Greece
was important for its literary associa-
tions and for the window it offered on
rural Greek life. It was also far beyond
our resources for full excavation.

The approach we took to investigat-
ing Askra—a surface survey—is not
merely a low-budget alternative to tra-
ditional archaeological methods based
on excavation. Surveys embody a fun-
damentally different approach to the
study of how communities are born,
grow and eventually die. They offer a
broad sample of life throughout a giv-
en site rather than a statistically dubi-
ous (albeit exhaustive) slice of a few
small plots. In some cases, surveys can
give evidence that contradicts histori-
cal accounts. We found, for example,
that rural Greece, commonly thought
to have been deserted during the later
stages of the Roman Empire, was in
fact a thriving mix of diminished towns
and intensively cultivated farmsteads.

Survey archaeology was first con-

I n August 1981, near the end of our

ANTHONY M. SNODGRASS and JOHN
L. BINTLIFF directed the survey investi-
gations of the ancient Greek towns of
Haliartos and Thespiai and the village
of Askra. Snodgrass holds the Laurence
Chair of Classical Archaeology at the
University of Cambridge; he graduated
from the University of Oxford with a de-
gree in classics in 1959 and embarked
on a career in archaeology, earning his
doctorate with a study of Greek armor
and weapons. From 1961 to 1976 he
taught at the University of Edinburgh.
Bintliff, Reader in Archaeology at Dur-
ham University in England, has particu-
lar interests in European social evolu-
tion, spatial archaeology and landscape
evolution. He received his Ph.D. from
Cambridge and taught at the University
of Bradford from 1977 to 1990.
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ceived as a technique for rural areas,
and so we had to modify it for applica-
tion to an urban site containing poten-
tially unmanageable numbers of arti-
facts. Since investigating Askra, we have
applied the methods we derived there
to two larger Boeotian cities, Haliar-
tos and Thespiai. In the meantime the
technique has also been adapted to a
small coastal township on the Cycladic
island of Keos, a major Minoan city in
Crete, a town in Etruria and an inland
city in the Peloponnese.

The modern ground surface, as long
as it is accessible and has not been al-
tered, yields material representative of
every period during which the site has
been occupied. Potsherds and roof tiles
are most common, followed by stone
implements and building fragments,
bronze coins and terra-cotta objects.
By systematically covering the entire
accessible area of a former city, picking
up all distinctive material, recording its
location and determining its identity,
it is possible to construct a plot of the
city’s periods of occupation, growth,
shrinkage and shifts in location.

To be sure, urban surveys are effec-
tive only under certain prescribed con-
ditions. The site must be largely free of
modern construction, and it must have
been subjected to cultivation (the more
intensive the better) at least intermit-
tently since the abandonment of the
city. The processes that bring pottery
and other artifacts to the surface from
the buried layers underneath are as yet
understood only in a general way, but
it is clear that they work. Cultivation
plays a vital role in bringing material
to the surface, as does the gradual ero-
sion of topsoil. Material from the most
recent periods is generally overrepre-
sented in the surface layer, whereas an-
cient items are underrepresented.

Although they may be highly effec-
tive, surveys will never supplant exca-
vation entirely. After all, the dating of
artifacts found on the surface is possi-
ble in large part only thanks to decades
of painstaking research by excavators,
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who have noted the sequences and as-
sociations of each class of material in
their stratified deposits.

Moreover, there are many questions
about the history of a city that surface
surveys cannot answer. Unless the sur-
face archaeologist is lucky enough to
find the foundations of recognizable
buildings—fortification walls, monu-
mental public structures and the like—
there is little the method can con-
tribute to tracing changes in political
power and independence, for example.
(The relative abundance of imported
pottery and similar items can furnish
only indeterminate clues.)

ven when it was clear we had to
E survey Askra rather than trying to

excavate it, the site still posed
problems. Surface survey is a well-es-
tablished archaeological practice, but
surveys of areas that include urban
centers had seldom been attempted be-
cause of the huge range in the concen-
tration of artifacts. In Mediterranean
lands the barren mountain slopes yield
a handful of pieces per hectare, where-
as the densest urban areas display 20
or even 200 artifacts per square meter.

Anyone but a Mediterranean archae-
ologist may find such figures hard to
believe, but they are real enough. Fur-
thermore, artifacts are not distributed
in neat, discrete packets corresponding
to ancient sites. Instead the nearly mil-
lionfold variation in artifact density
takes the form of a gradual distribu-
tion extending hundreds or even thou-
sands of meters from “primary” sites.
The surveyor faces an extraordinarily
rich body of data.

This embarrassment of riches poses
problems, however, in devising collec-
tion strategies and determining what
constitutes surface evidence for a site.
Only after the highs and lows of the lo-
cal distribution are known is it possible
to place all the evidence in context. A
concentration of artifacts that might
pass for a rural farmstead at one site
could represent only part of the gen-



eral surface scatter at another. At the
same time, there are limits to the
amount of material from a single site
that archaeologists can fruitfully cata-
logue and study. Early traverses of Ask-
ra yielded 10 or more artifacts per
square meter, implying that a complete
survey might yield 1.5 million artifacts.

We devised a sampling method that
has since served well for larger sites in
subsequent seasons. The work is done
in two stages. The first stage covers the
entire accessible surface area so that
the site can reveal all its distinctive
artifacts and so that its phases of
occupation can be dated. (Askra, for
example, proved to have been occu-
pied intermittently for more than 4,000
years.) The second stage is a more
precise examination that provides an
accurate measure of the total den-
sity of artifacts and helps substan-
tiate dates derived from the initial pass.

We divided Askra into a series of
transects less than half a hectare in
area and surveyed each in its entirety.
Walkers 15 meters apart counted visi-
ble artifacts in a strip five meters wide
and picked up any material they judged
likely to provide a date. Then the team
scoured a 300-square-meter subsection
of each transect. Workers picked over
every square centimeter of ground by
hand and counted all the artifacts,
again picking up items that appeared
useful for dating.

On average, we retained about 20 dis-
tinctive pieces from the first walking of
each transect, and we added a further
15 from each intensive sample. More
than half of the approximately 2,000
artifacts collected from Askra turned
out to have chronological value, vin-
dicating the on-the-spot judgments of
the walking teams. As a result, we could
substantiate the mapping of times of

occupation of even such a relatively
small site by hundreds of accurately
dated pieces for each period.

rom the very start of our survey,
we had noted that virtually ev-

ery site, however small, was sur-
rounded by a halo of finds whose den-
sity decreased as we moved away from
the site itself. The most widely accept-
ed explanation for such halos is the
time-honored ancient practice of fertil-
izing the ground with the manure of
animals kept in the vicinity of domestic
premises. Pieces of discarded pottery
became mixed with the dung; the den-
sity of items in a given location is in-
dicative of the density of cultivation.
This hypothesis received striking con-
firmation in 1986, when Brian E. Da-
vies and Andrew Waters of the Univer-
sity of Bradford found that concentra-
tion patterns of heavy metals in the

SURFACE-SURVEY ARCHAEOLOGISTS comb a modern vine-
yard in central Greece for artifacts left behind by millennia of
human activity. Sites of abandoned cities may yield more than
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100 objects per square meter. By dating the objects they find,
archaeologists can determine the periods during which an
area was occupied and estimate its changing boundaries.
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soil across our sites matched the densi-
ty patterns of ancient pottery.

It has long been known that heavy
metals are deposited where people live
and work. Davies and Waters’s findings
suggest that the refuse-deposition ac-
tivities of 2,500 years ago have left
clearly graded and quantifiable traces
in both the form of visible potsherds
and invisible pollutants. This reinforces
our hypothesis that the rural sites were
nuclei of intensive agricultural activity.
On a vastly larger scale, the cities that
we investigated have their own much
broader and denser pottery halos. As
economic historians have long main-
tained, Boeotian towns were occupied

by cultivators.

O evolve, but it was ready by the
time our survey carried us up

to the walls of Thespiai and Haliartos,

the two main cities in whose territory

we were working. In particular, we were

prepared to test the results of our sur-

ur technique had taken time to
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veys against written history. Whereas
an obscure village like Askra, for all its
literary associations, had no connected
documentary history, these two towns
had both been members of the Boeo-
tian League and virtually independent
political entities.

Thespiai earned a certain fame for its
long opposition to Thebes, the most
powerful city of the league. In 480 B.C.,
when Thebes prudently sided with the
Persians invading Greece, Thespiai en-
joyed its greatest moment of glory as
it sent 700 soldiers (from a total popu-
lation of perhaps 10,000) to die with
Leonidas of Sparta in the attempt to
hold the pass of Thermopylae.

In 424 B.C. Thespiai for once fought
side by side with Thebes, winning a
victory over the Athenians at Delion.
The city again suffered heavy losses,
however, and the following year the
Thebans were able to exploit this weak-
ness and compel Thespiai to dismantle
its fortification walls. Not surprisingly,
when Thebes achieved its military and
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political zenith by an unprecedented
victory over Sparta in 371 B.C.—a battle
actually fought on Thespian territory—
Thespiai supported Sparta. The loss
put an end to the city’s heyday.

In the meantime Thespiai had pro-
duced its most famous daughter, the
beautiful courtesan Phryne, who be-
came the mistress of the sculptor Prax-
iteles and posed for his most famous
statue, a nude Aphrodite. She dedicat-
ed in her native city another of his
works, a statue of Love that made Thes-
piai a tourist attraction for the rest of
antiquity.

Haliartos was by comparison a small-
er and less famous town. Its popula-
tion numbered no more than 5,000 at
its peak. It came to notice in 395 B.C. as
the scene of a minor skirmish in which
a force of Thebans and Athenians am-
bushed a group of Spartans. The Spar-
tan General Lysander, then the most
powerful individual in Greece, was
among the few killed. The most memo-
rable event in the city’s official history
was also the last: in 171 B.C. Haliartos
backed the Macedonians and other en-
emies of Rome in a war fought on
Greek soil. The town was razed, its in-
habitants killed or sold into slavery
and its land apportioned among the
citizens of Athens, which had taken
care to join the Roman side. The terri-
tory of both Thespiai and Haliartos is
now entirely free of permanent human
habitation. The land is cultivated from
villages some distances away.

his official history furnished some

crude guidelines for our work,

even though some episodes were
of the kind that a surface survey cannot
expect to trace or illuminate. The story
also left open many questions we
hoped to illuminate. We hoped to es-
tablish, for example, how changes in
total urban population affected the
distribution of occupied farmsteads in
the surrounding countryside—and how
the extreme case of city destruction
influenced the exploitation of the sur-
rounding land. One important issue,
of course, was whether the rural and
urban sectors grew simultaneously or
at each other’s expense. We also won-
dered how the boundary between two
states might be reflected in the surface
evidence.

The picture that we were eventually
able to construct was, in this and oth-
er ways, much more detailed than any
available from documentary sources.
For Askra, of course, there was hardly
any documentary information, so any
new knowledge was pure gain.

Askra gave clear indications of a long
but interrupted occupation and a pro-



gressive shift of several hundred me-
ters in the nucleus of the settlement
over time. A small area of the site was
first inhabited for a period around
2500 B.C. After a very long break, the
same locale was first reoccupied and
then enlarged into a substantial village
of 1,000 people or more between about
900 B.C. and A.D. 100. A second, much
shorter break seems to have intervened
before the final period of settlement
between about A.D. 300 and 1600;
since then the site has reverted to open
farmland.

The two breaks are inferred only
from negative evidence: we found no
material whose date fell within those
time spans. The first interruption, how-
ever, is so long that there can be no
doubt of it; furthermore, for part of the
time, a neighboring hilltop site was in-
habited, suggesting an alternative fo-
cus of local settlement. And the second
break is corroborated by the Greek
travel writer Pausanias, who visited the
area around A.D. 170 and described it
as deserted.

There is little to say about the first pe-
riod of occupation. The second, 1,000
years long, embraces the life of the
poet Hesiod (circa 700 B.C.) in the vil-
lage’s earlier stages, when Askra was no
more than a few scattered dwellings.
Ensuing centuries saw first a steady
growth and filling in of the settlement,
then a marked shrinkage of population
and inhabited area.

Throughout the period, the nucleus
of the settlement shifted to the south.
When the site was reoccupied in the
fourth century A.D., the shift resumed
until, by the final phases of Askra’s oc-
cupation in Late Byzantine and Turkish
times, the settlement had no overlap at
all with the original nucleus of prehis-
toric and early historical times.

ike Askra, Haliartos had a pre-
L historic forerunner, sited on the
highest ground in the area. And
a phase of apparent abandonment, al-
though much shorter than that of Ask-
ra, preceded the establishment of the
core of the historical city. Classical Ha-
liartos spread progressively down the
slopes to the south and north until it
attained a population of 5,000 or more
and an area approaching 30 hectares.
The easternmost extremity is lost un-
der the houses of the modern town
that shares the same name.

One interesting discovery was that

although by about 400 B.C. the territo-
ry of the more populous Thespiai was
more densely covered with permanent
structures than that of Haliartos, the
reverse had been true three centuries
earlier at the beginning of the histori-

cal period. Apparently the smaller town
was faster to colonize its rural territory
with independent farmsteads.

During the classical period, the an-
cient city was surrounded by walls
whose foundations are still partially
visible. The original nucleus on high
ground became the city’s acropolis and
had an inner fortification of its own.
(All these walls were most probably
torn down in 171 B.C.)

As predicted from the official histo-
ry, there is an abrupt break in the se-
quence of dated pottery in the second
century B.C., and for the rest of antiqui-
ty the greater part of the site was en-
tirely deserted. A short distance to the
east, however, on the outer fringes
of the classical city, a new settlement
grew up in Byzantine and early Turkish
times. From that point onward, in an
unbroken cycle, the decline and deser-
tion of one location has been accom-
panied by the simultaneous growth of
an alternative center of population not
far away. Two such shifts are trace-
able between the 17th and 19th cen-
turies A.D., before the foundation of
the modern town and the revival of the
name “Haliartos” around 1900.

The unique feature of the story of
Haliartos is the ruthlessness and thor-
oughness of the Roman sack of 171
B.C. More gradual shifts, in contrast,
are typical of all the major settlements
in the area we study. These shifts ex-
plain why the modern villages with the
official names of Askraia, Thespiai and
Haliartos all lie at a certain remove
from their ancient forerunners.

hespiai proved the most daunt-
ing of the urban surveys we
undertook. We had expected it
would be larger than Haliartos, but we
were hardly prepared for a city that
had exceeded 120 hectares—more than
a square kilometer—in area during the
period of its greatest extent in the fifth
and fourth centuries B.C.
The two-stage procedure of observa-

tion and counting had to be repeated
598 times in all. It turned up well over
10,000 datable artifacts. We were able
to draw up seven successive plans of
the town’s occupation and desertion
over a span of some 7,000 years.

Unlike Haliartos, Thespiai did not
grow from a single compact nucleus sit-
ed on top of a prehistoric settlement.
The material of the eighth, seventh and
sixth centuries B.C. is grouped in half
a dozen separate clusters, suggesting a
scatter of hamlets only welded into a
single urban complex by the growth of
the high classical era in the fifth and
fourth centuries.

The inevitable sequel was a decline
in size and, once again, a shift in the
nucleus of occupation. One later phase
stands out with special clarity: in the
middle of the Roman Imperial period
(between A.D. 30 and 300), Thespiai’s
inhabitants found it expedient to build
a new fortification, enclosing a drasti-
cally reduced area of 12 hectares.

This polygonal circuit incorporated
many blocks of classical stone; it stood
until the late 19th century, when, iron-
ically, it was destroyed by a classical
epigraphist eager to get at its inscribed
stones. Its outline is still faintly visible
today. Not surprisingly, we found that
material of the later Roman period
(from about A.D. 300 to 600) was very
heavily concentrated within and around
this enclosure. Of the 32 transects that
produced more than six later Roman
pieces, 25 lay inside the fortified poly-
gon and the rest immediately to the
east and northeast.

Although late Roman Thespiai was
much reduced in size, the large number
of farmsteads we found in the sur-
rounding countryside indicate that it
lay at the center of a thriving rural econ-
omy. After the classical period, the late
Roman is the most intensive period of
rural settlement in the entire history of
the central Grecian landscape—it was
also the time of the reoccupation of
Askra. This late Roman recovery is now
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ANCIENT ARTIFACTS are brought to the surface by a continuous process of cultiva-
tion, erosion of topsoil and other geologic effects that are not yet fully understood.
Older objects, from lower strata, are typically underrepresented at the surface.
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ly searched to verify the conclusions of the broad survey.

for more than 7,000 years. Archaeologists marked the site off
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being revealed by surveys elsewhere
in Greece. It is a good example of a
development for which the documen-
tary sources, with their gloomy picture
of the age, had done nothing to pre-
pare us.

Thespiai also provides a corrective
to widely held views of postclassical
decline for later periods. A settlement
survived there in Byzantine times, en-
tirely to the east of the polygonal en-
closure; the ruins of several churches
bear witness to continued vitality.

In the end, although the city outlast-
ed all its contemporaries, large and
small, it died. When the British traveler
Colonel Leake visited Thespiai in 1802,
he found a few inhabited houses still
standing on the eastern part of the site.
A few years later the last inhabitants
moved to the hilltop village just to
the north, where their descendants still
flourish. The ancient city on the plain
was given over entirely to cultivation
for the first time in nearly 3,000 years—
a near-perfect condition for archaeolog-
ical survey.

he results of our surveys in
I Boeotia cast light not only on the
conditions there but also on the
nature of the questions that archaeolo-
gists and historians attempt to answer.
Official history presents events in a
form that is memorable and, as far as
the facts allow, gratifying to those who
read it. Individuals and organizations
appear to formulate consistent policies
and carry them through either more or
less successfully—as was once said of
the Times of London, official history de-
scribes what ought to have happened
rather than what did happen.

Additional constraints affect the case
of ancient cities: the written sources
that survived were chosen mostly for
their literary quality rather than their
faithfulness to events. Some ancient
historians did share the modern desire
for objective truth, and other kinds
of documentary sources such as coins
and inscriptions also survive. But all
such records are vulnerable to distor-
tions, and all too often the sum total
of historical evidence yields a portrait
of a city that begins with a founda-
tion legend and ends with a visitation
of the punishment of the gods. It is
significant that some modern authori-
ties have turned as often to poets and
philosophers such as Homer, Plato or
Aristotle as they have relied on the
prose historians.

Conventional archaeology offers only
limited help in augmenting the histori-
cal picture. Financial and political exi-
gencies usually combine to prevent the
excavation of more than a limited part
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ODYSSEY OF HALIARTOS shows how towns migrate as well as growing or shrink-
ing. The city encompassed nearly 30 hectares before it was razed by Roman
troops. Subsequent settlements skirted the edges of the old city for two millennia;
a new Haliartos was built to the east of the ancient site just under a century ago.

of an ancient urban complex (in con-
trast with the potentially complete un-
earthing of small prehistoric settle-
ments). Digs must be sited on land free
of existing buildings and available for
purchase or expropriation. Only by the
rarest good fortune does excavation re-
sult in a valid cross section of urban
life. Indeed, many investigators would
openly disavow such a mundane objec-
tive. Better by far to locate the civic
center or the main sanctuaries, where
they may be able to make some spec-
tacular finds and have a virtual certain-
ty of forging some kind of link with the
official history.

Furthermore, even with the best of
intentions, the small samples of materi-
al and the peculiar nature of preserved
deposits makes “commonsense” infer-
ences from excavation notoriously un-
reliable. The contents of graves, for ex-
ample, may present a poor picture of
the structure of a society and its atti-
tudes toward the living. The goods in-
terred with a corpse may or may not
correlate with social or economic stand-
ing. Implements found in a grave or
scenes depicted in it may or may not
match those in everyday life.

Conventional archaeology, then, runs
the risk of tautology if excavations
proceed only in areas designated by
historical accounts. And it can yield a
thoroughly skewed sample of ancient
life if researchers rely on the contents
of rare caches of well-preserved ma-
terial. Surface survey, in contrast, ex-
tracts a limited but valid picture from
the detritus and other evidence that
human habitation cannot help leaving
on the ground.

Those inside and outside archaeol-
ogy have often asked us whether the
results of surface investigation should
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not be put to the test by excavation.
Ideally, perhaps they should. But even
excavation yields findings that are of-
ten inconclusive, and they are only val-
id for the area actually dug. Further-
more, resources seldom extend to both
survey and excavation, so the choice of
one means excluding the other.

Our surface survey of Thespiai cov-
ered 99 percent of the city’s maximum
area in the initial transects and about
13 percent in the regularly spaced in-
tensive samples. For the same cost, we
could have excavated perhaps two or
three trenches five meters square down
to virgin soil: a total of about 0.005
percent of the city’s area. Even if the ex-
cavation uncovered an equivalent body
of dated material, there is no question
which method produces a better statis-
tical sample of the physical traces of a
city’s past.
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NERVE CELLS form an intri-
cate web that makes up the
most complicated and im-
posing organ in the body: the
brain. These neurons, just
several of the trillions that
orchestrate human activity,
pose some of the greatest
challenges for drug develop-
ers. Like a fortress, the brain
is encircled by a moat—the
blood brain barrier—which
often prevents medications
from entering. Additionally,
nerve cells cannot reproduce
once they are mature, so
healing them remains very
difficult. Despite these chal-
lenges, researchers are be-
ginning to understand the
changes brought - about in
neurons by drug addiction.

atches over both eyes, his scalp

studded with electrodes to re-

cord brain waves, a cocaine ad-
dict from Baltimore describes how it
feels to be high on cocaine—in real
time. For half an hour, while the drug
produces feelings of intense pleasure,
researcher Edythe D. London asks him
whether he agrees or disagrees with a
series of statements: I would be happy
all the time if I felt as I do now? I feel
more clear-headed than dreamy?

The addict’s brain activity is later re-
corded by a positron emission tomo-
graphic (PET) scanner. It creates im-
ages from the stream of high-energy
particles released during the decay
of shortlived radioactive isotopes that
were injected into the drug user at
the outset of the session. Because the
brain absorbs more of the isotope in
areas where levels of glucose metabo-
lism are high, the images show active
regions in bright red; slower areas
light up as yellow or blue.

When London, chief of the neuro-
pharmacology laboratory at the Addic-
tion Research Center of the National
Institute on Drug Abuse (NIDA), corre-
lates what she sees with what the ad-
dict has said, she can create one of the
most complete pictures yet obtained
of the way cocaine acts in the living
brain. Using formulas and readings of
the blood levels of isotopes, London
can retrospectively develop PET im-
ages for the 30 minutes of the exper-
iment. “It is very exciting—you can
watch what is happening chemically
at the same time that someone talks
about his or her subjective state,” says
London, a pioneer inithe use of PET
scans to study the acute effects of
drugs of abuse.

London’s research puts her at the
forefront of a small group of inves-
tigators who are beginning to make
headway against the intractable and
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devastating problem of addiction. Some
5.5 million people in the U.S. are ad-
dicted to illegal drugs, according to
the Institute of Medicine—that figure
does not include people addicted to le-
gal substances such as barbituates or
amphetamines. Another 59 million or
more are dependent on alcohol and nic-
otine, according to the National Insti-
tute on Alcohol Abuse and Alcoholism
and the American Lung Association.
Drug abuse remains disproportionate-
ly more prevalent among minorities,
who often have less access to health
care. The toll in terms of lives, health
cost, crime and productivity cannot be
measured.

Ironically, these often destructive,
and illegal, substances provide valuable
scientific information. And addiction
researchers are using these insights to
pioneer a frontier in pharmacology. In
the past, drug developers randomly
screened for chemicals that had ther-
apeutic benefits—relying in large part
on serendipity. Indeed, vacationing em-
ployees of some drug companies still
return with bags of soil that are ana-
lyzed for microbial substances with bi-
ological activity. The way these drugs
worked was usually uncovered years
later, often yielding important clues
about the systems in which they inter-
vened. Now that process also works in
reverse. The advent of modern biology
has begun to make the understanding
of how an organism functions an im-

portant source of potential therapeutic
opportunities.

The promise of this approach is
especially bright in the pharmacology
of the central nervous system (CNS).
Over the past decade scientists armed
with molecular biology and powerful
imaging technologies such as PET have
gleaned new knowledge of the brain.
Those discoveries have begun to illumi-
nate how abused substances affect neu-
rochemistry. Scientists are beginning to
design highly targeted drugs that may
soon be used to treat addiction on a
chemical and even a genetic level.

The research being conducted in the
most recent, and controversial, phar-
macological offensive in “the war on
drugs” may have wide application. Sci-
entists searching for the biological
foundation of addiction are making
important contributions to the under-
standing of the basic machinery of the
most protected and mysterious organ,
the brain. At the same time, they are il-
luminating aspects of mental illness
and neurological disorders. Clinicians
testing medications already on the mar-
ket—including those for depression,
anxiety and schizophrenia—are observ-
ing that a few of them seem surprising-
ly helpful in treating addiction.

Eventually, if the overlap between
mental illness and drug addiction be-
comes more clear, medications devel-
oped to treat addiction may be used to
combat aspects of mental illnesses. In
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biological terms, drugs that are abused
can create states that are very similar
to some mental disorders. “The diseas-
es of brain cells, or the perturbations
of brain cells, that are associated with
drug, alcohol and probably tobacco use
and with mental illness may involve
similar brain processes,” says William
E. Bunney, professor of psychiatry at
the University of California at Irvine,
one of the first scientists to probe the
connections between mental disease
and addiction.

PET Probes

Developing drugs to treat drug ad-
diction has recently become a major
research focus at NIDA, amounting to
some $36 million in 1990, partly be-
cause of the risk of spreading AIDS
through intravenous drug use. Although
that amount is hardly impressive, espe-
cially when compared with the estimat-
ed $6.5 billion the U.S. government
spent on drug law enforcement and
criminal justice last year, NIDA is hop-
ing to catalyze joint research efforts
with pharmaceutical companies. Many
drugmakers have steered away from
developing drugs for the CNS because
they believe that neuroscience is too
young—and too complex—to translate
into products. The CNS field, particu-
larly in the U.S., has been largely the
province of venture capitalists, who
over the past decade funded several
neuroscience start-up companies, in-
cluding Nova Pharmaceuticals, Athena
Neurosciences and Alkermes, Inc.

Now, however, some major drug
companies, including Glaxo, Du Pont
and Bristol-Myers Squibb, are becom-
ing more interested as NIDA courts
them—and as London and others re-
port a wave of findings. “Fifteen years
ago we couldn’t see any of this,” whis-
pered Michael J. Kuhar, chief of neuro-
science at NIDA’s Addiction Research
Center (ARC), during London’s pres-
entation at a December 1990 meet-
ing of the American College of Neuro-
psychopharmacology in San Juan, Puer-
to Rico.

What London showed with her bright-
ly colored slides was that cocaine
caused glucose metabolism to plum-
met in the cortex (the outer region of
the brain) in 16 male cocaine addicts.
She also observed that this metabo-
lism fell in the amygdala, which lies in
the mesolimbic system, an inner brain
region governing emotion and such
drives as hunger, thirst and sex. The
lower the metabolic activity, the more
the addicts felt the effects of cocaine,
London noted. This observation held
true for amphetamines, barbituates,



COCAINE causes glucose metabolism to fall in certain re-
gions of the brain as shown by the blue areas in these PET

benzodiazepines and morphine, she
added, but not for marijuana, which
caused a surge of glucose metabolism.
On a molecular level, the activity
shown in London’s PET scans reflects
the complex interplay of chemical mes-
sengers, called neurotransmitters, that
carry nerve impulses from one cell
to another. Neurotransmitters travel
across a synapse, the junction between
two nerve cells, where they bind to pro-
teins—receptors—on the other side,
triggering activity in the next cell. Sci-
entists have found that most drugs of
abuse interfere with this normal trans-
mission. They have also hypothesized
that forms of mental illness, such as
schizophrenia and major depression,
could be characterized by abnormali-
ties in the neurotransmitter systems.
The discovery of some of these neu-
rotransmitters gave neuroscience a big
push in the early 1970s. A team led by
Solomon H. Snyder, a neurobiologist at
Johns Hopkins University, explored the
way narcotics bind to receptors in the

brain and discovered an opiate recep-
tor. Snyder, who later founded Nova
Pharmaceuticals, presumed that recep-
tors existed to bind with some biolog-
ically important chemical. He and two
other scientists—John Hughes of Parke-
Davis in England and Hans W. Koster-
litz of the University of Aberdeen—dis-
covered within a few months of one
another that the body does make its
own opiatelike compounds. These neu-
rotransmitters, called endorphins, bind
to opioid receptors, producing sensa-
tions of pleasure as well as serving to
kill pain.

By the mid-1980s a number of oth-
er opioid receptors had been identi-
fied, and the number of receptors that
accept drugs continues to proliferate.
For instance, a receptor for marijuana
was recently discovered by research-
ers at the National Institute of Mental
Health (NIMH).

The existence of this cannabinoid re-
ceptor may mean that there is another,
as yet undiscovered, neurotransmitter
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scans (bottom). But in a person who has not taken cocaine
(top), activity in these areas remains high, as shown in red.

that normally binds to it. Nicotine also
has receptors, which may be identical
to those for the neurotransmitter ace-
tylcholine. Alcohol, however, has not
been found to bind to any one identi-
fied receptor, although it appears to in-
fluence many of them.

Cocaine may work differently. Kuhar,
who is using PET to study cocaine ad-
diction, has found that this stimulant
interferes with the neurotransmitter
dopamine (although it also affects oth-
er neurotransmitters and opioid-pro-
ducing neurons). Cocaine, it turns out,
hooks up with a protein called the do-
pamine reuptake transporter.

The intricacies of dopamine’s actions
remain unclear, but the neurotransmit-
ter seems to work in part by turning a
neuron on and leaving it on, causing
feelings of pleasure. It does this until
the transporter shuttles it back to its
home neuron for storage. Dopamine
acts much like a light switch, as Kuhar
energetically demonstrates in his ARC
office, where a yellow and red PET scan
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Courting the Industry

rugs to treat addiction are not
D popular in the pharmaceuti-

cal industry. In addition to the
challenge and high cost of develop-
ing medications for the central ner-
vous system (CNS), many compa-
nies worry about what they consider
the stigma of addiction. They insist,
for example, that buyers of a well-
known drug for depression would
no longer want to take it if they
learned that it was being used to
treat cocaine addiction. “It would be
the kiss of death,” says Salvatore
Enna, senior vice president of re-
search at Nova Pharmaceuticals.

As a result, some drugmakers
have thwarted investigators seek-
ing treatments for addiction. In one
such case, according to a researcher
who wished to remain unnamed, a
drug was available in Europe. But the
European company refused to make
animal data available to U.S. re-
searchers, stalling efforts to obtain
permission from the Food and Drug
Administration to investigate the
product as treatment for addiction.
Companies “will do everything in
their power to stop us from playing
with their compounds,” comments
Thomas R. Kosten, an associate pro-
fessor of psychiatry and acting co-
director of the Substance Abuse
Treatment Unit at Yale University.

Stigma is not the only concern. Be-
cause addicts are often not para-
gons of health, companies fear that
addicts might develop side effects
that would delay approval from the
FDA or lead to liability claims. Any
“nasty adverse effects in addicts are
going to be a problem,” concedes
Frank J. Vocci, chief of developmen-
tal therapeutics in the medications
development program at the Nation-
al Institute on Drug Abuse (NIDA).
Says one drug industry executive: “It
sounds cruel, but companies are out
to make a profit, and society hasn’t
accepted that addiction is a disease.”

Vocci and other government offi-
cials hope to change that attitude. In
1988 Congress authorized $10 mil-
lion to create NIDA’'s medications de-
velopment program. To entice the
manufacturers, NIDA offered research
secrecy agreements and access to
the government’s medication-screen-
ing capabilities and to clinical beds.
The FDA has pitched in by promising
special attention to medications for
drug addiction.

The NIDA approach is based on
the successful model of the National
Cancer Institute, which many years
ago found itself short of cancer
treatments and encouraged industry
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to come in and help. And the effort
may be paying off. Last winter NIDA’s
efforts received a boost from the
Pharmaceutical Manufacturers As-
sociation (PMA)—representing 100
member companies—which created
a commission to encourage mem-
bers to pursue treatments for addic-
tion. “There is a lot of movement all
of a sudden,” Vocci notes, adding
that NIDA is now working with some
15 companies.

Even so, many industry executives
believe Congress will have to be-
come involved before drugmakers
devote resources to fighting addic-
tion. Despite NIDA estimates, precise
numbers of addicts are diffi-
cult to quantify, as is the question of
who would seek treatment. “Without
legislative incentives, many compa-
nies are not going to get involved,”
admitted an industry executive, who
spoke anonymously.

ne way to ensure drug com-
O panies could cover their de-

velopment costs would be to
give drugs for addiction the same
protection granted to orphan drugs,
medications developed for rare dis-
eases or small markets. Last year
Senator Joseph R. Biden, Jr., of Dela-
ware proposed such legislative in-
centives, including seven-year mar-
keting exclusivity, but the measures
were not enacted into law.

Meanwhile some researchers see
European drug manufacturers as a
rich source of drugs to test. They say
these companies have devoted more
money to developing CNS drugs
than have those in the U.S. For in-
stance, clozapine, a “new” drug for
the treatment of schizophrenia, has
been on the market in Europe for at
least a decade, according to Donald
F. Klein, director of research at the
New York State Psychiatric Institute.
In a recent survey of 50 European
compounds, Klein found 20 of im-
mediate interest for drug abuse and
mental illness treatment.

Even if the FDA, NIDA and PMA do
their utmost to propel development
of CNS medications, drug addiction
is clouded with ethical and practical
concerns. “If you had the cure today,
who would pay for it? How would it
be used? It is my understanding that
we don’t even have enough metha-
done clinics,” comments John W. Ke-
babian, senior project leader of the
pharmaceutical products division at
Abbott Laboratories. “It is easier to
look at the neurochemical aspects
of drug addiction; social issues are
more difficult to deal with.”
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of dopamine receptors, the first of
its kind, is proudly displayed. To pro-
duce these images, Kuhar and others
inject experimental animals with ra-
dioactive compounds that bind to the
dopamine receptors. When those com-
pounds bind, areas with large numbers
of dopamine receptors appear red or
yellow. Areas without dopamine recep-
tors appear blue.

Cocaine throws a wrench into the
works, according to Kuhar. It hops on
board the shuttle, leaving no room for
dopamine, which continues to bom-
bard its receptors, causing heightened
feelings of pleasure in the drug user.
(John D. Elsworth and his colleagues at
Yale University reported last year that
a new and potentially lethal drug—co-
caethylene—formed by cocaine and al-
cohol together also binds to the trans-
porter.) Kuhar and several other labora-
tories competing with his are rushing
to characterize the transporter.

The Reward Pathway

Understanding the dopamine trans-
porter may provide clues about dopa-
mine itself and, like good counterin-
telligence, allow researchers to run in-
terference on cocaine’s meddling. Such
knowledge could also help resolve a
controversy over whether dopamine is
the critical neurotransmitter responsi-
ble for the enjoyable effects of many
illicit drugs. Most drugs of abuse are
thought to produce good feelings by
ultimately acting on the mesolimbic
system, which may be one theoretical
“reward pathway.”

One group of scientists believes that
in the end all pleasure comes down to
dopamine or the cells with which dopa-
mine communicates. Indeed, the neu-
rotransmitter has been shown to bind
to many receptors in the mesolimbic
system; neurons producing dopamine
make up a significant part of this sys-
tem. Dopamine may also play a role in
mental illnesses such as schizophrenia,
which has been hypothesized to involve
the overactivity of dopamine-produc-
ing neurons, and in Parkinson’s dis-
ease, which is partly the result of a loss
of dopamine-producing neurons.

Proposed by Roy A. Wise, a profes-
sor of psychiatry at Concordia Univer-
sity, the dopamine theory holds that
strongly habit-forming drugs ultimate-
ly cause the release of dopamine in a
part of the mesolimbic system called
the nucleus accumbens. “Behind those
opposite effects [of amphetamines and
opiates] were very subtle effects that
were common,” Wise says.

A leading proponent of this dopa-
mine hypothesis is Gaetano Di Chiara



of the Institute of Experimental Phar-
macology and Toxicology at the Uni-
versity of Cagliari in Italy. Three years
ago Di Chiara reported that opiates, al-
cohol, nicotine, amphetamines and co-
caine caused an accumulation of do-
pamine in the nucleus accumbens. At
the recent San Juan meeting, Di Chia-
ra found himself face to face with his
nemesis, George F. Koob, a critic of the
hypothesis. When Di Chiara made his
presentation, some researchers antici-
pated “blood on the floor.”

There was no bloodshed, but no
agreement either. Koob, an associate
member of the Research Institute of
Scripps Clinic in La Jolla, Calif., says he
remains committed to his own theory.
He holds that dopamine is important
but not primary—that many other neu-
rotransmitters are involved. Indeed,
“it would be a great oversimplification
and disservice to the elegance of the
brain to postulate one system,” agrees
Edward A. Sellers, a professor of phar-
macology at the University of Toronto
who has tested many compounds for
the treatment of alcoholism.

Koob does think, however, that the
first step in the pleasure route may in-
volve the nucleus accumbens. But given
the elusive nature of the brain, even
pinning down the functions of differ-
ent regions can be hard. Hans C. Fibi-
ger, a neurobiologist at the Universi-
ty of British Columbia in Vancouver,
pointed out that participants at the So-
ciety for Neuroscience meeting in St.
Louis last year said they did not know
where the nucleus accumbens started
or ended. Nor, for that matter, did they
know if it existed at all, Fibiger added
with a hint of rascality in his voice.

Even without precise knowledge
about a pleasure pathway, or path-
ways, drug developers know enough
about neurotransmitters and receptors
to create and evaluate compounds. In-
deed, most medications for the brain
on drugstore shelves today operate by
modulating one or the other, or both.

Treatments for addiction often seek
to block the effects of a drug or the
craving for it. Generally, drug-abuse
medications take two approaches: ago-
nism or antagonism. In the first strate-
gy the medication binds with the recep-
tor to produce a feeling of satisfaction
but with less potential for abuse. An-
tagonism, in contrast, causes the com-
pound to bind to a receptor blocking
the usual neurotransmitter, preventing
feelings of pleasure. Some agonists and
antagonists being tested in clinical tri-
als and laboratory animals are already
on the market [see box on next page).

Methadone, made by Eli Lilly, is the
most famous agonist. Addicts can stay

on it indefinitely, but if they stop treat-
ment they must weather a withdrawal
that lasts twice as long as that from
heroin, albeit a milder one. Methadone,
unlike heroin, does not disrupt normal
hormonal functioning or the body’s
response to stress, says Mary Jeanne
Kreek, an associate professor at the
Rockefeller University.

Naltrexone, which is marketed as
Trexan by Du Pont, is an antagonist. Be-
cause it binds to opioid receptors and
can outcompete heroin for these re-
ceptors, it is used to counteract heroin
overdoses. But as a treatment for over-
coming addiction, some researchers
think naltrexone is not very effective.

Unmotivated Addicts

“Just blocking the euphoria is not
the panacea that some naive individ-
uals think it is,” says Frank H. Gawin,
an associate professor of clinical psy-
chiatry at the University of California
at Los Angeles. Roy W. Pickens, act-
ing director of the ARC, agrees. “People
may switch to another drug that is not
blocked by these antagonists,” he says.
Many drug abusers are multiple-drug
users, which makes rehabilitation even
more complicated.

As a treatment for addiction, nal-
trexone may be effective only in peo-
ple who are highly motivated to stay
drug free. “It is most successful in
those who have a lot to lose because of
their addiction,” says James W. Cornish,
a clinical assistant professor of psy-
chiatry at the University of Pennsylva-
nia. Cornish just completed a study of
federal probationers taking naltrexone
and found them highly compliant. The
reason, he says, is that the results of
their weekly urine tests determined the
length of their probation.

For those with less incentive, another
approach could improve compliance. A
naltrexone implant is being developed,
says Frank J. Vocci, chief of develop-
mental therapeutics at NIDA. Both Cor-
nish’s results and the potential use of
an implant raise the possibility that
some successful drug treatment pro-
grams could be coercive, says Donald
F. Klein, director of research at the New
York State Psychiatric Institute. “We
have to face that bluntly,” he observes.

Naltrexone recently revealed yet an-
other side. In a finding that illustrates
the complex interactions among neuro-
transmitters and reward pathways in
the brain, a clinician reported at the
San Juan meeting that naltrexone also
blocks the craving for alcohol. Charles
P. O'Brien, chief of psychiatry at the
Veteran's Administration Medical Cen-
ter in Philadelphia and a professor of
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psychiatry at the University of Pennsyl-

vania, presented the initial data from a
trial he and his colleagues are conduct-
ing at the university. Of 52 alcohol-
ics taking naltrexone, the relapse rate
was remarkably low—only 8 percent as
compared with 48 percent of those tak-
ing a placebo. The findings were repli-
cated at Yale University, O'Brien added.

The naltrexone data compelled E. Le-
ong Way, a professor of pharmacology
and toxicology at the University of Cal-
ifornia at San Francisco, to comment
that “if it can be confirmed, this is the
most exciting stuff I've heard at the
meeting.” The source of his incredulity
was that the craving for alcohol, for
which no specific receptor has been
identified, seems to be reduced by an
opioid antagonist.

Joseph R. Volpicelli, program direc-
tor at the University of Pennsylvania’s
Treatment Research Center, may have
an explanation. The common link be-
tween alcohol and opiates, he thinks, is
that alcohol may cause the release of
endogenous opioids like endorphins,
and so blocking opioid receptors could
block craving.

Stress may also be involved. The
body’s usual response to stress is fight

Two Strategies
for Drug Design

AGONIST When a narcotic like
heroin binds with an opioid receptor,
it causes feelings of pleasure—mim-
icking the natural opioids, the en-
dorphins. Agonists like methadone
also bind with the receptor to satisfy
craving for an opioid. Methadone
prevents withdrawal symptoms.

MEMBRANE PLEASURE

ANTAGONIST Naltrexone binds
with the opioid receptor blocking
the effects of heroin. Craving, how-
ever, is not satisfied.
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or flight—which causes the release of
opioids. By the time stress has subsid-
ed, the body is accustomed to these ex-
cess painkillers and wants more. Alco-
hol therefore could provide a perfect
way to medicate oneself. Volpicelli first
tested his hypothesis in rats in 1987.
But he explains that the connection
was historically recognized: morphine

was used in the U.S. at the turn of the
century to treat alcoholism.

Among the drugs being tested against
addiction is one that combines agonism
and antagonism. Called buprenorphine,
this pain-killing drug was developed by
the British company Reckitt and Cole-
man Products Ltd. and licensed in the
U.S. by Norwich Eaton. At low doses it

naltrexone for heroin addiction.

being used to treat alcoholics.

results are not impressive.

caine addicts.

caine abuse in animals.

Some Medications Being Tested
to Treat Addiction

ABBOTT 69024 is a dopamine antagonist that selectively binds with the D1
subclass of receptors. D1 antagonists have been reported to be effective in pre-
venting animals from taking doses of cocaine.

AMANTIDINE, a treatment for Parkinson’s disease, has been tested on cocaine
abusers. In animals, it seems to cause a release of dopamine; in humans, it is
unclear how it works. Results have not been striking.

BUPROPION is an antidepressant that appears to inhibit the uptake of do-
pamine. In tests at Yale University, it is proving to be fairly effective against the
depression that follows cocaine use and addiction.

BUPRENORPHINE, an analgesic, binds to one of the subclasses of opioid re-
ceptors called mu receptors. At very high doses it blocks the effects of heroin
but may increase craving for cocaine. Low doses may be an effective treatment
for both heroin and cocaine craving. It is also being tested in combination with

BROMOCRIPTINE binds with dopamine receptors and may suppress craving
for cocaine. Clinical trials using bromocriptine as a treatment for cocaine addicts
who are receiving methadone are planned. Earlier trials found no positive results.

BUSPIRONE, an antianxiety medication, apparently binds with serotonin—an-
other neurotransmitter—receptors and may affect dopamine receptors as well.
It has been reported to block cocaine self-administration in animals. It is also

CARBAMAZEPINE (Tegretol) is an anticonvulsant that has been shown in ani-
mals to prevent “kindling"—the development of seizures that can result from re-
peated cocaine use. Human trials are under way.

FLUOXETINE (Prozac), an antidepressant, apparently blocks the reuptake of
serotonin but not of norepinephrine—another neurotransmitter. It is currently
being tested for its usefulness in treating cocaine and alcohol addiction. So far

FLUPENTHIXOL is a tranquilizer that seems to be a dopamine-receptor blocker.
It works primarily on the D2 receptors, with some effects on the D1 receptors.
Craving in some cocaine addicts becomes manageable but is not eliminated.

GEPIRONE, an antidepressant, acts on serotonin and dopamine levels—and is
very similar to buspirone. It is being tested for its potential in changing drug-
seeking behavior as well as for depression and anxiety in cocaine addicts.

LAAM (levo-alpha acetyimethadol) is an experimental treatment for heroin ad-
diction that was developed by German scientists around 1948 as an analgesic.
Like methadone, it binds with opioid receptors, but it is longer acting. The drug
has not been produced by a company, because it is no longer patentable.

MAZINDOL, an appetite suppressant, seems to act on the limbic system in a
manner similar to amphetamines. Because it binds to the dopamine transporter
more tightly than cocaine, it has shown some encouraging results in a few co-

NALTREXONE is an opioid antagonist used for the treatment of heroin addic-
tion. It appears to be beneficial in addicts motivated to stay drug free. Recently
researchers have found that it is also effective in blocking the effects of alcohol.

SCHERING 23390 is a D1-receptor antagonist being developed for the treat-
ment of schizophrenia. Some researchers are testing it as a way of curtailing co-
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works as an agonist, satisfying the crav-
ing for cocaine and heroin. At very high
doses, however, it blocks the effects of
opiates. “The bad news is that at high-
er doses it may enhance self-adminis-
tration of cocaine,” says Jack H. Men-
delson, a professor of psychiatry and
co-director of the Alcohol and Drug
Abuse Research Center at McLean Hos-
pital near Boston, who recently com-
pleted a study of 12 heroin and cocaine
users taking buprenorphine.

In addition to testing these available
medications, researchers hope to devel-
op more specific receptor-based thera-
pies for drug addiction. Armed with a
growing knowledge of receptors, scien-
tists from industry, academia and the
government are working to design ones
that have fewer side effects and greater
specificity. In particular, such specifi-
city could help treat women and chil-
dren—the most visible victims of drug
scourges—who are often not includ-
ed in clinical trials. Compounds are be-
ing screened that bind with an opioid
receptor called delta, says Richard L.
Hawks in NIDA’s research technology
branch. Because fetuses do not have a
well-developed delta-receptor system,
any medication that could treat the
mother by acting on the delta recep-
tors may not endanger the fetus, Hawks
explains.

Because of the stigma attached to
drug abuse, few companies will discuss
their efforts [see box on page 98]. But
several, including Abbott Laboratories
and Schering-Plough, are developing
dopamine-receptor blockers that could
be effective in treating cocaine addic-
tion. (A spokeswoman for Schering-
Plough says their compound currently
is being developed solely for the treat-
ment of schizophrenia.)

These experimental drugs are aimed
at a subclass of dopamine receptors—
called D1 receptors—that may be criti-
cal in the process by which cocaine be-
comes addicting. Most medications,
such as clozapine, an antipsychotic be-
ing used to treat schizophrenics, work
on a combination of D1 and another
group known as D2 receptors simulta-
neously, or just on D2s. Abbott has de-
veloped an experimental D1-receptor
antagonist called A69024, and Scher-
ing-Plough has developed another des-
ignated 23390.

Those compounds could prove im-
portant. Last year William L. Woolver-
ton, an associate professor of phar-
macological and physiological sciences
and of psychiatry at the University of
Chicago, reported that D1 antagonists
could prevent monkeys from taking co-
caine. “To the best of our knowledge,
the pharmacology of cocaine is identi-



cal in humans and monkeys,” Woolver-
ton notes. Observes Koob: “If you could
get a long-acting D1 drug, it would be
like methadone for cocaine.”

The current focus on neurotransmit-
ters and receptors may turn out to be
just a starting point for drug develop-
ment. “Most people realize that if you
just look at the synapse, you are miss-
ing a whole world of other signals that
act in the brain,” says Bruce M. Cohen,
a psychiatrist and molecular geneticist
at McLean Hospital.

Second Messengers

When a neurotransmitter binds with
a receptor, it is like the first domino
falling in a series. Only recently have
scientists started to understand the in-
tricate details of this cellular response.
So-called second messengers, like the
second runners in a relay race, pick up
where the receptor left off.

One group of second messengers is
known as G proteins. Discovered in the
past decade by Alfred G. Gilman, a pro-
fessor of pharmacology at the Univer-
sity of Texas at Dallas, G proteins lie
embedded in the cell membrane. They
issue instructions when a neurotrans-
mitter binds to a cell-surface receptor.
Several G proteins have been found,;
they are named according to their in-
hibitory, excitatory or other abilities.

When a narcotic such as morphine
binds with a receptor, the shape of the
receptor is changed. That change al-
lows the receptor to bind to a G pro-
tein. In turn, G proteins can alter the
polarity of neurons, triggering the elec-
tric impulse that travels along a nerve
cell by regulating the passage of ions
through the cell membranes. They can
also play an indirect role in the expres-
sion of genes in the cell by causing pro-
teins to bind with DNA.

Although all medications that act on
receptors indirectly affect second mes-
sengers, they have been studied in a hit-
or-miss fashion, says Steven E. Hyman,
a molecular neurobiologist at the Mas-
sachusetts General Hospital. That is,
they have never been designed to inter-
vene after the receptor-based reaction,
although some, like lithium, act only on
second messengers. “Drugs could be de-
veloped that interfere in this area rath-
er than at the receptor site,” says Way,
whose work on narcotics elucidated
some of the second-messenger changes.

David C. U’Prichard, vice president
for biomedical research at ICI Pharma-
ceuticals Group, and others speculate
that modulating the second messen-
gers may offer scientists a way to fine-
tune the effects they want to induce
in a neuron. Medications could be de-

CRAVING FOR COCAINE can be brought about by the sight of white powder. A re-
searcher at the University of Pennsylvania’s Treatment Research Center demon-
strates how the physiological response of addicts to drug apparatus is monitored.

signed specifically to target receptors
that interact with different subclasses
of G proteins, offering greater control
of the drug’s effects. Other treatments
could work on autoreceptors—recep-
tors, located on the first neuron, that
serve as a thermostat to regulate the
release of a neurotransmitter.

Simply intervening in receptor and
neurotransmitter systems—even with
second messengers—gets at only part
of the problem, however. “Something
slow happens in the brain. It chang-
es how it responds to a drug,” Cohen
says, citing the example of antidepres-
sants, which often take several weeks
to have an effect.

Using PET to study radioactively la-
beled dopamine receptors, Nora D. Vol-
cow, associate chief of staff in the med-
ical department at Brookhaven Nation-
al Laboratory, has documented some of
these changes. She found fewer dopa-
mine receptors in cocaine addicts as
compared with normal controls. Wheth-
er this change is permanent is unclear,
but at this point “it is not obvious that
the number of receptors goes back to
normal,” Volcow says.

Volcow’s PET findings reflect what
clinicians report. When they are not
high, cocaine addicts can feel depressed
or cannot feel any pleasure (anhedonic).
Feeling less pleasure could be the re-
sult of there being fewer receptors to
receive normal amounts of dopamine.
(This idea supports the “self-medica-
tion” theory of drug abuse: people take
drugs to restore neurochemical abnor-
malities.) Medications that increase the

SCIENTIFIC AMERICAN March 1991

© 1991 SCIENTIFIC AMERICAN, INC

number of dopamine receptors may
therefore be effective in treating anhe-
donia—and treating anhedonia could
keep people from craving cocaine.

Gawin, one of a handful of young
researchers working on drug addic-
tion, has tested several antidepressants
already on the market to see if they
could help cocaine addicts. One com-
pound, flupenthixol, was not available
in the U.S., so Gawin set sail for the Ba-
hamas to test a first round of patients
several years ago.

The drug, which the addicts nick-
named Fixall, works to make craving
manageable but does not eliminate it.
“One addict described craving as being
two hands grabbing him by the back of
the neck and pushing him into the gut-
ter,” Gawin relates. After taking flupen-
thixol, the subject said the craving was
“like one hand that is not pushing him
so hard.” Gawin is now testing flupen-
thixol in a double-blind trial.

Also hoping to combat craving in
addicts, London is ready to study im-
ages of glucose metabolism during opi-
ate and cocaine withdrawal. She found
that rats going through withdrawal
have frenzied glucose activity—as if
stopping opiates causes the brain to
work overtime. Since some aspect of
pleasure seems to be associated with
decreased metabolism, the misery of
withdrawal may be associated with ex-
cess activity. If this proves true in hu-
mans, London will test buprenorphine
and clonidine, a drug for high blood
pressure that binds with opioid recep-
tors, to see if they decrease metabo-
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lism. Another researcher, Anna Rose
Childress of the University of Pennsyl-
vania, will use PET to examine environ-
mentally induced craving [see illustra-
tion on preceding page).

To get to the roots of these changes,
some investigators believe they must
intervene on the genetic level. Recent
research by Eric J. Nestler, a molecular
psychiatrist at Yale, Hyman at Massa-
chusetts General and Cohen at McLean,
among others, has shown that even
though genes are not altered, they can
be turned on or off by drugs of abuse
as well as by medications that work in
the brain. Finding out how to turn
them on or off could be the key to new
treatments. “The technology to look at
this has only been available for the
past few years,” Cohen points out.

Understanding how drugs affect
genes may also unlock the secrets of
addiction. Scientists still do not know
what neurochemical changes lead to
tolerance or addiction. Cohen, for one,
believes that watching changes in gene
expression can yield a better under-
standing of reward systems. He views
those pathways as based on circuits ex-
tending through different brain regions
rather than confined to one region. By
tracing which genes are turned on by,
say, cocaine, he and his colleagues hope
to use the drug as a probe. If they can
see which genes are activated in which
nerve cells, it would highlight the brain
circuit where cocaine has its effects.

Changes in a pathway that occur over
time—caused by repeated drug use—
may underlie addiction. Because of this
wiring, “there may be some overlap be-
tween the craving, the need for drugs
and a shared reward system,” Cohen ex-

plains. With regard to treatment, find-
ing this circuit could lead to a medica-
tion that could combat craving for opi-
oids, cocaine and alcohol—something
pharmaceutical companies are ever vig-
ilant for because it could have applica-
tion for more acceptable cravings as
well, including those for nicotine and
food. “If we could find the aspirin of
the abuse system, we would be in great
shape,” related Michael Williams, acting
area head for neuroscience research at
Abbott, to a group of researchers at a
recent conference on developing drugs
to treat drug addiction.

New evidence indicates that the
genes that underlie the dopamine sys-
tem might be a good starting point.
At the meeting in San Juan, Cohen
and others presented their findings on
gene expression and drug use. Cohen
reported that drugs that acted on the
rat brain—including cocaine and two
for the treatment of schizophrenia—
caused an increase in the production
of certain types of messenger RNA
(mRNA), a likely sign that genes had
been activated.

Cohen determined that in the case
of the antipsychotic drugs, the mRNAs
led to the synthesis of dopamine recep-
tors and to the activation of two imme-
diate early genes—genes that respond
to a stimulus, such as a drug, right
away. As is often true, these genes acti-
vate other groups of genes. The chang-
es in gene expression varied in both
their extent and their location in the
brain depending on which drug was
used, Cohen observed.

Although scientists have known that
drugs could alter the number of do-
pamine receptors—as Volcow of Brook-

haven found in her PET scans—they
were not sure how. “But now we know
new receptors are being made,” Cohen
notes, referring to the antipsychotic
findings. “We are able to look directly
at the gene product, the RNA right off
the gene.”

Viral Shuttle

The next step, and one that could
take years, will be finding ways to alter
gene expression or undo the effects of
abused drugs on genes. One possibility
is to flood cells with RNA that is a mir-
ror image of that produced by the cells.
This “antisense” RNA would bind with
the cells’ mRNA, rendering it unable to
transcribe proteins.

Using vectors, or carriers, such as
carefully tailored viruses that travel
only to neurons, researchers could get
the antisense strands to the right cell.
For example, workers at the Universi-
ty of Pittsburgh and Harvard Medi-
cal School are using herpes simplex as
a shuttle to implant genes into neu-
rons. Such vectors might also introduce
regulatory sequences: segments of the
DNA that control the transcription of
certain genes and proteins.

Such gene regulation is very far off,
but “the possibilities are mind-bog-
gling,” Cohen asserts. “At some point it
becomes like going to the moon. The
technology is now beginning to look so
powerful that it becomes reasonable to
talk about these things.” Indeed, sever-
al pharmaceutical companies have ap-
proached Hyman, who works on regu-
latory sequences. “Companies are look-
ing for drugs that act on transcription
factors,” Hyman declares. And they
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want to “look at changes in gene ex-
pression as a biological readout of the
neurons that are affected by a com-
pound.” That would provide drugmak-
ers with a new way to screen potential
drugs for activity in the CNS, he notes.

Still very undecided is the debate
over whether genes do in fact contrib-
ute to addiction and other mental ill-
nesses. Few question the striking simi-
larities between some mental illnesses
and drug abuse—both of which may be
characterized by imbalances in neuro-
transmitters. These alterations can be
observed neurochemically as well as
behaviorally.

None of these connections, however,
has been made genetically, only epide-
miologically. A recent study
coordinated by Darrel A. Re-
gier, director of the division
of clinical research at NIMH,
looked at 20,291 people
from the general communi-
ty, from mental hospitals
and from nursing homes
and prisons and found that
53 percent of those who
abused drugs had a mental
health disorder such as schi-
zophrenia, anxiety or major
depression. (The prison pop-
ulation, when taken alone,
had nearly a 90 percent over-
lap.) The study “suggests
that one disorder may cause
the other or that an under-
lying biologic vulnerability
to these disorders exists in
affected individuals,” Regier
reported.

The effort to locate genes
for specific mental illnesses,
such as manic depression
and schizophrenia, has not
yet born fruit, says Elliot
S. Gershon, chief of the clini-
cal neurogenetics branch at
NIMH, who has been screen-
ing chromosomes to find
genes that could underlie these disor-
ders for many years. In studies of twins
conducted in the early 1980s, Gershon
documented a response to ampheta-
mine that was genetically based. He be-
lieves that genetics may predispose in-
dividuals to drug addiction.

One effort to determine a genetic
component to drug abuse has focused
on alcoholics. The research remains
highly controversial. A team led by Ken-
neth Blum of the University of Texas
Health Sciences Center at San Antonio
reported last year an association be-
tween alcoholism and a gene that en-
coded a dopamine receptor. Later that
year David Goldman, chief of genetic
studies at the National Institute on Al-

cohol Abuse and Alcoholism reported
finding no such association. But Blum
was looking at cadavers while Goldman
was studying living alcoholics, so the
issue is far from resolved.

Although most researchers agree that
alcoholism has some hereditary com-
ponent, linking it to a specific gene
is difficult. In an as yet unpublished
study of twins, Pickens of the ARC con-
cluded that heredity was responsible
for between 20 and 30 percent of the
risk for alcoholism (although the genet-
ic influence was greater in certain sub-
types of alcoholism). “The literature is
so murky, and this is the first study
that uses a standard genetic approach,”
comments George Uhl, a molecular ge-

MARGARET CATRAMBONE recently participated in a clini-
cal trial for naltrexone at the University of Pennsylvania. She
found that the medication blocked her craving for alcohol.

neticist at the ARC who is working to
clone the dopamine transporter.

While they wait for the laboratories
to produce medications based on re-
ceptors, second messengers or even
gene expression, clinicians are strug-
gling to treat the myriad problems of
addicts. By easing some side effects of
addiction—or some associated mental
disorders—they can relieve pain. “It is
simplistic to think of these drugs as be-
ing curative,” points out O’Brien of the
University of Pennsylvania, whose sen-
timents are echoed by nearly every re-
searcher in the field. Treatment must
work in concert with counseling, chang-
es in daily activities and help with hous-
ing and employment. “Our best hope is
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to find medications that will treat the
biological changes produced by abus-
ing drugs,” he adds.

But shortages of treatment programs
as well as staff impair clinicians’ abil-
ity to provide good care to everyone
who needs and wants it. Compounding
the shortage is the fact that no one is
clamoring for a methadone clinic or
its equivalent to be set up in his or
her neighborhood. Few pharmaceutical
companies are pushing back the fron-
tiers of science in order to lock up the
addict market. “Despite the hype—and
that’s what it has been, hype—of the
war on drugs, the addict on the street
is getting less treatment money than he
was in 1971,” O’'Brien notes.

Perhaps the loudest objec-
tion is philosophical: drugs
to treat addiction just per-
petuate dependency, an emo-
tional weakness. “We have
the simple notion that we
can solve drug addiction by
fixing bad chemistry with
better chemistry,” says Les-
ter Grinspoon, an associate
professor of psychiatry at
Harvard Medical School.

Some drug abusers also
worry about becoming ad-
dicted to another substance,
even if it is a medication.
Margaret Catrambone, a mid-
dle-aged administrator who
started drinking when she
was a teenager, only reluc-
tantly entered the naltrex-
one clinical trial at the Uni-
versity of Pennsylvania. “I
thought, ‘This can’t work,
this pill can’t take away
the craving,”” Catrambone
remembers. But after three
months, she says she did
not feel the craving. “It en-
abled me to see how I could
be sober and change my
life.” Catrambone now takes
the medication only if a difficult time
is approaching—Ilike the holidays. “I do
not feel dependent on naltrexone, and I
was very much afraid of that.”

Clearly, many clinicians agree that
medications may be able to help ad-
dicts get their lives in order. “I don’t ful-
ly understand the philosophical objec-
tions,” says Stephen Magura, deputy di-
rector of research at Narcotic and Drug
Research, Inc., in New York City. “Drug
abuse is an illness. If a medication
would help an addict, why would you
withhold it? For your own benefit or
for the addict’s benefit?” But until the
drugs are developed—and until all the
addicts that wish to be treated can be
accommodated—that question is moot.

103



SAVE 20%—An Exclusive Offer

Vistons of Symmet

VISIONS OF SYMMETRY
Notebooks, Periodic Drawings,
and Related Work of M. C. Escher

Doris Schattschneider

Visions of Symmetry is a visual and intellectual presen-
tation of M. C. Escher’s theory of symmetry and the
interplay of art and science. Ideal for Escher enthusi-
asts, the book features the artist’s complete set of
symmetry drawin%ls—about 80 of which have never
before been published—reproduced in full color. It
also includes the two notebooks in which Escher
outlined his theory of symmetry, providing a fascinat-
ing glimpse into the creative mind of this renowned
graphic artist.

352 pages, 370 illustrations
Cloth: 2126-0 $39.95 SPECIAL PRICE $31.99

FRACTALS:
An Animated Discussion with
Edward Lorenz and Benoit B. Mandelbrot
H. O. Peitgen, H. Jiirgens, D. Saupe,

and C. Zahlten

A visual exploration of fractals and contemporary
mathematics, this new 63-minute video is a clever
combination of full-color animated sequences and
intriguing interviews. The film turns the Mandelbrot
set and the Lorenz attractor into visible and easily
comprehensible objects as their discoverers, Benoit

B. Mandelbrot and Edward Lorenz, discuss the
background, history, and details of their work. It also
features new computer-graphic illustrations of chaos
and self-similarity.

63-minute VHS video
2213-5 $59.95 SPECIAL PRICE $47.95
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AARON’S CODE
Meta-Art, Artificial Intelligence, and
the Work of Harold Cohen

Pamela McCorduck

Aaron’s Code tells the story of Aaron, a
computer program created by artist Harold
Cohen. Aaron makes creative drawings
autonomously, without human intervention,
in the first profound connection between art
and computer technology. Includes 16 pages
of color illustrations.

225 pages, 77 illustrations
plus color inserts §
Cloth: 2173-2 $24.95
SPECIAL PRICE $19.95

BOUND TO THE SUN
The Story of Planets, Moons,
and Comets
Rudolf Kigpenhahn
Translated by Storm Dunlop

With a storyteller’s charm, the former direc-
tor of the Max Planck Institute for Astrophys-
ics tells the fascinating story of how the outer
world of planets, moons, and comets was
discovered. Kippenhahn describes how early
astronomical observations led to strange be-
liefs and practices, presents an interview with
Galileo, and offers a modern exploration of
the planetary system through space probes,
high-powered telescopes, and information
from the recent Voyager II flight.

304 pages, 104 illustrations
Cloth: 2124-4 $19.95
SPECIAL PRICE $15.95

THE EPICUREAN

LABORATORY
Exploring the Science of Cooking

Tina L. Seelig

The art of cooking is also a fascinating sci-
ence, whose principles explain why gelatin
works in a salmon mousse; why bread rises;
and why the tongue burns from red peppers.
Each principle discussed is followed by a
mouth-watering, kitchen-tested recipe that
demonstrates the chemistry behind the dish.
Includes 22 recipes.

163 pages, 120 illustrations
Paper: 2162-7 $15.95
SPECIAL PRICE $12.95
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SCHIZOPHRENIA GENESIS

The Origins of Madness
Irving I. Gottesman

“For anyone who has ever had an interest

in understanding schizophrenia, [this] is the
definitive source book. It is a clearly written
book that is, nevertheless, so packed with
information about all aspects of schizophrenia
...that readers will find themselves going back
again and again to absorb the full fare t%at is
offered”’—L. Erlenmeyer-Kimling, Columbia
University

297 pages, 18 illustrations
Cloth: 2145-7 $24.95
SPECIAL PRICE $19.95
Paper: 2147-3 $14.95
SPECIAL PRICE $11.95

MIND SIGHTS
Original Visual lllusions, Ambiguities,
and Other Anomalies, with a
Commentary on the Play of Mind
in Perception and Art

Roger N. Shepard

Part artist’s portfolio and part essay on percep-
tion and the psychology of art, Mind Sights
proves both stimulating to the eye and provoc-
ative to the mind. Renowned psychologist
Roger N. Shepard introduces Eis wonderfully
original drawings of visual tricks (many never
before é)ublished), discusses the origin of his
scientific and artistic work, and shares his
reflections on the nature of art, perception,
and the mind.

228 pages, 100 illustrations
Cloth: 2134-1 $24.95
SPECIAL PRICE $19.99
Paper: 2133-3 $14.95
SPECIAL PRICE $11.95
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OUR UNIVERSE
An Armchair Guide

Michael Rowan-Robinson

From one of Britain’s leading astronomers
comes a pictorial survey of all that is known
about the universe today. Twenty famous
astronomical objects, about half of which can
be seen with the naked eye, illustrate the full
range of theories and insights of modern
astronomy linking the familiar night sky with
the most up-to-date ideas and discoveries at
the frontier of research.

192 pages, 328 illustrations
Cloth: 2156-2 $24.95
SPECIAL PRICE $19.95

ISLANDS OF TRUTH

A Mathematical Mystery Cruise
Ivars Peterson

Ivars Peterson presents another exciting itiner-
ary of Mathland, introducing strange vibra-
tions in the shadows of chaos, new twists in
knot physics, and the straight side of circles.
His engaging exploration—from astonishing
applications of number theory to new devel-
opments in fractal geometry—gives readers
renewed appreciation for the dynamic world
of modern mathematics.

336 pages, 119 illustrations
Cloth: 2113-9 $19.95
SPECIAL PRICE $15.95
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The Science and Folklore of Baseball
Robert G. Watts and A. Terry Bahill
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like it “fell off a table?” Why does a well-
Eitched knuckle ball silence so many great
ats? Were the hitters of yesterday really
better than those of today? In Kegz Your Eye
on the Ball, engineers Watts and Bahill put
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224 pages, 23 illustrations
Cloth: 2104-X $18.95
SPECIAL PRICE $15.95

ECOLOGY
Third Edition

Robert E. Ricklefs

Lively, comprehensive, and clear, Ecology
draws examples from vertebrates, invertebrates,
plants, and microorganisms and from marine,
freshwater, and terrestrial environments, to
reflect the latest findings in the field. “‘Ricklefs
writes with authority on the broadest range of
ecologically relevant subject matter so far
published mn one book”—Ecology, on the first
edition

912 pages, 520 illustrations

Cloth: 2077-9 $44.95
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MOLECULAR CELL BIOLOGY
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James Darnell, Harvey Lodish, and
David Baltimore

From three pioneers in molecular and cellular
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edition of this groundbreaking book, the first
volume to unify the presentation of cell
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Light Traffic
Optical amplifiers promise to
unclog lightwave communications

n a bookshelf in Emmanuel

Desurvire’s office at Columbia

University sits a spool of op-
tical fiber looking as innocuous as
fishing line. Embedded in these glass
threads, however, are a smattering of
ions of the rare-earth element erbium.
By itself, this doped fiber absorbs rath-
er than transmits light. Couple a short
segment of it to a tiny diode laser,
however, and the system becomes an
optical amplifier, boosting the light sig-
nals that pass through it.

Within the past two years such opti-
cal amplifiers have become one of the
hottest topics in telecommunications
hardware research. Their promise is
tantalizing: inexpensive, long-distance
communications and dramatic increas-
es in the amount of information sent
across communications networks.

Erbium ions in glass are “a miracle
of nature,” proclaims Desurvire, who
recently left AT&T Bell Laboratories
to become a professor at Columbia. He
and other researchers are convinced,
moreover, that the amplifiers will swift-
ly find their way into applications.
“There are no new fundamental mate-
rials or process inventions required,”
points out David A. Thompson, who
manages components technology at
Corning. The unanswered issues are
largely ones of engineering and of cost.

Ironically, given the current excite-
ment, erbium-doped fibers have been
waiting to find an application for more
than 20 years. In the early 1960s Eli-
as Snitzer, now a professor at Rutgers

Mainframe airplane,
fending off phylloxera,
superconducting sensors,

hydrogen hits the road

University working with the fiber-optic
materials research program, found he
could generate pulsed light from glass
doped with neodynium or erbium ions
when it was pumped, or energized, by
a flash lamp.

The results were a consequence of
the unusual internal structure of multi-
ple energy levels of the rare-earth ions.
When pumped with light, more ions are
forced to a higher energy level than re-
main in the lower levels. (This is called
a population inversion.) Over time the
ions decay to lower levels, spontane-
ously emitting some light. But if they
are stimulated by another light signal
before they decay (namely, one equal
in energy to the difference between the
higher and lower energy states), the ions
will emit more light. Therefore, they
boost, or amplify, that passing signal.

To make a laser of glass, Snitzer
needed only to force the spontaneously
emitted light to oscillate between mir-
rors. Taking away the mirrors and add-
ing another incoming signal turned the
system into an amplifier. “Those were
‘hero experiments’ that just showed we
could do those things,” Snitzer recalls.
“We talked about these becoming am-

SIGNAL IN
L

DIODE LASER PUMP

>

CURRENT

Amplifying signals in optical fibers with light

COUPLER

Light from a diode laser pump excites
erbium ions in a segment of an optical
fiber. These ions then emit light and
so boost a passing optical signal.

ERBIUM-DOPED SEGMENT

SIGNAL OUT
S

SOURCE: AT&T Bell Laboratories
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plifiers,” he adds. But insufficient fund-
ing, Snitzer says, meant that optical
amplifiers remained an idea embedded
in academic journals.

Within 20 years, however, threads of
fused silica fibers had become the stuff
of telecommunications highways, car-
rying far more traffic than did their
copper-cable predecessors. But there
were roadblocks. Because optical sig-
nals could not travel much farther than
40 miles over silica lines before grow-
ing increasingly distorted and noisy,
long-distance networks required ex-
pensive electronic repeaters. These re-
peaters had to convert the light into
electronic signals before cleaning up
and regenerating the optical signal.

Repeaters have become as endemic—
and as constraining—on this telecom-
munications freeway as tollbooths on
a turnpike. Even though optical fibers
can, in theory, carry many frequencies
of light, repeaters can handle only one
at a time. Thus, signals composed of
multiple frequencies must be sifted,
distributed to separate repeaters and
then recombined and retransmitted.
Repeaters are also calibrated to treat
only signals traveling at specific speeds,
or bit rates. Increasing the bit rate
(which would increase the amount of
data flowing through the network)
means replacing the repeaters.

When erbium-doped fiber amplifi-
ers resurfaced around 1985 in work
done by researchers at the University of
Southampton in Britain (and soon there-
after by Desurvire and his colleagues
at Bell Labs), their commercial possi-
bilities seemed more intriguing. That
promise loomed even larger in 1989
when workers at NTT in Japan showed
that semiconductor diode lasers could
provide enough power to excite the er-
bium ions. NTT workers demonstrat-
ed that these rugged, tiny lasers meant
that optical amplifiers could conceiv-
ably be reduced to packages about the
size of a matchbox.

Enthusiasm for optical amplifiers has
spread over the past two years, partic-
ularly because the devices seem large-
ly indifferent to the quirks of the opti-
cal signals passing through them. Be-
cause they can boost signals traveling
at any bit rate, transmission networks
can be upgraded by simply changing
the transmitters (and receivers). Virtu-
ally any video, data or voice signal can
be dumped “like marbles” into one end
of these “transparent light pipes” and
roll out intact at the other end, says



IAMONDS, newly
mined, look like
nothing more than
ordinary gravel. But

transformed by

human hands into arti-
facts of incredible beauty, they become,

for their size, among the costliest
items on earth.

Down through the cen-
turies pharaohs and kings
went to extreme lengths to
acquire the largest and most beautiful
jewels. Pearls may have been the first

gems used for adornment. But in ==

Cleopatra’s time it was the emerald
that was cherished, and later was

praised in the Bible. It was even onceta.

believed that when held under the
tongue an emerald conferred the power
to predict the future.

Whatever their shape, size, or color,

the splendid stones that took nature

have fascinated humankmd fkamnds of years

NATURE’S SPLENDID STONES HAVE A MYSTICAL POWER TO ATTRACT US.
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Today, a dazzling diamond or a fiery ruby can capture
universal attention and admitation as can little

else in nature.

Some say it's their rarity or their
value. But one look at the British
Crown Jewels or the 28-carat Agra
diamond will reveal the beauty and
brilliance of nature’sawe-inspiring crea-
tions that truly captivate us.

And now you can be bewitched by
the story of ““Splendid Stones;” an
all-new National Geographic Special
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on Public Television
produced by the
National Geographic
Society and WQED/
Pittsburgh and under-
written by the people of Chevron.
Programs like this represent
Chevron'’s response to your need for

Thisisbutone offourSi; als this year
designed to explore, inform and give
thought to television.
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knowledge of places, peopleand nature.

Tune in Wednesday, March 13th. Check
your local listings for show times
on PBS.

Do people believe that awareness of
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N. Anders Olsson, who heads solid
state and quantum optoelectronics re-
search at Bell Labs. Moreover, multi-
ple frequencies of light sent along one
channel can be amplified simultaneous-
ly. As a result, optical fibers seem like-
ly to unleash significantly higher-speed
communications.

“Before you had to think about how
much loss was in the system and what
were the limits of the equipment,” Ols-
son says. “This takes the loss out of the
equation.” Adds Anthony S. Acampo-
ra, who directs the Center for Telecom-
munications Research at Columbia Uni-
versity: “If three years ago someone
asked me what was the single key to
make a transparent network a reality, I
would have said an optical amplifier.”

Devices have yet to be inte-
grated into working systems,
but companies around the world
are conducting numerous field
trials with prototypes. At least
four companies are already sell-
ing such components, including
BT&D Technologies in Wilming-
ton, Del. (a British Telecom-Du
Pont joint venture), Pirelli Cavi in
Milan, Furukawa Electric in Tokyo
and AT&T. Corning was expected
to announce its own wares in late
February.

The designs generally follow
Snitzer’s lead. Erbium ions are
mixed into silica as the fiber is
made. The precise concentration
of ions depends on the intended
length of the final doped fiber. A
“lumped” amplifier will include a
few parts per million of erbium
ions throughout several meters of
fiber. A “distributed” amplifier, in
contrast, may be tens of kilome-
ters long and have only a few
fractions of a part per million of
erbium.

A second fiber, which carries
the light from a semiconductor di-
ode laser, is coupled to the doped
segment. Depending on the strength
of the laser and design of the network,
this laser pump may be located in a dis-
tant pumping station or be adjacent to
the doped fiber. The optical cable car-
rying the signal is spliced to the doped
segment as well.

Researchers predict that cable tele-
vision transmission and transoceanic
telecommunications networks will be
among the first applications for the fi-
ber amplifiers. Fiber amplifiers could
enable a video broadcaster to lay one
cable from the transmission center to a
neighborhood, then split up the signal,
amplify it and route the fibers directly
into homes.

AT&T and Kokusai Denshin Denwa,
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Japan’s long-distance telecommunica-
tions company, have already announced
that they are planning to build a 2.4-
gigabit, all-optical network under the
Pacific Ocean, slated for operation by
1996. Still a subject of debate is the de-
sign of that network. Placing a lumped
amplifier just after the signal transmit-
ter and another just before the receiver
is one possible topology.

Alternatively, workers could gradu-
ally correct signal distortions (rather
than boosting signals) with distribut-
ed amplifiers. This scheme is particu-
larly promising should the researchers
choose to transmit signals via solitons,
wavelike optical pulses that can travel
more than 10,000 kilometers without
spreading.

ERBIUM-DOPED OPTICAL AMPLIFIER (loop) is test-
ed by Emmanuel Desurvire at AT&T Bell Labs.

Yet like speed traps along the high-
way, a host of troubling, mundane is-
sues persist on this optical route. For
instance, erbium can be excited by nu-
merous wavelengths of light; research-
ers are experimenting with three differ-
ent laser diode pumps. Thus far lasers
that produce light at the 0.98-micron
wavelength are the most efficient; they
can generate a 10-decibel gain in a
signal per milliwatt of pump power.
(Because gain cannot be increased in-
definitely, an increase of 40 decibels
provoked by a 50-milliwatt laser is con-
sidered one of the best results.)

Generating a 0.98-micron light, how-
ever, does require a specially crafted in-
dium-gallium arsenide laser. Less cost-
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ly, although slightly less efficient, may
be a 1.48-micron pump laser, made
of indium phosphide. Typical gains for
these amplifiers remain closer to six
decibels per milliwatt. Cheaper still to
make would be a 0.82-micron gallium
arsenide pump, which is comparable to
the diode lasers in compact disc play-
ers. These lasers have yet to show sig-
nificant gain, however.

“Cost is the critical issue,” points out
Leonard J. Andrews, manager of the
optical fiber and components depart-
ment at GTE, which is investigating
fiber amplifiers for local communica-
tions loops. Because the cost of an op-
tical amplifier is largely driven by the
cost of its laser pump, most research-
ers hope prices will fall as production
volume increases.

Even so, integrating optical am-
plifiers into existing fiber net-
works will be a slow business.
Most fibers in operation are de-
signed to transmit signals at 1.3
microns rather than at 1.5 mi-
crons. This is because convention-
al silica fibers do not cause disper-
sion to optical signals transmit-
ted at 1.3 microns. No company
is about to rip out its network.

As a result, signal providers
may have to choose either to add
the new amplifiers to existing
systems and ignore the losses or
to wait until they lay “dispersion-
shifted” fibers optimized to carry
1.5-micron signals. Although most
companies are experimenting with
a variety of dopants in fluorine-
based fibers in hopes of finding a
1.3-micron amplifier, “that’s real-
ly hard,” Andrews says. “It’s a
completely new material.”

“A 1.3-micron optical transmit-
ter would be fantastic,” Olsson
agrees. But at least for long-dis-
tance communications, 1.5-micron
transmissions look most promis-
ing. From Olsson’s vantage, the
key issue is the reliability of the laser
diode pumps. Particularly for underwa-
ter systems, they must be guaranteed
to work properly for at least 20 years.

Few doubt that the new technology
will eventually eclipse electronic repeat-
ers. “The challenges are all engineer-
ing ones now,” emphasizes John Mellis,
product manager of optical amplifiers
at BT&D in Ipswich, England. “Because
[optical amplifiers] are being seriously
considered in transoceanic submarine
systems, they will certainly happen, if
not in this decade then the next.” Adds
Olsson: “There’s absolutely no doubt
that this is the thing to work on. It’s
changed how we think about fiber-op-
tic systems.” —Elizabeth Corcoran
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Plane Geometry
Boeing uses CAD to design
130,000 parts for its new 777

hen the Boeing Company

threw a party last autumn in

honor of its next-generation
aircraft, the 777, the University of
Washington Marching Band played “Te-
quila.” But the crowd of 5,000 pennant-
waving employees did not let forth
with a rousing shout of “Tequila” at
each pause in the music, as is the cus-
tom at university football games. In-
stead, when the music stopped, they
roared the word “CATIA.”

CATIA is an acronym for a pon-
derously named computer program
sold by IBM: Computer-graphics Aided
Three-dimensional Interactive Applica-
tion. The software is allowing Boeing to
design on a computer each of the 130,-
000 unique parts of the world’s largest
twin-engine passenger aircraft, which
seats up to 390 people. “I believe this
will be the first 100 percent digital-
ly defined commercial airliner any-
where,” says M. Richard Johnson, Boe-
ing’s chief project engineer for digital
product design.

Computer-aided design (CAD) has
been used in building Boeing com-
mercial aircraft since 1978, but only
for portions of an airplane. It would
have been used sooner except for the
cancellation of the 7J7, a fuel-efficient
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jet that was scrapped in 1987. The 777
gives engineers in the Boeing Commer-
cial Airplane Group the first clean slate
since the 757 was launched in the ear-
ly 1980s.

Other manufacturers too have yet to
wholly embrace CAD. The MD-11, Mc-
Donnell Douglas’s new, three-engine
jet, has carried over many manual-de-
sign elements from the DC-10.

Boeing’s computerized design sys-
tem will replace the huge vaults that
store rack after rack of engineering
drawings. In their place will sit eight
of IBM’s largest mainframe comput-
ers, which will be accessed by 2,200
terminals at Boeing’s main design site
in Seattle.

Other mainframes are being installed
at other design centers in Kansas and
Japan. Boeing is contracting with a con-
sortium of three Japanese companies—
Mitsubishi Heavy Industries, Kawasaki
Heavy Industries and Fuji Heavy Indus-
tries—to produce about 20 percent of
the airframe.

The CATIA software—developed by
Dassault Systems in Paris and sold by
IBM—allows a part to be designed as
either a two- or three-dimensional rep-
resentation. Engineers can avoid build-
ing the full-scale models of aircraft,
called mock-ups, needed in previous
projects before planners could figure
where to fit wiring, hydraulic tubes,
oxygen lines, air-conditioning ducts and
other subsystems. Instead the three-di-
mensional models of parts can be as-
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THREE-DIMENSIONAL DESIGN lets the
Boeing Company simulate the assem-
bly of the 130,000 unique parts in its
new 777 jet. In so doing, designers can
tell whether the placement of the car-
go compartment, smoke-detection sys-
tem (narrow tubes) and a hydraulic line
inadvertently overlap (above). Source:
Boeing Company.

sembled on the screen into a digital
model of the entire aircraft.

That computer mock-up will pin-
point part mismatches, the single big-
gest cause of last-minute design chang-
es once a plane is in production. “We
would put out many designs that later
had to be thrown away,” says Ben Cos-
grove, Boeing’s senior vice president
of engineering and flight operations.
When Boeing tried out digital preas-
sembly in the design of a wing strut on
its 767 airliners, the process more than
halved the number of changes during
production.

Project planners have to contend
with the demands that modeling in
three dimensions makes on comput-
ers. CATIA approximates the shape of a
curved solid by aggregating a series of
planes at slightly varying angles. Add-
ing enough planar surfaces to represent
accurately a part’s curves consumes a
huge chunk of computing time. For that
reason, Boeing says it has put togeth-
er the largest grouping of interconnect-
ed IBM mainframes anywhere. “We're
in uncharted waters with this project,”
says Christoph W. Klomp, Boeing’s di-
rector of CATIA products.

Besides digital design, the computer
is helping to put into practice “concur-
rent engineering,” an attempt by Boe-
ing and other U.S. industrial companies
to merge design and production oper-
ations. In past projects, Boeing execut-
ed each step—from design to testing—
in sequence.



Concurrent engineering telescopes
some 15 design and engineering steps
to build a plane into a single overlap-
ping process. Even as parts are being
designed, manufacturing engineers are
beginning to write the tooling specifi-
cations to make them. When the de-
signs are made final, CAD spills over
into CAM, or computer-aided manu-
facturing. CATIA will generate tooling
specifications and the instructions to
drive automated machine tools to pro-
duce actual parts.

A total of 220 “design-build” teams
are coordinating these parallel efforts
at Boeing’s three main design sites. The
company has literally removed depart-
ment walls by situating in the same of-
fice specialists for areas as diverse as
design, materials, manufacturing and
customer support. Each team mem-
ber critiques the work of the others. A
design engineer, for example, may de-
scribe a part that a production engi-
neer knows cannot be manufactured.
The basis for these discussions is the
CAD data.

Striving to retain its majority share of
the commercial airliner market, Boeing
has involved customers in the earliest
stages of the 777 design. The company
hopes that such interaction will enable
it to meet the stiff competition provid-
ed by its two main rivals in the com-
mercial market: Airbus Industrie and
McDonnell Douglas, both of which have
already begun to roll out a new gener-
ation of planes. A comment from one
Boeing customer has already caused
the placement of the door and the en-
gine to be moved slightly, so that the
airline’s mobile loading dock would not
bump the engine.

CAD and concurrent engineering may
not produce the 777 any faster than
previous aircraft. Schooling Boeing’s
vast technical cadre is taking time. “Re-
training 4,000 engineers to think in
three dimensions instead of two is a
big hurdle,” Johnson says. “We're not
far enough along to judge how well
this will work.” The payoff may come
in reduced expenses for design chang-
es and fewer service problems for the
first aircraft off the line.

If all goes well, the 777, boasting op-
tional folding wing tips to fit the air-
plane’s long wings into existing gates
and seats that can be rearranged dur-
ing a stopover, may set a new standard
for aircraft design. And by the 1995
delivery date, the thousands of design
and manufacturing engineers working
on the 777 may remember the old
transparent plastic drafting sheets with
the same nostalgia as their colleagues
working on earlier projects did the
slide rule. —Gary Stix

Through the Grapevine
Tissue culture attacks a
scourge of wine grapes

insect that devastated the world’s

vineyards during the 19th centu-
ry is now eating its way through Cali-
fornia’s finest grapes. In Sonoma and
Napa counties alone, more than 50,000
acres of vineyards are expected to suc-
cumb over the next 10 years. The men-
ace—a new biotype of the root louse
called phylloxera—is browsing up the
Pacific coast to other wine-producing
regions. There is a lot of replanting to
do but little time to raise enough young
plants to satisty demand.

This could be a job for plant tis-
sue culture. “We can do in a year what
takes five years by traditional means,”
declares James A. Stamp, staff scien-
tist at Agritope, a young biotechnology
company in Beaverton, Ore. The firm
expects that its method of multiplying
grapevine buds—which, like the eyes of
potatoes, are programmed to become
exact replicas of the original plant—
will flourish long after phylloxera is
vanquished.

In conventional propagation, a fruit-
bearing vine is grafted to a rootstock,
and the union is then planted. Euro-
peans began using this technique in
the 1860s, when they learned that cer-
tain wild grape species withstood the
onslaught of phylloxera. The rootstock
with superior resistance turned out to
be a species called Vitis riparia, a na-
tive of the eastern U.S., where the in-
sect is believed to have originated. To-
day Europe’s vineyards are planted al-
most entirely on V. riparia or related
species and are immune to phylloxera.

Not so in California. “We’ve been
planting on rootstock we thought was
resistant, even though the rest of the
world kept telling us it wasn’t,” admits
James A. Wolpert, extension viticultur-
ist at the University of California at
Davis. Since the 1950s the school has
recommended a hybrid rootstock, des-
ignated AXR1, that is half a variety of
V. vinifera, the classic European wine
grapes, half the resistant species V. ru-
pestris. But the mix is proving to be no
match for the new strain of bug.

In fact, it is preferred eating. While
snacking eight feet below the ground,
the vermin inject a toxin that causes
pinhead-size galls to form. The root is
effectively severed, depriving the plant
of nutrients and water.

For Agritope, the impending disaster
is a perfect opportunity. “Traditional
nurseries can’t deliver resistant mate-

It’s bad and it’s back. The aphidike
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rial quickly. I can’t order what I want,”
complains Chuck Wagner, general man-
ager of Caymus Vineyards, a Napa Val-
ley producer known for its cabernet
sauvignon. The predicament is even
worse for growers outside of Califor-
nia: there is a moratorium on export-
ing rootstock to other states until
1994. In Oregon “alternatives to AXR1
are considered fairly esoteric and are
not widely available,” says Mark Chien,
manager of Temperance Hill Vineyards
in Salem, Ore. The pinot noir producer
adds, “If you were to find a rootstock
that works well, the question would

DEVASTATION SPREADS through the
vineyards of Napa Valley. These infra-
red views show phylloxera infestation
in 1979 (bottom), then 1986 and 1987.
Photos: William E. Wildman.
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be whether you could get enough of it.”

“With tissue culture, you could get
two or three million cuttings from a
single plant if you wanted to,” versus
100 a year via conventional propaga-
tion, Stamp offers. Agritope has about
30 rootstock clones in its greenhouse
laboratories. These are combinations
of four resistant species, including V.
riparia and V. rupestris and two new
ones from Eastern Europe. By the be-
ginning of this year’s growing season,
the firm plans to have 30 fruit-bearing
clones to choose from, some of which
are popular in Europe but in scarce
supply here.

Each bud taken from a length of
vine is sterilized, then raised for a few
weeks in an environmental growth
chamber until it produces a shoot with
several daughter nodes. The shoots are
cut up into sections, each containing a
bud that produces another shoot with
daughters and so on.

After multiplication, the tissues are
transferred to the greenhouse and
planted in soil; intensive feeding, light
and warmth promote rapid growth.
Within four months of leaving the cul-
ture environment, fruit-bearing shoots
are grafted to the young rootstocks. Be-
cause green tissue is joined to green
tissue, the grafts heal more rapidly than
woody cuttings. The plants grow for a
few months and then go dormant, just
as they overwinter out in the field. Dor-
mant plants are less fragile to ship.

“It’s not just a matter of can they
do the multiplication,” Wolpert asserts.
He questions whether plants grown
in tissue culture will be deep-rooted
enough to withstand drought in ear-
ly years of growth and whether buds
on those plants will give rise to suckers
that steal herbicide meant for weeds.
Agritope will send six growers sev-
eral thousand plants to evaluate lat-
er this year and plans to ship 100,-

Thinking Cap
Superconducting SQUIDs
peer into minds—and hearts

be able to assess the relative health
of your brain as one item they rou-
tinely inspect during a physical exam-
ination. That important advance may

In 10 years or so, physicians may

BIOMAGNETIC IMAGING depicts a magnetic field
generated in the brain. The two sets of concentric
rings are where the field enters and exits. The nerve
activity lies at the apex of the cone in between the
rings. Circles in the vicinity of the field represent the

positioning of the sensors. Source: BTI.
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be made possible by tiny sensors that
measure activity in nerve cells. Called
superconducting quantum interference
devices, or SQUIDs, the devices are so
sensitive that they can pick up the mi-
nute magnetic fields found in the heart,
brain and other areas of the body that
generate electricity. Unlike the many
imaging techniques that bombard pa-
tients with radiation, SQUIDs are pure-
ly passive sensors.

Although SQUIDs were
first tested 20 years ago,
they were not embraced by
the medical community as
the next clinical imaging
technology. The expensive
devices were made from
niobium, a superconduct-
ing element that must be
cooled to four kelvins with
liquid helium. Only a few
companies, including Ger-
many’s Siemens Medical
Systems and Biomagnet-
ic Technologies Incorpo-
rated (BTI) in San Diego,
have developed such bio-
magnetometers for med-
ical research.

Now medical applica-
tions may receive a boost
from advances in high-
temperature superconduc-
tivity. During the past 18
months, researchers at the
IBM Thomas J. Watson Re-
search Center and at the
University of California at
Berkeley have separately
made SQUID magnetome-
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000 in 1992 and then a million by 1993.

Infestation aside, tissue culture is get-
ting growers excited. Because the pro-
cess is sterile, plants are bound to be
disease free. Clones are by definition
true to type, an attribute wine makers
would prize for dependability of char-
acteristics. Vineyards are already sign-
ing up for Agritope’s Eliteclone pro-
gram, to have their best vines quickly
reproduced and grafted to a rootstock
of their choice.

The burgeoning market is not going
unnoticed by potential competitors.
Calgene, an agricultural biotechnolo-
gy company in Davis, Calif., is also con-
sidering getting into the grape propa-
gation business, says Ken Moonie, di-
rector of product planning. It is not
alone. “If tissue culture works, there
will be more than one company do-
ing it,” Moonie observes. “The tradi-
tional players aren’t just going to walk
away.” —Deborah Erickson

ters using thin films of high-tempera-
ture superconducting materials of ei-
ther yttrium-barium-copper oxide or
thallium-barium-calcium-copper oxide.

These materials become supercon-
ductive at the temperature of liquid ni-
trogen—a relatively balmy 77 kelvins.
Instead of being immersed in a can-
ister of liquid helium and positioned
above the patient’s head like an X-ray
machine, the high-temperature SQUIDs
might permit developers to make a hel-
met or another flexible array of sensors
that conforms to the shape of the head.

Such a thinking cap would allow
scientists simultaneously to compare
nerve activity from different parts of the
brain, enabling them to map higher-or-
der mental functions. In addition, high-
temperature SQUIDs may shave a few
hundred thousand dollars off the $2-
million-plus price tag for instruments
based on metallic superconductors.

Assembly lines for high-temperature
SQUIDS are still a few years away. Only
10 percent or less of the devices made
so far by the two U.S. research teams
have proved functional, because it is
difficult to fabricate the detectors from
the high-temperature materials. “High-
temperature SQUIDs aren’t yet ready
for prime time,” says Roger H. Koch,
manager of superconducting science
and technology at IBM.

Moreover, the higher noise levels at
elevated temperatures may be problem-
atic. Siemens, which makes a magne-
tometer cooled with liquid helium, has
decided against pursuing development
of high-temperature SQUIDs because
they have a poor signal-to-noise ratio.



Siemens believes it can achieve many
of the same benefits with arrays of 37
low-temperature sensors.

Before biomagnetic imaging becomes
a fixture at major medical centers, de-
velopers must make it easier to inter-
pret data from the magnetometers. The
magnetic contour lines—which resem-
ble a topographical map of the Rocky
Mountains—require specialists to deci-
pher them. Once the coordinates of the
field source are deduced, they are of-
ten superimposed on a magnetic reso-
nance image in order to visualize where
nerves are electrically active.

Current biomagnetometers are used
only for clinical and basic research. The
Food and Drug Administration has au-
thorized BTI to use its 37-sensor low-
temperature magnetometer to detect
fields within the brain, but the compa-
ny has yet to apply to any third-party
insurer for reimbursement. The com-
pany, which is also developing high-
temperature superconductors, is await-
ing suitable clinical applications.

Such applications are emerging, how-
ever. SQUIDs have proved to be a non-
invasive method for pinning down the
location of epileptic seizures before
surgery to remove the affected part of
the brain.

Epilepsy alone will not push biomag-
netic sensing into the medical main-
stream, since that disease can usually
be treated with drugs. But early find-
ings suggest that the technique may be
used to detect anomalies in the mag-
netic fields in the brains of patients
with Alzheimer’s disease.

It may also help determine the source
of arrhythmias and other cardiac disor-
ders without having to insert a catheter
into the heart. In addition, biomagne-
tism may enhance the work of cognitive
psychologists. Since 1975 Samuel J. Wil-
liamson, a physicist, and Lloyd Kauf-
man, a psychologist, both at New York
University’s Center for Neural Science,
have used low-temperature magnetom-
eters to map sensory functions of the
brain. They were able to locate for the
first time in humans a tonal map—spe-
cific areas of the cortex that respond to
different frequencies of sound.

Although New York University was
the first to use biomagnetism to study
sensory functioning, approximately 50
laboratories around the world are now
doing so. The next major step under
way is to study cognitive functions: the
possible role of the visual cortex in
forming mental images, for example.
This early work might eventually lead
to a data base of sensory and cognitive
functions, a foundation on which clin-
icians could design the annual mental
checkup. —Gary Stix

Complete Combustion
Hydrogen and natural gas
may be the cleanest fuel yet

ydrogen has been “the fuel of

the future” for 60 years now.

Inexhaustible supplies of the
combustible element could be obtained
by splitting water into its components,
and the fuel would be virtually non-
polluting. But proponents are still wait-
ing. Although it works well for rockets,
hydrogen has proved troublesome for
ground transportation. It is extremely
bulky as a gas and becomes liquid only
at -423 degrees Fahrenheit. Present
supplies of hydrogen, produced pri-
marily from natural gas, cost four to
five times as much as gasoline.

Hydrogen may yet win a place as
a vehicle fuel. Not by itself, but as an
additive in much the same way that
alcohol is added to gasoline in the
mixture called gasohol. Mixing a bit
of hydrogen with compressed natural
gas (CNG) could yield the cleanest-burn-
ing alternative fuel yet, says Frank
E. Lynch, president of Hydrogen Con-
sultants, Inc., in the Denver suburb of
Littleton.

Lynch calls his fuel mixture “Hy-
thane” for hydrogen and methane
(the principal component of natural
gas). Adding hydrogen to virtually any
fuel accelerates its combustion, Lynch
points out, by reducing ignition delay
and increasing flame velocity. “Natural
gas burns slowly to a fault,” he de-
clares, so even though it is less pollut-
ing than gasoline, unburned hydrocar-
bons and other by-products are still re-
leased into the atmosphere. A faster
start and more efficient burning should
reduce emissions.

A feasibility test of Hythane—5 per-
cent hydrogen by energy content, 15
percent by volume—began in January,
in Lynch’s own pickup truck, modified
to run on either Hythane or gasoline.
Compared with a CNG pickup tested
previously—which carried an admitted-
ly heavier load than Lynch’s truck—
Colorado Department of Health tests
showed Hythane performing well. Hy-
drocarbon emissions were less than
half of those from CNG, and nitrogen
oxide levels were 24 percent of those
from CNG. CNG was lower on carbon
monoxide, however, at 0.086 versus 1.6
grams per mile. The Auto Oil Consor-
tium in Detroit, a group set up by the
big three automakers and 14 oil com-
panies to test alternative fuels, plans to
test the fuel sometime this year. So do
Colorado State University and the Cali-
fornia Air Resources Board.
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Denver is particularly eager to test
Lynch’s idea. The city won a citation
from the U.S. Conference of Mayors in
1990 for “most improved air quality,”
but on bad days a pall of brown smog
betrays the city’s ongoing violations of
federal standards for carbon monoxide
and particulate matter. Trying to meet
air-quality rules, the city already has an
extensive alternative-fuels project that
includes trucks and vans powered by
CNG. “We are going to test as many
vehicles as we can with Hythane,” says
Steven J. Foute, Denver’s director of
environmental programs.

Colorado’s major utility, Public Ser-
vice Company of Colorado (PSCo.),
is interested in Hythane because “hy-
drogen is a gaseous fuel, compatible
with compressed natural gas,” notes Bill
Warnock, marketing coordinator for al-
ternative fuels. The utility is the princi-
pal shareholder in a distributor of CNG
started up last year in Denver, the Nat-
ural Fuels Corporation. PSCo. plans a
marketing study of Hythane-powered
vehicles for 1992, if studies confirm
the fuel’s promise. “The emphasis will
be on vehicles that operate within 50
miles of their base,” Warnock says.

The vehic.es are suited for urban use
because the amount of fuel that can be
put on board is limited. Pure hydrogen
in gaseous form takes up 12.9 times
as much space as gasoline required
to travel an equivalent distance and
3.8 times as much space as natural
gas. Enough Hythane to make a trip of
about 200 miles can be packed into a
tank 3.4 times the size of an equivalent
gas tank—if it is compressed to about
3,000 pounds per square inch.

Where to fill 'er up? For now, just
one place in town. Air Products and
Chemicals has volunteered its facili-
ties for the test program. The hydrogen
will be fed from a so-called tube trailer,
a bundle of high-pressure steel tubes
that carries industrial gases of many
kinds, and blended with natural gas.
“There is nothing special about this,”
says Venki Raman of AP&C. “We han-
dle gases and mix them all the time.”

“The significance of Denver’s project
lies in the backing by the utility and the
city,” notes Peter Hoffmann, editor of
The Hydrogen Letter in Hyattsville, Md.
“Those commitments give hydrogen
real business potential for wider use
via a relatively low-tech compromise
technology.” The “compromise” part of
the deal still sticks in his craw. Like
Lynch, Hoffmann wistfully describes
Hythane as a “bridging” technology to
an all-hydrogen energy supply. He ad-
mits that everything has to start some-
where. It might as well be a clean
start. —Deborah Erickson
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THE ANALYTICAL ECONOMIST

Humanizing economics

acroeconomists have long been
| \/ I leaving a significant factor out

of their equations: real world
human behavior. This is not entirely
unexpected because, after all, macro-
economic questions hang on swings in
the economy as a whole: fluctuations
in gross national product or in infla-
tion. Sooner or later, though, even these
issues boil down to the behavior of
individual consumers and producers.
Yet during the past 60 years, remark-
ably few macroeconomists asked peo-
ple about their economic decisions.

That said, the murmur of a new trend
could be heard at the annual gathering
of the American Economics Associa-
tion this past December. Among the
iconoclasts is Alan S. Blinder, a profes-
sor at Princeton University, who has
begun asking company managers in
charge of pricing strategies why they
raise or lower prices and when do they.
There is also W. Brian Arthur, an econ-
omist at Stanford University, who is try-
ing to teach computer automata to act
like people—then setting them loose
on other problems.

“Economists, more so than other
social scientists, are deeply skeptical
that you can learn much by asking peo-
ple,” Blinder says. There is some basis
for skepticism. People may have no in-
centive to tell the truth. Or, like pool
players asked to describe the physics
behind a shot, they may fumble in ex-
plaining the mechanics of their behav-
ior. Finally, small samples may not be
adequately representative.

Yet “theory and econometrics have
their limitations, too—limitations that
are sometimes more severe than we
like to admit,” Blinder says. A case in

point is the subject of “sticky” prices
and wages, a phenomenon identified
by John Maynard Keynes in the 1930s.
Keynes observed that the prevailing
theory—namely, that prices and wages
should bob up and down with the tides
of supply and demand—simply did not
fit. Instead prices and wages move
slowly, more like raisins in molasses.

There is no shortage of explanations
for price-and-wage stickiness—but also
no way of telling which ones are on tar-
get. (None predicts precisely how slow-
ly changes should take place.) So back
in August 1988 Blinder and a team
of graduate students began surveying
company decision makers about their
pricing strategies.

The preliminary results, based on
72 of the intended 200 interviews, are
intriguing. Managers typically change
prices only once a year. The respon-
dents also said they do not raise pric-
es more quickly than they lower them.

Of a dozen economic explanations
for sticky prices, only four were judged
dominant by more than half of those
surveyed. Most often the managers
said that rather than raising or lower-
ing prices, they would turn to other
tactics, including lengthening (or short-
ening) the time taken to deliver goods
or cutting (or adding) extra customer
services. They also largely rejected two
theories that have gained prominence.
For instance, few managers worried
that consumers would interpret price
cuts as a reduction in quality.

Whether Blinder’s survey will con-
vince macroeconomists to talk more
with people remains to be seen. Rob-
ert J. Shiller of Yale University, one of
the few other macroeconomists who

Why companies delay changing prices

Mean Importance
(on scale 1-4)

Change level of service instead
Wait until other firms change prices
Wait until costs rise

Have contracts with customers
Incur expenses when changing prices

Change inventory levels instead
Have constant marginal costs

Hesitate to break implicit understanding with customers

Believe falling demand makes price cuts ineffective
Avoid exceeding some price levels: $19.95

Feel delayed by corporate bureaucracy
Worry that consumers will think quality is lower

2.86
2.85
2.72
2.52

2.29
2.28
1.97
1.97

1.72
1.56
1.54
1.45

SOURCE: Alan S. Blinder
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has sought such data, has received
mixed responses to his work. Last year,
for instance, he and two Soviet econo-
mists queried people in New York City
and Moscow about how fairly they
thought firms were in setting prices.
Surprisingly, they found few differenc-
es in attitudes. Even more unexpected
were one reviewer’s comments when
Shiller submitted the study for publica-
tion. “It said, ‘This isn’t economics’ and
‘This is of no interest to economics,’”
Shiller recalls. “ There’s some sense that
[surveys] aren’t deep enough.” Blin-
der’s work, Shiller says, “will rectify the
damage done by Milton Friedman,”
whose essay “The Methodology of Pos-
itive Economics” has been embraced by
economists as a case for highly mathe-
matical analysis.

In contrast, Robert J. Gordon, an
economist at Northwestern University,
remains doubtful. Surveys are “a big in-
vestment of time,” he points out. “Blin-
der is well known and got grant money
to do this.” Other economists might
not be so fortunate.

Blinder is not alone in trying to bring
economists back to the real world.
Rather than relying on theories of how
people act, Arthur proposed to use
software “agents,” or automata, cali-
brated to mimic human behavior and
even to make the same mistakes.

Using software techniques developed
by John H. Holland, a computer scien-
tist at the University of Michigan at Ann
Arbor, Arthur’s automata can match
the choices made by a group of stu-
dents in a series of experiments con-
ducted at Harvard University in the
1950s. (He would prefer more recent
data but has yet to find them.) Arthur
then offers the automata problems and
watches the choices they make.

So far the software subjects have
tackled only simple problems such as
choosing among alternatives with dif-
ferent payoffs. Eventually Arthur hopes
to use his agents to test whether cer-
tain economic assumptions—such as
the idea that markets always converge
to an equilibrium—hold true.

Arthur’s work, even more than Blin-
der’s, is far from provoking a revolu-
tion in macroeconomics research. But
both are attempts to take better ac-
count of the idiosyncracies of flesh
and blood. “Even if econometric test-
ing were more successful, we shouldn’t
throw away information from inter-
views,” argues economics Nobel laure-
ate Robert M. Solow of the Massachu-
setts Institute of Technology. “Imagine
how you'’d feel if your doctor didn’t ask
you where it hurt,” he says, “and just
said, ‘Give me the blood.””

—Elizabeth Corcoran and Paul Wallich
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MATHEMATICAL
RECREATIONS

A menu of mathematical morsels,

topological tidbits and puzzling plums

-

v

by A. K. Dewdney

oss Honsberger has spent more
Rthan two decades collecting
mathematical morsels for gener-
al consumption. Attending one of his
rare public lectures recently, I had the
pleasure of sampling one of his mathe-
matical feasts. I found it not just palat-
able but downright delicious.
Honsberger, who teaches mathemat-
ics at the University of Waterloo in Ca-
nada, will stop at nothing to demon-

strate mathematical principles. To il-
lustrate a topological tidbit one day,
he wandered into a colleague’s lecture
wearing his trousers inside out. He an-
nounced that he would turn them right
side out without really taking them off.

To show that the trousers would
not “really” be removed, he tied his
own ankles together with an eight-foot
length of rope. He proceeded to pull
both trouser legs down onto the rope,
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What is the color of the last of 75 white beans and 150 black ones in the urn?
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revealing his favorite heart-spotted un-
dershorts. The students watched close-
ly for any deception as he first twist-
ed the pants through the rope, then
turned them right side out and final-
ly wriggled back into them. I can testi-
fy that Honsberger's trick requires nei-
ther magic nor mirrors.

I listened to Honsberger’s lecture
near my hometown in Ontario. He
served to the audience such delights
as spheres in a cone, checkers on a
board, dots on a dish and beans in a
Greek urn.

Honsberger began by describing the
marvelous spheres of Germinal Dan-
delin, a 19th-century Belgian mathema-
tician. Dandelin discovered an amaz-
ing connection between the classical
and modern concepts of the ellipse.
The Greeks conceived of an ellipse as
the figure that results when a plane
cuts obliquely through a cone. Since
the time of Descartes, however, the
ellipse has been described analytical-
ly in terms of two special points called
foci. The sum of the distances from the
two foci to any point on the ellipse
is constant.

Honsberger introduced Dandelin’s
spheres by drawing our attention to a
projected transparency of a plane cut-
ting a cone. (Readers can follow Dan-
delin’s argument with occasional glanc-
es at the top illustration on the op-
posite page.) I cannot swear that what
follows are Honsberger’s exact words,
but he readily admits to a certain,
broad similarity:

“It takes no genius to see that the
plane divides the cone into two pieces.
But it was Dandelin’s idea to insert a
sphere into each piece. Like an over-
inflated balloon, each sphere contacts
the wall of the cone and touches the
elliptical plane at a certain point. But




where? One can imagine Dandelin’s
heart leaping at the thought that the
two spheres might touch the plane at
the two focal points of the ellipse.”

Honsberger places his marking pen
on the transparency. He labels the two
points of contact by the symbols F and
G. Are these the foci of the ellipse?

“Let’s take a look at what clever old
Dandelin did. First, through any point
P that we care to select on the ellipse,
we may draw a straight line that runs
up the side of the cone to its tip. Sec-
ond, the line will touch the two spheres
at two points, say, A and B. No matter
where we pick P to lie on the ellipse,
the length of ABwill be the same.

“Ah, but that gives it away! The dis-
tance from the point F to P equals the
distance from F to A. After all, both
PF and PA are tangents to the same
sphere from the same point. By the
same reasoning, the distance from the
second point, G, to P equals the dis-
tance from G to B. Are we not finished?
PF+ PG = PA + PB, and the latter sum
is just the (constant) length of AB.

“Now isn’t that the darndest thing?”
quips Honsberger.

As I'look around the lecture hall, stu-
dents appear stunned. Professors alter-
nately smile and frown. One of them
behind me murmurs, “Well, I'll be.”

Without pausing for a breath, Hons-
berger serves up the next morsel. We
find ourselves staring at a slide of a pe-
culiar board game.

“Here’s a simple little exercise in
checker-jumping. I imagine that such
a clever audience will have no trouble
figuring this one out.” A devilish gleam
invades his eye, a warning that some-
thing unusual is about to happen.

The slide shows a grid of squares
with a line drawn through it [see il-
lustration below]. Honsberger explains

An ellipse in a cone separates Dandelin’s spheres

the rules: solvers can arrange a giv-
en number of checkers any way they
like behind the line. Checkers can be
jumped and removed in the vertical
or horizontal direction, but the final
jump can leave only one checker. The
problem is to decide how many check-
ers it will take, at a minimum, to “pro-
pel” the last checker a given distance d
beyond the line. In deciding this, solv-
ers must also devise an arrangement
that allows the frenzy of jumping to
take place.

“Does anybody want to take a crack
at this problem?” Honsberger looks up
at the audience, sees there are no tak-
ers and smiles ingenuously.

“Well, then, let’s try a few examples.”

He places two checkers adjacent to
each other on the board, jumps the
back checker over the front one, then
strides triumphantly to the blackboard,
where he writes

d ’ number of checkers

1 ‘ 2

Next he places four checkers on the
board. He jumps the checkers until a
single checker is left in the second row.

“I'm just saving you people the trou-
ble of figuring it out. Believe me, this is
the best that anyone can do.” He writes
“2” under “d” and “4” under “number
of checkers.” He creates another con-

Four checker-jumping arrangements
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SMALLER
CIRCLE

The washer problem

WASHER

figuration of eight checkers and man-
ages to propel one checker to the third
row. He scribbles “3” and “8” on the
blackboard.

“Anybody want to guess how many
checkers it takes to send one checker
four units beyond the line?”

Somebody volunteers the figure 16.
No. The answer turns out to be 20
checkers, at a minimum.

The audience is now getting some-
what worked up. Could the relation
between distance and the number of
checkers be described by one of those
superexponential functions? Perhaps
it will take a million checkers to send
one checker five units beyond the line.
When Honsberger reveals the answer,
members of the audience look at one
another, smiling uncomfortably.

“Alas! A million checkers will not be
enough, nor a billion. It is simply im-
possible, no matter how many check-
ers you assemble behind the line or
how you arrange them. It was John
Conway, the Cambridge mathematician,
who proved the task impossible.”

Honsberger does stop the lecture to
describe Conway’s difficult proof, al-
though he would not dream of discour-
aging anyone from attempting it. In-
stead he quickly moves on to a discus-
sion of the pigeonhole principle.

This famed principle simply states
that if I build 9,999 pigeonholes for 10,-
000 pigeons, at least one of the holes
would house more than one bird. The
pigeonhole principle has been used to
prove many theorems in combinator-
ics, the branch of mathematics that
deals with finite collections.

“The next mathematical morsel is
one of the strangest applications of the
pigeonhole principle ever made. Imag-
ine that someone has placed 650 points
inside a circle of radius 16 units. You
have been given an annulus, a flat ring
in the shape of a washer. The outside
radius of the washer is three units, and
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the inside radius is two. You are then
challenged to place the washer so that
it covers at least 10 of the 650 points.”

“Impossible,” whispers an impetuous
undergraduate behind me. “What if all
the points are in a tiny area?”

“Then he can cover all of them with
one washer, you idiot!” retorts anoth-
er student.

Is it really possible to cover 10 points
with the washer? Honsberger begins
the proof by drawing a diagram [see il-
lustration above]. He invites us to imag-
ine that a copy of the washer has been
centered at each of the 650 points in-
side the circle.

Some of the points may be near the
edge of the circle, in which case some
of the annuli will extend beyond its
circumference. But because each point
lies inside the circle and because the
washer has radius three, all the annu-
li will lie within the larger circle hav-
ing the same center and having radius
19, that is, the sum of 16 and three.
The area of the washer is the differ-
ence between the area of a circle of ra-
dius three and one of radius two. This
comes to five times 1.

“The 650 washers blanket the large
circle with a total coverage of 650
times 57, that is 3,2507. Of course,
much of the coverage will be over-
lapping, but suppose for the moment
that no point of the inner circle is
buried under more than nine wash-
ers. In such a case, the total amount of
area covered within the larger circle
could not come to more than 3,2491r,
nine times the area of the circle. But
because 3,249 is less than 3,250,
some point, x, must be covered by at
least 10 washers. The pigeonhole prin-
ciple strikes again.”

Honsberger pauses to catch his
breath. “You see it now, don’t you?”
Then he feigns surprise. “You don’t?”

The application of the pigeonhole
principle is clear enough, but some
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of us are confused. We thought the
idea was to cover 10 points by one
washer, not to hide some point x un-
der 10 washers. Suddenly, our minds
are turned inside out like a pair of
trousers.

“Look at the point x. If you take
away the 10 washers that cover it and
replace these by a single washer cen-
tered at x, then that washer alone must
cover the centers of the 10 washers
that we took away. Each of these cen-
ters is one of the 650 original points!”
The morsel is digested as we hear a
faint gulp from somewhere at the back
of the lecture room.

The piéce de résistance of Honsberg-
er’s menu arrives in the form of a
Grecian urn adorning his next trans-
parency [see illustration on page 116].
“How much can a Grecian earn?” quips
Honsberger.

When the groans have died away,
he explains the problem. An urn is
filled with 75 white beans and 150
black ones. Next to the urn is a large
pile of black beans. The beans are re-
moved from the urn according to cer-
tain rules.

“Here’s how it works. Remove two
beans from the urn at random. If at
least one of the two beans is black,
place it on the pile and drop the other
bean, whether white or black, back into
the urn. But if both of the removed
beans are white, discard both of them
and take one black bean from the pile
and drop it into the urn.”

“Each time a Greek or anyone else
dips into the urn to remove two beans
at random, either operation ensures
that there will be one fewer bean in the
urn than there was before the move.
Slowly and steadily, the original supply
of black and white beans dwindles. At
last there are three beans left in the
urn, then two, then one. What color is
the last bean?”

The simple and startling answer is
white. By figuring out why, a Greek can
earn intangible delights worth much
more than a hill of beans.

FURTHER READING

MATHEMATICAL GEMS: FROM ELEMEN-
TARY COMBINATORICS, NUMBER THEORY
AND GEOMETRY. Ross Honsberger. Dol-
ciani Mathematical Expositions, No. 1.
Mathematical Association of America,
1973.

MATHEMATICAL MORSELS. Ross Hons-
berger. Dolciani Mathematical Exposi-
tions, No. 3. Mathematical Association
of America, 1978.

MATHEMATICAL PLUMS. Edited by Ross
Honsberger. Dolciani Mathematical Ex-
positions, No. 4. Mathematical Associa-
tion of America, 1979.
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BOOKS

In search of the universe, a profound
mental disorder, a garden of triangles

by Timothy Ferris

LONELY HEARTS OF THE COSMOS: THE
SCIENTIFIC QUEST FOR THE SECRET OF
THE UNIVERSE, by Dennis Overbye. Har-
perCollins, 1991 ($25).

ORIGINS: THE LIVES AND WORLDS OF
MODERN COSMOLOGISTS, by Alan Light-
man and Roberta Brawer. Harvard Uni-
versity Press, 1990 ($29.95).

or decades now, science writers

have been expected to “humanize”
the scientists they write about. But like
finalizing, fictionalizing or Simonizing,
humanizing is easier to talk about than
to do properly. Ask an editor what it
means, and you are likely to hear an in-
junction that sounds more suitable to a
KGB agent than a journalist: the re-
porter is to drag the scientist down
from his ivory tower, strip him of his
white coat and expose the details of his
private life, “warts and all.” In practice,
human decency having not yet been ex-
tinguished in journalistic circles, the
humanizing process usually takes the
milder form of simply trying to relate
research to the thoughts and feelings
of the scientists who conduct it.

Even so, humanizing can be a tricky
business, as these two books demon-
strate in contrasting ways. Both deal
with cosmologists, whose quest to un-
derstand the big picture all but guaran-
tees them public attention. (“You may
be the best stellar interior theoretician
in the world and you will not be heard
of, but you're famous if you're a cos-
mologist,” T was once told, by, as I
scarcely need add, the best stellar inte-
rior theoretician in the world.) But in-
teresting science does not automatical-
ly mean interesting scientists. Part of
the science writer’s job is to know the
difference.

TIMOTHY FERRIS, professor of jour-
nalism at the University of California,
Berkeley, is the author of Coming of Age
in the Milky Way.
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Origins: The Lives and Worlds of Mod-
ern Cosmologists consists of the edited
transcripts of interviews with 27 cos-
mologists, conducted by the physicist
and science popularizer Alan Lightman
with additional interviewing by Roberta
Brawer. Much of what these scientists
have to say will be of interest to others
in the field and, perhaps, to lay readers
as well. Some offer surprising opin-
ions: Maarten Schmidt (the astronomer
who discovered the redshifts of qua-
sars) volunteers that “the universe is
small,” while physicist David Schramm
remarks that “the number one theoret-
ical problem is: What is the vacuum?”
Some can be engagingly modest: as-
tronomer Gérard de Vaucouleurs notes
wryly that “cosmological models always
have more free parameters than facts.”
Others offer illuminating personal in-
sights, as when the British astronomer
Wallace Sargent confesses that hearing
Fred Hoyle on the radio emboldened
him to consider, at the age of 15 or 16,
that “people without standard English
accents—BBC accents—could actually
do that kind of work. That was a tre-
mendous liberation.”

The interviews in Origins are pitched
at a semitechnical level that may ex-
clude the uninitiated from its reader-
ship, although Lightman has tried to
bridge the gap by including both a glos-
sary and a generally reliable introduc-
tion outlining the precepts of modern
cosmology. The book is flawed, howev-
er, by small but irritating factual er-
rors: perhaps it is curmudgeonly to in-
sist that the word “data” be recognized
as plural, but surely astronomer Marc
Davis, whose name is spelled correctly
on page 341, need not have become
“Mark” Davis by page 447.

Lightman writes in the preface that
the book “explores the ways in which
personal, philosophical, and social fac-
tors enter the scientific process.” Un-
fortunately, it does so by borrowing
the social science technique of ask-
ing everybody the same standardized
questions and printing their answers
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even when the responses reveal lit-
tle except that the question ought not
to have been asked in the first place.
When Lightman asks the cosmolo-
gists, “If you could have designed the
universe any way that you wanted to,
how would you do it?” he is advised
by astrophysicist Sandra Faber that
“the question is flawed,” while Maarten
Schmidt responds, “This is really the
worst question I've ever heard.” But he
keeps on asking it, of everybody.

The interviews humanize the cos-
mologists with a vengeance, but with-
out much editing for relevance the
results too often resemble the famous
see-through blouse that one wishes
wasn’t. Commenting on the smooth-
ness of the cosmic background radia-
tion versus the lumpiness of bright
matter, astronomer John Huchra says,
“It’s not the kind of thing where you’ve
lost your pants and have to go running
into the men’s room quite yet. But the
belt is loose or the fly is open and there
may be some problem.” Marc Davis
says of his profession, “I'm very enthu-
siastic and excited by it. I'm sure that
many other people in different lines of
work have similar good feelings about
what they do, but being a physicist,
I think, is very special.” All of which
serves but to demonstrate that capable
cosmologists when quoted verbatim
can sound just as fatuous as the rest
of us.

In Lonely Hearts of the Cosmos, his
first book, science writer Dennis Over-
bye attempts not only to humanize the
cosmologists but also to recount the
rich and tangled tale of what they’ve
been doing for the past 50 years or
so—from discovering the Hubble law
and the cosmic background radiation
to theorizing about inflation, string the-
ory and the quantum wave function
of the universe. Overbye has thus set
his sights high: to write such a book,
one must gain command of several vi-
tal fields of scientific research, familiar-
ize oneself with an extensive cast of
characters, investigate the specific his-
tory of their interactions with one an-
other over the years, and then craft all
this into a story that is at once artful,
involving, lucid and accurate.

Overbye can humanize with the best
of them. His book bristles with an-
ecdotes, quotes and enough gossip to
fuel a movie magazine. Predictably, he
concentrates on the giants of the field:
physicists Stephen Hawking and John
Wheeler, astronomer Allan Sandage,
cosmologist James Peebles and other
first-magnitude stars. But he also finds
room for many of their lesser-known
colleagues, and all come alive here.

There are plenty of late-night stories
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about personalities. Overbye writes that
Soviet astrophysicist Yakov Zeldovich,
“a drinker and dancer for whom there
were no barriers between life and sci-
ence...used to put on his medals when
he was going out for a bout of drink-
ing so that the Moscow police, notori-
ously hard on drunks, would not hassle
him.” The Swiss-American physicist
Fritz Zwicky “proposed shooting ar-
tillery bursts over Palomar to make the
air more transparent.” Sandage, enter-
ing a room full of hostile scientists af-
ter 15 years of shunning conferences,
muttered, “Well...we're all in this Ga-
mow box.... The question is whether
we can tunnel out...or we just annihi-
late each other.”

There is also more than enough phil-
osophical talk to offend those work-
ing scientists who imagine that they
can put philosophy behind them like
quitting smoking. But most of it comes
from men and women who have earned
their right to say what they think, and
much of it is genuinely thoughtful.
Wheeler, musing on the collapse of the
quantum wave function, remarks that
“a picture without a frame is not a pic-
ture. Life without death would lose its
value.” Peebles, asked about his prefer-
ence among possible cosmic destinies,
replies, “If someone gave me on a tab-
let of clay, the answer and the num-
bers, I would be disappointed. I would
throw it away, because the great dis-
coveries are not going to be a final
number but the method you come to
apply to learn that number.” Sandage,
having spent much of his career ex-
tending the research on the expansion
of the universe initiated by his mentor,
Edwin Hubble, says, “Hubble died too
young and left me with a burden, an in-
credible burden, to carry out his pro-
gram.... It was all laid out by him.... It
would be as if you were appointed to
be copy editor to Dante. If you were as-
sistant to Dante and then Dante died,
and then you had in your possession
the whole of the Divine Comedy, what
would you do? What actually would
you do?”

We have come to require a certain
amount of fine writing from our more
ambitious science popularizers, and
Overbye demonstrates that he can write
up a storm when the occasion calls for
it. In describing the functioning of a
particle accelerator (a benchmark of
sorts, in that all who write nontechnical
accounts of physics have to do it soon-
er or later), he turns in a commendable
performance: “When two particles—a
proton and an antiproton, for exam-
ple—collided, for an instant too short
to be measured there was a fireball of
pure possibility, a piece of the big bang
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circa a trillionth of a second. Whatever
laws governed that far time, whatev-
er forms matter and energy had been
permitted to take back then, would re-
crystallize in a spit of fire under the
Illinois prairie. Species of energy and
matter now vanished more completely
than the dinosaurs, but whose brief
struts had shaped the universe, would
return.”

The virtue of any such book, how-
ever, ultimately resides in the com-
petence with which it relates hard sci-
ence and history. In reading the first
few chapters of Lonely Hearts, one
fears that it is going to be a jellyfish,
all splendor and no skeleton. Only af-
ter 100 pages or so does one begin
to realize that its vivid descriptions,
memorable anecdotes, lively quotations
and portentous philosophical passag-
es serve, like the pastel bulkheads of a
commercial airliner, to conceal a strong
and flexible frame hammered togeth-
er from a competent design through
sheer hard work. Whether covering
such foundation stones of cosmology
as Cepheid variable stars and redshifts
or recent additions like the Great At-
tractor and supersymmetry, Overbye
displays a discerning taste for the sig-
nificant issues and an enviable abil-
ity to explain them simply and collo-
quially. His explication of the proper
motion of the Milky Way galaxy clear-
ly illuminates a subject too often left
fogbound. His discussion of Hawking’s
role in the development of the new
inflationary hypothesis is more accu-
rate and more readable than the one
in Hawking’s own book, A Brief History
of Time.

For all the violence and wvulgarity
loosed on science by lesser populariza-
tions (many of them, sad to say, written
by scientists themselves), there will still
be hope for the form as long as we have
books that try as hard, and do as well,
as does Lonely Hearts: broad in scope
and fraught with literary experiment, it
is one of the most ambitious popular-
izations of science to be attempted in
recent memory. Seldom has any science
journalist said so much, so well, in so
few pages.

SCHIZOPHRENIA GENESIS: THE ORIGINS
OF MADNESS, by Irving I. Gottesman,
with Dorothea L. Wolfgram. W. H. Free-
man and Company, 1991 ($24.95; pa-
perbound, $14.95).

he word “schizophrenia” is now
mainly an overworked metaphor
for inconsistency in policy or purpose.
In this fascinating, meticulous and
wise book, it is assuredly no figure of



speech, but the carefully limited diag-
nosis of a profound mental disorder
that currently afflicts or has been en-
dured by two million Americans older
than 16, perhaps one in six of all who
suffer mental disorders. We don’t know
its cause, and we hold no cure.

The burden is global; a 1988 study
made for the World Health Organiza-
tion (WHO) using carefully structured
interviews with first-contact psychot-
ic patients showed that people are at
roughly equal risk in Nagasaki and in
rural Punjab, in Honolulu and in Mos-
cow. This is a disease of young adults
(once it was even so named, although
now we know that a tenth of the suffer-
ers are younger than 20 and a tenth be-
yond 45). This is a disease of the poor,
in good measure because those who
have it often drift swiftly downward on
the social scale. At least it is not ris-
ing in incidence; in 1971 the careful
Norwegian record showed an “aston-
ishing stability” over half a century in
first-admission rates. Most tantalizing
statistic of all, it just may be a modern
disease, widespread only for the past
two centuries.

Schizophrenia was first sharply de-
scribed in the year 1809, both by John
Haslam of Bethlem Hospital in Lon-
don and by Philippe Pinel in Paris. By
1832 the major character in one Balzac
short story “is clearly schizophrenic,”
although no such cases can be found
in the plays of Shakespeare or in the
rich medical literature of classical an-
tiquity, where other psychoses stand
out clearly. The inference is not at all
secure; we cannot sift the diagnoses
of the past in the way WHO can verify
the protocols of its doctors. Maybe it
was not until the maturing of mental
hospitals that keen observers could eas-
ily compare the pitiful textures of mad-
ness. But the suggestion is there: a hid-
den virus? some ubiquitous toxic stress
of modernity?

The condition is assessed solely by
psychopathology inferred from speech
and behavior, through probing inter-
view and history-taking. It is variable in
symptoms, severity, duration and out-
come. By now there are stringent com-
parisons of diagnoses across national
boundaries, and key behavior patterns
listed for the doctors. (Notice that the
disease is not the rare split personali-
ty so dear to popular romance, two or
more plausibly ordinary identities in
one head, whatever its Greek etymolo-
gy says.) The task of diagnosis is sub-
tle. Put crudely, the first step is to ex-
clude injury, drugs, tumor and other
“forgeries.” The patient, often seen for
months as a changed person by family
or friends, may hold delusions or hal-
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The United States
Academic Decathlon

Learn about the challenge! The U.S.
Academic Decathlon is a national
scholastic competition which provides
recognition and reward for solid
academic endeavor. Individual junior
and senior high school students com-
pete only in their own grade category:
A, B, or C and below. Teams compete
across a range of events for important
awards: scholarships, medals, pride

in themselves and their schools.

The greatest award, for young people,
is educational achievement. The U.S.
Academic Decathlon seeks renewed
respect for schoolwork at all levels,
started and sustained during the
important pre-college years, and is
open not just to the intellectual elite
but to a spectrum of able students. In
1990, 25,000 young people took part
in Decathlon competitions culminating
in an exciting National Finals.

The tenth annual Finals, in April
1991, will be hosted jointly by the
dynamic City of Los Angeles, by the
Los Angeles Unified School District,
and by Occidental College. There are
many ways to participate - for
parents, grandparents, students,
friends, corporate sponsors - and
they all begin with the coupon below.

Scientific American is glad to help
sponsor the U.S. Academic Decathlon.
Please write to us to learn about the
challenge, and how USAD helps
rebuild the national and international
academic effort. You can do it, and
you will make a difference! On
behalf of our children: Thank you.
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Mail to: USAD

c/o Scientific American
415 Madison Avenue
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lucinations, very often of boon or of
harm to come from others. Reasoning
and awareness are fully present; the
patient may shop ably, nurse a baby,
balance a checkbook. This is a disor-
der centered far from everyday mas-
tery, in shadowy domains of inference
and anticipation. Although depression
or elation may be present for weeks
(and no wonder), schizophrenia is not
at all the even more common disorder
of mood swing.

Here you can read half a dozen
accounts by survivors and members
of their families, persuasive and affect-
ing stories of the covert signs of hope
and despair. One cheery survivor re-
called with laughter her hospital “ther-
apeutic breakthrough of typing four-
letter words repeatedly for hours.” An
artist looked back at a year of the dis-
ease: “I know...it is craziness when...
every laugh is about me...; newspa-
pers suddenly contain cures...sparkles
of light are demon eyes.” David, then a
profoundly paranoid young man, not-
ed that his screen would flicker after
any remark on television that had re-
ferred to him. A code, perhaps through
God, perhaps through the cia, had
somehow notified the station of Da-
vid’s thoughts. Yet he felt he had es-
tablished critically that “NBC had a
transcendental outlook and often des-
ignated David as Jesus Christ. CBS...
described David as having schizophre-
nia. ABC expressed mixed feelings....”
Such dreams of fitful reason foretell
the therapeutic sects and the theories;
here, all awry, are images of shaman,
scholar, even prophet.

Since 1916 the old observation that
the condition was hereditary has been
tested statistically. About 90 percent
of schizophrenics have neither parent
affected, and a majority have “clean
pedigrees,” with no cases at all in the
family tree out to nieces and nephews.
But it seems (from 40 European stud-
ies over many decades) that identical
twins in truth share the biggest risk; if
your one-egg twin suffers, your chance
of the disorder is about 50/50. For fra-
ternal twins, that chance drops to one
sixth. The fast decline of risk with re-
duced kinship is itself clear evidence
that very little schizophrenia can be
a matter of a single gene. The author
warns as well that “incorruptible watch-
dog committees” that include citizens
and former patients must steadily act
to “bolster the...conscience of socie-
ty” against compulsion in the name of
eugenics.

The prize is still unclaimed: all we
can say is that the cause of this strange
disorder is a genetic predisposition of
some complexity, followed by some
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environmental stressors still unknown.
The search for the stressors has been
extensive. Consider only two of many
candidates. The acute battlefield stress
during D-day didn’t do it; only a hand-
ful of schizophrenic young soldiers ap-
peared among 4,000 invading GIs who
were admitted to field hospitals for
mental disorders. A whole childhood of
schizophrenic mothering doesn’t do it
either. (Schizophrenics are twice as like-
ly to have schizophrenic mothers as
they are to have fathers with the condi-
tion. It seems that affected males show
symptoms earlier than females and so
don’t as often have children.) We just
don’t know what externality can spring
the genetic trap.

Molecular genetics has brought help
for some of the rare genetic disorders;
the more common and more complex
examples may be next. With brain
imaging and neurochemistry, there is
real promise, this engaged optimist
says; even within this Decade of the
Brain, we may untwist “the twisted
molecules and thence...the twisted
minds.” — Philip Morrison

THE ALGORITHMIC BEAUTY OF PLANTS,
by Przemyslaw Prusinkiewicz and Aris-
tid Lindenmayer, with James S. Hanan,
F. David Fracchia, Deborah R. Fowler,
Martin J. M. de Boer and Lynn Mercer.
Springer-Verlag, 1990 ($39.95).

F our dozen color photographs of
plants light the pages of this slen-
der book of mathematics; the general
reader will gain most from browsing
among these striking images. You will
see ferns, pineapples, lilacs, zinnias,
a rose and lily-of-the-valley. These are
mostly single flowers or flower heads;
a few pictures are showier still, garden
beds or whole fields in blossom, even a
final scene after Claude Monet: quiet
pool, arched wooden bridge, water lil-
ies, texturally a work in the Impres-
sionist style. All of it bloomed only on
the computer screen. No real plant im-
age was invoked, no artist’s hand with
lens or brush; everything is root-
ed solely in long, long strings of com-
puter commands. The images are less
sharp than dewdrops caught on a rose
by the stopped-down lens of a cele-
brated photographer, but they aston-
ish all the same by the abstractness of
their origin.

The two senior authors are from
the universities of Regina and of
Utrecht, respectively; unhappily, Pro-
fessor Lindenmayer died before the
book was completed. The formal sys-
tem treated is called, after him, the L-
system; its original purpose 20 years



ago was to serve as a mathematical
theory of plant development. The con-
cept has now been intricately realized
in synthetic images. The L-system is
a rewriting scheme, elaborating a sim-
ple initial object by replacing part af-
ter part under tight rules. The struc-
ture grows under construction; syn-
thesis gives the process an intuitive
quality more powerful than any formal
solutions.

Begin with a kindergarten example,
long strings built of only two let-
ters, say, a and b. Apply just two rules:
always rewrite b as a; always rewrite
a as the pair ab. It is easy to begin the
sequence: b, a, ab, aba, abaab, abaa-
baba...A complex babble arises out
of this simplest of grammars. These
long linear words even find botanical
counterpart in certain algal filaments,
where cells of two kinds link in long
strings. Three kinds, and you do even
better.

Clamber up into two or three di-
mensions, a few letter codes putting
in standard steps with right and left
turns. The result is a convoluted series
of line segments, an intricate frame-
work. Add branching, perhaps with a
few oblique directions. Rewrite a single
step as a small branch. By now a very
plantlike diagram results. Replace any
twig by a patch of area bounded by two
or three algebraic curves: leaves appear.
Growth? Let some parts be replaced by
a string of copies that increase in size
proportionately.

Living plants are not so unvaryingly
precise as all that. Variations? Merely
introduce random choices among some
of the alternatives. Still subtler rules
can depend on neighboring elements:
context. Color patterns can be includ-
ed and delayed expression of choic-
es. For final lighting, invoke the trac-
ing of ray after ray of imaginary light
from its sources out through a cou-
ple of stages of successive reflections.
(Such programs are already well devel-
oped for use by architects and by film
animators.)

So rough a summary can only sug-
gest the variety and rigor of the pre-
scriptions. These impressive photo-
graphs are all annotated by a list of
the procedures used for them. The
long list of co-authors names the tal-
ented software developers at Regina
and Utrecht, some of them graduate
students, whose programs painted four
fifths of these scenes. Finally, a “vir-
tual laboratory in botany” is outlined,
a set of some nine or 10 such pro-
grams that can grow magical gardens
of blossoms without substance, flower-
ing forth out of interminable strings of
symbol. — Philip Morrison
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ESSAY

AIDS and the

next pandemic

by Jonathan Mann

he worldwide AIDS epidemic

has grown from approximately

100,000 people infected with the
human immunodeficiency virus (HIV)
in 1980 to eight to 10 million today.
The pandemic remains, 10 years after
its discovery, dynamic and volatile, fu-
eled by deep-seated and little under-
stood behavior. Moreover, the decade
to come seems inescapably worse. The
combination of new HIV infections (es-
timated at 10 million to 25 million) and
the natural history of individuals al-
ready infected is expected to result in
at least six million new cases of clinical
AIDS in adults during the 1990s.

Yet the situation could have been
much, much worse. The reaction to
AIDS has been truly remarkable at
many levels: science has made pro-
gress in developing vaccines and ther-
apies; communities and local govern-
ments have mobilized quickly; public
information efforts have been impres-
sive in scale and, occasionally, in can-
dor; and the world community has
gained an increased awareness of the
need for solidarity in confronting the
pandemic. The global response has
been unprecedented (which is not to
say that major challenges do not re-
main). All these developments are of
course predicated entirely on the rec-
ognition of AIDS in 1981. The world
must count itself fortunate to have dis-
covered AIDS then rather than five or
even 10 years later. The reasons for the
early detection of this disease reveal a
lesson of supreme importance for deal-
ing with the next pandemic.

First, by 1981 AIDS was occurring in
the U.S., a country with a highly devel-
oped disease surveillance system. Had
AIDS been limited to developing coun-
tries, considerable delay in detecting
its presence would have been almost
inevitable. Furthermore, a clinically rec-
ognizable syndrome developed in a
small percentage of some HIV-infected
people within just a few years after in-
fection, although we now know the me-
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dian latency from infection to clinical
AIDS to be about 10 years. Had the la-
tency period been longer or had the dis-
tribution of the latency differed, discov-
ery of the syndrome would have been
further delayed, even in the U.S.

Detection of AIDS was enormously
facilitated by the unusual nature of its
characteristic infections and malignan-
cies. The immunosuppression caused
by HIV could have led to an increase
in common diseases rather than rare
opportunistic ones. Had HIV caused
an increase only in routine pneumo-
nia deaths, for example, its detection
would have taken much longer.

Next, AIDS first came to the notice
of officials in the U.S. as a health prob-
lem among a highly self-aware group
of men who had sex with men. Had
these men concealed their sexual pref-
erences or had HIV infection in the U.S.
been transmitted predominantly by het-
erosexuals in the early years, the recog-
nition of key epidemiological linkages
would have been delayed.

Finally, the technical ability to de-
tect human retroviruses was devel-
oped at precisely the same time the
HIV pandemic was silently spreading,
during the late 1970s. Had this tech-
nology and a limited understanding
of human retroviruses not already ex-
isted, the identification of the path-
ogen would undoubtedly have taken
longer, perhaps much longer. The rap-
id availability of testing methods not
only helped to prevent transmission
through blood transfusions but was
essential for recognition of the glob-
al scope of HIV at a time when the
epidemic in most countries was so
new that nearly all infections were still
asymptomatic.

Thus, extraordinary circumstances,
both viral and human, led to detec-
tion of a global public health threat
within five to 10 years after it be-
came pandemic. But even more to the
point, the conditions of the modern
world virtually guarantee that HIV will
not be the last pandemic. The world
is much more of a “global village” to-
day than when the term was coined.
During the past 25 years, we have wit-
nessed such a quantitative increase in
the movement of people, goods and
ideas (including cultural patterns of
sexual behavior) that a new qualitative
interdependence has been established.
More than at any time in history, the
food we eat, the air we breathe and
the viruses that infect us are global-
ly linked.

The new globalism means that virus-
es and other pathogens, already known
but geographically circumscribed, have
an unprecedented potential to spread.
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HIV has demonstrated how rapidly and
thoroughly a pathogenic agent can do
so in today’s world. HIV existed, some-
where, before it became pandemic; so
other viruses, about which we current-
ly know nothing, also exist. The recent
discoveries of Ebola virus and Legion-
naires’ disease are powerful reminders
that the battle between human and mi-
crobe is an ongoing one.

What can we do to catch the next
pandemic in time? I suggest a “glob-
al pathogen watch.” Simply extending
existing mechanisms for surveillance
of communicable diseases is not suffi-
cient. In any event, such systems are
well developed in only a few countries,
and we cannot afford to wait for a pan-
demic to spread to the industrialized
nations before it is detected. Instead
we need to change the way we look for
outbreaks of disease—a qualitative leap
that will develop the capacity to de-
tect changes in health-related patterns.
For we must be prepared to look for
evidence of a pathogen that is not yet
known. Thus, we must think anew
about the basic problem and not hide
behind a Maginot Line of passive de-
tection based on concepts of surveil-
lance designed for the challenges of
the past.

This task will require the involvement
of psychologists, sociologists and an-
thropologists as well as virologists and
specialists in communicable diseases
to develop creative ways of uncovering
patterns in health and disease. For ex-
ample, we should explore the finding
gleaned from investigating many epi-
demics that the local community (often
the mothers and grandmothers) has
been “aware” that something unusu-
al was happening. We must consider
a broad range of nontraditional infor-
mants and indicators.

Finding different ways of looking for
patterns of disease will be conceptu-
ally difficult and may be fairly expen-
sive to implement. Yet the AIDS pan-
demic tells us that in the face of some
dangers we must develop the capaci-
ty to respond globally. Failure to do so
will condemn us to the vagaries of
chance in our confrontation with the
health challenges that appear, today as
in the past, to be the inevitable travel-
ing companions of social, economic
and political change.

JONATHAN MANN founded the Glob-
al Program on AIDS at the World Health
Organization and served as its head
from 1986 to 1990. He is now a pro-
fessor at the Harvard School of Public
Health and director of the Harvard AIDS
Institute’s International AIDS Center.




Bord Na Ména - Irish Peat Board is a stafe owned organisation
which was founded by the Irish Government in 1946, It was set up, on
commercial basis, to develop Ireland's vast peat resources.

Today, Bord Na Ména produces and markets over 5 million tonnes of peat fuels and
horticultural peat annually - placing it amongst the largest producers in the world.

The organisation has recently created a new environmental division to manufacture and
market peat-based products for removing pollutants from gaseous and liquid effluent streams.

I he The Todd Andrews Award for Outstanding Achievement in Peat Technology and Peat
Research and Development has been created as a fribute to Dr. Todd Andrews, the first

: I I O d Managing Director of Bord Na Ména, and in recognition of the maijor role technology will play
in Bord Na Ména's future.

A-nd r e WS The Award consists of the Todd Andrews Trophy as well as IRE50,000
1 9 9 1 (US $87,500%). The Award is given for work which could be recognised internationally as
attaining a very high standard of scientific excellence. Within that required scientific excellence,

Q I applied technological developments which could lead to commercial advances in the peat
war industry and fundomental scientific studies which advance knowledge of any area of peat
science - including conservation - qualify equally for consideration.

THE 1991 COMPETITION

Entries may be submitied by individuals or groups from third level institufions, research
bodies, insfitutes or similar organisations or by industrial organisations.

Enries will be reviewed by a judging panel consisfing of eminent representatives from
industry and universities with one Bord Na Ména representative. This panel may call on outside
expertise, where appropriate, in evaluating the entries received.

POSSIBLE AREAS OF WORK CONSIDERED SUITABLE FOR THE AWARD

The following outlines very briefly the areas of potential interest fo Bord Na Ména in
relation fo the granting of the Award. This should be taken as a guideline only and not as a
definifive list.

New peat-based products

Horticultural peat

Peat sciences, systems and basic research

Peat production

Peat processing

Peat and peatlands

Peat products for treating environmental pollution

THE CLOSING DATE FOR RECEIPT OF ENTRIES FOR THE 1991 AWARDS IS 2nd SEPTEMBER 1991,
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BORDNAMONA
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For further information, contact Director, Bord Na Ména,Peat Research Centre, Newbridge, Co. Kildare, Ireland.
Tel. No. 045-31201, Fax No.045-33240,International Tel. No. 353-45 31201, International Fax No. 353-45-33240

* Based on exchange rate applicable on 24th Jan, ‘91.
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The elegant, aerodynamic shape
of the new Buick Park Avenue
is certain to make a beautiful first
impression.

But its beauty is also apparent
in Park Avenue’s superb, highly

refined engineering.

The 1991 Buick
Park Avenue.

To quote Motor Trend: “Buick
engineers have come up with one
of the quietest, tightest and
smoothest operatingluxury sedans
we'veeverdriven.”

They’ve developed a cabin so
comfortable that “just sitting in the
Park Avenue’s roomy interior
ispleasing.”
(Carand Driver)

The new electron-

ically controlled transmission,
AutoWeek says, “‘works like a

dream.” Andthe new 3800 V6
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Asyou’d expect, all of the Park
Avenue’s accomplishments are
underscored by Buick quality.

As one example of what Buick
quality means, the J.D. Power and
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Survey*™ranks Buick the most

trouble-free American carline,
for the second year in a row. And

it ranks Buick automobiles

fifth highest in initial quality
among all cars sold in America?*

We invite you to visit your Buick
dealer today and test-drive Buick
quality in the all-new 1991 Park
Avenue. Itsstylingandengineering
makeitthe Great American Beauty.

For more information, please

call 1-800-3PARK-AVE.

BUICK
The New Symbol For Quality
In America.
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